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ABSTRACT
In this paper, we demonstrate the potential benefits that
residential buildings can provide for frequency regulation
services in the electric power grid. In a hardware-in-the-
loop (HIL) implementation, simulated homes along with a
physical laboratory home are coordinated via a grid aggre-
gator, and it is shown that their aggregate response has the
potential to follow the regulation signal on a timescale of
seconds. Connected (communication-enabled), devices in
the National Renewable Energy Laboratory’s (NREL’s) En-
ergy Systems Integration Facility (ESIF) received demand
response (DR) requests from a grid aggregator, and the de-
vices responded accordingly to meet the signal while sat-
isfying user comfort bounds and physical hardware limita-
tions. Future research will address the issues of cyberse-
curity threats, participation rates, and reducing equipment
wear-and-tear while providing grid services.

Keywords
Frequency regulation; demand response; smart appliances;
building-to-grid; model predictive control

1. INTRODUCTION
With the increase in so-called “smart” devices in residen-

tial homes comes an increased opportunity for these homes
to provide services to the electric power grid through im-
provements in control and communication. Currently, the
majority of these services amount to responding to price sig-
nals or participating in direct load control; however, in this
project we explore the capabilities of residential buildings to
provide frequency regulation grid services. Frequency regu-
lation is a service, usually on the timescale of every 4 sec-
onds, provided by both generation and load to maintain the
system frequency at its nominal value (the grid frequency
in the United States is 60 Hz, for example) by maintaining
the balance between supply and demand [1]. When supply

exceeds demand, the frequency in the grid increases. When
demand exceeds supply, the frequency in the grid decreases.

Traditionally, the vast majority of frequency regulation in
the grid has been provided by traditional large-scale genera-
tors; however, as more inverter-interfaced distributed gener-

ation (such as rooftop photovoltaics) enters the power sys-
tem, it becomes increasingly important to develop controls
and technology that are capable of maintaining this balance.
In this paper, we explore the possibilities for large popula-
tions of connected residential loads to participate in main-
taining this balance by adjusting their power consumption
with automatic control of connected home devices.

Extensive research has been performed with regard to the
capabilities of electric vehicles (EVs) to provide frequency
regulation [2, 3] as well as commercial buildings to provide
grid services [4, 5], including control of aggregate commer-
cial buildings [6]. Recently, residential buildings have been
garnering attention in the area of fast-timescale grid ser-
vices, specifically in the area of thermostatically controlled
loads (TCL) [7]. However, much of this research focused on
economic analysis and simulation, rather than demonstrat-
ing these potentials with physical hardware. In [8], physical
household refrigerators representing TCLs were controlled in
response to a demand response request from an aggregator;
however, the DR event is on a slower timescale (hours).

In this paper, we consider a 10-second level DR request,
representing the percentage of load an individual household
should reduce or increase. As expected, each individual
home will not be able to follow a signal on this timescale
with full accuracy, which is why an aggregator is modeled.
It is shown that in aggregate, many homes participating in
this service are able to follow a frequency regulation request;
however, inaccurate equipment models, communication and
hardware delays, and equipment safety and longevity con-
cerns may prevent these appliances from being the optimal
choice for fast-timescale frequency regulation.

One physical home located in the ESIF is tested with a
number of simulated homes to fulfill this request. In the
physical home, a HIL setup is used to represent the build-
ing thermal characteristics and operate the air conditioner
(AC) under user-specified weather conditions, which could
be from any climate zone across the United States. A suite
of home appliances follow the request with as much accuracy
as possible while fulfilling hardware constraints such as mini-
mum on/off times and user constraints such as air and water
temperature, as well as EV charging level requirements. Re-
sults from the laboratory experiment are shown as well as
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Figure 1: Diagram depicting model predictive control.

results in conjunction with simulated households to demon-
strate the benefit of residential buildings participating in
fast-timescale grid services while satisfying user preferences.
Issues regarding the implementation of this fast-timescale
appliance control are discussed, as well as directions for po-
tential future work in this area.

2. HARDWARE LAYOUT
The considered connected devices in ESIF for the fre-

quency regulation experiment include an electric vehicle sup-
ply equipment (EVSE) unit and a Wi-Fi-enabled thermo-
stat, which interfaces with a residential AC unit. The agent-
based VOLTTRON [9] control platform simulates the aggre-
gator, which receives the estimated demand response capac-
ity of each home and determines the frequency regulation
request to each individual home.

The EVSE considered in the demonstration has three po-
tential charging statuses: off (50 Watt standby consump-
tion), curtailed-rate (1.7 kW), and full-rate (4.1 kW). The
EVSE communicates with an EV using the SAE J1772 pro-
tocol, which is a North America standard for EV electri-
cal connectors. The EVSE communicates with the VOLT-
TRON system using the CTA-2045 standard, which is a
modular connection interface for demand response.

The AC is connected to a Wi-Fi enabled thermostat, which
is controlled via the application programming interface (API)
provided by the manufacturer. The AC unit consumes about
1.2 kW when operating; however, the actual power is depen-
dent on the ambient conditions. Simulated outdoor temper-
ature around the condenser is controlled with an environ-
mental chamber to match a weather file. The indoor condi-
tions are determined based on an EnergyPlus building model
running in real time and are used to control the temperature
around the thermostat and the return air for the air handler.

3. CONTROL LOGIC AND ARCHITECTURE

3.1 Model Predictive Control
Model predictive control (MPC), or receding horizon con-

trol, is a technique that calculates control decisions for the
current timestep while taking into account the future state
of the system, calculated from a model of the actual sys-
tem [10]. As seen in Figure 1, models of the home and con-
nected appliances are formed and control decisions are made
over the time horizon considering these models. Then, the
requested actions are sent to the physical devices, and their
response is measured and sent back to the controller.

3.2 Architecture
The agent-based platform VOLTTRON was used for HIL

simulations. The aggregator was modeled as an agent and

Figure 2: Hardware-in-the-loop architecture.

simulates virtual smart homes/devices that can participate
in frequency regulation. The aggregator receives a frequency
regulation signal from the utility every 10 seconds. The ag-
gregator queries the HIL home for its available regulation
capacity and calculates a portion of the total regulation for
the HIL home, depending on the home’s current DR capa-
bilities. It then dispatches the frequency regulation requests
to the simulated homes.

The smart home controller then uses this assigned ca-
pacity to formulate a control strategy to provide the clos-
est possible level of frequency regulation to the requested
level without compromising user comfort. The appliances
are controlled through an interface agent that serves as a
wrapper around the appliances’ communication API. The
response of the appliances are measured by their power con-
sumption through a data acquisition system. Figure 2 shows
the setup used for the HIL experiment. The volttime agent
is a simulation time manager in the VOLTTRON environ-
ment, publishing a timestamp that all interfaces and con-
trollers use to synchronize their execution. Volttime enables
running the experiments in real time, drawing data from a
particular day and time.

4. FREQUENCY REGULATION
In the following diagrams, an actual regulation signal from

PJM Interconnection in July 2013, sampled every 10 sec-
onds, is used as the input to the aggregator agent.

4.1 Actual Device Response
In the smart home controller, simplified linear models

were formed for the EV and AC (physical home) and AC
and heat pump water heaters (HPWH) (simulated homes).
Figure 3, shows the graphical user interface used to en-
able/disable the inclusion of physical hardware into the fre-
quency regulation algorithm. The aggregator agent deter-
mines what load shed/add request to send each home con-
sidered in the demonstration, and the response of the house
agent is recorded and displayed every 10 seconds. In the
user interface depicted in Figure 3, the response from the
laboratory home is plotted against the requested response
from the aggregator.

As seen in Figure 4, the actual combined EV and AC re-
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Figure 3: Graphical user interface for connected devices.

sponse from the physical home does not always match the
request calculated from the model. Some complex dynamics
of the AC are not captured, including the inrush current that
briefly occurs at startup. In addition, the EVSE has a delay
when the charging rate is modified; this is both a factor of
physical limitations of the relay as well as a safety feature
of the equipment. This delay can be seen when examining
the plot: the response of the laboratory home slightly lags
the response of the model. In the linear model for the home,
a lumped capacitance model was considered, where the pa-
rameters of the model were fit to a more detailed EnergyPlus
model.

Despite the inconsistencies between the hardware and model
responses, the linear models for the appliances and home are
used in the simulations for multiple reasons. First, home en-
ergy management systems (HEMS) in the future will likely
be performing computations on an embedded platform, po-
tentially on a seconds timescale. Thus, having complex mod-
els renders the optimization problem computationally bur-
densome. Second, when deployed in an arbitrary home, the
controller would not have full knowledge of the details of
each connected device or of the home itself, so making more
detailed assumptions about the actual devices may result in
suboptimal performance of the controller.

Figure 5 depicts the simulated indoor air temperature
with and without providing regulation services. The up-
per and lower bounds on the deadband are 24◦C and 26◦C,
respectively. These bounds are still satisfied by the home
energy management controller’s decisions; however, when
providing response to the regulation request, the AC cycles
more often. The physical limitations for on/off time from
the hardware were included in the simulation (for example,
the AC must stay off for at least 5 minutes to avoid damag-
ing the equipment); however, long-term lifetime impacts on
the appliance operation were not considered here.

Figure 6 shows the evolution of the actual home tempera-
ture over time as the AC cycles to meet frequency regulation
requests. As seen in the figure, the temperature of the home
is kept within the user-specified boundaries while providing
grid services. To avoid the congestion on the message bus,
values were only published every second, which is why the
AC spike on the sub-second level sometimes does not appear
in the figure.

Figure 4: Requested device response versus actual device
response.

Figure 5: Simulated home temperature with and without
providing frequency regulation services.

4.2 Aggregation of Simulated Homes
As the devices in the laboratory home were being con-

trolled, many loads from simulated houses were controlled to
match the actual frequency regulation signal, as seen in Fig-
ure 7. The simulated homes, with appliances represented by
linear models, were randomly populated with HPWH and
AC devices of a specified power consumption. The labo-
ratory home devices plus all the devices in the simulated
homes are controlled so that their cumulative power follows
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Figure 6: Air conditioner power consumption and indoor air
temperature in HIL home while providing frequency regula-
tion services.

Figure 7: Aggregate simulated devices plus the laboratory
home providing 10-second grid services.

the frequency regulation signal as closely as possible. The
simulated devices are shown at the bottom of the figure;
roughly a 100 3-5 kW on/off loads are considered, but no
more than 20 or 30 are on simultaneously. In aggregate,
even though the devices do not have a continuous, control-
lable range of power consumptions, the response from the
aggregate homes is able to follow the regulation signal more
smoothly than a smaller number of homes due to the law of
large numbers.

However, in practice, the models used in the simulations
will not be exact representations of how the appliances would
respond in reality. The complex dynamics of AC systems
and water heaters may not be suitable to model in a real-
time HEMS application; for example, capturing the power
spikes in Figures 4 and 6 would most likely require higher-
order models. Thus, the aggregation of these devices could
potentially help smooth out the inconsistencies with the
models used to determine the controller actions.

5. CONCLUSION AND LESSONS LEARNED
This paper presented insights into the potential for ag-

gregated residential buildings to provide frequency regula-
tion services. In addition to a physical hardware demonstra-
tion using the VOLTTRON platform, the results from larger
numbers of aggregated homes are shown to demonstrate the
effect of many connected devices responding in aggregate.
Even with simplified linear models of the considered appli-
ances, when considered in aggregate, residential buildings
can prove to be beneficial for providing fast-timescale grid
services. The results are encouraging for future work in this
space, especially with the increasing penetration of control-

lable, connected devices at the home level.
Further research would be beneficial in analyzing how

connected devices could participate on this timescale with-
out greatly impacting their lifetime. Because of this, and
partially due to model inaccuracies and equipment limita-
tions, participation in frequency regulation at the residential
level may be more beneficial on slightly longer timescales
(i.e., minutes). Aggregation will certainly help in this re-
spect. In addition, the results presented in this paper as-
sumed that all of the devices were responsive, that many
of their parameters and physical safety and hardware lim-
itations were already known, and that the aggregator and
homes were able to have fast, bi-directional communication
between each other. Future work will address potential cy-
bersecurity threats, how to learn system parameters over
time with limited information (perhaps using a system iden-
tification approach), and how to better ensure the lifetime
and wear-and-tear of the equipment is not exacerbated by
the control scheme.
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