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(57) Abstract: The present disclosure provides a distributed and anonymous approach to demand response of an electricity system. 
The approach conceptualizes energy consumption and production of distributed-energy resources (DERs) via discrete energy packets 
that are coordinated by a cyber computing entity that grants or denies energy packet requests from the DERs. The approach leverages a 
condition of a DER, which is particularly useful for (1) thermostatically-controlled loads, (2) non-thermostatic conditionally-controlled 
loads, and (3) bi-directional distributed energy storage systems. In a first aspect of the present approach, each DER independently 
requests the authority to switch on for a fixed amount of time (i.e., packet duration). The coordinator determines whether to grant 
or deny each request based electric grid and/or energy or power market conditions. In a second aspect, bi-directional DERs, such as
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distributed-energy storage systems (DESSs) are further able to request to supply energy to the grid.
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SYSTEMS AND METHODS FOR RANDOMIZED, PACKET-BASED POWER 
MANAGEMENT OF CONDITIONALLY-CONTROLLED LOADS AND BI

DIRECTIONAL DISTRIBUTED ENERGY STORAGE SYSTEMS

Statement Regarding Federally Sponsored Research

[0001] This invention was made with government support under contract no. ECCS-

1254549 awarded by the National Science Foundation and DE-AR0001289-1509 awarded by the 
Department of Energy. The government has certain rights in the invention.

Cross-Reference to Related Applications

[0002] This application claims priority to U.S. Provisional Application No. 62/397,393,
filed on September 21, 2016, now pending, the disclosure of which is incorporated herein by 
reference.

Field of the Disclosure

[0003] The present disclosure relates to the management of distributed energy resources.

Background of the Disclosure

[0004] Fast-ramping generators have long provided reliable operating reserves for power
systems. However, power systems with high penetrations of renewable energy challenge this 
operating paradigm. At high levels of renewable penetration, current approaches to deal with the 
variability in wind or solar generation would require having more fast-ramping conventional 
generators online. However, that leads to more generators idling, burning fuel, and increasing 
harmful air-emissions, which all oppose the goals of a “green” energy future. Therefore, there is 
a need to move away from using such technologies to provide operating reserves, and to consider 
an active role for flexible and controllable net-load energy resources, e.g., plug-in electric 
vehicles (PEVs), thermostatically-controlled loads (TCLs), distributed energy storage systems 
(DESSs), and distributed generation at the consumer level.

[0005] To date, demand-side participation has largely been limited to loads responding to
infrequent requests to reduce demand during peak hours, open-loop binary control, or indirect
financial incentives, such as critical peak pricing. But, these methods do not unleash the
distributed energy assets’ full flexibility, ignore local consumer constraints, and/or require non
trivial effort from consumers to implement. Therefore, recent work has focused on developing
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feedback algorithms for autonomous coordination of flexible distributed energy resources
(DERs) through pricing and control signals, effectively taking the human consumer out of the
loop and enabling a truly responsive and grid.

[0006] Coordination strategies for highly distributed net-load resources generally take
one of two forms: (1) utility-centric or (2) consumer-centric. In the former, utilities minimize the 
use of available grid capacity to meet system objectives, such as “valley-filling,” using, for 
example, mean-field strategies that are designed to delay consumer access to the grid, which can 
be unacceptable in terms of customer quality of service (QoS). Consumer-centric approaches 
generally rely on non-centralized optimal control algorithms that are derived via iterative 
methods (e.g., dual ascent, method of multipliers) or consensus algorithms, both of which exhibit 
slow convergence (i.e., dozens of iterations are required per time-step) for large sets of flexible 
net-loads. The rate of convergence may cause infeasibility in the primal problem, which affects 
QoS (e.g., a PEV is not charged to the desired level or TCL exceeds the specified local dead
band limits).

Brief Summary of the Disclosure

[0007] The present disclosure provides a distributed and anonymous approach to demand
response, known as packetized energy management (PEM), for distributed-energy resources, and 
especially (1) thermostatically-controlled loads (e.g., water heaters, air conditioners, etc.); (2) 
non-thermostatic conditionally-controlled loads (e.g., batteries, compressors, etc.); and (3) bi
directional distributed energy storage systems (e.g, batteries, etc.) In a first aspect of the 
presently-disclosed PEM approach, each DER independently requests the authority to switch on 
for a fixed amount of time (i.e., the duration of a control epoch). Load is managed (as opposed to 
strictly controlled) in the sense that if total aggregate load needs to decrease, then these load
requests are denied. In a second aspect, bi-directional DERs, such as DESSs are further able to 
request to provide energy back to the grid for a fixed amount of time.

[0008] The present disclosure introduces a novel distributed bottom-up control approach
rather than the top-down approaches proposed in the literature. To overcome privacy, 
convergence, and QoS concerns, and to enable large-scale penetration of renewable energy, the 
disclosed PEM load-coordination framework regulates the aggregate power consumption of 
DERs. Specifically, the delivery of energy to or from a DER is accomplished using multiple 
“energy packets” or “packetized energy.” The device-based (or bottom-up) randomization aspect
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of the method provides certain “fairness” properties with regard to providing statistically -
identical grid access to each load.

[0009] In contrast to previous and other existing techniques, PEM reduces the
information necessary between coordination and load layers: the coordinator requires only 
anonymous and asynchronous stochastically-generated access requests from loads and a real
time measure of the aggregate output deviation from desired reference. The asynchronous nature 
of PEM enables separately-defined time intervals for communication and control. Furthermore, 
through the use of a probabilistic automata with opt-out control capability at the local control 
layer, randomization is injected to the load requests based on local state variables, which 
prevents synchronization, guarantees consumer QoS, and promotes fair access to the grid.

Description of the Drawings

[0010] For a fuller understanding of the nature and objects of the disclosure, reference
should be made to the following detailed description taken in conjunction with the 
accompanying drawings, in which:

Figure 1 shows a DER coordination scheme. A plurality of distributed energy resources 
(DERs) are aggregated to form a virtual power plant (VPP). The DERs are physically 
connected to the utilities through power lines, which provide their source of power. The 
DERs are managed using a virtual connection through a coordinator. The coordinator 
uses information from the utilities or other sources (e.g., available/forecasted supply, 
pricing signals, etc.) to determine whether DERs may operate.

Figure 2 shows a water heater managed by an exemplary embodiment of packetized-energy 
management (PEM). The left figure shows a sequence of events. At time ta, when grid 
resources are unconstrained, loads stochastically request (R) or do not request (N) 
energy. At tb, the system approaches a period of constrained supply, in which the system 
coordinator mostly denies requests (D) and reduces the epoch length. As a result, the 
automaton transitions to a lower probability state (e.g., Pi P2). At tc, the temperature 
hits the QoS bound and the load exits (X) from PEM and rapidly seeks to recover 
temperature to within the QoS bounds, which occurs at td. The right figure shows the 
state machine that changes its request probabilities (P>(T)) and its epoch lengths, based on 
responses the local temperature state. Also embedded in the automaton is the epoch 
lengths between state transitions/making requests.
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Figure 3 is a diagram of an exemplary cyber-physical infrastructure to realize PEM.
Figure 4 is a graph illustrating the effect of local temperature on the stochastic access request

rates (bold) and mean time-to-request (dashed) of a three-state TCL under PEM. For
graphical purposes only, the mean time-to-request have been truncated to 40 minutes.

Figure 5 is a diagram depicting the closed-loop feedback system for PEM with the reference 
r(t) provided by the Grid Operator and the aggregate packetized TCL output response y(t) 
measured by VPP. The reference r(t) can be a voltage reading, available supply signal, 
energy pricing information, etc.

Figure 6 top shows the request probability curves for “charge” and “discharge” automatons 
as a function of a DESS’s dynamic state (e.g., state of charge in a battery storage system). 
Under an embodiment of the present invention, an “idle” or “stand-by” state probability 
curve naturally results when both charge and discharge automatons either do create a 
request or do not create a request. A request is forwarded to the VPP coordinator only if 
one of the automatons results in a request. Figure 6 bottom shows mean time to request 
curves for “charge” and “discharge” automatons as a function of a DESS’s dynamic state 
(e.g, state of charge in a battery storage system).

Figure 7 is a state flow diagram that is dependent on charge and discharge thresholds (Cthresh 
and Dthresh, respectively).

Figure 8 shows an external variable load in a simulation.
Figure 9 shows the supply with constant 60 percent base + 40 percent DESS for the 

simulation of Figure 8.
Figure 10 shows the state of charge (SOC) per 1000 agents over time for the simulation of 

Figure 8.
Figure 11 shows fairness metrics (mean and standard deviation of SOC) for the simulation of 

Figure 8.
Figure 12 shows transactions at each epoch for the simulation of Figure 8.
Figure 13 total buys, sells, and holds over time for the simulation of Figure 8.
Figure 14 is graph showing the independent and managed behavior of a VPP over 8 hours 

(480 minutes) that consists of three different load types: 1000 electric water heaters, 250 
electric vehicle chargers, and 250 electric battery storage systems. The signal to be 
tracked by the VPP turns on at 160 minutes. VPP response is shown to track signal well 
as loads are being managed using the packetized energy management approach.
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Figure 15 shows two VPPs that are tracking a multi-mode reference signal with different sets 
of DERs. The diverse VPP (with 1000 TCLs, 250 PEVs, and 250 ESS batteries) 
significantly outperforms the 1000 TCL-only VPP by leveraging the bidirectional 
capability of the batteries while maintaining QOS across all DER types. The TCL-only 
VPP is unable to track due to large number of TCLs that enter exit-ON and opt out of 
PEM.

Figure 16A shows the packetization effect for the diverse network of Figure 15.
Figure 16B shows the packetization effect for the uniform network 1500 electric water 

heaters of Figure 15.
Figure 17 is a diagram of a system according to another embodiment of the present 

disclosure, and includes three nodes according to the disclosure.
Figure 18 is a chart according to another embodiment of the present disclosure.

Detailed Description of the Disclosure

[0011] In a first aspect of the present disclosure, an anonymous, asynchronous, and
randomized bottom-up control scheme for distributed energy resources (DERs) is presented, 
including: (1) a novel packetized energy management (PEM) control scheme for managing 
DERs that provides near-optimal tracking performance under imperfect information and 
consumer QoS constraints; (2) an illustration of the performance of the presently-disclosed PEM 
paradigm using a simulation-based analysis. The analysis demonstrates a new framework for 
highly-distributed bottom-up load coordination in power systems.

[0012] The system in Figure 1 illustrates the cyber-physical interactions in an
embodiment of a power system that may be used to realize PEM. The functions of the grid 
operator (e.g., a utility), the coordinator (e.g., DER management platform or a virtual power 
plant), and the packetized load (e.g., via WiFi-enabled gateway) will be separately described. 
Owing to the disclosed bottom-up approach, the concept of a packetized load is described first.

A. Packetized Load

[0013] PEM has previously been proposed for coordinated charging of plug-in electric
vehicles (PEVs) (see Pub. No. US 2015/038936 Al, incorporated herein by this reference). In 
this earlier work, PEVs asynchronously request the authority to charge with a specific 
probability according to their state in a probabilistic automaton. For example, for a three-state
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finite-state machine, the probability to request access to the grid from state i is P; and
P/ > Pi > Pj. If there is capacity in the grid, the PEV is granted authority to charge, but only for a
fixed duration of time (e.g., 15 minutes), referred to as the control epoch and a state transition
takes place: P; P; 1, which reduces the mean time-to-request. In contrast, if the PEV is denied
authority to charge, the mean time-to-request increases with transition P; -+ P;+i.

[0014] The present disclosure provides PEM techniques used with loads whose
operations, including request probabilities, change based on locally-sensed conditions. For 
example, in some embodiments of the present disclosure below, a thermostatically controlled 
load (TCL) can be managed by using the TCL’s local temperature to drive the randomization of 
its requests. In other examples, pressure may be used for compressor operations, voltage and 
state of charge may be used for battery storage systems, etc. It should be noted that exemplary 
embodiments directed to TCLs are provided for illustrating the disclosure, and absent an express 
limitation, the scope of the disclosure is not to be limited to TCLs.

[0015] In some embodiments, the present disclosure may be embodied as a node 10 for
requesting electrical power from a coordinator 90 during a communication epoch. The node 10 

comprises a coordinator interface 12 for communication with the coordinator 90. The 
coordinator interface 12 may be configured for wireless communication, wired communication, 
or combinations of wireless and wired. In some embodiments, for example, the coordinator 
interface is configured for power line communication with the coordinator—i.e., using a 
communication protocol that is transmitted/received over the power line. The communication 
epoch is the length of time between requests made by the node. In some embodiments, the 
communication epoch is fixed and predetermined. In other embodiments, the communication 
epoch may change. For example, in some embodiments, a communication epoch is sent from the 
coordinator to one or more nodes. In such embodiments, the node 10 may be configured to 
receive a communication epoch parameter from the coordinator to determine the length of time 
between requests made by the node.

[0016] In some embodiments, the node 10 is a physical device co-located with a
corresponding DER. For example, the node may be a device near a hot water heater (or 
incorporated into the hot water heater—e.g, making up a portion of the hot water heater). In 
other embodiments, the node is implemented in software (a “software agent”). For example, the 
node may be implemented in the cloud and remotely managing the DER.
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[0017] The node 10 has a state register 14 for recording a state of the node (i). For
example, the node may be in a first state, which has a first request probability (Ργ), or a second 
state, which has a second state request probability (P2). The node may have more states, for 
example, a third state with a third request probability (P3) (or more than three states). The 
node 10 also has node condition (T). The node condition may be, for example, a temperature, a 
pressure, a revolution rate, a state of charge, a time-based deadline, or any other condition. A 
node may have more than one condition, for example, a temperature and a state of charge. The 
node may include one or more sensors 16 to measure corresponding node conditions. For 
example, the node may include a temperature sensor to measure the temperature—e.g., a hot 
water heater node may include a sensor to measure a temperature of the hot water stored within a 
tank.

[0018] The node 10 is configured to retrieve a node state from the node register 14. For
example, in some embodiments, the node may include a processor and the node register may be 
implemented in computer memory. In such embodiments, the processor may be programmed to 
retrieve a node state from the node register. As further discussed below, a request probability 
Pt(T") is determined for the epoch. The request probability may be, for example, a probability 
that a request will be sent during the communication epoch. In a more specific example, the 
request probability is a charge request probability that a request for an energy packet (a charge 
request) will be sent to the coordinator. The request probability corresponds to the retrieved node 
state and the node condition (further described below).

[0019] In some embodiments, the request probability approaches 1 as the condition, T,

reaches a lower threshold, Tiow, and the request probability approaches 0 when T approaches an 
upper threshold, Thigh. The node may be configured to opt-out of requesting energy packets 

when T reaches Tiow. In other embodiments, the request probability approaches 1 as T reaches 
Thigh, and the request probability approaches 0 as T approaches Tiow. The node may be 

configured to opt-out of requesting energy packets when T reaches Thigh.

[0020] The node 10 may be further configured to receive a response to the request. For
example, in some embodiments, the node receives approval from the coordinator of the request
for an energy packet. The node may then change the node states recorded in the state register
based upon the response. For example, on an approved request, the node state may change from
the first state to the second state. In another example, the node state may change from the second
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state to the first state. Other cases exist for nodes with more than two states and will be apparent
in light of the present disclosure. The node 10 may be further configured to access electrical
power based on the received response. For example, on approval of the requested energy packet,
the node may access electrical power for a packet duration (a pre-determined length of time).

[0021] In another embodiment, the present disclosure may be embodied as a method 100

for requesting electrical power during a communication epoch. The method 100 includes 
determining 103 a node state as a first state, with a first request probability, or a second state, 
with a second request probability. A charge request probability for the epoch is determined 106. 

The determined 106 charge request probability corresponds to the retrieved 103 node state and a 
node condition (both as described above and further described below). A charge request is 
sent 109 based on the determined 106 charge request probability.

[0022] In some embodiments, the method 100 may be performed on a node that is a
DESS. As such, the method 100 may use a state of charge as the node condition. The 
method 100 may further comprise determining 112 a discharge node state as a first discharge 
state, with a first discharge probability, or a second discharge state, with a second discharge 
probability. A discharge request probability is determined 115 for the epoch, corresponding to 
the retrieved 112 discharge node state and the node condition. A discharge request is sent 118 

based on the discharge request probability. In some embodiments, the charge request probability 
approaches 1 as the state of charge decreases to a charge threshold, Cthresh, and the discharge 
request probability approaches 1 as the state of charge increases to a discharge threshold, Dthresh, 
where Cthresh < Dthresh. In some embodiments, no charge request or discharge request is sent if the 
request probability and discharge request probability would otherwise cause both a charge 
request and a discharge request to be sent.

1) Traditional control ofTCLs

[0023] The vast majority of existing traditional TCLs operate in a binary (ON/OFF)
manner and are already controlled by simple state machines— for example, thermostats that 
change state based on temperature thresholds. Locally, a wlh TCL is controlled to maintain a 
desired condition (i.e., temperature) set-point.T/e£. within a temperature dead-band, Tlet + 

j.set,DB/2 yjgijg standard TCL hysteretic temperature response according to local

discrete-time control logic:

8
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(1, Tn[k + 1] < Tnsei - T,ft'DB/2
Zn[k + 1] = j 0, Tn^k + 1] > Tset + Tset'DB/2 (1)

otherwise.

[0024] The aggregate response under the above fully-decentralized control logic is
referred to herein as the “no-control” case. The proposed PEM scheme requires only the 
replacement of the existing state machine with a more sophisticated one (i.e., the equivalent of a 
firmware upgrade) that interacts with a coordinator.

2) Adaptation of PEMfor TCLs

[0025] Figure 2 (right) illustrates a TCL automaton under PEM for the purpose of
heating (e.g., an electric furnace or water heater). When the local temperature of the TCL, T, is 
between its upper and lower temperature limits for PEM operation, the TCL’s time-to-request 
may be driven by, for example, an exponential distribution whose mean is inversely proportion 
to T relative to the upper limit. That is, TCLs with temperatures very close to the lower threshold 
will make requests with near certainty (i.e., P;(T Tiow) ~ 1) and those near the upper limit in 
temperature will make requests with low probability (i.e., PfT-+ Thigh) ~ 0). Upon transmitting a 
request and, if there is capacity in the grid, the TCL will be given the authority to turn ON for a 
fixed control epoch length δί (i.e., zn(t) = 1 for t £ (t0, t0 + δί)), and a state transition occurs: P/(7) 
-+ P/ -1(7). If the request is denied, the TCL finite state machine transitions to a state with lower 
mean time-to-request, P,(7) -+ P; +1(7), but will immediately resume requesting with 
temperature-dependent probability. If access is denied repeatedly, T reaches Τι™, which causes 
the TCL to exit (i.e., opt-out of) the PEM scheme to guarantee that temperature bounds are 
satisfied. An illustrative ON/OFF cycle of a packetized water heater is illustrated in Figure 2 
(left). Note that the illustrative cycle depicted in the figure would be reversed if the node was a 
cooling node (i.e., a node managing a cooling DER such as, for example, a freezer, etc.)

[0026] In addition to the TCL receiving an “allow/deny” response to a request, the TCL
may also receive an updated (global) control epoch length, δί, thus enabling tighter tracking in 
the aggregate, which is helpful during ramping events. While a TCL is ON, it does not make 
requests. Furthermore, δί > Δί.

[0027] Since all TCLs operate in this manner, the DER coordinator granting or denying
the authority to turn on does not require any knowledge/tracking of a particular TCL.

9
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Furthermore, the coordinator does not even track which TCL is making a particular request. As 
each TCL runs the same automaton logic and its ability to turn on depends only on the real-time 
system capacity, any TCL making a request at the same point in time will be treated the same by 
the coordinator. As such, the PEM approach inherently maintains privacy while still being fair to 
its customers. The PEM approach and resulting system is agnostic to the types or mix of TCLs 
being coordinated. That is, electric water heaters and air conditioners can be managed on the 
same system. The Quality of Service for the customers is guaranteed through the devices ability 
to temporarily “opt-out” of PEM when the device’s condition falls out of the deadband.

3) The stochastic request rate with PEM

[0028] In the discrete-time implementation of PEM, the probability that TCL n with local
temperature Tn[k] in automaton state i requests access to the grid during time-step k (over 
interval At) is defined by the cumulative exponential distribution function:

Pi(Tn[k]) := 1 - β-^σηΚ-ΟΔί (2)

where rate parameter μ(Τη[k], i) > 0 is dependent on the local temperature and the probabilistic 
automaton’s machine state i. This dependence is established by considering the following 
boundary conditions:

1. P/ (TCL n requests access at k) | Tn[k] < = 1

2. P/ (TCL n requests access at k) | Tn[k] > T™*) = 0,

which give rise to the following natural design of a PEM rate parameter:

μ(Τη[Ιί],ί)

ifTjk] > T™ax 

ifTjk] e 
if WJ <

(3)

where Mi > 0 [1/sec] is a design parameter that depends on the TCL’s automaton state i and 
describes the mean time-to-request. Note that (2) is illustrative and other functions (e.g., linear) 
could also be employed.

[0029] If the symmetric definitions for Tnmm : = T^et - Tnset’DB and Tnmax : = T^et + Tnset’DB

are considered, then the mean time-to-request for TCL n with Tn[k] = T£et is exactly described
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by \/Mi (in seconds), which represents a useful parameter for design of the finite-state machine.
Figure 4 illustrates a TCL’s stochastic request rate for a three-state automaton, where 'PifTnfkJ) >

pian\k\) > PiTn[/cp are defined by the bold blue, red, and green lines, respectively.
Furthermore, probability Ρ/Τη[Αφ is differentiable with respect to Tn [Ar].

4) Guaranteed minimum quality of service under PEM

[0030] With the stochastic nature of TCLs under PEM, it is entirely possible that a
disturbance (e.g., a large hot water withdrawal rate) can drive Tn[k] below Tnmm. Therefore, to 
maximize quality of service to the consumer (i.e., avoid cold showers), in some embodiments of 
the present disclosure, a TCL under PEM can temporarily exit (i.e., opt-out of) PEM and operate 
under traditional TCL control (e.g., turn ON and stay ON). This is illustrated in Figure 2 (left) at 
event tc and with ON/OFF automaton states in Figure 2 (right). That is, once a TCL under PEM 
exceeds temperature bounds, the traditional control logic is employed temporarily to bring the 
local temperature within PEM “recovery bounds” T^et ± Tnset,PEM with Tnset,PEM < Tnset,DB when 
PEM control logic is reinstated (i. e., TCL opts back into PEM). The recovery bounds are helpful 
to avoid excessive exit/re-entry cycling at the min/max bounds. While cold showers are 
undesirable, overheating hot water heaters can be dangerous to consumers and damaging to the 
water heaters. As such, a TCL under PEM may be configured to never actuate if Tn[k] > Tnmax.

B. Coordinating TCLs with PEM: virtual power plant (VPP)

[0031] As shown in the exemplary embodiment of Figure 3, a consumer-owned gateway
(e.g., home Wi-Fi) may enable bidirectional communication between packetized loads and a 
cloud-based DER coordinator: a virtual power plant (VPP). The VPP receives balancing 
commands from and upstream grid operator and coordinates flexible energy resources to track 
the balancing command. Within the proposed PEM scheme, the VPP tracks the balancing signal 
by responding to downstream load access requests (i.e., pings) with “Yes” or “No” notifications 
based on real-time output error between actual aggregate output, y(t), and the reference signal, 
r(f): e(f) := r(t) -y(f). This is illustrated in Figure 5. If e(f) > 0 then “Yes”; else “No.” Thus, the 
VPP is summarized by the following inputs and outputs:

Input: Balancing reference signal;
Output: Yes/No access notification; control epoch length.
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C. Providing grid-level service with PEM

[0032] The transmission (e.g., ISO New England) or distribution utility system operator
(e.g, the DSO Control Room in Figure 3) is able to measure or estimate the states of the grid, 
such as voltage, frequency, and power flows. Under scenarios with high penetration of 
renewable energy, the grid operator will find it ever more difficult to balance demand and supply 
and, therefore, seeks to leverage the flexible packetized DERs sitting in customer homes and 
industrial/commercial facilities. This is achieved by signaling individual balancing requests to 
VPPs across the grid in near real-time, akin to Automatic Generator Control (AGC) signals, 
which are transmitted every 4-5 seconds today. Thus, the grid operator is summarized by the 
following inputs and outputs:

Input: Grid states and net-load forecasts;
Output: Balancing request signal;

[0033] In summary, by managing the anonymous, fair, and asynchronous pings of
packetized loads via a VPP that receives grid or market-based balancing signals from the grid 
operator, PEM represents a bottom-up distributed control scheme that has been adapted for TCLs 
in this paper.

Control of Bi-Directional Resources

[0034] In another aspect of the present disclosure, the bi-directional control of a DESS is
enabled using two different probabilistic automatons. Bi-directional resources like DESSs 
improve the ability of a VPP to ramp down (via discharging). TCLs are not controllable to the 
same extent as they can only be controlled to go down (i.e., by rejecting):

• VPP declines a TCL packet request -> doesn’t ramp up but cannot control rate of 
ramping down without having a delay in response.

• VPP accepts a TCL packet request -> ramps up and can control rate of ramping 
up by saying “YES” to every request (assuming sufficient requests are incoming) 
thereby controlling the rate of ramping up with rate of acceptance.

• VPP accepts a DESS discharging request -> ramps down and can control rate of 
ramping down with rate of accepting discharging requests
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• VPP accepts a DESS charging requesting -> ramps up and can control rate of 
ramping up with rate of accepting charging requests.

[0035] Thus, energy storage improves the VPP’s ability to ramp down. As such, PEM
actually improves with more heterogeneous loads—thriving under a diversity of loads. In the 
exemplary embodiment below, electric battery storage is considered, however, the scope of the 
disclosure is not limited to electric battery storage. Embodiments of the disclosure may use other 
storage types such as, for example, mechanical storage (e.g., pneumatic and hydraulic pump 
storage), electrical-chemical storage processes (e.g, electrolysis/fuel cell operation), etc. and 
combinations of different storage types. Similarly, language used throughout the present 
disclosure uses the vernacular of a battery storage system (e.g, “State of Charge”) for 
convenience only, and the disclosure should not be limited to embodiments using only battery 
storage systems.

[0036] A first automaton determines the probability that the DESS will request an energy
packet from the grid (i.e., a “charge”)—similar to the PEM methods disclosed above. A second 
automaton determines the probability that the DESS will request to provide an energy packet to 
the grid (i.e., a “discharge”). The probabilities are dictated by the state of charge (SOC) of the 
DESS. To ensure a minimum SOC is maintained, a charge threshold (Cthresh), below which the 
first automaton always request an energy packet, can be set (i.e., probability is set to “1”). 
Likewise, to allow excess DESS energy to be sell back to the grid, there may be a discharge 
threshold (Dthresh), above which the second automaton’s probability is set to “1.” Between the 
two thresholds, the DESS can, at each epoch, request a charge, discharge, or standby (i.e., no 
request). The first and second automatons operate independently, so if both a charge request and 
a discharge request are desired in the same epoch, the DESS will standby (i.e., neither request 
will be sent).

[0037] In some embodiments, the node 10 is a DESS (e.g., manages a DESS), and the
node condition (T) may be a state of charge of the DESS. The request probability is a charge 
request probability (i.e., the probability that the node will request a charge in the communication 
epoch. The node 10 may be further configured to determine a discharge request probability for 
the epoch. The discharge request probability may approach 1 as the node condition (state of 
charge) increases to a discharge threshold (Dthresh). The charge request probability may 
approach 1 as the node condition decreases to a charge threshold (Cthresh). The charge threshold 
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is less than the discharge threshold (Cthresh < Dthresh). The node 10 may be further configured 
to create a charge request based on the charge request probability and the state of charge 
condition (node condition). The node 10 may be further configured to create a discharge request 
based on the discharge request probability and the state of charge condition. In some 
embodiments, when the charge request probability and the discharge request probability are such 
that both a charge request and a discharge request would be sent, the node may be configured to 
send neither a charge request not a discharge request. In other words, the node is configure such 
that neither a charge request nor a discharge request are created if the charge request probability 
and the discharge request probability would otherwise cause both to be created.

[0038] In some embodiments the node 10 is a DESS (e.g., manages a DESS), and the
node condition is a state of charge of the DESS. The node may be configured to determine a 
charge request probability for the epoch, wherein the charge request probability approaches 1 as 
the state of charge decreases to the charge threshold, Cthresh, and a discharge request probability 
approaches 1 as the state of charge increases to a discharge threshold, Dthresh, where Ctliresll < 

^thresh.· The node may be further configured to create a charge request with a determined 
probability (the charge request probability) based on the state of charge condition and create a 
discharge request with a different determined probability (the discharge request probability) 
based on the state of charge condition. If the charge and discharge automatons either both create 
a request or both do not create a request then no request is forwarded to the coordinator. If only 
one of the automatons creates a request then that request (charge or discharge) is forwarded to 
the coordinator.

[0039] To illustrate the bi-directional embodiment, a simulation was conducted for 1000
DESSs over a simulated timeframe of six days. Over the course of six days, the system sees the 
‘external’ variable load illustrated in Figure 8. Note that the load extends beyond 1.0 at its peaks 
indicating that energy from the DESSs will be needed to meet the load. The load profile for days 
1, 2, 5, and 6 are based on residential data. The load profile for days 3 and 4 are set artificially 
low to illustrate how excess supply can be used to bring the DESSs up to full SOC. The base 
external supply is assumed to be constant at 60% of a 1.0 load (see Figure 9).

[0040] 1000 DESS agents were utilized with control automatons configured to ensure at
least 0.4 SOC was maintained (see Figure 10). This was an end-user defined parameter related to 
their desired quality of service. Note that this threshold could be arbitrarily set and does not need
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to be the same across all agents. SOC for the 1000 DESSs were randomly assigned (0 to 1) at the
beginning of the simulation.

[0041] At each epoch, a DESS agent charged (dark gray), discharged (medium gray), or
held (light gray) as seen in Figure 12. The total buys/sells/holds are shown in Figure 13 and their 
sum equals the number of agents (1000).

[0042] The varying line in Figure 9 shows the net supply to the system at each epoch
from the DESSs. This does not match the external load exactly for there is additional load in 
charging DESSs (i.e., agents) with low SOC.

[0043] More dynamics in the load (Figure 8) leads to more dynamics and disparity in the
DESS agent’s SOC (Figures 10 and 11).

[0044] Operation of the automaton is illustrated in Figures 6 and 7. If the agent’s SOC
was below the minimum (Cthresh; in this example 0.4), the agent will request charge with 
probability 1 and will not request a discharge. If the agent’s SOC is above the 0.4 minimum, it 
will request a charge with probability 1 - SOC and (independently) a discharge with probability 
SOC. If both actions are ‘true’ then the agent will “hold” (i.e., standby—issue neither request). 
In this example, the discharge threshold was set to SOC = 1.0, effectively disabling that feature.

Exemplary Case Study: VPP operating with both homogeneous and heterogeneous loads.

This example demonstrates how a single VPP, under PEM, can operate a diverse fleet of 
heterogeneous DERs. Specifically, the following case-study illustrates how 1500 heterogeneous 
packetized TCL (1000), PEV (250), and ESS (250) devices can all be coordinated under with 
single VPP and simultaneously track a reference signal (in the aggregate) and satisfy (local) QoS 
constraints.

The uncontrollable background demand for each load type describes the random perturbations to 
the local dynamic state.

• TCL: for the 1000 residential electric water heaters, the uncontrollable demand represents the 
use of hot-water in the home, such as a shower and running the washing machine or dishwasher. 
For this numerical example, models were developed based on statistics found in the literature for 
the energy use patterns of electric water heaters.

15



WO 2018/057818 PCT/US2017/052828

5

10

15

20

25

30

• PEV: the background demand in the case of the 250 plug-in electric vehicle batteries represent 
the driving patterns that discharge the battery. The PEV travel patterns were randomly sampled 
from travel survey data for New England, which provides the stochastic model for residential 
arrival and departure times, as well as miles driven. From an assumed electric driving range of 
150 miles and an electric driving efficiency of 6.7 miles-per-kWh, the total reduction in SOC is 
computed upon arriving home (to charge).

• ESS: the 250 home batteries were based on specifications representative of a large battery 
manufacturers residential energy storage units typical of a large battery manufacturer, which 
each have a battery capacity of 13.5kWh, charge and discharge efficiency of around 95% 
(roundtrip of 92%), and a maximum (continuous) power rating of 5.0kW. It was assumed that 
the battery owner stochastically charges or discharges the battery based on a Gaussian random 
walk with a minimum power draw of 1.5kW in either direction. This could be representative of 
excess or deficit residential solar PV production or short-term islanding conditions.

The N= 1500 diverse DER devices are then packetized and, over an 8-hour period (16:00 to 
24:00), the VPP will interact with the loads and from 18:40 to 24:00 the VPP tracks a mean
reverting random signal that represents a balancing signal from the ISO. The tracking is achieved 
by denying or accepting packet requests based on real-time error between reference and 
aggregated VPP power output as described earlier. The tracking errors are less than 5% for 
packet epochs of δ = 5 minutes. Figure 14 illustrates the tracking performance of the VPP and 
that QOS requirements are satisfied as well.

Consider two VPPs: one is comprised of 1000 TCLs, 250 PEVs, and 250 ESS batteries (i.e., 

diverse VPP) while the other contains 1500 TCLs (i.e., TCL-only VPP). Figure 15 illustrates how 
these two VPPs perform in tracking a signal composed of step, periodic, and ramp changes. It is 
clear that the diverse VPP out-performs the TCL-only VPP. In fact, the root mean square 
tracking error for the diverse VPP is four times smaller than the TCL-only VPP (54kW vs. 
220kW). Moreover, observe that this gain in performance comes without sacrificing QoS as the 
TCLs in both VPPs experience nearly identical mean absolute deviation from the temperature 

set-point: 2.4°C vs. 2.5° C (with similar standard deviations). To further illustrate the value of a 
diverse fleet of resources, Figures 16A and 16B provide the ON/OFF statuses for each device in 
the respective VPPs. Careful comparison of the VPP illustrate that the TCL-only VPP fails to 
track the lower parts of the reference signal due to many TCLs opting out (i.e., transitions to exit- 

16



WO 2018/057818 PCT/US2017/052828

ON) as signified by very long continuous ON periods for the TCL-only VPP in Figures 16A and
16B. That is, diversity in distributed energy resources not only improves tracking ability, but also
improves QoS delivered to end-consumer.

[0045] Although the present disclosure has been described with respect to one or more
5 particular embodiments, it will be understood that other embodiments of the present disclosure 

may be made without departing from the spirit and scope of the present disclosure. Hence, the 
present disclosure is deemed limited only by the appended claims and the reasonable 
interpretation thereof.
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We claim:

1. A node for requesting electrical power from a coordinator during a communication epoch, 
comprising:

a coordinator interface for communication with the coordinator;
a state register for recording a node state; and
wherein the node is configured to:

retrieve a node state from the state register;
determine a request probability Pi(T) for the epoch, wherein the request probability 

corresponds to the retrieved node state, i, and a node condition, 7; and 
request an energy packet from the coordinator according to the request probability.

2. The node of claim 1, wherein the node condition, T, is one or more of a temperature, a 
pressure, a revolution rate, a state of charge, and a time-based deadline.

3. The node of claim 2, wherein the request probability approaches 1 as the condition, T, reaches 
a lower threshold, 7/0W, and the request probability approaches 0 when the condition, T, 
approaches an upper threshold, Thigh.

4. The node of claim 3, wherein the node is configured to opt-out of requesting energy packets 
when the condition, T, reaches the lower threshold, Tiow.

5. The node of claim 2, wherein the request probability approaches 1 as the condition, T, reaches 
an upper threshold, Thigh, and the request probability approaches 0 when the condition, T, 
approaches a lower threshold, Tiow.

6. The node of claim 5, wherein the node is configured to opt-out of requesting energy packets 
when the condition, T, reaches the upper threshold, Thigh.

7. The node of claim 1, wherein a first node state corresponds to a first state request probability, 
Pi, and a second node state corresponds to a second state request probability, P2, and wherein Pi 
is greater than P2.

8. The node of claim 7, wherein the node has three or more node states.
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9. The node of claim 1, wherein the node is further configured to:
receive a response to the request; and
change the node state recorded in the state register based upon the received response.

10. The node of claim 9, wherein the node is configured to access electrical power based on the 
received response.

11. The node of claim 1, wherein the node is configured to receive a communication epoch 
parameter from the coordinator to determine the length of time between requests.

12. The node of claim 1, wherein the node is a distributed energy storage system (DESS), the 
node condition, T, is a state of charge of the DESS, and the request probability is a charge 
request probability, and wherein the node is further configured to:

determine a discharge request probability for the epoch, wherein the charge request 
probability approaches 1 as the state of charge decreases to a charge threshold, Cthresh, 
and the discharge request probability approaches 1 as the state of charge increases to a 
discharge threshold, Dthresh, where Cthresh < Dthresh', and

create a charge request based on the charge request probability and the state of charge 
condition, and create a discharge request based on the discharge request probability and 
the state of charge condition, wherein neither a charge request nor a discharge request are 
created if the charge request probability and the discharge request probability would 
otherwise cause both to be created.

13. The node of claim 1, wherein the node is a physical device co-located with a distributed 
energy resource (DER).

14. The node of claim 1, wherein the node is a software agent remotely managing a DER.

15. The node of claim 1, wherein the coordinator interface is in wireless communication with the 
coordinator.

16. The node of claim 1, wherein the coordinator interface is in wired communication with the 
coordinator.

17. The node of claim 16, wherein the coordinator interface communicates with the coordinator 
using power-line communications (PLC).

19



WO 2018/057818 PCT/US2017/052828

5

10

15

20

25

30

18. A system for providing electrical power, comprising:
a coordinator in communication with an electrical power source, the coordinator configured 

to provide electrical power from the electrical power source as a plurality of discrete 
energy packets each energy packet having a finite duration; and

one or more nodes in communication with the coordinator, each node configured to request 
an energy packet during a time interval based on individually determined probabilities;

wherein the coordinator is configured to:
receive requests from the one or more nodes;
determine whether to grant or deny each request based on the availability of the electrical 

power; and
provide an energy packet to each node according to the corresponding request 

determination; and
wherein each node is configured to request an energy packet during the time interval 

according to a request probability Pi(T), wherein the request probability corresponds to a 
node state and a node condition.

19. The system of claim 18, wherein the coordinator further determines whether to grant or deny 
each request based on one or more market conditions.

20. The system of claim 18, wherein at least one node of the one or more nodes is thermostatic in 
nature, and wherein the node condition of the at least one node is a temperature, T, and the 
request probability approaches 1 as T reaches a lower threshold, T/ow, and the request probability 
approaches 0 when T approaches an upper threshold, Thigh.

21. The system of claim 18, wherein at least one node of the one or more nodes is thermostatic in 
nature, and wherein the node condition of the at least one node is a temperature, T, and the 
request probability approaches 1 as T reaches an upper threshold, Thigh, and the request 
probability approaches 0 when T approaches a lower threshold, Tiow.

22. The system of claim 18, wherein at least one node of the one or more nodes has a first state 
and a second state, the first state having a first state request probability, Pi, and the second state 
having a second state request probability, P2, wherein Pi > P2.

23. The system of claim 22, wherein the at least one node is in the first state and configured to 
change from the first state to the second state based upon a granted request.
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24. The system of claim 22, wherein the at least one node is in the first state and configured to 
remain in the first state based on a granted request.

25. The system of claim 22, wherein the at least one node is in the second state and configured to 
remain in the second state based on a denied request.

26. The system of claim 22, wherein the at least one node is in the first state and configured to 
change from the first state to the second state based on a denied request.

27. The system of claim 22, wherein the at least one node of the one or more nodes further 
comprises a third state, the third state having a third request probability, P3, which is lower than 
the second request probability, P2.

28. The system of claim 27, wherein the at least one node of the one or more nodes comprises 
more than three states.

29. The system of claim 18, wherein:
at least one node of the one or more nodes is a distributed energy storage system (DESS) and 

the node condition for the DESS is a state of charge of the DESS, and wherein the DESS 
is further configured to:
determine a charge request probability for the epoch, wherein the charge request 

probability approaches 1 as the state of charge decreases to a charge threshold, Cthresh, 
and the discharge request probability approaches 1 as the state of charge increases to 
a discharge threshold, D thresh',

create a charge request with a determined probability based on a state of charge condition, 
and create a discharge request with a different determined probability based on state of 
charge condition, wherein a charge request is not created when charge and discharge 
automatons either both create a request or both do not create a request, and wherein the 
charge request is forwarded to the coordinator when only one of the automatons creates 
the request; and

wherein the coordinator is further configured to receive an energy packet from the DESS 
according to the corresponding singular request of the discharge type.

30. The system of claim 18, wherein the coordinator receives an availability signal from a grid 
operator which indicates the availability of the electrical power.
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31. The system of claim 18, wherein the coordinator receives an availability signal from a grid 
operator which indicates one or more market conditions.

32. The system of claim 18, wherein the coordinator determines a predicted availability of 
electrical power by modeling a state of the electrical grid.

33. A method for requesting electrical power during a communication epoch, comprising: 
determining a node state as a first state, with a first request probability, or a second state,

with a second request probability;
determining a charge request probability for the epoch, wherein the charge request 

probability corresponds to the retrieved node state and a node condition; and
sending a charge request based on the charge request probability.

34. The method of claim 33, wherein the node condition is one or more of a temperature, a 
pressure, a revolution rate, a state of charge, and a time-based deadline.

35. The method of claim 33, wherein the node condition is a state of charge, further comprising: 
determining a discharge node state as a first discharge state, with a first discharge

probability, or a second discharge state, with a second discharge probability;
determining a discharge request probability for the epoch, wherein the discharge request 

probability corresponds to the retrieved discharge node state and the node condition; and 
sending a discharge request based on the discharge request probability.

36. The method of claim 35, wherein the charge request probability approaches 1 as the state of 
charge decreases to a charge threshold, Cthresh, and the discharge request probability approaches 1 
as the state of charge increases to a discharge threshold, Dthresh, where Cthresh < Dthresh.

37. The method of claim 36, wherein no charge request or discharge request is sent if the request 
probability and discharge request probability would otherwise cause both a charge request and a 
discharge request to be sent.

22



WO 2018/057818 PCT/US2017/052828

1 /12

Fig. 1

Te
m

pe
ra

tu
re

Fig. 2



WO 2018/057818 PCT/US2017/052828

2/12

ι
^s»''sss^ ^s·'

Dispatch ) Request
' Utility or signal ( DER notification
. Aggregator 1 *\ Management )
> Control / 

; Room (ααΜφ ^Stoch^stic'oacket/ reX£ 
flexible loads M

Load 
interaction

Observe 
load 
state

Packettzed

Controller
Energy

Distribution Network

Feeders

System 
states Substation ConfroOabfe Load

Fig. 3



WO 2018/057818 PCT/US2017/052828

Pr
ob

. o
f r

eq
ue

st
 in

 in
te

rv
al

 T%
 (%

;

Fig. 4

M
ea

n f 
hu

m
 

(m
in

s)

UHconfrcfebte· [

Fig. 5



WO 2018/057818 PCT/US2017/052828

4/12
M

ea
n t

im
e~

?«
-re

qu
es

t (m
in

s)
 

Pr
ob

ab
ili

ty
 of

 re
qu

es
t o

v<

Fig. 6



WO 2018/057818 PCT/US2017/052828

5/12

/ \

Fig. 7



PCT/US2017/052828WO 2018/057818

6/12
basetoad

time (hrs)

Fig. 8

Fig. 9



WO 2018/057818 PCT/US2017/052828

7/12

SO
C

/1
00

, π
$π

 S
O

C
-0

.4
0

SOC per 1000 agents over time

Fig. 10

fairness metrics - mean and std of SOC

0 20 40 80 80 100 120 140
time (hrs)

Fig. 11



WO 2018/057818 PCT/US2017/052828

8/12

nu
m

be
r o

f p
ac

ke
ts

 e
xc

ha
ng

ed
 

ag
en

t n
um

be
r

200 400 SOO SOO 1000 1000 1400 1600
epoch - 5 minute

Fig. 12

time (hrs)

Fig. 13



WO 2018/057818 PCT/US2017/052828

2500

9/12

1000

■ ■i

500
,.,. Λ,-ί’

A*...’

A
gg

re
ga

te
 V

PP
 ou

tp
ut

 po
w

er
 (M

W
) 

Po
w

er
 (k

W
)

i
I

’'ή Λ />

-500;
100 150 200

-TCLs
PEVs 

-ESSs
Aggregate

—VPP Ref Ou
&

I’R SnsMQ w 11 JRLv· 
tfS. Bi
vSI, - >r
1Ssfefc'»*.1 1 
!»,> 1

v I /48^ 
*M '/ 1 » ύ

HfL fJL A ® f\’ .¾ fl

® Ijm F* “
Λ| 
js i «1

A ’·*'
A 3 
W
V

• >1 >

.. V f
V

300 350 450
Time, k (mins)

Fig. 14

Fig. 15



WO 2018/057818 PCT/US2017/052828

10/12

a) Diverse VPP tracking reference

0 200 400 600 800 1000 1200 1400 1600 1800

Time. Δί (15 secs)

Fig. 16A

(b) TCL-only VPP tracking reference

0 200 400 600 800 1000 1200 1400 1600 1800
Time, At (15 secs)

Fig. 16B



WO 2018/057818 PCT/US2017/052828

11 /12

10

Fig. 17



WO 2018/057818 PCT/US2017/052828

12/12

DETERMINING A DISCHARGE 
NODE STATE AS A FIRST 
DISCHARGE STATE OR A 

SECOND DISCHARGE STATE.

112J

118
SENDING A DISCHARGE 

REQUEST BASED ON THE 
DETERMINED DISCHARGE
REQUEST PROBABILITY.

Fig. 18


