wo 2017/019136 A1 I} 1A 000 OO A

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)
(19) World Intellectual Property

Organization

International Bureau

(43) International Publication Date
2 February 2017 (02.02.2017) W

—~

_,)/ (10) International Publication Number
= WO 2017/019136 A1
iIPOIPCT

\

(51) International Patent Classification:

(72) Inventors: LIAN, Jianming; P.O. Box 999, M/S K1-53,

GO5B 13/02 (2006.01) H02J 3/12 (2006.01) Richland, WA 99352 (US). SUN, Yannan; P.O. Box 999,
GO5D 19/00 (2006.01) H02J 3/14 (2006.01) M/S K1-53, Richland, WA 99352 (US). MARINOVICI,
H02J 3/00 (2006.01) H02J 7/00 (2006.01) Laurentiu, D.; P.O. Box 999, M/S K1-53, Richland, WA

(21) International Application Number:

PCT/US2016/028901

(22) International Filing Date:

22 April 2016 (22.04.2016)

(25) Filing Language:

(26) Publication Language:

99352 (US). KALSIL Karanjit; P.O. Box 999, M/S K1-53,
Richland, WA 99352 (US). HANSEN, Jacob; P.O. Box
999, M/S K1-53, Richland, WA 99352 (US).

(74) Agent: DUNCAN, Christopher, S.; Klarquist Sparkman,
LLP, One World Trade Center, Suite 1600, 121 SW Sal-
English mon Street, Portland, OR 97204 (US).

English (81) Designated States (unless otherwise indicated, for every
kind of national protection available). AE, AG, AL, AM,

(30) Priority Data: AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY,
62/197,979 28 July 2015 (28.07.2015) US BZ. CA. CH. CL. CN. CO. CR. CU. CZ, DE. DK, DM.
(71) Applicant: BATTELLE MEMORIAL INSTITUTE DO, DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT,
[US/US]; P.O. Box 999, M/S K1-53, Richland, WA 99352 HN, HR, HU, ID, IL, IN, IR, IS, JP, KE, KG, KN, KP, KR,

(US).

KZ, LA, LC, LK, LR, LS, LU, LY, MA, MD, ME, MG,
MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO, NZ, OM,
PA, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW, SA, SC,
SD, SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ, TM, TN,
TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.

(84) Designated States (uniess otherwise indicated, for every
kind of regional protection available): ARIPO (BW, GH,

[Continued on next page]

(54) Title: FREQUENCY THRESHOLD DETERMINATION FOR FREQUENCY-RESPONSIVE LOAD CONTROLLERS

FIG.1

o 100

102 N

DETERMINE FREQUENCY RANGE EXTENDING FROM
TARGET SUPPLY FREQUENCY TO AN END FREQUENCY

Y

104

IDENTIFY AFIRST PORTION OF FREQUENCY RANGE AS
DEADBAND

106
\

IDENTIFY A SECOND PORTION OF FREQUENCY RANGE
EXTENDING FROM DEADBAND BOUND TO THE END
FREQUENCY

y

108
\

SELECT FREQUENCY FOR USE AS FREQUENCY THRESHOLD
AT WHICH ASSOCIATED FREQUENCY-RESPONSIVE LOAD
CONTROLLER TURNS LOAD ON OR OFF

Y

110
\

UPON DETERMINING THAT SELECTED FREQUENCY IS
WITHIN DEADBAND, SET FREQUENCY THRESHOLD TO A
FREQUENCY WITHIN THE SECOND PORTION OF THE
FREQUENCY RANGE

(57) Abstract: Systems, methods, and computer media for managing fre-
quency response in a power grid are provided herein. Individual grid-connec-
ted electrical devices can be turned on and/or off by corresponding fre-
quency-responsive load controllers when frequency deviations beyond a
threshold are detected. Each controller selects, for the corresponding electric-
al device, a frequency threshold from available frequencies in a frequency
range. If the selected frequency falls within a deadband frequency range, then
the controller sets the frequency threshold to a frequency outside of the dead-
band (e.g., to a closest available frequency outside of the deadband). On a
system-wide level, this approximates a uniform distribution of frequency
thresholds over the entire frequency range, including the deadband, and
achieves the proper power-to-frequency relationship for grid stability. A su-
pervisory coordinator can determine the frequency range from which a fre-
quency threshold is selected based on aggregated power information for
devices and controllers throughout the grid.



WO 2017/019136 A1 |IWATK 00T A0 0T RO

GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, ST, SZ, Declarations under Rule 4.17:

¥JZ: "}JI\S[}),,ZEI\L/{;OZp\eVaﬁ ](EXrIisil%,(gl]\E/[,,géj CBIS{{: ng(: Ié%: RDIé: —  of inventorship (Rule 4.17(iv))
DK, EE, ES, FI, FR, GB, GR, HR, HU, IE, IS, IT, LT, Published:
LU, LV, MC, MK, MT, NL, NO, PL, PT, RO, RS, SE,
SI, SK, SM, TR), OAPI (BF, BJ, CF, CG, CI, CM, GA,
GN, GQ, GW, KM, ML, MR, NE, SN, TD, TG).

—  with international search report (Art. 21(3))



WO 2017/019136 PCT/US2016/028901

FREQUENCY THRESHOLD DETERMINATION FOR FREQUENCY-RESPONSIVE
LOAD CONTROLLERS
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[001] This application claims the benefit of U.S. Provisional Application No. 62/197,979, filed on
July 28, 2015 and titled “CONTROLLER DESIGN OF GRID FRIENDLY APPLIANCES FOR
PRIMARY FREQUENCY RESPONSE,” which is incorporated herein by reference in its entirety.
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invention.

BACKGROUND
[003] Due to growing environmental concerns and economic and political requirements, the
integration of renewable energy into the power grid has become a growing trend. Renewable
energy sources have the potential to lead to a significant reduction in fossil fuel consumption and
carbon dioxide emissions. Renewable energy generation, however, is typically non-dispatchable
because it is often operated at the maximum output due to the low marginal cost of renewable
energy. In addition, the available output of renewable generation is very variable and uncertain due
to the intermittency of renewable energy.
[004] Large-scale integration of renewable energy into the power grid substantially increases the
need for operational reserves. At the same time, the total system inertia, as well as contingency
reserve, is decreasing as conventional generation is gradually displaced by non-dispatchable
renewable generation. Therefore, it becomes extremely difficult for a system operator to maintain
the stability and reliability of the power grid. If operational reserves are required to be provided by
conventional generation for stability reasons, it diminishes the net carbon benefit from renewables,
reduces generation efficiency, and becomes economically untenable. Hence, renewable penetration
is still limited due to the lack of appropriate technologies that are able to reliably and affordably
manage the dynamic variability introduced by renewable generation.
[005] Demand-side approaches can help alleviate some of the instability resulting from renewable
generation sources. Conventionally, demand-side loads are treated as passive and non-
dispatchable, but demand-side approaches such as management of flexible loads have begun to be

introduced. Such approaches, however, typically do not produce a frequency response curve that
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closely matches the desired curve, which can cause additional instability. Further, conventional

demand-side approaches can over- or undercompensate by managing too many or too few loads.

SUMMARY
[006] Examples described herein relate to frequency-responsive load controllers that control
associated grid-connected electrical devices and determining frequency thresholds at which such
controllers manage the associated grid-connected electrical devices. A frequency-responsive load
controller can provide a demand-side contribution to stabilizing the power grid by turning a grid-
connected electrical device on or off in order to bring the grid frequency closer to a target value
(e.g., 50 or 60 Hz).
[007] Insome examples, a frequency range extending from a target grid frequency to an end
frequency can be determined. A first portion of the frequency range can be identified as a
deadband within which a grid-connected electrical device is not turned on or off responsive to grid
frequency deviations. The first portion extends from the target grid frequency to a deadband bound
frequency. A second portion of the frequency range extends from the deadband bound frequency to
the end frequency. A frequency, from the frequency range, can be selected for use as the frequency
threshold. The frequency threshold is the grid frequency at which the grid-connected electrical
device is automatically turned off or turned on by an associated frequency-responsive load
controller. If the frequency selected for use as the frequency threshold is within the deadband, the
frequency threshold is set to a frequency within the second portion of the frequency range. For
example, the frequency threshold can be set to a first available frequency outside the deadband.
[008] In some examples, the frequency range is determined by receiving instructions from a
supervisory coordinator configured to establish the frequency range based on aggregated
characteristics of a number of grid-connected electrical devices being managed by corresponding
frequency-responsive load controllers. For example, individual frequency-responsive load
controllers can provide power (and state) information to the supervisory coordinator, and the
coordinator can aggregate the power information and determine frequency range(s) from which
frequency thresholds can be selected based on the aggregated power information and a target
power-frequency curve. Power information can be re-aggregated periodically (and the frequency
range recalculated) to accurately reflect the current load on the grid. In such situations, the
frequency thresholds can be re-selected using the recalculated frequency range to provide the
desired power-frequency curve.
[009] This Summary is provided to introduce a selection of concepts in a simplified form that are

further described below in the Detailed Description. This Summary is not intended to identify key
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features or essential features of the claimed subject matter, nor is it intended to be used to limit the
scope of the claimed subject matter.

[010] The foregoing and other objects, features, and advantages of the claimed subject matter will
become more apparent from the following detailed description, which proceeds with reference to

the accompanying figures.

BRIEF DESCRIPTION OF THE DRAWINGS
[011] FIG. I is a diagram illustrating an example method of managing frequency response using a
grid-connected electrical device.
[012] FIG. 2A is a scatter plot illustrating the curtailing frequency threshold and power of a
plurality of example grid-connected electrical devices where the curtailing frequency of the devices
is set to be at a first available frequency outside of the deadband if initially randomly selected to be
inside the deadband.
[013] FIG. 2B is a graph illustrating a droop-like power-frequency curve resulting from the
curtailing frequency thresholds illustrated in FIG. 2A.
[014] FIG. 3A is a graph illustrating a droop-like power-frequency curve in an over-frequency
example.
[015] FIG. 3B is a graph illustrating droop-like power-frequency curves for an example in which
controllers can be used in both over- and under-frequency situations.
[016] FIG. 4 is a flow chart illustrating an example method of managing a grid-connected
electrical device using a selected curtailing frequency threshold.
[017] FIG. 5 is a flow chart illustrating an example method of managing a grid-connected
electrical device using a selected curtailing frequency threshold and a selected rising frequency
threshold.
[018] FIG. 6 is a block diagram of an example frequency-responsive load controller.
[019] FIG. 7 is a block diagram of an example frequency-responsive load controller implemented
using a field programmable gate array (FPGA).
[020] FIG. 8 is a block diagram of an example hierarchical power grid management system in
which a supervisory controller communicates with individual frequency-responsive load
controllers.
[021] FIG. 9 is a block diagram of an example target power-frequency curve.
[022] FIG. 101s a diagram illustrating an example method of managing frequency response in an

electrical power distribution system using grid-connected electrical devices.
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[023] FIG. 11 is an example computing environment that can be used in conjunction with the

technologies described herein.

DETAILED DESCRIPTION
[024] Using the systems, methods, and computer-readable media described herein, frequency
thresholds can be determined at which grid-connected electrical devices can be turned on or off by
associated frequency-responsive load controllers to provide “primary frequency response” for a
power grid. As used herein, “primary frequency response” refers to adjusting system generation or
system load of a power grid to balance the amount of generation with the amount of load (also
referred to as demand), thereby maintaining a grid frequency (frequency of the voltage or current
supplied by the grid) near to a target frequency (e.g., 50 or 60 Hz). A grid frequency that begins to
drop below the target frequency indicates excess demand relative to generation, and a grid
frequency that begins to rise above the target frequency indicates excess generation relative to
demand. Unlike previous approaches to selection of frequency thresholds, the described
technologies maintain a desired “droop-like” power-to-frequency curve that indicates grid stability.
“Droop” refers to a control scheme for generators in the power grid. A device performing droop
control is automatically adjusting its power output in accordance to frequency deviations. Droop
can be defined as the percentage change in frequency at which the device delivers all of its
frequency regulating capability. “Droop-like” refers to a scheme where a device is automatically
adjusting its power output in accordance to frequency deviations, regulating frequency at a defined
percentage relative to frequency deviation until the resource is exhausted. The described
technologies also allow determination of frequency thresholds in both autonomous and supervised
arrangements.
[025] In an example autonomous arrangement, individual grid-connected appliances (e.g., electric
water heaters) are separately and autonomously controlled by corresponding individual frequency-
responsive load controllers. For a particular appliance, the frequency-responsive load controller
randomly (or otherwise) selects a frequency threshold from available frequencies in a frequency
range. If the selected frequency falls within a deadband, then the controller sets the frequency
threshold to a frequency outside of the deadband instead. As a specific example, the controller can
set the frequency threshold to a first available frequency (or a frequency within a narrow frequency
band) outside of the deadband.
[026] The deadband is a frequency range near the target frequency and within which deviations
from the target frequency are considered to be small enough to ignore for demand-side primary

frequency response purposes. In conventional approaches, because the frequencies within the
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deadband are not available to be set as the frequency threshold, the resulting distribution of
frequency thresholds over all controllers is not uniform over the entire frequency range, and the
power-to-frequency relationship of the grid is not droop-like. In the described technologies,
however, the controller selects the frequency threshold from a frequency range that includes
frequencies in the deadband, but instead of actually using the frequency within the deadband as the
threshold if selected, the controller uses the closest available frequency outside of the deadband.
As used herein, “available” means available for use as a frequency threshold. Frequencies within
the deadband, which cannot be used as the frequency threshold, are unavailable. “Available” does
not refer to a state of being “taken” or in use by another load controller. That is, if, for multiple
load controllers, a frequency in the deadband is selected, more than one (or all) of the load
controllers can set the frequency threshold to the first frequency outside of the deadband. When
viewed on a system-wide level, this approach effectively produces a weighting scheme that
approximates what a uniform distribution of frequency thresholds over the entire frequency range,
including the deadband, would be. This weighted distribution achieves the proper power-to-
frequency relationship for grid stability while still allowing frequency thresholds to be excluded
from the deadband.

[027] Inan example supervised arrangement, a supervisory coordinator can aggregate power
information (e.g., load and on/off status) for many grid-connected electrical devices. Based on the
aggregate power available for being turned on or being turned off, a frequency range available for
frequency thresholds can be determined based on a desired power-frequency curve. By considering
the overall power of the loads available in the system, situations in which too much or too little load
power is turned on or off (which creates instability in the grid) can be avoided. Individual
frequency-responsive controllers can select frequency thresholds, for example as described above
in the autonomous arrangement, once a frequency range has been communicated to the controllers.
In some examples, frequency threshold selection for individual controllers can be performed by the
supervisory coordinator, and the thresholds can be communicated to the individual controllers.
[028] The described technologies produce a significant improvement to the power grid
management technology and “smart” device technology areas. The demand-side approaches
described herein reduce the need to rely on power generators to manage primary frequency
response and allow for a greater integration of renewable energy sources into the grid. Further, by
determining a range of frequency thresholds that result in a stable, droop-like power-to-frequency
curve, the frequency-responsive controllers will be triggered less often by not having to correct the
instability caused by the controllers’ own response and will thus consume fewer controller

computing resources. Additional examples are described below and with reference to FIGS. 1-11.
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Frequency Threshold Selection Examples and Examples of Autonomous Arrangements

[029] Demand-side control presents a novel and viable way to supplement the conventional
generation-side control for a power grid having an increased percentage of renewable power
sources. An autonomous arrangement in which frequency-responsive controllers associated with
corresponding grid-connected electrical devices respond individually to frequency deviations
provides a fast response time for grid stabilization. In some approaches, autonomous response
occurs for under-frequency load shedding, in which loads are turned off at larger frequency
deviations from a target grid frequency in order to prevent, for example, a grid or substation failure.
Such approaches, however, do not provide the proper droop-like frequency response necessary for
demand-side primary frequency response.

[030] The frequency-responsive load controllers described herein can be, for example, small
electronic devices that reside within grid-connected electrical devices (also referred to simply as
“devices”) such as appliances. The frequency-responsive load controllers (also referred to simply
as “controllers”) can be configured to monitor, for example, the AC voltage (or current) signal
available to the devices at their wall outlets. When an under-frequency (or in some examples, an
over-frequency) event is detected, the controller will alter the operating mode of a corresponding
device to help the power grid, provided the device’s current operating mode can be changed. In the
example of an under-frequency event, the controller is configured to request that the electrical load
be shed by its corresponding device whenever the grid frequency falls below a particular curtailing
frequency threshold. The curtailing frequency threshold can be, for example, randomly chosen. In
an over-frequency example, the controller is configured to request that an electrical device be
turned on whenever the grid frequency exceeds a particular rising frequency threshold, which can
also be randomly chosen.

[031] Inrecent years, appliance and equipment manufacturers have moved rapidly toward mass
production of devices with smart grid capabilities that can be used with the described technologies.
For implementation of frequency-responsive load controllers, the response time (e.g., the time
constant of a low-pass filter for frequency measurement), can directly affect the frequency response
of the bulk power system. In general, the shorter the response time, the better the system response.
Shorter response time, however, can lead to false inputs and noise. In practice, selection of an
appropriate response time can be done by analyzing the frequency characteristics of historic
frequency events.

[032] The geographical distribution of controller-controlled devices within a system can also
influence the impact of the demand-side management on the grid. Although there are indications

that it may be more effective to have all the controllers deployed in the proximity of the location
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where the under- or over-frequency events have been caused, it is typically not possible in practice
to know beforehand the location of such events. An even distribution throughout a system can be
used instead. Such an even distribution can be implemented through coordination among various
system operators from different areas.

[033] Another factor that can influence the effect of controllers on frequency response in the grid
is the penetration level of controllers and associated devices (how many devices having an
associated controller that are currently on and are thus available to be turned off or how many
devices having an associated controller that are currently off and are thus available to be turned on).
Transient signals tend to increase as the penetration level of controllers increases, which can
potentially drive the system to instability. One approach to limiting transients is to limit how many
controllers should actually respond to under-frequency events. For an autonomous arrangement, all
available controllers will typically respond, regardless of possible negative consequences of the
aggregated effect. The autonomous response of controllers from different geographical locations
can instead, for example, be coordinated so that negative consequences are mitigated.

[034] Previous demand-side approaches to grid frequency management have been used for under-
frequency load shedding and have not been used for primary frequency response due to, among
other things, the lack of a droop-like frequency response curve. In some situations, such
approaches can result in excessive power reduction, which can impact the system stability
negatively.

[035] FIG. 1 illustrates a method 100 of managing frequency response using a grid-connected
electrical device. Method 100 can be performed by or using, for example, a frequency-responsive
load controller connected to or installed in the grid-connected electrical device. Example
frequency-responsive load controllers are discussed with respect to FIGS. 6 and 7. The discussion
of method 100 also references the examples shown in FIGS. 2A, 2B, 3A, and 3B for clarity.

[036] In process block 102, a frequency range extending from a target grid frequency to an end
frequency is determined. An example frequency range and target grid frequency are shown in
FIGS. 2A and 2B. FIGS 2A and 2B show plots 200 and 220, respectively, that illustrate an under-
frequency case in which devices are turned off when the grid frequency falls below the target grid
frequency. In FIGS. 2A and 2B, the target grid frequency is 60 Hz, and the frequency range is
frequency range 202 that extends from the target grid frequency of 60 Hz to the end frequency of
59.95 Hz.

[037] The target grid frequency can depend upon the electrical grid. For example, the target grid
frequency can be 60 Hz, as is typically used in North America, or 50 Hz, as is typically used in

much of Europe and the rest of the world. The end frequency can be either be below the target grid
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frequency, as illustrated in FIGS. 2A and 2B, or above the target grid frequency as illustrated in the
over-frequency example shown in FIG. 3. The end frequency can be: predetermined or
dynamically calculated based on historic under- or over-frequency events and/or historic or current
total system load of controlled devices; based on empirically determined or calculated frequencies
at which the grid becomes unstable or reaches a performance threshold; or based on other factors.
[038] In process block 104, a first portion of the frequency range is identified as a deadband. The
deadband extends from the target grid frequency to a deadband bound frequency. The deadband is
a frequency range within which the grid-connected electrical device is not turned on or off by the
frequency-responsive load controller. That is, frequency deviations within the deadband are
tolerated, and demand-side management is not used to address the deviations. In the under-
frequency example of FIGS. 2A and 2B, a deadband 204 is shown, extending from the target grid
frequency of 60 Hz to a deadband bound frequency 206 (of 59.986 Hz). The extent of the
deadband can be: predetermined or dynamically calculated based on historic under- or over-
frequency events and/or historic or current total system load of controlled devices; based on
controller response time; based on historic, empirically determined, or calculated frequencies at
which primary frequency response is determined to be desirable; or based on other factors. In some
examples, the size of deadband 204 is comparable to generation-side deadbands used in generation-
side frequency response.

[039] A second portion of the frequency range extending from the deadband bound frequency to
the end frequency is identified in process block 106. With reference again to FIGS. 2A and 2B, a
second portion 208 of frequency range 202 extends from a first available frequency (59.985) below
deadband bound frequency 206 to the end frequency (59.95 Hz).

[040] In process block 108, a frequency, from the frequency range (e.g., from frequency range
202 of FIG. 2A), is selected for use as a frequency threshold. The frequency threshold is a grid
frequency at which the grid-connected electrical device is automatically turned off or turned on by
an associated frequency-responsive load controller. In under-frequency examples, such as the
example illustrated in FIGS. 2A and 2B, the deadband bound frequency is lower than the target grid
frequency and the end frequency is lower than both the deadband bound frequency and the target
grid frequency. In such examples, the frequency threshold is a curtailing frequency threshold, and
the curtailing frequency threshold is the grid frequency at which the grid-connected electrical
device is turned off by the associated frequency-responsive load controller. Frequency deviations
below the target grid frequency indicate a greater load than can be supported by the current

generation capacity.
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[041] In over-frequency examples, such as the example illustrated in FIG. 3A, the deadband
bound frequency is higher than the target grid frequency and the end frequency is higher than both
the deadband bound frequency and the target grid frequency. In such examples, the frequency
threshold is a rising frequency threshold, and the rising frequency threshold is the grid frequency at
which the grid-connected electrical device is turned on by the associated frequency-responsive load
controller. Frequency deviations above the target grid frequency indicate greater generation than
can be used by the current grid load.

[042] In some examples, both a rising frequency threshold and a curtailing frequency threshold
are established (along with two corresponding frequency ranges, end frequencies, and deadbands)
for a controller and corresponding device, allowing the device to be used for over-frequency or
under-frequency response. When both a rising frequency threshold and a curtailing frequency
threshold are used, the frequency ranges, deadbands, etc. can be mirrored around the target grid
frequency or determined separately (as shown, for example, in FIG. 3B).

[043] The frequency selected for use as the frequency threshold in process block 108 can be
selected, for example, using a probabilistic approach, such as random selection, to select the
frequency from a group of available frequencies in the frequency range. For example, a frequency
responsive load controller can randomly select a number between the end frequency and the target
grid frequency. Random selection, over a large sample size, results in a uniform distribution of
selected frequencies over the frequency range. An example of a large number of controllers each
having a randomly selected frequency threshold is illustrated in FIG. 2A and discussed below.
[044] Upon determining, that the frequency selected for use as the frequency threshold is within
the deadband, the frequency threshold is set to a frequency within the second portion of the
frequency range in process block 110. In some examples, when the selected frequency is within the
deadband, the frequency threshold is set to an available frequency that is closest to the deadband
bound frequency. This is illustrated in plot 200 of FIG. 2A, where many points (each representing
an individual controller) are located at frequency 210. Frequency 210 is a first available frequency
outside of deadband 204. For selected frequencies that are inside deadband 204, the frequency
threshold is set to frequency 210 to provide a weighting to create a desired droop-like response,
illustrated by power-frequency curve 222 of FIG. 2B, while still maintaining deadband 204.

[045] As used herein, “available” means available for selection. The frequencies that are
available are outside of the deadband and account for the granularity with which frequency can be
specified. Frequency can be selected in increments of .0001 Hz, .001 Hz, .005, .01 Hz, or other
increments. As an example, if frequency is specified/selectable in .005 Hz increments, even though

a frequency that is .00000001 Hz outside of the deadband bound is closer to the deadband bound
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than a second frequency .005 Hz outside the deadband bound, the second frequency is the closest
available frequency because of the .005 Hz frequency increments being used. In an under-
frequency example, for a deadband bound frequency indicating the end of the deadband is 59.986,
59.990, etc., if the selected frequency is within the deadband, the frequency threshold can be set to
59.985, 59.980, or other value below but near the end of the deadband.

[046] In some examples, the second portion of the frequency range comprises a third portion
extending from the deadband bound to less than halfway from the deadband bound to the end
frequency, and the frequency within the second portion of the frequency range to which the
frequency threshold is set is within the third portion. Plot 220 of FIG. 2B illustrates a third portion
224. Third portion 224 is less than half of the size of second portion 208 and extends from just
below the deadband bound frequency 206 to approximately 59.97 Hz. (In this particular example,
third portion 224 is approximately a same size as deadband 204.) The frequency within the third
portion used as the frequency threshold can be selected, for example, by randomly selecting one of
the available frequencies within the third portion. The third portion provides a relatively narrow
band (as compared to the second portion) of frequencies that can be used to adjust the frequency
response curve to a more droop-like shape. In contrast to FIG. 2A in which the first available
frequency is used as the threshold for the controllers for which the selected frequency for use as the
threshold is within the deadband, setting the threshold to a value within third portion 224 of FIG.
2B provides a more gradual initial response to under-frequency events while still providing a
droop-like response as illustrated by power-frequency curve 222.

[047] Method 100 can further comprise upon determining that the grid frequency meets the
frequency threshold, turning off (for under-frequency events) or turning on (for over-frequency
events) the electrical device. In some examples, frequency of the grid voltage is measured, and the
measurement is compared to the threshold. Grid current frequency can also be measured.
Frequency measurement, as used herein, also includes measuring the period of a signal (which is
the inverse of frequency). Measurements/comparisons can be performed periodically.

[048] In some examples, the frequency range is determined by receiving instructions from a
supervisory coordinator configured to establish the frequency range based on aggregated
characteristics of a plurality of grid-connected electrical devices being managed by corresponding
frequency-responsive load controllers. The aggregated characteristics can include power
consumption or peak power consumption as well as an “on” or “off” status. In some examples,
method 100 is performed by the supervisory coordinator, and the frequency threshold(s) are

communicated to individual controllers. Supervisory coordinators are discussed further below.
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[049] FIG. 2A illustrates a plot 200 of an example distribution of approximately 1,000 devices
having associated controllers. The power rating of the devices is distributed uniformly between 4
and 6 kW. Each point in plot 200 represents a device having a curtailing frequency threshold and a
power rating. The frequency thresholds are uniformly distributed over second portion 208 of
frequency range 202, with the exception of the many points located at frequency 210, which is the
first available frequency below deadband 204. The points at frequency 210 represent controllers
for which the frequency selected for use as the frequency threshold fell within deadband 204, and
because deadband frequencies are not available for use as a frequency threshold, the frequency
threshold for these controllers was instead set to first available frequency 210. This approach
provides a weighting to create the desired droop-like response while still keeping deadband 204
unavailable for frequency thresholds.

[050] Plot 220 of FIG. 2B illustrates droop-like power-frequency curve 222 that corresponds to
the distribution shown in FIG. 2A. The x-axis of plot 220 represents frequency, and the y-axis
represents a percentage of the aggregate controller-managed power that is turned off by the
controllers to provide primary frequency response. As is illustrated in plot 220, due to the random
distribution of frequency thresholds illustrated in FIG. 2A, the number of controllers turning off a
corresponding device increases as the grid frequency drops until, at the end of second portion 208
of frequency range 202, all of the available controllers have turned their corresponding device off.
[051] As discussed above, deadband 204 represents a frequency band in which frequency
deviations are tolerated and primary frequency response is not initiated. The deadband acts to
ignore noise and prevent overreactions and serves other purposes as well. In a theoretical
simplification without a deadband, in which the practical reasons for using a deadband would not
apply, a droop-like response in a system without a deadband would include dashed line 224, such
that the droop-like response both is linear over all of frequency range 202 and reaches the 0%
power, 60 Hz point on plot 220. Using the described approaches, the “weighting” provided by the
many controllers for which frequency thresholds are set at first available frequency 210 (or in third
portion 224) provides a step- or impulse-type response that quickly brings the power percentage to
the theoretical level (meeting dotted line 224) for a frequency deviation just below deadband 204.
The uniform distribution of the remaining frequency thresholds maintains the droop-like response
over the remainder of frequency range 202. Thus, power-frequency curve 222 has the desired
characteristic of being droop-like over frequency range 202 while also dropping to zero because of
the practically desirable use of the deadband.

[052] Incontrast to the described technology, in a conventional approach, use of the deadband

(e.g., deadband 204), results in a power-frequency curve 226. In power-frequency curve 226,
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rather reaching 0% power at 60 Hz, 0% power is reached at deadband bound frequency 206. While
power-frequency curve 226 is linear, the slope of power-frequency curve 226 differs from power-
frequency curve 222 because of the different 0% power frequency, and power-frequency curve 226
is therefore not droop-like. The non-droop-like response in previous approaches is most noticible
for frequency deviations just slightly below the deadband because few controllers will be triggered
as compared to the approaches shown in FIGS. 2A and 2B.

[053] FIGS. 2A and 2B illustrate an under-frequency example. FIG. 3A illustrates an over-
frequency example, and FIG. 3B illustrates an example in which primary frequency response can
be provided for both under- and over-frequency situations. FIG. 3A illustrates a plot 300 similar to
plot 202 of FIG. 2B, except that the frequency range along the x-axis increases from left to right to
represent an over-frequency example. A frequency range extends from a target grid frequency of
60 Hz to an end frequency of 60.050 Hz. A deadband 302 extends from 60 Hz to a deadband
bound frequency 304. A second portion 306 of the frequency range extends from just above the
deadband bound frequency 304 to the end frequency (60.050 Hz).

[054] Rising frequency thresholds are selected from the entire frequency range (from 60 Hz to
60.050 Hz), and for controllers for which a selected frequency falls within deadband 302, the rising
frequency threshold is set to a frequency within second portion 306 (e.g., a closest available
frequency above deadband 302 or a frequency within a narrow frequency band extending from
deadband bound frequency 304). Similar to plot 220 of FIG. 2B, no controllers activate devices for
frequency deviations within deadband 302, and the number of controllers turning on a
corresponding device increases as the grid frequency increases until, at the end of second portion
306, all of the available controllers have turned their corresponding device on.

[055] Also similar to plot 220 of FIG. 2B, the “weighting” provided by the many controllers for
which rising frequency thresholds are set at a first available frequency above deadband 302 (or in a
narrow frequency band above deadband 302) provides a step- or impulse-type response that quickly
brings the power percentage to the theoretical level (meeting dotted line 308) for a frequency
deviation just above deadband 302. The uniform distribution of the remaining frequency thresholds
maintains a droop-like response over the remainder of frequency range 306, as shown by power-
frequency curve 310. Thus, power-frequency curve 310 has the desired characteristic of being
droop-like over frequency range 306 while also dropping to zero over deadband 302 because of the
practically desirable use of deadband 302.

[056] FIG. 3B shows a plot 320 of power-frequency curves 322 and 324. Power-frequency curve
322 1s an under-frequency example as shown in FIG. 2B (with the slope of power-frequency curve

322 going negative to account for the x-axis values of frequency increasing to the right, in contrast

12

SUBSTITUTE SHEET (RULE 26)



WO 2017/019136 PCT/US2016/028901

to FIG. 2B). Power-frequency curve 324 is an over-frequency example as shown in FIG. 3A. In
plot 320, there is an upper (or rising) deadband 326 and an upper second portion 328 (similar to
deadband 302 and second portion 306 of FIG. 3A). Upper deadband 326 and upper second portion
324 form an upper frequency range. Similarly, plot 320 includes a lower (or curtailing) deadband
330 and a lower second portion 332 (similar to deadband 204 and second portion 208 of FIG. 2B)
that together form a lower frequency range. The upper frequency range is used for over-frequency
primary frequency response, and the lower frequency range is used for under-frequency primary
frequency response, similar to the discussion with respect to FIGS. 2A-3A. In some examples, the
upper frequency range and lower frequency range are a same size and rising deadband 326 and
curtailing deadband 330 are a same size. In other examples, they are determined separately, and
rising deadband 326 does not necessarily correspond to curtailing deadband 330, etc.

[057] The technology described herein was tested for an under-frequency example using the IEEE
16-machine 68-bus test system. This test system approximates the interconnection between the
New England test system (NETS) and the New York power system (NYPS). There are five areas
in total. Area 4 represents NETS with generators G1 to G9, and area 5 represents NYPS with
generators G10 to G13. Generators G14 to G16 are equivalent aggregated generators that model
the three neighboring areas connected to NYPS. The system parameters are taken from the data
files that come with the Power System Toolbox (PST) distribution. The total load in the system is
18,333.90 MW with 5,039.00 MW in the NETS (area 4) and 7,800.95 MW in the NYPS (area 5).
The total load of online GFAs is 800 MW, which are evenly distributed among areas 4 and 5. The

controllers in these studies are selected to be electric water heaters. The curtailment time delay #; .
is selected to be 0.4 seconds for the hardware implementation. The activation time delay #, , is

randomly chosen between 2 and 3 minutes.

[058] Two scenarios were considered. In the first scenario, the system responses in four situations
are compared when the system is subject to small disturbances. The under-frequency event
considered here is the tripping of generator G1. Since the power output of generator G1 is small,
the resulting frequency deviation is so small that the lowest frequency is within the range of 59.95
Hz and 59.985 Hz. In the second scenario, the comparison between the system responses in four
different situations is performed again when the system is subject to a large disturbance. The under-
frequency event in this case study is the tripping of generator G12, which has large power output
before the tripping occurs. In both scenarios, primary frequency response using the described

technology was very close to the desired droop-like situation.
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Example Controllers and Controller Operation

[059] FIG. 4 shows an example operational flow 400 for a controller implemented in an under-
frequency example. In process block 402, upon determining that a frequency selected for use as a
curtailing frequency threshold is within the deadband (e.g., as in process block 108 of FIG. 1), the
curtailing frequency threshold is set to a frequency outside the deadband (e.g., a first available
frequency). In process block 404, grid frequency is monitored and operation of a grid-connected
electrical device is managed. In some examples, individual controllers have four different
operating modes including active 406, triggered 408, curtailed 410, and released 412. In the

active operating mode 406, the individual controller evolves based on its internal dynamics, turning
ON or OFF according to its predefined control logic. Once the controller detects that the grid
frequency falls below a predetermined curtailing frequency threshold f; y, the controller changes its
operating mode from active 406 to triggered 408. The controller remains in this mode as long as

the grid frequency does not return above f; ;. A time 1, , is the time the device has been in the
released mode, and a time 7;, . is the time the device has been in the triggered mode.

[060] If the under-frequency event persists longer than the response time #4 . (curtailment time
delay) of the controller, the device shuts down and switches from triggered 408 to curtailed 410.
The time period of 7, . is defined by the response time of a low-pass digital filter in charge of

smoothing the frequency measurements in order to avoid reactions to unrealistic data and noise.

Once the grid frequency rises above a predetermined restoring frequency threshold f, ;,, where
[ i > i i, the controller switches from curtailed 410 to released 412 and remains in this mode
provided the grid frequency stays above f, 4. If it has been released for a period of time longer
than 74 4, the controller switches from released 412 to active 406, and follows its nominal internal

dynamics. The activation time delay #; , is designed in order to minimize or reduce the rebound

effect when all the controllers would turn on at the same time.

[061] FIG. 5 includes flow chart 500 that illustrates an example operation of a controller capable
of providing primary frequency response for both over- and under-frequency events. In process
block 502, if a selected frequency is within a lower deadband (curtailing deadband), then the
curtailing frequency threshold is set below the lower deadband, and if a selected frequency is
within an upper deadband (rising deadband), then the rising frequency threshold is set above the
upper deadband. Frequency monitoring begins in process block 504.

[062] Functionally, each individual controller has two different operating modes — under-

frequency (f < 60 Hz) and over-frequency (f <60 Hz) modes (where 60 Hz is the nominal
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(target) frequency fyom). In the under-frequency mode, the controller reacts to the under-frequency

events. In the over-frequency mode, it reacts to the over-frequency events. In some examples, at
any given time instant, the controller can only be operated in one mode, which is determined and
changed according to the local frequency measurement. Furthermore, two operating modes can be
further divided into seven different states including free 506, triggered off 508, triggered on 510,
forced off 512, forced on 514, released off 516, and released on 518. In the state of free 506, the
controller evolves based on their internal dynamics, turning ON or OFF according to their
predefined internal control.

[063] In process block 520, time is set to zero, and in process block 522, the initial state of the
controller is set to free 506. The grid frequency is measured in process block 524 and provided to a
low-pass filter in process block 526, and if the result indicates a frequency deviation, an operating
mode (over- or under-frequency) is determined in process block 528. If the measured frequency is
less than a target frequency, then a current state is set through process block 530 by way of process

blocks 532, 534, 536, and/or 538. In process block 532, if the grid frequency falls below a

u
predetermined curtailing frequency threshold f , the controller changes its operating state from
u
free 506 to triggered off 508. If, in process block 534, the time of the frequency event ! b_t persists
T u
longer than the response time £ 5 ¢ , the controller shuts down the device and switches it from

u
triggered off 508 to forced off 512. The time period of Tb_; is defined by a low-pass filter (e.g., a

digital low-pass filter, applied in process blocks 526, 544, and/or 560) in charge of smoothing the

frequency measurements to avoid reactions to unrealistic data and noise.

U
[064] Once the grid frequency rises above a predetermined restoring frequency threshold f; in

u u
process block 536, where f ¥ > f , the controller switches from forced off 512 to released off

U
516. The controller remains in this state, given that the frequency stays above fr . [fthe

u
controller has been in the state of released off 516 for a longer time tb_r than the release time

u
delay Tb_r as determined in process block 538, the controller switches its state back to free 506

u
and follows its nominal internal dynamics. The release time delay £ , is designed for the
purpose of preventing the rebound effect that occurs when all the controllers try to return to their
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normal operations at the same time. Frequency is determined in process block 540, time is
incremented in process block 542, and a low-pass filter is applied in process block 544 to prepare
the most recent frequency measurement obtained in process block 540 for another iteration through
process blocks 530-538.

[065] If the measured frequency is greater than a target frequency (over-frequency event), then a
current state is set through process block 546 by way of process blocks 548, 550, 552, and/or 554.

In process block 548, if the grid frequency rises above a predetermined rising frequency threshold

fto, the controller changes its operating state from free 506 to triggered on 510. If, in process

(2] o
block 550, the time of the frequency event ! b_t persists longer than the response time £ ; , the

controller turns on the device and switches it from triggered on 510 to forced on 514. The time

0
period of Tb_; is defined by a low-pass filter in charge of smoothing the frequency measurements

to avoid reactions to unrealistic data and noise.

0
[066] Once the grid frequency rises above a predetermined restoring frequency threshold f; in

process block 552, where f,o < fto, the controller switches from forced on 514 to released on 518.

0
The controller remains in this state, given that the frequency stays below fr . If the controller has

0 o
been in the state of released on 518 for a longer time t b_r than the release time delay Tb_r as
determined in process block 554, the controller switches its state back to free 506 and follows its
nominal internal dynamics. The release time delay 7,’, is designed for the purpose of preventing

the rebound effect that occurs when all the controllers try to return to their normal operations at the
same time. Frequency is determined in process block 556, time is incremented in process block
558, and a low-pass filter is applied in process block 560 to prepare the most recent frequency
measurement obtained in process block 556 for another iteration through process blocks 548-554.
In some examples, the low-pass filter applied in process blocks 526, 544 and 560 are the same
filter. From free state 506, time is incremented in process block 562, frequency is measured in
process block 564, a low-pass filter is applied in process block 526, and a decision is again made in
process block 528 as to whether to enter an under- or over-frequency mode.

[067] Two under-frequency examples follow (similar examples can be constructed for the case of

over-frequency events). A controller starts out in the state of free when the frequency starts to dip.
When the frequency drops below the curtailing frequency threshold 1, M, the controller changes its
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(/)
state to triggered off. Then, the frequency is restored above the restoring frequency threshold f;

u
within the response time Tb_, , so the controller changes its state back to free resuming the normal

operation.

[068] In a second example, the controller also starts in the state of free. When the frequency

U
drops below the frequency threshold f , the controller changes its state to triggered off. In this

U
case, the frequency is not restored above the frequency threshold fr within the response time

U
Tb_, , 50 the controller changes its state to forced off. The controller stays in the state of forced
U
off until the frequency is restored above the frequency threshold /, , and then changes its state to

U
released off. However, the frequency does not stay above f; for enough time, so the controller
. v u .
changes its state back to forced off. After some time, the frequency returns above f; again and

U
the controller changes its state to released off. Finally, the frequency stays above the fr fora

u
longer time than the release time Tb_r , 50 the controller changes its state to free resuming the

normal operation.

[069] FIG. 6 illustrates a frequency-responsive load controller 600. Controller 600 includes a
curtailing frequency threshold selector 602 implemented by computing hardware. The computing
hardware can include a programmable logic device such as a field programmable gate array
(FPGA), an application-specific integrated circuit (ASIC), and/or one or more processors and
memory. Curtailing frequency threshold selector 602 is configured or programmed to select a
frequency from a frequency range for use as a curtailing frequency threshold. The frequency range
can be stored in the computing hardware (e.g., stored in memory). The curtailing frequency
threshold is a grid frequency at or below which a grid-connected electrical device 604 associated
with frequency-responsive load controller 600 is turned off.

[070] Curtailing frequency threshold selector 602 is further configured or programmed to, upon
determining that the frequency selected for use as the curtailing frequency threshold is within an
under-frequency deadband of the frequency range, set the curtailing frequency threshold to a
frequency lower than the under-frequency deadband but within the frequency range. The under-
frequency deadband (also referred to as the lower deadband or curtailing deadband) is a frequency

range over which the grid-connected electrical device is not turned off (and remains on if already
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on) by the frequency-responsive load controller. Curtailing frequency threshold selector 602 can be
configured or programmed to perform any of the frequency threshold selection approaches
described herein, including those discussed with respect to FIGS. 1-5.

[071] Frequency-responsive load controller 600 also includes a power controller 606 implemented
by the computing hardware. Power controller 606 is configured or programmed to monitor the grid
frequency at grid-connected electrical device 604, and, upon determining that the grid frequency
meets or falls below the curtailing frequency threshold, initiate a powering off of grid-connected
electrical device 604. Power controller 606 can include a voltmeter, ammeter, or other
measurement device. Power controller 606 can interface directly with a power supply circuit (e.g.,
a switch) of grid-connected electrical device 604 or can transmit a power control signal to a
different circuit or component of grid-connected electrical device 604.

[072] In some examples, the frequency lower than the under-frequency deadband but within the
frequency range that is set as the curtailing frequency threshold is a first available frequency lower
than the under-frequency deadband. In other examples, a second, third, or other available
frequency lower than the under-frequency deadband is used. In still other examples, the frequency
set as the curtailing frequency threshold is selected from a narrow frequency band lower than the
deadband (e.g., less than half of the range from the end of the under-frequency deadband to the end
of the frequency range).

[073] Controller 600 can also comprise a rising frequency threshold selector 608 implemented by
the computing hardware. Rising frequency threshold selector 608 is configured or programmed to
select a second frequency from a second frequency range for use as a rising frequency threshold.
The rising frequency threshold is a grid frequency at or above which grid-connected electrical
device 604 is turned on. Rising frequency threshold selector 608 is further configured or
programmed to, upon determining that the second frequency is within an over-frequency deadband
of the second frequency range, set the rising frequency threshold to a frequency higher than the
over-frequency deadband but within the second frequency range. The over-frequency deadband
(also referred to as the upper deadband or rising deadband) is a frequency range over which grid-
connected electrical device 604 is not turned on by frequency-responsive load controller 600. In
examples in which rising frequency threshold selector 608 is present, power controller 606 is
further configured or programmed to, upon determining that the grid frequency meets or rises
above the rising frequency threshold, initiate a powering on of grid-connected electrical device 604.
[074] In some examples, the frequency higher than the over-frequency deadband but within the
frequency range that is set as the rising frequency threshold is a first available frequency higher

than the over-frequency deadband. In other examples, the frequency set as the rising frequency
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threshold is selected from a narrow frequency band higher than the deadband (e.g., less than half of
the range from the end of the over-frequency deadband to the end of the frequency range).
Frequency-responsive load controller 600 can include curtailing frequency threshold selector 602
and not rising frequency threshold selector 608, rising frequency threshold selector 608 and not
curtailing frequency threshold selector 602, or both curtailing frequency threshold selector 602 and

rising frequency threshold selector 608.

Example Hardware Configurations

[075] In an example computing hardware configuration of an under-frequency {requency-
responsive load controller, a 5-cm X 7.5-cm (2-in. % 3-in.) digital electronic controller board is
used. The digital intelligence is based on an Altera FPGA. Inputs to the controller board include 5
V DC, which is used to power the board, and a 24 V AC voltage-sensing input from a voltage
transformer that is used to sense grid frequency of a grid-connected electrical device’s 120 or 240
V AC electric service. The AC signal is conditioned by a series of comparators that convert the AC
sinusoid into a squarewave signal having fast rise and fall times. The period of the resulting 60 Hz
square wave is measured using the pulse count from a 7.2 MHz crystal oscillator reference.
Outputs of the controller board consist of several digital outputs, the characteristics and meanings
of which can be assigned by firmware. In this example, only the “relay control” signal is passed
along to the controlled electrical device. This signal is pulled to its low logic state while a
curtailment response was being requested from the controlled electrical device. Remaining output
pins are assigned to facilitate testing and troubleshooting, but these additional signals are not used
for device control in this example.

[076] In this example, the output of the controller is a binary signal. Grid-connected electrical
device load current does not flow through any part of the controller board. In examples in which
the electrical device is an electric water heater, the binary output signals can be used to control
relay switches in the control modules for water-heater loads. In examples in which the electrical
device is a clothes dryer, optically isolated versions of the controllers’ output signals can be sent to
the dryer’s communication processors, where they can be translated into the dryer’s proprietary
serial protocol and sent to and understood by the dryer’s microcontrollers.

[077] Portions of an example controller 700 are illustrated in FIG. 7. FPGA 702 can be or can be
similar to an Altera EPM7128BTC100-10 FPGA. This FPGA embodiment is by way of example
only, as other circuits or processing devices can be used, such as application specific integrated
circuits (ASICs) or microprocessors executing suitable instructions for performing the disclosed

functions. In the example of FIG. 7, a hardware gate design approach is used to achieve an
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efficient implementation using the limited number of macrocells of FPGA 702. In some examples,
controller 700 determines frequency by measuring the period of an input signal 704. Input signal
704 is stepped-down to 24 V AC from an, e.g., 120 or 240 V, AC voltage. The period of the signal
is the reciprocal of the signal’s frequency. A signal conditioning stage 706 can include, for
example, a series of comparators. The conditioned 60 or 50 Hz square wave from the power grid is
an input to a phase locked loop (PLL) 708 that is implemented using FPGA 702. PLL 708 removes
jitter from the period measurement and prevents logic confusions that can occur when multiple zero
crossings occur in noisy device electrical environments. The period of the output of PLL 708 is
measured at counter 709 using a pulse count from an (e.g., 7.2 MHz) crystal oscillator 711
reference.

[078] A difference is taken in summation stage 710 between the period measured using PLL 708
and counter 709 and the present reported period of controller 700 (the negative of the period count
is summed with the measured period, resulting in a difference). This difference is an error signal.
The error signal is then divided by an integer in stage 712 to create a low-pass filtered tracking of
the actual frequency. In some examples, the divisor 16 is used, but any other divisor can be used
and is within the scope of the disclosed technology. This divisor removes the responses to high-
frequency noise, but it also slows the response to legitimate changes, as is typical for low-pass
filtering. The result of this division (an attenuated error signal) in stage 712 is then added to the
reported period in summation stage 714. The reported period is then digitally compared against
thresholds by power controller 716, which can be similar to power controller 608 of FIG. 6, to
determine the state of an output-control signal. FPGA 702 is also used to implement at least one of
a curtailing threshold frequency selector (not shown) or rising threshold frequency selector (not
shown) that can be similar to the corresponding components in FIG. 6.

Frequency Range Determination Examples and Examples of Supervised Arrangements

[079] The frequency threshold selection technologies described herein can also be used in a
hierarchical decentralized control strategy for engaging the end-use loads to provide primary
frequency response. In some examples, two decision-making layers including supervisory and
device layers, are used. Additional decision-making layers can also be used. Frequency-responsive
load controllers at the device layer can still be operated in an autonomous fashion to provide a
quick response while a coordinator at the supervisory layer coordinates the autonomous responses
to overcome the stability issue associated with high penetration of controllers. These approaches
provide an aggregated response that is droop-like without over-responding to frequency deviations

due to high controller penetration. Simulation results illustrate the effectiveness of such a
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hierarchical decentralized control strategy in providing primary frequency response using
controllers associated with grid-connected electrical devices.

[080] FIG. 8 illustrates a hierarchical decentralized arrangement 800 that includes two decision-
making layers — a supervisory layer 802 and a device layer 804. In supervisory layer 802, a
supervisory coordinator 806 is responsible for ensuring that an aggregated response from engaged
controllers is droop-like during frequency events and preventing the aggregated response from
being excessive under high penetration of controllers. Supervisory coordinator 806 can be, for
example, implemented on one or more server computers in the cloud or on a particular computing
device or devices accessible over a network such as the Internet. In some examples, additional
intermediate decision-making layers are present.

[081] Supervisory coordinator 806 communicates with controllers 808, 810, and 812. Controllers
808, 810, and 812 are associated with grid-connected electrical devices 814, 816, and 818,
respectively. Communication between supervisory coordinator 806 and controllers 808, 810, and
812 can occur, for example, once every control period (e.g., once every 5, 10, 15, 30, or 60 min,
etc.) and/or after a request has been sent by or received by supervisory coordinator 806 based on
non-time-based criteria (e.g., total system load, total available generation, historical frequency
deviation information, etc.). Communication can occur, for example, over the Internet or other
computer network, over a cellular network, through power line communication (PLC), or through
other approaches.

[082] Inexamples in which periodic communication is used, the length of the control period can
be selected based on the characteristics of controllers 808, 810, and 812 and/or based on historical
frequency deviation information, characteristics of the grid, or other factors. Controllers 808, 810,
and 812 submit power information, including power rating (in kW) and power mode (ON or OFF),
to supervisory coordinator 806 at the beginning of each control period or upon request. After
collecting the power information, supervisory coordinator 806 divides controllers 808, 810, and 812
(as well as other available controllers) into two groups. The ON group consists of those controllers
that are currently ON and will provide under-frequency response. The OFF group consists of those

controllers that are OFF and will provide over-frequency response. Supervisory coordinator 806

then calculates the total aggregated power of each group, Pmax and selects the desired droop value

R for each group based on the corresponding magnitude of Pmax. This is illustrated in FIG. 9.

[083] FIG. 9 shows a graph 900 of power vs. frequency. Desired droop R is calculated as the

change in frequency divided by change in power. As an example, for an aggregated amount of

power 902 ( P max), a horizontal line is determined to a point 904 on the desired droop curve. A
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vertical line is then determined down to identify the corresponding boundary frequency 906 ( f 5)
that indicates the end of the frequency range available for use as frequency thresholds. A deadband

bound frequency 908 ( f, ) is also shown. In some examples, deadband bound frequency 908 is a

fixed value, and in other examples, deadband bound frequency 908 is adjusted periodically (and in

some examples every control period) based on historical frequency events, grid performance, or

other factors. For different values of Pmax, the desired droop curve can similarly be used to

identify a boundary frequency.

[084] Returning now to FIG. 8, supervisory coordinator 806 communicates information to
individual controllers 808, 810, and 812 based on the aggregated power information. In some
examples, supervisory coordinator 806 determines the frequency range(s) from which frequency
thresholds can be selected and communicates the range(s) to controllers 808, 810, and 812.

Controllers 808, 810, and 812 then select frequency thresholds from the ranges and monitor the grid

locally. The boundary frequency (e.g., f, from FIG. 9) can be communicated, and in some

examples, the deadband bound frequency is also communicated. In a periodic update example,
supervisory coordinator 806 receives current power information, determines new frequency ranges
(e.g., as illustrated in FIG. 9), and communicates the new ranges back to controllers 808, 810, and
812. Controllers 808, 810, and 812 continue to operate autonomously, but each control period the
controllers receive an updated frequency range and select a new frequency threshold from the
updated range.

[085] In other examples, supervisory coordinator 806 both determines the frequency range(s) and
(e.g., randomly) selects frequency thresholds from the range(s) and communicates the selected
thresholds to individual controllers. Supervisory coordinator 806 can account for the power of the
loads associated with the controllers. For example, frequency thresholds can be assigned to

particular controllers based on the associated power of the load to help maintain a linear response.
[086] In decentralized hierarchical arrangement 800, by determining f, indirectly through the

selection of R (e.g., as shown in FIG. 9), the maximum frequency deviation responded to becomes
dependent on the penetration level of controllers, which effectively overcomes the issue of
excessive response under high controller penetration. In some examples, multiple supervisory
coordinators are used, each coordinator supervising a feeder, substation, or other grid unit. In other
examples, a single supervisory coordinator is used for the entire grid.

[087] Decentralized hierarchical arrangements were tested using the IEEE 16-machine 68-bus test
system. The system parameters were taken from the data files that come with the Power System

Toolbox (PST) distribution. The total load in the system was 18,333.90 MW with 5,039.00 MW
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in area 4 and 7,800.95 MW in area 5. The controllers are selected to be electric water heaters,

which are evenly distributed among area 4 and 5. The response time delay Tbj and Tbj were

selected to be 0.4 seconds, while the release time delay Tbb; and T”i were randomly chosen

between two and three minutes.

[088] Two example scenarios were investigated. In the first scenario, load bus 7 was tripped to
create an over-frequency event. Two different penetration levels of controllers (400 MW and
2700 MW) were simulated. A plot of rotor speed responses indicates that the decentralized control
strategy (without a supervisory coordinator) greatly improves the primary frequency response when
the penetration level of controllers is low. However, as the penetration level increases, excessive
response from controllers negatively impacts the system response when the penetration level is
high. By taking a hierarchical decentralized control approach to controllers under high penetration,
the excessive response was effectively avoided through the coordination of the supervisory
coordinator.

[089] In the second scenario, generator G1 was tripped to create an under-frequency event and
repeat the same simulation scenarios as the first scenario. Simulation results indicate a similar
advantage (as in the first scenario) of hierarchical decentralized control over a decentralized control
strategy without supervision.

[090] FIG. 10 illustrates an example method 1000 of managing frequency response in an electrical
power distribution system. Method 1000 can be performed, for example, by a supervisory
coordinator such as supervisory coordinator 806 of FIG. 8. In process block 1002, power
information is received for a plurality of grid-connected electrical devices. The power information
can include a power load rating (e.g., in kWh) and can also include an on-or-off status. Power
information can be reported by individual controllers in response to a request from a supervisory
coordinator or reporting can be initiated by the individual controllers (e.g., periodically). The
received power information is aggregated in process block 1004.

[091] Based on the aggregated power information and a target power-frequency curve, one or
more frequency ranges from which frequency thresholds can be selected for the respective grid-
connected electrical devices are determined in process block 1006. For a respective grid-connected
electrical device, the frequency threshold is a grid frequency at which the grid-connected electrical
device is automatically turned off or turned on by an associated frequency-responsive load
controller. The target power-frequency curve can be a desired droop or droop-like response as

illustrated in FIG. 9. In some examples, process block 1006 further comprises determining an
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under-frequency range from which curtailing frequency thresholds can be selected and determining
an over-frequency range from which rising frequency thresholds can be selected.

[092] In process block 1008, at least one of (i) the one or more frequency ranges or (i) one or
more selected frequencies within the one or more frequency ranges are transmitted to the respective
frequency-responsive load controllers associated with the respective grid-connected electrical
devices. In some examples, the receiving, aggregating, and transmitting are performed periodically
(e.g., every 5, 10, 15, 30, or 60 min, etc.). The frequency ranges or selected frequencies transmitted
in process block 1008 can be transmitted over a computer network, such as the Internet, over a
cellular network, using PLC, or through other approaches from a supervisory coordinator to the
individual frequency-responsive load controllers associated with the grid-connected electrical
devices.

[093] Insome examples in which multiple supervisory coordinators are used, after collecting
power ratings of controllers at the beginning of each control period, supervisors located at different
feeders can use information discovery approaches to determine the total power of online controllers
in the system. For example, the supervisors can run consensus algorithms by exchanging the
current power of online controllers under their supervision with neighboring supervisors. Once the
total power of online controllers is known, each supervisor can determine a new range accordingly
and then broadcast the range to the supervised controllers, which can randomly pick a frequency
threshold from the new range.

Additional Examples

[094] Various market mechanisms can be used to further penetration of frequency-responsive load
controllers into the grid. In such examples, a supervisory coordinator can collect additional
information from the controllers, including device states other than on/off and/or a “willingness” or
priority factor. The willingness factor can be based on an expressed user preference (i.e., an
amount or relative amount of device management the user is willing to tolerate) or it can be based
on device states. For example, if a water heater is nearly finished returning to a set temperature,
which indicates that a person using the water heater may not be inconvenienced much by the water
heater being turned off to manage grid frequency, a higher willingness factor can be sent to the
supervisory coordinator. Conversely, if a water heater has just started bringing the temperature of
the water up from a low value toward a target, a lower willingness factor can be sent. Controllers
with a high willingness factor can be used before other controllers to manage frequency response.
The willingness factor can be, for example, a number between 1 and 10, 1 and 100, 0 and 1, a letter

between a and z, etc.
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[095] Rewards can be provided to users based on the willingness factor. In examples in which the
willingness factor is based on a device state, a lower reward can be provided to a user with a high
device-based willingess factor. Continuing the water heater example, if the water heater were
about to shut off anyway, allowing the controller to shut the device off is not highly rewarded,
whereas if the water heater were just beginning to heat, shutting off the water heater may be a large
inconvenience to a user, and allowing the controller to shut the device off is rewarded. The
willingness factor reflects these device states and is used to adjust how much reward a user
receives. As another example, if a user specifies a high willingness to have the controller shut off
the user’s device regardless of state, then the user’s device can be shut off before others, and if the
current device state is one that would not normally be rewarded highly, the user can still receive a
larger reward for effectively volunteering via the user’s expressed preference. Rewards can be, for
example, usage or bill credits or lower kWh rates.

[096] The described market mechanisms can be implemented as a central clearing mechanism
using two independent double-auction markets of, for example, five or ten minutes (ON-to-OFF
and OFF-to-ON).

Example Computing Environments

[097] FIG. 11 depicts a generalized example of a suitable computing system 1100 in which the
described innovations may be implemented. The computing system 1100 is not intended to suggest
any limitation as to scope of use or functionality, as the innovations may be implemented in diverse
general-purpose or special-purpose computing systems.

[098] With reference to FIG. 11, the computing system 1100 includes one or more processing
units 1110, 1115 and memory 1120, 1125. In FIG. 11, this basic configuration 1130 is included
within a dashed line. The processing units 1110, 1115 execute computer-executable instructions.
A processing unit can be a general-purpose central processing unit (CPU), processor in an
application-specific integrated circuit (ASIC), or any other type of processor. In a multi-processing
system, multiple processing units execute computer-executable instructions to increase processing
power. For example, FIG. 11 shows a central processing unit 1110 as well as a graphics processing
unit or co-processing unit 1115. The tangible memory 1120, 1125 may be volatile memory (e.g.,
registers, cache, RAM), non-volatile memory (e.g., ROM, EEPROM, flash memory, etc.), or some
combination of the two, accessible by the processing unit(s). The memory 1120, 1125 stores
software 1180 implementing one or more innovations described herein, such as curtailing
frequency threshold selector 602 and rising frequency threshold selector 608 of FIG. 6, in the form
of computer-executable instructions suitable for execution by processing units 1110 and/or 1115.

A programmable logic device (PLD), such as an FPGA, can execute programmable-logic-device-
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executable instructions. An example of programmable-logic-device-executable instructions is the
configuration bits for programming the PLD (such as a “.bit” file for a Xilinx® FPGA).

[099] A computing system may have additional features. For example, the computing system
1100 includes storage 1140, one or more input devices 1150, one or more output devices 1160, and
one or more communication connections 1170. An interconnection mechanism (not shown) such
as a bus, controller, or network interconnects the components of the computing system 1100.
Typically, operating system software (not shown) provides an operating environment for other
software executing in the computing system 1100, and coordinates activities of the components of
the computing system 1100.

[0100] The tangible storage 1140 may be removable or non-removable, and includes magnetic
disks, magnetic tapes or cassettes, CD-ROMs, DVDs, or any other medium which can be used to
store information and which can be accessed within the computing system 1100. The storage 1140
stores instructions for the software 1180 implementing one or more innovations described herein.
[0101] The input device(s) 1150 may be a touch input device such as a keyboard, mouse, pen, or
trackball, a voice input device, a scanning device, or another device that provides input to the
computing system 1100. For video encoding, the input device(s) 1150 may be a camera, video
card, TV tuner card, or similar device that accepts video input in analog or digital form, or a CD-
ROM or CD-RW that reads video samples into the computing system 1100. The output device(s)
1160 may be a display, printer, speaker, CD-writer, or another device that provides output from the
computing system 1100.

[0102] The communication connection(s) 1170 enable communication over a communication
medium to another computing entity. The communication medium conveys information such as
computer-executable instructions, audio or video input or output, or other data in a modulated data
signal. A modulated data signal is a signal that has one or more of its characteristics set or changed
in such a manner as to encode information in the signal. By way of example, and not limitation,
communication media can use an electrical, optical, RF, or other carrier.

[0103] The innovations can be described in the general context of computer-executable
instructions, such as those included in program modules, being executed in a computing system on
a target real or virtual processor. Generally, program modules include routines, programs, libraries,
objects, classes, components, data structures, etc. that perform particular tasks or implement
particular abstract data types. The functionality of the program modules may be combined or split
between program modules as desired in various embodiments. Computer-executable instructions

for program modules may be executed within a local or distributed computing system.
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[0104] The terms “system” and “device” are used interchangeably herein. Unless the context
clearly indicates otherwise, neither term implies any limitation on a type of computing system or
computing device. In general, a computing system or computing device can be local or distributed,
and can include any combination of special-purpose hardware and/or general-purpose hardware
with software implementing the functionality described herein.

[0105] For the sake of presentation, the detailed description uses terms like “determine” and “use”
to describe computer operations in a computing system. These terms are high-level abstractions for
operations performed by a computer, and should not be confused with acts performed by a human
being. The actual computer operations corresponding to these terms vary depending on
implementation.

[0106] Although the operations of some of the disclosed methods are described in a particular,
sequential order for convenient presentation, it should be understood that this manner of description
encompasses rearrangement, unless a particular ordering is required by specific language set forth
below. For example, operations described sequentially may in some cases be rearranged or
performed concurrently. Moreover, for the sake of simplicity, the attached figures may not show
the various ways in which the disclosed methods can be used in conjunction with other methods.
[0107] Any of the disclosed methods can be implemented as computer-executable instructions or a
computer program product stored on one or more computer-readable storage media and executed
on a computing device (e.g., any available computing device, including smart phones or other
mobile devices that include computing hardware). Computer-readable storage media are any
available tangible media that can be accessed within a computing environment (e.g., one or more
optical media discs such as DVD or CD, volatile memory components (such as DRAM or SRAM),
or nonvolatile memory components (such as flash memory or hard drives)). By way of example and
with reference to FIG. 11, computer-readable storage media include memory 1120 and 1125, and
storage 1140. The term computer-readable storage media does not include signals and carrier
waves. In addition, the term computer-readable storage media does not include communication
connections (e.g., 1170).

[0108] Any of the computer-executable instructions for implementing the disclosed techniques as
well as any data created and used during implementation of the disclosed embodiments can be
stored on one or more computer-readable storage media. The computer-executable instructions can
be part of, for example, a dedicated software application or a software application that is accessed
or downloaded via a web browser or other software application (such as a remote computing
application). Such software can be executed, for example, on a single local computer (e.g., any

suitable commercially available computer) or in a network environment (e.g., via the Internet, a
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wide-area network, a local-area network, a client-server network (such as a cloud computing
network), or other such network) using one or more network computers.

[0109] For clarity, only certain selected aspects of the software-based implementations are
described. Other details that are well known in the art are omitted. For example, it should be
understood that the disclosed technology is not limited to any specific computer language or
program. For instance, the disclosed technology can be implemented by software written in C++,
Java, Perl, JavaScript, Adobe Flash, or any other suitable programming language. Likewise, the
disclosed technology is not limited to any particular computer or type of hardware. Certain details
of suitable computers and hardware are well known and need not be set forth in detail in this
disclosure.

[0110] Furthermore, any of the software-based embodiments (comprising, for example, computer-
executable instructions for causing a computer to perform any of the disclosed methods) can be
uploaded, downloaded, or remotely accessed through a suitable communication means. Such
suitable communication means include, for example, the Internet, the World Wide Web, an
intranet, software applications, cable (including fiber optic cable), magnetic communications,
electromagnetic communications (including RF, microwave, and infrared communications),
electronic communications, or other such communication means.

[0111] The disclosed methods, apparatus, and systems should not be construed as limiting in any
way. Instead, the present disclosure is directed toward all novel and nonobvious features and
aspects of the various disclosed embodiments, alone and in various combinations and sub
combinations with one another. The disclosed methods, apparatus, and systems are not limited to
any specific aspect or feature or combination thereof, nor do the disclosed embodiments require
that any one or more specific advantages be present or problems be solved.

[0112] The technologies from any example can be combined with the technologies described in any
one or more of the other examples. In view of the many possible embodiments to which the
principles of the disclosed technology may be applied, it should be recognized that the illustrated
embodiments are examples of the disclosed technology and should not be taken as a limitation on

the scope of the disclosed technology.

28

SUBSTITUTE SHEET (RULE 26)



WO 2017/019136 PCT/US2016/028901
We claim:

1. A method of managing frequency response using a grid-connected electrical device,
the method comprising:

determining a frequency range extending from a target grid frequency to an end
frequency;

identifying a first portion of the frequency range as a deadband, the first portion
extending from the target grid frequency to a deadband bound frequency;

identifying a second portion of the frequency range extending from the deadband
bound frequency to the end frequency;

selecting a frequency, from the frequency range, for use as a frequency threshold,
wherein the frequency threshold is a grid frequency at which the grid-connected electrical
device is automatically turned off or turned on by an associated frequency-responsive load
controller; and

upon determining that the frequency selected for use as the frequency threshold is
within the deadband, setting the frequency threshold to a frequency within the second

portion of the frequency range.

2. The method of claim 1, further comprising upon determining that the grid frequency

meets the frequency threshold, turning off or turning on the grid-connected electrical device.

3. The method of claim 1, wherein the deadband bound frequency is lower than the
target grid frequency, wherein the end frequency is lower than both the deadband bound frequency
and the target grid frequency, wherein the frequency threshold is a curtailing frequency threshold,
and wherein the curtailing frequency threshold is the grid frequency at which the grid-connected

electrical device is turned off by the associated frequency-responsive load controller.

4. The method of claim 1, wherein the deadband bound frequency is higher than the
target grid frequency, wherein the end frequency is higher than both the deadband bound frequency
and the target grid frequency, wherein the frequency threshold is a rising frequency threshold, and
wherein the rising frequency threshold is the grid frequency at which the grid-connected electrical

device is turned on by the associated frequency-responsive load controller.
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5. The method of claim 1, wherein selecting the frequency comprises using a
probabilistic approach to select the frequency from a group of available frequencies in the

frequency range.

6. The method of claim 5, wherein the probabilistic approach is random selection.

7. The method of claim 1, wherein the frequency within the second portion of the
frequency range to which the frequency threshold is set is a closest available frequency to the

deadband bound frequency.

8. The method of claim 1, wherein the second portion of the frequency range
comprises a third portion extending from the deadband bound to less than halfway from the
deadband bound to the end bound, and wherein the frequency within the second portion of the

frequency range to which the frequency threshold is set is within the third portion.

9. The method of claim 8, wherein the frequency within the second portion and the
third portion, to which the frequency threshold is set, is randomly selected from a group of

available frequencies within the third portion.

10.  The method of claim 1, wherein determining the frequency range, identifying the
first portion of the frequency range, identifying the second portion of the frequency range, selecting
the frequency, and setting the frequency threshold are performed by the associated frequency-

responsive load controller.

11.  The method of claim 1, wherein the frequency range is determined by receiving
instructions from a supervisory coordinator configured to establish the frequency range based on
aggregated characteristics of a plurality of grid-connected electrical devices being managed by

corresponding frequency-responsive load controllers.

12.  The method of claim 1, wherein determining the frequency range, identifying the
first portion of the frequency range, identifying the second portion of the frequency range, selecting
the frequency, and setting the frequency threshold are performed by s supervisory coordinator
managing a plurality of grid-connected electrical devices via respective associated frequency-

responsive load controllers.
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13. A frequency-responsive load controller comprising:
a curtailing frequency threshold selector implemented by computing hardware, the
curtailing frequency threshold selector configured or programmed to:
select a frequency from a frequency range for use as a curtailing
frequency threshold, wherein the curtailing frequency threshold is a grid
frequency at or below which a grid-connected electrical device associated
with the frequency-responsive load controller is turned off; and
upon determining that the frequency selected for use as the curtailing
frequency threshold is within an under-frequency deadband of the frequency
range, set the curtailing frequency threshold to a frequency lower than the
under-frequency deadband but within the frequency range, wherein the
under-frequency deadband is a frequency range over which the grid-
connected electrical device is not turned off by the frequency-responsive
load controller; and
a power controller implemented by the computing hardware, the power controller
configured or programmed to:
monitor the grid frequency at the grid-connected electrical device;
and
upon determining that the grid frequency meets or falls below the
curtailing frequency threshold, initiate a powering off of the grid-connected

electrical device.

14.  The frequency-responsive load controller of claim 13, wherein the frequency lower
than the under-frequency deadband but within the frequency range is a first available frequency

lower than the under-frequency deadband.

15.  The frequency-responsive load controller of claim 13, further comprising:
a rising frequency threshold selector implemented by the computer hardware the
rising frequency threshold selector configured or programmed to:
select a second frequency from a second frequency range for use as a
rising frequency threshold, wherein the rising frequency threshold is a grid
frequency at or above which the grid-connected electrical device is turned

on; and
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upon determining that the second frequency is within an over-

frequency deadband of the second frequency range, set the rising frequency

threshold to a frequency higher than the over-frequency deadband but within

the second frequency range, wherein the over-frequency deadband is a

frequency range over which the grid-connected electrical device is not turned

on by the frequency-responsive load controller, and

wherein the power control is further configured to, upon determining that the grid

frequency meets or rises above the rising frequency threshold, initiate a powering on of the

grid-connected electrical device.

16.  The frequency-responsive load controller of claim 15, wherein the frequency higher
than the over-frequency deadband but within the frequency range is a first available frequency

higher than the over-frequency deadband.

17. One or more computer-readable media storing computer-executable or
programmable-logic-device-executable instructions for managing frequency response in an
electrical power distribution system, the managing comprising:

receiving power information for a plurality of grid-connected electrical devices;

aggregating the received power information;

based on the aggregated power information and a target power-frequency curve,
determining one or more frequency ranges from which frequency thresholds can be selected
for the respective grid-connected electrical devices, wherein for a respective grid-connected
electrical device, the frequency threshold is a grid frequency at which the grid-connected
electrical device is automatically turned off or turned on by an associated frequency-
responsive load controller; and

transmitting at least one of (i) the one or more frequency ranges or (ii) one or more
selected frequencies within the one or more frequency ranges to the respective frequency-

responsive load controllers associated with the respective grid-connected electrical devices.

18. The one or more computer-readable media of claim 17, wherein the receiving,

aggregating, and transmitting are performed periodically.

19.  The one or more computer-readable media of claim 17, wherein the power

information comprises a power load rating and an on-or-off status.
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20.  The one or more computer-readable media of claim 17, wherein determining the one
or more frequency ranges comprises determining an under-frequency range from which curtailing
frequency thresholds can be selected and determining an over-frequency range from which rising

frequency thresholds can be selected.

33



WO 2017/019136 PCT/US2016/028901

FIG. 1
'/-100

DETERMINE FREQUENCY RANGE EXTENDING FROM
102—=_| TARGETSUPPLY FREQUENCY TO AN END FREQUENCY

IDENTIFY AFIRST PORTION OF FREQUENCY RANGE AS

104
Ny DEADBAND

IDENTIFY ASECOND PORTION OF FREQUENCY RANGE
106 \ EXTENDING FROM DEADBAND BOUND TO THE END
FREQUENCY

SELECT FREQUENCY FOR USE AS FREQUENCY THRESHOLD
108 \ AT WHICH ASSOCIATED FREQUENCY-RESPONSIVE LOAD
CONTROLLER TURNS LOAD ON OR OFF

UPON DETERMINING THAT SELECTED FREQUENCY IS

110 \ WITHIN DEADBAND, SET FREQUENCY THRESHOLD TO A
FREQUENCY WITHIN THE SECOND PORTION OF THE
FREQUENCY RANGE

1/11



WO 2017/019136 PCT/US2016/028901

FIG. 2A o

204 206

= ﬁ_
20 7
)\'x» \\\‘;\‘\\ h:(‘
5 5
=
[
.
4.5¢
o 59.99 85

FIG. 2B 224

Py

...‘:;‘.........
-
fh

226




WO 2017/019136 PCT/US2016/028901

p— 300
Power (%)

100 e e s e =S

\\\ !

\\\“‘\\\\\\ I

310 i

i

i

308 a !

Freqiiency
(Hz)
(’ S RNINNONNY 3
304
60 60.015 60.050
\ | A | /
302 306
A 324
322 GFA
Power (Vo)
100 Power (%)
| H
| i
! |
| H
| i
| i
| 1
| |
| o Freghency
< i N (H2)
59.95 59.985 60 60.015 60.050
. I N\ I A I /\ I /
332 330 326 328

3/11



WO 2017/019136 PCT/US2016/028901
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