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ABSTRACT With the development of new energy technology, more and more plug-in electric vehi-
cles (PEVs) have appeared in our lives. In vehicle to grid (V2G) information exchange, the method that
PEVs use to access the grid for information and vehicular data collection is the key factor that affects the
reliability and real-time nature of V2G communication. Vehicular power line communication (VPLC) reuses
vehicular power cables as a communication medium, which avoids the need for an additional vehicular
communication line and optimizes the in-vehicle space. VPLC is being considered as a more competitive
solution to reduce the complexity of design, weight, and cost associated with the rapid growth of electronic
devices installed in vehicles, especially for PEVs. Nevertheless, there are factors that impact VPLC in
such a way that disrupts reliability and introduces problems. One of these challenges is VPLC channel
noise, which can reduce communication reliability. Hence, in this paper, we introduce a V2G information
interaction system structure, based on power line communication, to establish a VPLC channel model for the
vehicular data collection system. The model is developed in Simulink and leverages various vehicular noise
models and binary frequency shift keying (BFSK) modulation; it also analyzes the channel characteristics
by examining different types of noise based on BFSK. Our simulation results demonstrate the feasibility of
PLC under BFSK modulation and demodulation, often used in PEVs, which could provide guidance to the
implementation of VPLC in support of practical engineering.

INDEX TERMS V2G information exchange, vehicular power line communication, BFSK, reliability, battery

management system.

I. INTRODUCTION

Recently, the rapid growth of PEVs has received more and
more attention. Access of large scale PEVs and distributed
storage units to the grid and the impact of load and distributed
storage device characteristic, especially for micro-grids, has
caught the attention of researchers. As a result, an up-to-
date status of PEVs is needed to guarantee the reliability and
efficiency of the power grid [1]. The V2G communication
system facilitates information interaction between a PEV and
a grid, but there are still many challenges that need to be
resolved before a stable communication system is developed.

Firstly, the PEVs access to a grid communication network
must be established. A traditional approach is to embed
the communication line within the charging power line [2],
which requires at least 4-6 pins in the charging line; however,
the cost associated with this approach is high. Furthermore,
the current charging port has few standard architectures,
which leads to a variety of charging ports in the market
that cannot communicate with each other. Each design and
charging stand is made by a manufacturer, who must make
a variety of charging stands and ports for different PEVs.
There are some communication solutions that use wireless
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communication technology to enable information interaction
between a vehicle and grid [3]-[15]. Authors in [15] pro-
posed PEVs as access points and connected them to the
Internet through multi-hop mesh communication based on the
IEEE 802.11 standard. For a V2G wireless communication
system, wireless infrastructure near the charging stand/station
and vehicular wireless communication devices are additional
needed.

Second, a method for the vehicle control system to
collect the status data of vehicular system must be devel-
oped. The central electronic control unit (ECU) is respon-
sible for collecting all the status data from sensors, battery
management systems (BMSs) and actuators. However, with
the increasing scale and complexity of vehicular devices and
sensors, the point-to-point wiring between electronic com-
ponents results in bulky, expensive, and complicated har-
nesses [16]. VPLC is being considered as a potential solution
to mitigate the increase in complexity and cost of the auto-
motive wiring harness resulting from the growth in deployed
electronic devices and sensors inside vehicles [17]-[21].
Authors in [17] presented an adaptive impedance matching
system, which improves the communication-signal transfer
from the transmitting to the receiving device. This system
solves the problem of the time, frequency, and location
dependence of the access impedance, which can cause a
severe impedance mismatch for the communication signal
and improve the reliability of VPLC. A medium access con-
trol (MAC) protocol for vehicular PLC systems was proposed
in [18], where multiple nodes compete for transmission over
the direct current (DC) power line. The proposed proto-
col uses a combination of time and frequency multiplexing,
which can develop a robust contention-based MAC protocol
for VPLC systems. This protocol can also improve the relia-
bility of VPLC. There are still a few research studies on noise
analysis of the VPLC channel and its impact on the reliability
of a VPLC system.

Finally, the performance of a V2G communication system
is analyzed. PEVs have load/storage units with access to
the grid for charging or discharging, which impacts the grid
and especially micro-grids [22]-[28]. Fig. 1 shows a PEV
with 20kWh battery access to a DC micro-grid, with 200kW
capacity. The voltage flickers when charging a battery, this
is likely due to the DC bus on the DC micro-grid. Large
scale PEV access, to the grid or the micro-grid, impacts
can be much more serious than voltage flicker. As a result,
an efficient V2G information interaction system can help
the grid respond to PEV access, by forecasting the PEVs
charging/discharging behavior, which can help to maintain
stable operation of the grid/micro-grid.

In this paper, we focus on the channel noise issue and
its impact on VPLC systems. The noise can cause bit error,
which leads to a VPLC delay. Furthermore, this noise leads to
low efficiency of the V2G information interaction. Therefore,
it is necessary to analyze the noise in the VPLC channel thor-
oughly. We classify the vehicular noise and establish the noise
model, by simulating the noise’s impact on the reliability
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FIGURE 1. Voltage flicker of DC micro-grid.

of VPLC systems based on BFSK. Numerical results show
the feasibility of using FSK in VPLC and provides some
guidance to improve the reliability of VPLC. Furthermore,
FSK promotes the commercialize process of VPLC.

The rest of this paper is organized as follows. In section II,
the V2G information exchange system model, based on PLC,
is presented and described in detail. In Section III, we elab-
orate on the classifications of the VPLC channel noise and
establish Simulink modules for each type noise. Simulation
modules and the results of BFSK, under different types of
noise, are provided in Section I'V. The conclusion and future
work are presented in Section V.

Il. INFORMATION EXCHANGE SYSTEM MODEL BASED
ON PLC

All the vehicular electronic devices, converters, sensors and
BMS, are connected to the vehicular power supply line.
Compared with traditional vehicular communication methods
such as CAN, FlexRay, Local Interconnect Network (LIN),
using PLCs in vehicles can help to reduce communication
wiring, which saves cost in terms of automobile design and
manufacturing. Furthermore, this action reduces the weight
of automobiles, approximately 40 kg [16], which can improve
the efficiency of BMS and extend the driving distance.

A. VPLC NETWORK

Fig. 2 shows the structure of a V2G information exchange
system based on PLC, which includes the VPLC network and
V2G information exchange solution. For VPLC networks,
the vehicular central electronic control unit (CECU), vehic-
ular electronic devices, sensors, converter, BMS and other
electronic devices, which are needed to communicate with
CECU, are all embedded in a single DC power line commu-
nication unit (PLCU) to replace the existing communication
unit in these devices. Then, the vehicular communication
network is established via a vehicular power line based on
PLC. The VPLC network is similar to a Star network. The
PLCU embedded in the CECU is the core communication
unit, which has the same function as a base station (BS)
and is responsible for collecting all the data from terminal
devices and sending the control command from CECU to a
specific terminal device via a broadcast method. The CECU
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FIGURE 2. Structure of V2G information exchange system based on PLC.

communicate with PLCU directly and display the status
information via human—computer interaction interface or
multi-media interface.

B. V2G INFORMATION EXCHANGE STRUCTURE

The CECU collects the up-to-date status information of the
vehicular storage in the local memory or flash. It has vehicu-
lar access to the charging stands, which charges or discharges
via a charging power line. The vehicular status information
will be sent to the charging stand charge control unit (CCU),
via PLCU, which is updated to embed the CCU to replace the
traditional communication unit (e.g., Ethernet) automatically.
Then, the CCU can get the status information of each vehic-
ular access to the charging stand and can send the control
command to the vehicle to realize the information exchange
between the vehicle and charging stand. The vehicular status
information is stored in the CCU and can monitor the status
of vehicular EMS to protect the battery and applicate for
a flexible charging and discharging strategy. At the same
time, the Ethernet unit (EU) embedded in the CCU is the
port which provides the access from the charging stand to
the Internet directly. Then, the vehicular status information
will be transmitted to the remote-controlled center server for
storage and analysis. Fig. 2 shows the public charging stand
structure. Furthermore, in an in-home application scenario,
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the structure of a charging device is needed to update the
embedding of a PLCU. The other part of the in-home appli-
cation scenario is the same with a public charging stand.

Ill. MODELING AND ANALYSIS OF VPLC NETWORK
NOISE

A. THE CLASSIFICATION OF VPLC CHANNEL NOISE

Since there are many electric devices, such as a DC/DC
converter, AC/DC converter, motor, generator, light control
relays, sensors, etc., that can be connected to a public power
line in a VPLC environment, when these devices startup,
some noise can be injected into the VPLC channel. This
can lead to low reliability of VPLC and additional commu-
nication delays that affect the efficient collection of CECU
data. Furthermore, to affect the efficiency of V2G information
exchange, it is necessary to classify, model and analyze the
VPLC channel noise to indicate the development of some
method for improving the reliability of VPLC. Fig. 3 shows
the typical noise caused by vehicular devices. The source sig-
nal is injected into the DC power line via the coupling module
after being modulated. The modulated signal is received and
demodulated by the destination node, which receives the
source signal. Colored background noise, narrowband noise
and impulse noise represent the main noise types that exist
in power line channels. They are often caused by motors,
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FIGURE 3. Typical noise in VPLC channel.

generators, converters, brakes, etc, which can affect the signal
transmission.

B. THE MATH MODEL AND SIMULATION ANALYSIS

To improve the analysis of the impact of noise on VPLC, it is
necessary to establish the vehicular noise model and simulate
characteristic vehicular noise.

The model of colored background noise can be simulated
as a certain AR filter driven by Gaussian noise, with zero-
mean and a o2 variance. The filter can be expressed by
equation (1)

HZ)= —=—F7— (D
14+ > aiz™!
i=1

where a; and p is the coefficient and order of the filter, respec-
tively. In this model we set the variance of Gaussian noise,
02,10 0.05, the order to 4. The resulting coefficients are a; =
—0.9413, a = —0.0001, a3 = 0, a4 = 0.0586, which are
calculated by an LPC algorithm. For the background noise,
the spectral density can be expressed by the Nakagami-m
attenuation formula (2) [29], [30]:

2 m oo mr?
— - - >0 2
f@r) F(m)(Q) r exp( ) ) r= 2
where T (m) = fooo x"™ le=*dx is the gamma function,
E2(A2)

varC AZ)(% < m < o0) indicates the attenuation and
r is a random variable. Q@ = E(r?) is the background noise
power. The size m indicates the degree of the relationship
with a Rayleigh distribution. For example, when m = 1/2,
Nakagami-m is unilateral Gaussian distribution. Thus, this
noise is classified as Gaussian noise and when m = 1,
Nakagami-m will obey the Rayleigh distribution. When m
is greater than the channel attenuation, which is inversely
proportional to the m value, we can imply that when m = oo,
there will be no attenuation. The simulation of colored back-
ground noise is shown in Fig. 4.

From the time domain simulation of colored background
noise, we see that the amplitude of noise is small, and there
is no great impact that causes a change within it. From the
Power spectral density simulation of colored background
noise, we can see that spectral density is smooth and the
impact change is small while the range of the spectral dis-
tribution is wide. Initially, the noise has a large amount of
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FIGURE 4. Simulation of colored background noise in time domain and
power spectral density. (a) Time domain. (b) Power spectral density.

energy. As the frequency increases, the energy gradually
reduces.

Narrowband noise is a disturbance caused by many sine
amplitude-modulated signals. As a result, we can use N
independent sine functions and superposition them to build a
noise model. Generally, narrowband noise is represented by
Equation (3)

n
n(t) =Y Ait) sinrfit + 6)), (3)

i=1
where, A;(¢) is the amplitude of a superimposed sine signal,
fi is the center frequency, and 6; is the phase. We use a
MATLAB random function to generate the sine signal ampli-
tude, frequency and phase array. We then superpose these
signals to get a narrowband noise model. The simulation

results of the noise model are shown in Fig. 5.

According to the pattern of simulation results, narrowband
noise has a smaller amplitude and is like colored background
noise, which has no significant impact on noise. Based on the
noise power spectral density of the graphics, the frequency
distribution of noise is 0 to 500 kHz, and the energy distribu-
tion of noise is homogeneous.

Impulse noise is usually caused by a sudden increase or cut
of inductive or capacitive load. For example, brakes, using
window wipers, lifting door glass, and starting a motor
suddenly, etc. The duration of the noise is short, but the
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FIGURE 5. Simulation of narrowband noise in time domain and power
spectral density. (a) Time domain. (b) Power spectral density.

interference is significant. The max amplitude is approxi-
mately 200 mv, which can be descried by equation (4)

N = Ae™ 7 sin Quf(t — tarr) + @), 4)

where ft,,, is the pulse arrival time, t is pulse width, and
¢ is the deviation angle of the noise. When considering the
impulse noise, we should not only consider the amplitude of
the noise but also pay attention to the duration time. The prob-
ability density distribution of impulse noise can generally be
expressed by a Poisson distribution, as shown in equation (5)
k
%e“*” keZz*. (5)

p(t) =

Equation (5) represents the probability of impulsive noise,
occurring during an observation interval of time t, where A
represents the average rate of impulse occurrence [28]. The
simulation result is shown in Fig. 6.

From the time domain result, we can see that the impulse
noise has periodic characteristics with the wiper, light flash-
ing, starting a motor, etc. According to the power spectral
density of the impulse noise, we can see that when the noise
frequency range is from 0 Hz to 5 MHz. There will be an
obvious energy fluctuation and this area is the region most
impacted by the impulse noise. When the frequency of the
impulse noise exceeds 5 MHz, its energy distribution is uni-
form and smooth; thus, there is no energy impact change.
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The simulation results show that the amplitude fluctu-
ation of the colored background noise is slow, periodic,
and the noise energy distribution decreases as the frequency
increases. The amplitude fluctuation of the narrowband noise
is not obvious, but the power may change radically for certain
frequencies. In impulse noise, an amplitude fluctuation may
produce a large power fluctuation for a certain frequency
range.

IV. MODELING AND PERFORMANCE ANALYSIS OF VPLC
BASED ON BFSK

A. VPLC TRANSMISSION MODEL BASED ON BFSK
Compared to OFDM, BFSK is much easier to implement,
and the bandwidth of the BFSK can meet the requirements of
in-vehicle communication systems. In this work, we select the
BFSK for the VPLC system, and establish the FSK model and
analyze the anti-interference under various noise models. The
transmission model structure of the VPLC system is based
on Simulink and is shown in Fig. 7. The source signal is to
be sent to the VPLC channel after modulation by the BFSK
modulator, which maps to the real VPLC system. The digital
information from the CECU/terminal devices is modulated
by PLCU and then coupled to the DC vehicular power line
channel. For the VPLC channel model, in addition to the
typical colored background noise, impulse noise, and the
narrowband noise models, we also add the Gaussian noise
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Narrow baud
noise

and white noise into the simulation VPLC channel to simulate
the probable more complex real VPLC channel environment.
After the channel transmission, the signal is demodulated by
the BFSK demodulator model and get the destination signal,
which maps to the real VPLC system. The receivers then get
the information via modulate/demodulate unit of PLCU.

B. THE NOISE COMBINATION MODEL

We establish the noise Simulink model based on the math
model in Section II and add these different noise sources
into the VPLC Simulink model to observe the impact of
noise on the VPLC BFSK transmission, under different SNR.
A VPLC channel includes mix-type noise simultaneously in
real environments. In order to simulate a real VPLC chan-
nel environment, that is closer to the actual situation, we
define three combination types of channel noise shown in
equation (6)

Cl'l Ncni
Cichni

3
D New =3,
i=1

where N, is channel noise. CilNcni indicates that there is
only one type of noise in the channel from the 5 types of
noise, which includes colored background noise, impulse
noise, narrowband noise, Gaussian noise and white noise.
Ciszi indicates that there are 2 types of combination noise in
the channel simultaneously from the 3 typical noise models,

which includes colored background noise, narrowband noise
3
and impulse noise. Y N.,; means there are 3 types of noise

i=5
i=3

Nep = (6)

in the channel simullt_alneously, which includes colored back-
ground noise, narrowband noise and impulse noise. The three
type of combination noise can cover all the possible situations
of the VPLC channel.

C. PERFORMANCE ANALYSIS OF VPLC BFSK UNDER
NOISE

For the simulation system, we set the carrier frequency of
BFSK to 40 kHz, which can realize the VPLC bandwidth
of 10 kHz. This communication rate can meet the base control
requirements of the VPLC system. Based on (6), we add only
one type of noise from colored background noise, impulse
noise, narrowband noise, Gaussian noise and white noise into
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TABLE 1. The statistical result of BER under different noise.

BER
SNR Gaussian Colored Narrow-baud White Impulse
noise backg;’ound noise noise noise
noise
-28 0.4556 0.472 0.452 0.4528 0.12
223 0.4326 0.445 0.423 0.432 0.028
-20 0.4052 0.412 0.402 0.4001 0.005
-15 0.333 0.3492 0.3278 0.3302  0.00001
-10 0.214 0.2621 0.212 0.2154 0
-5 0.083 0.119 0.0952 0.0864 0
-3 0.0397 0.081 0.0488 0.0426 0
0 0.00734 0.0204 0.008 0.0083 0
1 0.0046 0.0102 0.00452 0.0036 0
2 0.0018 0.0046 0.0026 0.0014 0
3 0.0008 0.0018 0.0008 0.0006 0

the BFSK channel independently, with SNRs from —30to 5,
to calculate the BER of BFSK. This comparison of different
noise and SNR can indicate the performance of BFSK for
VPLC. Fig. 8 shows the waveform of the source signal, the
BFSK modulation waveform, the demodulated waveform and
the restoration signal under —10 SNR. For the VPLC trans-
mitter, the source signal is a random binary digital number,
which is converted to an analog signal by modulation module
of BFSK and injected into the VPLC channel. In the VPLC
receiving end, demodulation of the modulation signal is done
first, when the received analog signal is impacted by the
channel noise, as shown in Fig. 8, and then the analog signal
is converted to a digital signal, via a zero-crossing judgment
strategy, to get the restoration signal shown in Fig. 8. The
BER is calculated by the comparison between the source
signal waveform and the restoration waveform.

The BER statistical result for BESK, under the 5 types of
noise and different SNR levels, is shown in Table 1 and Fig. 9.
Fig. 9 shows the performance comparison, under different
type of noise, in a much more intuitive way. We can see from
the curves that the narrowband BFSK does not interfere as
much as the impulse noise, even when the SNR is —28. The
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BER is approximately 10% and the slope of the impulse noise
is much higher than the other types of noise. When the SNR
is —10, the BER under the impulse noise is approximately
0, which also indicates a better performance of narrowband
BFSK for impulse noise. For the other 4 types of noise,
the performance of BFSK is similar, which also indicates that
the BFSK has a stronger anti-interference pattern for each
type noise. When the SNR is 0, the BER is approximately 1%.
This BER is acceptable for a real VPLC system. The extreme
case, with an SNR of —20 ~ —30, will occur very rarely in
a real VPLC system. Most of the actual cases show that the
SNR is above 0. Thus, for single noise, BFSK is very suitable
for a VPLC system.

Next, we consider the impact of the mixed-type noise on
BFSK. We select the 3-typical noise models, modeled in
Section ¢o, and divide them into 3 groups: impulse noise
and colored background noise, impulse noise and narrow-
band noise, narrowband noise and colored background noise,
based on (6). Like the single noise case, these 3 groups
of mixed-noise models are added to VPLC channel one by
one, under different SNRs, to calculate the BER and observe
the performance of BFSK under mixed-type noise. Finally,
all 3 typical noise models are injected into VPLC channel
simultaneously, based on (6). The source signal, modulated
waveform, demodulated waveform, and restoration wave-
form of the BFSK under the 3 mixed-type noise, when the
SNR is —10, is shown in Fig. 10. The comparison of BFSK
performance under the different mixed-type noise models is
intuitively shown in Fig. 11. From the curves, we can see
that the narrowband BFSK has much more anti-interference
behavior than the combination of impulse noise and narrow-
band noise. When the SNR is 0, the BER is approximately
0, which indicates the better performance of the narrowband
BFSK under impulse noise and narrowband noise. For the
other 3 mixed-type noise models, the performance of BFSK
is similar, which also indicates that the BFSK has stronger
anti-interference behavior for each mixed-type noise. When
the SNR is -3, the BER is approximately 1%, which is similar
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to the single noise case shown in Fig. 9. The extreme case,
SNR is —20 ~ —30, is rarely found in real VPLC systems.
Most of the actual cases show that the SNR is above 0, so for
mixed-type noise, BFSK is also suitable for VPLC system.

V. CONCLUSION

More and more PEVs are appearing in modern life due to
the development of new energy technology; V2G information
exchange becomes more important as a result. In this work,
we propose a structure of V2G information exchange system
based on PLC to facilitate information exchange between
PEVs and the power grid. In VPLC networks, we present the
development of a VPLC system, and establish the theoretical
and simulation model of a typical in-vehicle noise references
and some test noise results. We also analyze the noise char-
acteristics in detail. The BER performance of VPLC BFSK,
under various types of noise, is investigated separately and
completely. According to the simulation results, under dif-
ferent types noise, the anti-interference behavior of BFSK
for impulse noise has the best performance. Impulse noise is
the most common type of noise in vehicular communication
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systems. The anti-interference behavior of BFSK for colored
background noise is the worst. Overall, the anti-interference
ability of BFSK is higher than the requirement set by VPLC.
It can be seen that the VPLC BFSK has good anti-interference
behavior, is efficient, meets the VPLC transmission require-
ments, is easier to implement in structure, and low in cost,
which makes BFSK a good candidate approach for VPLC
networks.
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