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Abstract—There is a desire within the scientific community to
use the inherent storage capabilities of plug-in hybrid electric
vehicle batteries to enable demand-side management in power
systems, increasing the usability of variable generation such as
wind and solar power. The potential advantages of increased
grid control must be tempered against the harmful effects of
charge/discharge cycles on car battery health as well as user
constraints on maximum allowable charge time. This paper re-
views past research on communication and control architectures
for PHEV charging and proposes a novel testbed to allow physical
testing of several of the proposed schemes.

I. INTRODUCTION

Concerns about climate change due to global warming
have spurred research and industry efforts aimed at reducing
carbon emissions. To this end, automobile manufacturers have
begun selling plug-in hybrid electric vehicles (PHEVs) that use
onboard batteries to store energy, resulting in increased fuel
economy. By charging their batteries through the electrical
grid, PHEVs use less gasoline than conventional vehicles, and
may enable the transportation sector to reduce the amount of
carbon it produces.

A large population of PHEVs could present further benefits
to the power system infrastructure through careful utilization
of their inherent energy storage capabilities. A well coordi-
nated PHEV fleet would allow system operators to perform
demand-side management by turning the battery chargers on or
off, expanding the controllability of the grid and facilitating an
increase in the amount of non-dispatchable generation such as
wind and solar that could be accommodated. Battery charging
could also provide ancillary services such as frequency reg-
ulation and contingency reserves that have traditionally been
served by generation units.

The potential advantages of increased PHEV penetration
can only be realized with the installation of a sufficiently
robust, secure, and effective communication and control ar-
chitecture. Complicating matters is the reality that the benefits
of PHEVs to a grid operator often run counter to those of
the vehicle owner, who places constraints on the allowable
charge time and seeks to maximize battery health by limiting
charge/discharge cycles.

This material is based upon work supported by the Department of Energy
under Award Number DE-PI0000012, through the Clean Energy Research
Center - Clean Vehicle Consortium.

This paper introduces a novel testbed designed to assess
the performance of PHEV charging schemes using various
communication technologies and control architectures. Using
hardware that simulates PHEV Li-ion battery loads as well
as typical household loads such as refrigerators and other
appliances, the testbed will provide a way to assess the efficacy
of fully networked charging control strategies.

II. RELATED WORK

A large research effort has been undertaken towards defining
future communication protocols for the electrical grid. Work
on communication schemes specifically for PHEV charging is
presented in [10], which examines four possible topologies:

• HomePlug, a form of broadband over power line com-
munication (BB PLC), utilizes the pre-existing grid as a
communication platform by placing encoded information
on top of the 60 Hz line frequency;

• Zigbee, or IEEE 802.15.4, is a mesh network designed
for low-power sensor environments;

• ZWave is a low data-rate protocol used specifically for
home automation applications;

• Cellular Networks provide long-range capabilities and
are already widely deployed.

The research in [10] suggested that cellular encryption
schemes are not as robust or secure as those used by the other
three topologies. Simulations of one-way load-based charging
algorithms found that network traffic on a 1000 car network
was well below the throughput capabilities of any of the four
proposed communication schemes, although grid-level benefits
may not be realized until PHEV penetration reaches higher
populations, necessitating larger future simulations.

A further study [4] examined another power line scheme:
• Narrowband PLC, which enjoys cheaper deployment

than BB PLC by avoiding the costs of couplers at the
distribution/transmission border, because the narrowband
signal can penetrate the transformer (albeit with a noise
penalty).

Powerline communication schemes face the challenge of
needing to filter the harmonics generated by battery charger
inverters, but the study concluded that NB PLC could also
provide a feasible communication protocol.

Any communication scheme will have inherent delays
within the network, and the effect of these on a power system
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are examined in [9], which simulates a power system with
large renewable energy penetration buffered by a PHEV fleet.
As expected, larger pools of vehicles and shorter communica-
tion delays lead to reduced power fluctuations, underscoring
the effects a communication network can have on power
system performance.

A higher-level perspective of the PHEV charging problem is
presented in [3], which analyzes the tradeoffs between accom-
plishing system-wide objectives and ensuring non-disruptive,
consumer-acceptable performance. The paper determines that
centralized control of millions of individual PHEV loads
is infeasible, necessitating the use of either hierarchal or
distributed control in conjunction with some form of load
aggregator, which would merge the information from a group
of PHEVs into a single dispatchable load from the grid
operator’s perspective. Work in this area includes [6], in which
a Virtual Power Plant is designed for aggregate demand on
the order of thousands of PHEVs. This work finds that either
cellular networks or cable internet are viable communication
media, but assumes PLC is not sufficiently reliable for the
application. Another study [12] proposes that aggregators take
into account trip estimations, utility service data, and ancillary
service pricing in order to achieve performance similar to that
of other ancillary service providers.

Control strategies are further explored in [11], which de-
termines that, given 30% PHEV penetration, uncoordinated
charging of PHEVs can result in up to a 50% increase in
peak load. Meanwhile, local control based only on information
available to the individual household reduces peak load by
26-30%, and global control based on system-wide information
contributes an additional 4% decrease in peak load, suggesting
that the majority of the benefits may be realizable using less
infrastructure-intensive distributed control.

Studies on the practicality of using PHEVs for grid support
include [8], which tested the Vehicle-to-Grid (V2G) concept
using a custom-built PHEV fleet. The experiments validated
the feasibility of using PHEVs for ancillary services, provided
a mechanism is put in place to remove a vehicle from the
regulation pool when its state-of-charge (SOC) gets too high
or low.

Maximizing PHEV owner satisfaction is examined in [1],
where the authors optimize the charge timing to minimize
both the cost of electricity and battery life degradation due
to solid-electrolyte interphase film growth. This formulation
results in charge patterns that differ significantly from schemes
that optimize only one objective. The best results are obtained
by charging during off-peak billing hours using a high-rate
charger shortly before the next scheduled trip, although this
may conflict with the driver’s desire for a flexible departure
time. Further work presented in [7] examines the tradeoffs
between battery health, driver flexibility, and increased grid
functionality by simulating a distributed multi-agent system
that optimizes for CO2 reduction and grid stability, increasing
the use of renewable generation sources in the simulated power
system.

Fig. 1. Printed circuit board for the Li-Ion battery chargers.

III. TESTBED SETUP

While there is a large body of research on potential com-
munication protocols and charging algorithms for handling
fleets of PHEVs, relatively little work has been undertaken
in physically implementing these ideas. Therefore the focus
of our research is on building a testbed to examine the
effectiveness of some of the proposed communications and
control schemes.

The testbed models a typical distribution transformer load.
Each of the individual loads within the system is a physical
piece of equipment that communicates its present power draw
to a central server, which then aggregates the information in
order to determine the total power demand. Each load features
a local controller that optimizes for consumer satisfaction,
and the central controller can adjust certain parameters of the
local controllers in order to achieve global power consumption
objectives, essentially providing demand response.

The first physical component of the testbed is a set of Li-
ion battery chargers, pictured in Figure 1. Each battery has
a 16 Wh capacity, but the information sent to the server can
be scaled so that each battery appears as a typical 16 kWh
PHEV battery. The battery chargers are custom-built DC-DC
buck converters which implement a constant-current/constant-
voltage (CCCV) charging algorithm. Since Li-ion batteries
are notoriously sensitive to overvoltages, the chargers provide
sufficient accuracy to ensure the final battery voltage lies
within a specified tolerance. The chargers can respond to
signals from the server to start or stop charging, and can relay
to the server the approximate state-of-charge of each battery.

An additional feature of the battery chargers is that they
can adjust the charging rate when in constant-current mode
by adjusting the maximum current to the batteries. This added
control enables the testbed to study charging algorithms that
use time-varying power levels to achieve local and global
objectives. An example of such a charging scheme is explored
in Section IV, along with a discussion of the effects on system
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Fig. 2. Hysteresis-controlled refrigerator temperature during steady-state
operation.

performance when the chargers enter constant-voltage mode.
The next component in the testbed is a hysteresis-controlled

refrigerator. After purchasing a small residential refrigerator,
the control equipment was gutted and replaced with a custom
controller that enables remote sensing and actuation capa-
bilities. The controller receives a temperature setpoint and
deadband specifications from the server and uses hysteresis
control to maintain the temperature within these bounds, as
shown in Figure 2. It can also relay the power drawn by the
refrigerator back to the server. This device is able to emulate
the properties of other hysteresis-controlled loads such as air
conditioners.

The last component in the testbed is a set of simple remote-
controlled relays that plug into an outlet, allowing any 120V
load to be attached. These devices represent typical household
loads such as washers, dryers, or dishwashers that must be run
at some point throughout the day, although the exact timing
is not crucial. They receive commands from the server to turn
on, but cannot be turned off until they have completed their
task of a predetermined length.

Currently, communication is achieved through the use of
XBee Series 2 Zigbee radios, which utilize the IEEE 802.15.4
Physical and Media Access Control layers and add the support
of a Zigbee ad hoc, self-healing mesh network. Similar to
work done in [2], these radios are operated in conjunction with
Arduino Uno microcontroller boards, which provide both ana-
log and digital I/O pins, streamlining data collection between
the system components and the central server. The Arduinos
possess enough onboard memory and computational power to
implement the local control algorithms on a system compo-
nent, such as the refrigerator’s hysteretic control scheme, and
to respond to signals from the server to increase or decrease
power consumption. The system’s modular design can also
accommodate alternative forms of communication such as
commercial HomePlug or ZWave transceivers, enabling the
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Fig. 3. Sample data from the testbed AIMD implementation, which shows
the current limit for each charger stepping up at a rate α until the 2500 mW
global threshold is reached, at which time each charger reduces its current
limit by a factor β.

comparison of communication topologies.

IV. AIMD IMPLEMENTATION AND RESULTS

Recent literature has proposed a variety of distributed al-
gorithms designed to achieve coordination of PHEV charging.
One such scheme presented in [13] considers the use of the
Additive Increase Multiplicative Decrease (AIMD) algorithm,
which is a well-studied technique for handling packet conges-
tion on the internet. As a distributed algorithm, AIMD does not
require local chargers to know anything about other chargers
in the network, which greatly reduces system communication
requirements. Furthermore, as pointed out in [13], the AIMD
algorithm is robust in the presence of communication delays,
which will be crucial for implementation using any of the
proposed communication schemes.

The AIMD algorithm has two phases, as illustrated in Fig-
ure 3. During the Additive Increase phase, the local controller
increases the usage rate of the global resource (in this case
electrical power) at a constant rate α. This continues until
the local controller reaches its maximum power or the total
available capacity of the global resource is exceeded. In this
example, the total power capacity is constrained by the thermal
limits of an imagined distribution transformer servicing the
PHEV chargers. Reaching this limit triggers the Multiplicative
Decrease phase, and the central controller transmits a signal
telling all the local controllers to reduce their usage by a
factor of β. It is worth noting that this scheme requires no
communication from the local battery chargers to the central
transformer, because the transformer simply observes its own
load for a congestion limit. If that threshold is reached,
the only communication required from the transformer to
the chargers is a single piece of information indicating an
occurrence of that event.

By adjusting the parameters α and β, different system
performance objectives can be realized. In order to compare
the data acquired from the testbed to expected results, a simple
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Fig. 4. Simple approximation for the average power delivered is based on
β but not α.
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α = 4 mA/s β = 0.7

Aggregate power demand
Congestion limit = 2500mW
Average power = 2068mW

Fig. 5. Aggregate power demand under AIMD control, α = 4 mA/s, β =
0.7.

approximation is made for the average power delivered. As
seen in Figure 4, when the maximum capacity is reached,
the total power demand drops by a factor (1 − β), and then
ramps back up at a slope α, forming a triangle with a vertical
midpoint equal to the average power delivered. Since the
midpoint is independent of the slope α, only β affects the
average power delivered, according to the formula

Pavg =
1

2
(1 + β)× Pmax.

Three tests were performed, with each test involving a three-
PHEV setup and a maximum system power of 2500 mW.
The first case used α = 4 mA/s and β = 0.7. Figure 3 shows
measurements of the voltages, currents and aggregate power
over a single cycle, while a longer view of the total power
measurement is provided in Figure 5. The expected average
power is Pavg = 2125 mW, while the measured average power
is 2068 mW.

In a second test, shown in Figure 6, α was changed to
8 mA/s while β was left unchanged. The expected average
power therefore remained the same. The measured average
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α = 8 mA/s β = 0.7

Aggregate power demand
Congestion limit = 2500mW
Average power = 2062mW

Fig. 6. Aggregate power demand under AIMD control, α = 8 mA/s, β =
0.7.
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α = 4 mA/s β = 0.9

Aggregate power demand
Congestion limit = 2500mW
Average power = 2427mW

Fig. 7. Aggregate power demand under AIMD control, α = 4 mA/s, β =
0.9.

power in this case was 2062 mW, a very similar value to the
first case and sufficiently close to the expected value to verify
predicted behavior.

The third test kept α = 4 mA/s but used β = 0.9, with results
displayed in Figure 7. In this case, the expected average power
increased to 2375 mW, while the measured average power
was 2427 mW. Again, this small difference suggested correct
behavior of the algorithm.

It is also interesting to consider the situation where one or
more of the chargers in the system switches from constant-
current (CC) to constant-voltage (CV) mode. Since the maxi-
mum charge rate is constantly changing, the charger continu-
ally switches between CC and CV mode. Once the maximum
possible current into the battery becomes much smaller than
the other currents in the network, the load effectively ceases
to undergo AIMD control and instead acts as a constant,



0 5 10 15 20 25 30 35 40 45 50
3

3.2

3.4

3.6

3.8

4

4.2
B

at
te

ry
 V

ol
ta

ge
 (

V
)

 

 

1000

1200

1400

1600

1800

2000

2200

2400

2600

2800

3000

A
gg

re
ga

te
 p

ow
er

 d
em

an
d 

(m
W

)

 

 

0 5 10 15 20 25 30 35 40 45 50
0

50

100

150

200

250

300

350

400

B
at

te
ry

 C
ur

re
nt

 (
m

A
)

 

 

↑ Higher voltage on battery A indicates
its state−of−charge is nearly full

↑ Charger A is in constant voltage mode
and cannot adjust its current above 120mA
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Fig. 8. Close up of AIMD control when a charger enters constant-voltage
mode, α = 4 mA/s, β = 0.9.

0 50 100 150 200 250 300 350 400 450
1000

1200

1400

1600

1800

2000

2200

2400

2600

2800

3000

Time (s)

T
ot

al
 P

ow
er

 (
m

W
)

 

 

α = 4 mA/s β = 0.7

Aggregate power demand
Congestion limit = 2500mW
Average power = 2128mW

Fig. 9. Aggregate power demand with Charger A operating in constant-
voltage mode, α = 4 mA/s, β = 0.7.

uncontrollable load, as seen in Figure 8. However, because
chargers enter CV mode near the end of the charging cycle,
the amount of power they draw is relatively small at this point,
and their effects on the system should be minimal.

Figure 9 displays the aggregate power while Charger A is
in CV mode. The test was run with the same parameters as the
first case, α = 4 mA/s, β = 0.7, so the expected average power
was again 2125 mW. The actual measured average power was
2128 mW. This value is higher than the first test case (with all
chargers operating in CC mode) because Charger A does not
reduce its load at all when the capacity signal is sent, so the
total power stays closer to the maximum. Hence, at least from
the point of view of maximizing the power delivered, chargers
in CV mode should not diminish the overall performance of
a system utilizing AIMD control.

V. CONCLUSION

The demand flexibility inherent in the energy storage ca-
pability of a large, highly-distributed PHEV fleet can only be
realized if the supporting communication and control archi-
tecture is well-designed. A large body of research has been
dedicated to examining potential approaches to this challenge,
but relatively little work has been undertaken to test these
possibilities in hardware. The novel testbed presented in this
paper was used to test the effectiveness of using the AIMD
algorithm to control a set of constant-current constant-voltage
chargers. Further work will examine the use of more complex
AIMD related algorithms, as well as system performance in
the presence of background loads such as household appli-
ances. The testbed should allow experimentation on a variety
of communication protocols and control schemes, offering a
better understanding of the practicality of these architectures.
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