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The data communication over the electric power lines can be managed easily and economically since the grid connections are
already spread around all over the world. This paper investigates the applicability of Power Line Communication (PLC) in an
energy generation system that is based on photovoltaic (PV) panels with the modeling study in Matlab/Simulink. The Simulink
model covers the designed PV panels, boost converter with Perturb and Observe (P&O) control algorithm, full bridge inverter,
and the binary phase shift keying (BPSK) modem that is utilized to transfer the measured data over the power lines. This study
proposes a novel method to use the electrical power lines not only for carrying the line voltage but also to transmit the
measurements of the renewable energy generation plants. Hence, it is aimed at minimizing the additional monitoring costs such as
SCADA, Ethernet-based or GSM based systems by using the proposed technique. Although this study is performed with solar
power plants, the proposed model can be applied to other renewable generation systems. Consequently, the usage of the proposed
technique instead of SCADA or Ethernet-based systems eliminates additional monitoring costs.
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1. INTRODUCTION

HE DISTRIBUTED power generation systems (DPGS)

based on renewable energy sources such as photovoltaic

(PV) cells, wind turbines, and micro-turbines have been
experiencing a rapid development since the last decade. The
distributed generation (DG) allows installing relatively
small-scale power generators at the medium and low-voltage
distribution levels of the power system [1-3]. Generating
energy by using the PVs is also becoming an interesting area
among other renewable energy sources. The solar energy
sources provide the advantages of not causing pollution and
having low maintenance cost. Furthermore, they do not
produce any noise since there is not any moving part utilized
in the entire system [4, 5].

Generally, PVs are considered as an expensive method of
generating electricity. However, stand-alone PV applications
are the most economic solutions to provide the required
power service. The single-phase or three-phase pulse-width
modulation (PWM) voltage-source inverters (VSIs) are
often used in grid-connected systems to interface the
renewable energy source to the utility grid, and the current
control of the grid-connected inverters plays a predominant
role in feeding the grid with high-quality power. For grid-
connected systems, the cost is further reduced due to the
elimination of battery requirements, which is the second
largest contributor to the cost of a PV system. The cost of
the grid-connected system can also be minimized by
decreasing the number of power conversion stages and the
number of components involved in each stage [6, 7].

Up to now, various energy-monitoring techniques have
been proposed for both conventional and renewable energy
sources in the literature. These monitoring systems are

generally based on Supervisory Control and Data
Acquisition (SCADA) [8-10], Ethernet-based [11, 12] or
GSM based systems [13, 15]. However, the utilization of
these methods requires additional costs for the energy
systems.

The study given in this paper focuses on modeling a PV
panel and maximum power point tracker (MPPT) control in
the energy conversion system design. The modeled PV
panel is able to adjust the parameters such as open circuit
voltage (V,.), maximum power voltage (V,m), short circuit
current (Iy), and maximum power current (I,y,). The output
of the boost converter is supplied to a VSI in order to
generate a three-phase conversion system with a power line
communication (PLC) model. The PLC part of the system is
constituted referring to binary phase-shift keying (BPSK)
modulation technique that is a digital modulation technique.
Since the BPSK modulation scheme is the least affected one
by noise among others, it has been selected to transmit and
receive the data on the proposed monitoring system.

In this study, a novel technique is proposed where the
electrical power lines are not only used to carry the
generated voltage but also used to transmit the measured
data of the solar plants. Hence, it is aimed to minimize the
additional monitoring costs mentioned above by using the
proposed technique instead of the SCADA, Ethernet-based
or GSM based systems.

The remainder of this paper is structured as follows:
Section 2 describes the architecture of the energy conversion
model while the designed PLC model is presented in Section
3, the measurement and analysis results of the proposed
system are given in Section 4, and finally, conclusions are
drawn in Section 5.
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Fig.1. Designed PLC system with BPSK modem for PV panels: a) Block diagram of proposed system,
b) Matlab/Simulink model with 10 km transmission line.

2. DESIGN OF THE ENERGY CONVERSION MODEL

The PV system designed in Matlab/Simulink environment
is shown in Fig.1. The number of serially connected PV
panels can also be fixed by using the PV model in the
modeled system. The physical parameters of the PV panel
are set according to NE-170UCI solar panel by Sharp,
which has maximum power output about 170 W [16]. An
MPPT block that utilizes the actual voltage and current
values of the PV panel stabilizes the output value of the
PV panel. The MPPT algorithm is based on Perturb and
Observe (P&O) control strategy in order to commutate the
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boost converter at the maximum power point. The Mosfet
switches used in the boost converter are controlled at
20 kHz switching frequency. The output of the boost
converter is fed to a three-phase inverter in order to generate
three-phase AC voltages. The control algorithm of the
inverter is based on sinusoidal pulse width modulation
(SPWM) scheme that is a highly efficient algorithm in terms
of eliminating total harmonic distortion (THD) ratios among
other control schemes such as Third-Harmonic Injection
PWM (THI-PWM) and Space Vector PWM (SVM) [17,
18].
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3. DESIGN OF THE PLC MODEL

The BPSK modulator is connected to the output of the VSI
in order to utilize the power line as a transmission medium.
The modulating data in this study are selected as the output
power information of the PV panels. The modulator output
is coupled with line trapper circuit models that are designed
in Simulink. The length of the transmission path is set to 10
km and the modulated data are injected to line voltage by
using two of three phases. The demodulator part of the
BPSK modem, which is located at the end of the line, is also
coupled with a trapper similar to the modulator side trapper.
The attenuated line voltage with the BPSK modulated data
are supplied to the demodulator and they are filtered at the
output of the demodulator in order to eliminate harmonic
contents. The transmission line parameters that are used in
this study are shown in Table 1.

Table 1. Physical properties of the transmission line.

Unit Value
Resistance 0.2568 Q/km
Inductance 4x107" H/km
Capacitance 8.6x10” F/km

Length 10 km

The resistance, inductance, and capacitance parameters are
defined for per km in the PI section line model. The
coupling circuit contains a 1:1 isolation transformer that is
connected in parallel to an R-L-C network as illustrated in
Fig.2.
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Fig.2. The coupling circuit model between grid and modem.

The BPSK signal s(%) is represented by

s(t) = A, coslw, + D, m(1)] (1)

where A4, is the carrier amplitude, w. is the carrier frequency
in radians, D, is the phase deviation, and m(¥) is a polar
baseband data signal. If it is assumed that m(¢) has peak
values of = 1 and has a shape in rectangular pulse, then the
equation can show that the BPSK is also a form of AM-type
signaling. It is obtained by expanding (1),

Oscillator

BPSK Signal
s(1)

Data BPSK

m(t)

s(r)

s(t)=4, [cos(me (t))cos (a)ct)]

— A [sin(me(t))sin(a)ct)]

Recalling that m(#) has values of + 1 and that cos(x) and
sin(x) are even and odd functions of x, the representation of
the BPSK signal reduces to

@

s(t) = (4, cos D, ) cos @ t — (A, sin D, )m(t)sin &, 3)

pilot carrier term data term

The principle schematic diagrams of the BPSK modulator
and demodulator are depicted in Fig.3. The digital data
signal is multiplied to cosine function of carrier so as to
generate BPSK modulated signal as shown in Fig.3(a). The
demodulator is based on timing recovery function as
illustrated in Fig.3(b). The CR parameter defines the carrier
while STR is Symbol Timing Recovery that enables
sampling in each period of 7 interval. Depending on the
logical condition of the digital input, the carrier is
transferred to the output, either in phase or at 180° outside
of phase, with the reference carrier oscillator [19], [20].

4. MEASUREMENT AND ANALYSIS RESULTS OF
THE PROPOSED SYSTEM

The simulation diagram of the proposed PLC system with
BPSK modem was shown in Fig.1. The PLC process is
analyzed in two ways - one of them is energy analysis and
the other one is communication analysis. Fig.4. illustrates
line current harmonic (THD;) analyses of the inverter for
various conditions. The THD; analysis up to 50" harmonic
order is shown in Fig.4. and it is measured at 3.66 % at the
end of transmission, while the line was carrying the BPSK
modulated signal. The 3™ harmonic is measured at 1.31 %
while the 5" is 1.02 %, the 7" is 1.13 %, and the 9" is
0.36 %. The THD spectrum analyzed in Fig.4. also shows
that the side band harmonics are mitigated due to the used
SPWM control method. When the THD analyses are
replying by increasing the harmonic spectrum up to 5000 Hz
and 10000 Hz, respectively, the measured THD; ratios do
not change eventually. The most effective side band
harmonics are observed around 90" order. The 86", 90™,
92™ and 98™ harmonics are increasing according to other
harmonics with 0.16 %, 0.23 %, 0.25 %, and 1.00 % values.
The symmetric sides of these side band harmonics are
measured at 114™, 110™, 108™, and 102 with the respective
values of 0.13 %, 0.20 %, 0.24 %, and 0.94 %.
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dt > H Data
'[ kT ()

Signal CR J STR b— _|

(b)

Fig.3. BPSK modem structures: a) Modulator structure, b) Demodulator structure.
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The side band harmonics around 5000 Hz are caused by
the BPSK modulated signal injected to the power line over
the coupling circuitry. The performed analyses show that the
PLC signal that is injected into the transmission line does
not cause any undesired effect on the generated line voltage.

The communication analysis and PLC properties are
examined to determine the most proper operation conditions
using Fig.5(a). and Fig.5(b). The BPSK modulator and
demodulator signal carrying the power of the PV panel is
shown in Fig.5. The frequency of the BPSK carrier is set to
8 kHz. The first curves depict the output power of the PV as
measured data signal, while the second curves are the
quantized data signals of the BPSK modulator. The third
curves show the demodulated data signals at the output of
the BPSK demodulator. The filtered and calibrated data at
the end of the transmission line are seen in the fourth and
fifth curves, respectively. The filtering effect is easily
realized by comparing the fourth and fifth curves in Fig.5(a).
and Fig.5(b). The filtering band is adjusted between 250 Hz,
which is defined as fine filtering, and 4 kHz that is the upper
limit of low-pass filter. The last curve of Fig.5(b). is
obtained at the cut-off limits of the low-pass filter used at
the output of the demodulator and provides the most
adequate signals. The measured maximum ripple was
around 100 W in the 250 Hz filtered case, as it was over
500 W in the 4 kHz filtered condition.
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Fig.5. BPSK modulator and demodulator analyses: a) Coarse filtering, b) Fine filtering.
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5. CONCLUSION

The proposed system focuses on transmitting the measured
data of the modeled PV-based-DG system by using the
power line commutation technique developed with BPSK
modulation in this study. The modeled system has also been
improved to enable to simulate serial connections of panels
in the model. The boost converter is controlled with an
MPPT algorithm based on the P&O control scheme. The
obtained DC voltage is converted to three-phase AC
voltages utilizing an SPWM controlled full-bridge inverter.

The proposed PLC part of the study is based on coupling
the modulation and demodulation system through the AC
power line. The modulated signals that contain the measured
data of the PV panels are transmitted over the electrical
power lines and the designed demodulator at the end of the
transmission line receives them. The THD analysis
performed in the fourth section verifies that there is not any
distortional effect seen in the line voltage although the
modulated data are embedded to the grid. Moreover, the
THD values of the entire system are also measured in the
reasonable ranges according to standards about THD values
such as IEEE-519-1992 and IEC-61000. The simulation
results confirm that the proposed system eliminates the
installation costs of a monitoring system, owing to the
applied technique, that is required in the SCADA or in any
Ethernet-based systems.
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