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Abstract—Recent advances in communication systems and
the proliferation of plug-in electric vehicles (PEVs) hold a
promise to support power systems operations with vehicle-to-
grid (V2G) applications. However, such ancillary services have
tight communication requirements (low-latency, high reliability)
as the aggregated PEVs need to respond to market signals within
seconds and bad communication system performance lead to
financial losses. In this paper, we consider a frequency regulation
application in which PEVs are charged and discharged according
to actual market signals. We assume that a market operator sends
signals through 4G/LTE network to an aggregator located at a
parking lot, who, as a next step, delivers data packets to electric
vehicle supply equipments (EVSEs) via a local Wi-Fi network.
In the final phase, each EVSE communicates with PEV battery
management unit via power line communications. By adopting
communication delay and packet loss profiles from measurement
and simulation studies, we examine the impacts of communication
system performance on V2G performance. The results show that
packet losses significantly lowers precision score, while there is
a need for faster networks if multiple aggregators participate at
the same time.

Index Terms—vehice-to-grid (V2G), network performance
modeling, electric vehicles, smart grid

I. INTRODUCTION

The United Kingdom and other major economies are trans-
forming their electricity systems to achieve net-zero goals by
promoting renewables and plug-in electric vehicles (PEVs).
The increasing shares of distributed generation resources and
decommissioning of thermal power plants inherently con-
tributes to a reduction in power system inertia which comes
from the rotating mass of synchronous machines [1]. As a
result, power grids become more vulnerable to small scale
disturbances and there is an urgent need to make a step
change to introduce new products and services that pro-
actively involve demand-side flexibility for balancing services
[2].

Recently, the notion of using large-scale energy storage
units to replace thermal power plants has gained popularity [3].
Similarly, PEVs can join ancillary services markets to provide
a buffer zone when there is a supply-demand mismatch. In
a typical V2G session, each PEV responds to market signals
by charging or discharging its battery according to the needs
of the grid [4]. On the other hand, two major challenges
exist: (i) due to the minimum power requirement of service

TABLE I
EXAMPLES OF NEW ANCILLARY SERVICES AND ASSOCIATED

REQUIREMENTS [7].

Region Power Req. Response Speed Duration

Ireland 1-5 MW 2 sec Duration
UK 1-50MW 1 sec 15 min
PJM 0.1+MW 2 sec Until Sust.
Australia N/A 0.5-1sec 6 sec

contracts (MW-scale), only the aggregation of vehicles can
furnish enough resources [5]; and (ii) underlying communica-
tion network needs to facilitate bi-directional energy transfer
within seconds to meet market deadlines (presented in Table
I). If, due to communication system delays or packet losses,
the market deadline is not met, both the grid operator and
the PEVs face financial losses. In this paper, we present a
case study in which PEVs located in a parking lot responds
to market signals obtained from PJM [6]. Market operator
communicates with an aggregator through 4G/LTE network.
Inside the charging lot, an aggregator employs a Wi-Fi network
to collect data from each electric vehicle supply equipment
(EVSE) about the availability of each PEV. Finally, EVSE
uses power line communications (PLC) to interact with PEV’s
battery management system. By using previous measurement
and simulation studies, we quantify the impacts of the commu-
nication network performance (delays, packet losses) on the
precision of frequency regulation event.

Recently, there has been an increasing body of literature
on PEV market participation and bidding strategy and com-
munication and security of aspects of V2G systems. In [8],
the availability and reliability of PEVs as ancillary services
providers in the presence of aggregators is investigated. In [9]
a bidding strategy in California’s ancillary services market is
implemented with 30 PEVs. Bidding coordination is further
examined in [10] and [11], however, the performance of the
communication system is not taken into account. The work
presented in [12] is closest to our study, in which authors
assume an imperfect communication network and quantified
the impacts of delays in ancillary services. However, in
the presented model, market operator directly communicates
with each EVSE, and corollary, when the number of PEVs
increases, the communication congestion leads to long delays.



Fig. 1. Vehicle to grid and communication systems overview.

In [13] and [14], a simulation studies are presented to measure
the performance of wired and wireless communication tech-
nologies inside a relatively smaller PEV parking lot. In [15],
performance assessment study was carried out by utilizing
one of the UK’s major wireless carriers. In this study, data
packages of various sizes are delivered from a server to client
located at different locations in the city of Edinburgh. Finally,
PEVs demand can be coordinated to tackle issues like “Duck
Curves” in regions with high solar energy penetration [16].

II. SYSTEM OVERVIEW

A. Communication Infrastructure Outline

In this paper, the following communication infrastructure is
assumed. First, a number of PEVs are assumed to be stationary
at a parking lot connected to an electric vehicle service equip-
ment (EVSE) via standard level 2 chargers ( [17], [18]). Each
vehicle’s battery management system communicates with the
corresponding EVSE via standard power-line communication
protocols such as ECHELON or MAXIM (see [19]). Second,
an aggregator located at each charging station communicates
with each EVSE via a local area communication solution
such as Wi-Fi or ethernet ( [14] and [13]). Due to its cost-
effectiveness, we assumed that Wi-Fi is deployed to facilitate
communications between EVSE and aggregators. Third, a
wireless wide area network is needed to exchange information
between aggregators and market operators. For this case, we
assume that there exists a 4G network as described in [15].
System overview is depicted in Fig. 1.

B. V2G Communication Messages

To facilitate energy transfer between PEVs and the grid
in a timely and reliable manner, the following messages are
assumed to be exchanged between the concerned entities.
As shown in Fig. 2, market operator sends a message to
the aggregator located at the parking lot to gather informa-
tion about PEV’s availability to participate in an upcoming
V2G session. Next, each aggregator forwards this message
to each EVSE. It is noteworthy that, market operator could
communicate directly with each EVSE. However, as reported
in [12], reaching out with hundreds of EVSEs would lead to
excessive delays due to limited wireless channel resources and
collision of packages. Next, each EVSE reports its status back

Fig. 2. Message exchange for V2G session.

to aggregator which is consolidated and send back to market
operator. As a final step, market operator processes gathered
information and send the final signal to initiate V2G energy
session.

C. Communication System Performance

In this paper, communication system performance is mea-
sured by two metrics, namely average end-to-end commu-
nication delays and packet loss ratios. In V2G regulation
sessions, grid operators sends a series of signals (e.g., charger
or discharge) to participants. If communication delays are
long, aggregators would take inaccurate action. Similarly, if
regulation signals are lost during the transmission, then no
action would be taken. For the aforementioned performance
metrics, we use published results obtained from measurement
and simulation studies as follows:

1) Market Operator to Aggregator: As described above,
market operator sends frequency regulation signals using
wireless communication network such as 4G/LTE. In [15],
the performance of 4G/LTE network in the United Kingdom
was analysed. End-to-end delay and packet loss measurements
were conducted for various packet sizes (from 50 bytes to
2000 Bytes), different signal strength levels (weak (-118
dBm), medium (-105 dBm), and strong (-69 dBm)), and both
for user datagram protocol (UDP) and transmission control
protocol (TCP). According a related simulation study [13], the
typical amount of information would be around 1-1.5KB and
composed of data for voltage, current, station ID, Charger ID,
meter status, etc. Moreover, similar to [12], UDP is used as the
transport protocol transmit frequency regulation messages. In
Table II, average one way delay for each signal strength level
is presented. Furthermore, packet losses for UDP is measured
as 5.35% for strong signal, 6.8783% for medium signal, and
8.06% for poor signal cases.

2) Aggregator to EVSEs: Inside the parking lot, aggregator
can communicate with EVSEs via either wired communi-
cations such as ethernet (IEEE 802.3 10 or 100 Mbps) or
wireless options such as Wi-Fi (IEEE 802.11 54 Mbps). In
[13], communication network (Wi-Fi and ethernet) inside a
PEV parking lot is simulated using OPNET. It is noteworthy
that even though ethernet-based communications provide low-



TABLE II
AVERAGE ONE-WAY DELAY (MS) PERFORMANCE.

Wide Area (4G/LTE) [15] Local Area [13] Charger [19]
Strong S.1 Medium S. Poor S. Ethernet Wi-Fi PLC2

245 286 329 3.34 95.1 65

1Simulation results for 40 PEVs. For Wi-Fi case, it is assumed that there is
one access point for every 40 PEVs. Ethernet speed is 100 Mbps, Wi-Fi speed
is 54 Mbps.
2Results for Maxim 220 VAC, J1772 standard.

latency connectivity Wi-Fi networks are commonly used due
to lower capital cost. In this study, we assume Wi-Fi is used
inside the parking lot with the delay measurements presented
Table II.

3) EVSE to PEV: Contrary to previous communication
parts, there have been efforts towards the standardisation of
EVSE to PEV communications. Some standard initiatives
include the Society of Automobile Engineers (SAE), and
International Standards Organisation and International Elec-
trotechnical Commission (ISO/IEC). In this paper, we consider
standards defined in SAE J2836/1 and J2847.1 which uses
J1772 connectors [17] and power line communications [19]. In
[19], both the Echelon PL3170 and the MAX2990 power line
carrier modules were tested. Due to its superior performance
in communication delays, we assumed that each EVSE uses
MAXIM 220 VAC (J1772) technology. In this case, the aver-
age communication delay becomes 65 ms as shown in Table
II. It is noteworthy that presented communication scheme does
not include delays related to processing of received data at
each node (e.g., aggregator etc.). However, such delays are
usually in the order of microseconds and excluded in the
calculations [12].

III. CASE STUDIES

To quantify the impacts of underlying communication sys-
tem performance, we consider actual frequency regulation
signals in PJM region which is one of the major regional
balancing authority in the United States [6]. We use sample
dataset from the University of Delaware’s V2G toolbox [20]
which was recorded during V2G operations in April 2013. The
regulation signal shows the power charge or discharge levels
and normalised to the range of -1 (10kW vehicle to grid) and
+1 (10kW grid to vehicle).

As a first evaluation, we examine how communication
delays impact the regulation signals. It is assumed that market
operator sends signals at each second and the aggregator
responds after the message exchange is completed. In Fig. 3,
impacts of communication system delays are depicted and the
difference between instructed and executed signals are shown.
It is noteworthy when the variability in the instruction signals
increase, the executed signal differs more often.

Next, this difference in executed and instructed signals are
quantified in terms of percentage of error. Recall that errors
occur due to delays and packet losses. When the latter one
occurs, it is assumed that the previous action is repeated
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Fig. 3. Impacts of communication delay performance on frequency regulation
market signals.
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Fig. 4. Percentage of error in executed signal with respect to instructed signal.

(alternatively no action would be taken). In Fig. 4, errors that
are lower than 20% typically due to communication delays
while larger scale errors occur because of UDP packet losses.
Notice that if the station participation is around 1 MW, the
typical error due to delays is around 200 kW or less, while
this value could go up to MW-scale due to packet losses. If
multiple stations participate at the same V2G sessions, then
mismatch would be exponentially grow.

As a last evaluation, we calculate the precision score metric
(PS) which is used to measure how accurately the aggregators
respond. If a minimum score is not met, then no payment is
due. Above the minimum threshold, payment is proportional
to the precision score. In PJM markets, precision score PS is
calculated based on the following formula:

PS = 1− 1

N

N∑
i=1

∣∣∣∣I[i]−R[i]

C

∣∣∣∣ ,



where N is the total number of signals during a V2G session,
C shows the average absolute values of instructed signals, I[i]
is the ith instruction and R[i] is the corresponding execution.
Note that if the instructed and executed signals are the same
(I[i] = R[i], ∀i), then precision would be 1 (or 100%). In
Fig 5, we present the precision score for each signal strength
levels. Since packet losses can occur randomly throughout the
V2G session, we run calculations for 100 times to capture
the randomness in packet losses and present average precision
scores. It can be observed that precision score increases with
lower packet losses. The results further indicate there there
is a need for communication infrastructure that can support
lower latency and higher accuracy data delivery.

IV. CONCLUSIONS

In this paper, we quantified the impacts of communication
systems in a typical vehicle to grid application. We assumed
that, as a first step, a market operator sends signals via a
4G/LTE network to an aggregator located at a parking lot.
Second, the aggregator disseminates messages to each EVSE
to gather information about their availability. For the second
case, we assumed that Wi-Fi (IEEE 802.11) was used as
the local area network. Last, each EVSE communicates with
PEV’s battery management unit via existing PLC technologies.
For the described communication system, we calculated end-
to-end delays and packet loss rations using data from related
literature. Case studies were carried out by using actual market
signals from PJM and we showed that the impacts of packet
losses significantly lowers the accuracy of the V2G session
measured by precision score. The impacts of communication
delays, on the other hand, depends on variability of market
signals and signal execution deadlines. The proposed network
performs well for 2 second deadline, however, faster com-
munications are needed for tighter market deadlines. As a
future work, we will consider TCP as the transport protocol
and consider different local area network technologies for
EVSEs to aggregator communications. Furthermore, we will
investigate different market signals and deadlines.
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