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Abstract 8 In Photovoltaic (PV) system, dc -dc power op-
timizer (DCPO) is an option to maximize output power. At
the same time, data link s among DCPOs are often required
for system monitoring and controlling. This paper pro-
poses a novel power line communication (PLC) method for
the DCPOs, in which the data of a DCPO is modulated into
the control loop of power converter, and then transmitted
through the series -connected dc power line to other
DCPOs. In the process of communication, differential
phase shift keying (DPSK) modulation and discrete Fourier
transformation (DFT) demodulation are employed. To ana-
lyze the quality of communication, the communication
model of the system is built, based on small  -signal model.
Furthermore, the noises of the system, including switch-
ing, maximum power point tracking (MPPT) and additive
white Gaussian noise (AWGN), are discussed and meas-
ured to evaluate the si gnal-to-noise ratio (SNR). At last, an
experimental system including 6 DCPOs is established and
tested, which verifie s the feasibility and effectiveness of
the proposed method.

Index Terms & Photovoltaic (PV) system, Power line
communication, DC power optim izer.

. INTRODUCTION

induced by manufacture difference, nonuniform aging, etc.

To mitigate the aforementioned problemaic power op-
timizer (DCPO), which is a ddc converter with input con-
nected to the PV panel and output connected to other DCPOs in
series, has been proposed and widely studigeg9]. By
equipping each PV panel with a DCPthe panel can work
independently atts MPP, thus distributed maximum power
point tracking can be achieved.

In [1]-[4], different topologies of DCPO have been compared
and analyzed. Buck, boost, bubkost, etc., arecandidate
topologies for DCPOBuck and boost converters are the most
efficient and lowcost topologieq2][3], while buck is only
suited for long string and boost is for short strings. Bloo&st,
cuk and sepic converters are flexible in voltageges but
always at an efficiency and alternativelystashortcoming
[1][2][4]. In [5]-[7], modeling ofa single DCPO and of a PV
string equipped with DCPOs have been studied in detail, which
is very helpful for system designing. [8], a novel maximum
power point tracking (MPPT) technique based on DCPO is
proposed, which shows the effectiveness of DCPO in panel
MPPT.[9] proposes an intellige®V module concept based on
DCPO and PLC, and it shows great potentials of DCPO in
intelligent PV system development.

In a PV system equipped with DCPOs, PV status monitoring,

HOTOVOLTAIC (PV) generation has been one of the modptelligent control algorithm, and outage management can be

popular renewable energy technologies in the world. Co
ventionally, dozens of panels are settesinected to increase
the output voltage, and then feeds to a-jed inverter. Tk
output currents of all panels are equal due to the series ¢
nection. However, the current generation of PV panel is d
pendent on solar intensity and its conditithsome panels
generate less current than the string current due to par

jmplemented only itommunication links among DCPOs are
provided. Due to the cosensitive characteristic of PV system,
low-cost communication method is preferred. For conventional
PV status monitoring systems, wireless communication is

on-

commonly used10]-[14], in which ZigBee technique gets
Miore attention. If14], ZigBee is employed in a distributed PV

@enerator due to the advantages of low power consumption and

%Eteffectiveness. However, if the W access point is de-

shadingtheunshaded panels have to lower their output curremo ed in the same area, it yaorrupt ZigBee packet and
to match with the shaded ones. Consequently, the unshadggise severe interferen¢29]. Meanwhile, the vulnerable
panels will not work at their maximum power point (MPP)characteristic of wireless communication may damage the
which leads to a waste of powé]. Such problem can also besecurity operation oPV system. Thus, wireless communica-

tion is not the best scheme for PV system.
DC PLC technologywhich utilizes the dc power line as an
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this literature is 5 bps, which can only be employed i clnpUt ooy %Ut
low-demand PV monitoring occasioni [20], A capacitive o Power
coupling PLC scheme is proposed. A coupling transformer Powe T ‘-‘ Info
utilized to transmit signal carrier wave. Howeveuedo the ° dcde converter —°

parallel connection, the transmission efficiency is low, whic
results in high transmitting power. [A1], a parallel resonant
coupling unit is designedo increase the transmission effi-
ciency ofdc PLC, and 10kbps bit rate and low error rate ar
achieved. However, since tleupling unit is seriesonnected
with the string and the generating current of PV panels flov
through it, the efficiency of the paw conversion would de-
crease slightly[9] introduces an approach which integrate:
PLC with DCPO. However, in this scheme, the DCPO and PL
circuits are designed dependentlyhencethe total cost and
volume are increased compared with a mere DCPO. In gene
conventional PLC desigronsists of three components, in-
cluding a signal source, coupling circuits, and a demodulatis
circuit. To reduce cost, it would hdeal if DCPO and PLC can
share a common circuit.

Data communication can be integrated with power converte
and transmitted with the power either sequenti@Bj]-[23] or dan 010..\_+ V,

i
Vv >
simultaneously24]-[27]. [22] proposed a novel PLC scheme in —|—| DCPOn \L
PV,

[a%
] A

Controller ~ | Vioad
+
Vatla O
|

TTransmitting

which power electronic circuits transmit power in discontinue DC
mode, athe period of power off, data signal can be transmitte RX be Tﬁ
at the same lines[23] optimizes this sequential transmitting J '
YVY
Digital Sampling

scheme and achieves a maximum bit ratd.68Mbps. How-

ever,in sequential transmission strategy, power is transmitte

. . ; L > [ ilteri
as pulse in the power line. In long distarsiteiation, e.g. PV Recei\f:mro i &fiering
system, transmission line effect will significantly interfere th dataom.?l

signal and lead to data caption [22]. Therefore, sequential (b)

transmission strategy is unsuitable for PV system. In the aspFig- 1. (a) Structure of signal modu

of simultaneous transmission strate@4] proposed a PLC loop. (b) Structure of the proposed communication method in a PV stril
scheme among eic converters sharing a common input dc bugy a novel PLC method for PV system is presentedyhich

in which the communication signal is generated by switchinle gata signal is modulated through the power control loop of
frequency modulation of power conve_rte[@S]-[Z?_] mve_st|— the DCPO and sent out from the output of DCPO.

gate the common method that embedding data signapin$e  >yrhe model of the communication system is built, and the
width modulation (PWM), and term itogver and signal dual \5ise influences from switching process, MPPT and additive
modulation (PSDM) technique. The systems adopting PSDhite Gaussian noisWGN) in the PV system are analyzed.

technique can reduce cost and simplify circuitry, which COITen An experimental system is built, and a reliable communica-

sponds to the requirement of PV system. According to thgn with 2kbps bit rate has been achieved, which verifies the
studies, switchingrequency and the pulse phase of the consy rectness of this method.

verter are the common elements to carry informat{@s]
redizes communication using frequency shift keying (FSK) I
modulaton on PWM carrier, whil§26] employs phase shift | o
keying (PSK) modulation and direct sequence spread spectrumA-  Principle . _ .
(DSSS) technique on PWM carrier. The carresdulatel For a PV system equipped with DCPOs, a data link among
converter can send out data signal, but the amplitude of tREPOSs is necessary for PV statusnitoring, including input
signal is small and cannot be regulated, thus it is restricted@Rd output voltages and currents, temperature, and other pa-
long-range communication applications, including PV systemi@meters. Besides, innovative control algorithm may be de-
[27] proposes a PSDM method that can regulate the amplitu¢@ioped if data is excnged among DCPOs. _ _
of the carrier, but this method is based on phase shift full bridgeFor industrial application, considering the conversion effi-
(PSFB) converter and is hard to apply in other topologies. ~ Ci€ncy _a_nd cost issue, buck topology is identified as the most
This paper proposes a new PSDM method fgrsgstem costefficient topology for DCPO. . .
equipped with DCPOs: modulating data in power control loop Fig: 1(a) shows the structure of a single DCPO with data
of DCPOs by digital controller and demodulating the data fromodulation. The DCPO isriginally utilized to maximize the
the outputs of other DCPOs. output power of PV paneA common DCPO control strategy is
The contributions of this paper are as follows. employed, in which MPPT. is implemented by regulating PV
output voltage and measuring PV output power. The controller
of the DCPO regulates the PV voltage tddal a timevariant

PRINCIPLE AND DESIGN OF THE MODULATING METHOD
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Second, the impact to PV power system $thbwe evaluated.
Since the PV module is not a voltage source, the data signal
modulated in control loop not only generates a perturbation at
the output of the DCPO, but also introduces a disturbance at the
input of the DCPO, which may result in performaxegrada-
tion of the PV panel. Thus, it is significant that the disturbance
at the input should be small while the perturbation at the output
should be large.

Third, multiple noises, including switching process and
MPPT algorithm, influence the communicatioeliability and
increases bit error rate (BER). Therefore, noise analysis is
necessary to give a reference for selecting proper signal am-
plitude.

Further study focuses on these problems and gives analysis
Fig. 2. Topology and smakignal model of a single buck O in detail.

B. Modeling
This paper selects buck converter for further study due to its

valueVier, Which is continuously updated by MPPT algorithm/ow cost and high efficiency advantages. A series string con-
However, in a view of communication system, it can also deection of buck DCPOs allows total independence of output
exploited as a data transmitter. If data carrier is added to tf@tage and power. Besides, the internal diode helps the con-
reference voltagerr of the power control loop, perturbation ~ Verter get bypssed automatically while the module is inactive
carrying data information will be introduced in the dagcled. [2]. Nevertheless, a minimum number of PV panels is required
Thus, the data will be modulatetthe output voltage of DCPO t0 guarantee thedc bus voltage while under extreme
and transmitted via the cascaded power line. From the view-homogeneous irradiance conditions, which is regarded as a
communication, the DCPO with data modulation is regd as ~ constraint of buck DCPO application. -
a data transmitter (Tx) and the power line of the PV string is aln the following part, a buck converter with input voltage
communication channeMeanwhile, the other DCPOs in the feedback control is employed. MPPT process is not concerned
string are the receivers (Rxs). for modeling. o

Fig. 1(b) shows the system structure which applies the pro-For DCPOs, the circuit pameters and feedback network are
posed PLC scheme. A string composéa panels with asso- designed for power conversion primarily. In a wadisigned
ciated DCPOs is presented in the system. As adidgr DCPO, data modulation should be designed according to the
approximation, it is possible to model the PV inverter as f@llowing principles.
voltage sourc¥iaq With a series resistan{s]. The resistance is 1) The signal gain from reference to output voltage should be
ignored in this paper because the value is small comparing wA@ige to acquire large signal amplitude, whilst the gain from
the impedance of DCPOs in the string. signal reference to input voltage should be small to reduce the

The following discussion is based on the scenario th#ifluence on PV panel.
DCPOL1 is sending out data, and the other DCPOs arieirepe 2) The carrier frequency should be high thiege a high bit
When a sinusoidal wave is addedvig of DCPO1, a voltage 'ate. And it would be better if switching frequency is integral

perturbation?,, with the same frequency will be produced afnultiple of the carrier wave frequency, which will be explained
the output. Meanwhile, the voltage perturbation will transmit tic';' Section II}B.
put. ! gep Smaltsignal model of a DCPO is essential for analysis. The

the outputs of other DCPOs and can be extracted by volta . . ’
sampling circuits Assuming that the DCPOs have the samg&ew|atIC of a single DCPO under stuthylthe smalisignal

) d h latighio b A d fhodel are shown in Fig2, where the equivalent series re-
output impedance, the relatgmp betweenv,, and output  gigiance (ESR) of the inductor and capacitor are ign@eds

perturbation of receivers,; is the dynamic resistance of PV module at MPP and can be ex-
V=% /(n) i £3..n (1) pressed as

where symbols with hats represent shsaginal variations 1 _ My )

around the steady state valugs. is the output voltage per- Rev  HVeyyep

turbation of transmitter, angl, is the voltage perturbation at 'tl'o tSimlfi”fy the powerdcontrol |0(3[I0 ?esi_gn of %CPC(;, the
output voltage is assumed as a constant, thissconsidered as
the output of!" DCPO. P 9 th

Three major problems should be analyzed before applyif§™- The opertloop transfer functions of a single DCPO from

this scheme. d to v, is derived by[7]

First, to keep the communication reliable under atiént o (s)\ K (s+ ‘%)
situations,the signal amplitude at output voltage should be G, i al9= i = (3)
regulated by the digital controller. Therefore, the gain of signal B d(s) ‘\‘,B:o s +2x, gs + ¥

carrier amplitude from digital controller to output voltage musfhere
be calculated.
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Vsig|

buck DCPO Rx
small-signal model

|
e T T T T e e e e e - ———
% g | Fig. 4. The block diagram of the communication system.
L Co

Uy =G, a(9d +G, (¥ _ Y 9)
__ 4 1 To calculatev, precisely, the closwop impedance of every
' N DCPO should be deducedhich is complicated, and the de-
I Con | tailed derivation is given bfp]. However, in the communica-
T Rwen |Inverter tion model, signal carrier frequenéy much higher than the
on crossover frequencly of T¢(s). Feedback network of Rx will

not response to such sign@herefore, for Rxd will be zero,
Fig. 3. (a) The simplified model of Tx ariRx. (b) The model of the coi and the dependent valie SOUI’CEVPVa can be regarded as

munication system. . . . . .
shorted. Meanwhile, if the input capacit@y, is large, the
perturbation at the input,, of Rx will be small, andDv,, is

approximately equal to zero. Thus, Rx can be regarded as a

TéKD = b parallel LC branch, which greatly simplifies the calculation, as
7 G shown in Fig. 3(a). The impedance of each Rx is
~ V.. D L
1= =2 = & Feag (10)
! ° ) (4) The simplified communication system is shown ig.”(b).
%Wo = ﬁ Usingsuperposition principle, the Tx output perturbatigpis
) " derived as (11), and the Rx output perturbatignis derived
ix, = 2D1 /CL as (12)
1 RPv in 0 —(D{‘/ N a) sCO//(n-l);
From the poles and zeros@f ., (5, a leadlag compensator o T\ e v g sG/i(n4)Z
functionG¢(s) is designed as n-1 V, - ns1 D . (1)
2 =— + =
K (s+w/2) n §LG+1 n $LG 4w
Gc(s) - . (5)
s(s+3)(s 2 1) o1
. . VOI - gvol I {2,3,"'”} ) (12)
In a feedback control system, the loop transfer function is n-1
TC(S) =K G(9G, of ;5/ A (6) Fig. 4 shows a block diagram of the proposed communication

system, in whicha signal carriensg is modulated into the
power control loop.Gi(s), Gz(s), and Gs(s) are the directly
transfer functions fronv,, to v,, from d to ¥,, and fromv,
tov,, , respectively From (8) and (11)Gi(s), G(s), andGs(s)
are calculated as

whereK; is the feedback factor, andv is the amplitude of
PWM sawtooth wave.The value of Kc decides the
gaincrossover frequency of(s). Thus, for a single buck
DCPO, the closéoop transfer function fromi to v, is

G (S) Q/pch OL( Q/ W )

G, (9= 7 n-1 D
S 1 ) GO o (13
In the communication system, since the DCPO is a data
transmitter, and the carrier wave is modulated on the output of G,(9 _n-1 VY (14)
the DCPO,¥, should not be considered as zero as before. n SLG+1
Therefore, bothy,, and i, are state variables, which are in- G3(5)=+. 15
fluenced by input variablé . The transfer functions fromi to $LG, - 5@ +0 (15)

7, andd to 7, are of high order, but it can be simplified byFor the case study, the PV module parameders the buck
superposition principle. Assumingis zero, the transfer func- converter parameters are listed iRBILE I. A
tion from i, to v,, can be derived from Fig. 2 and written as Wit the help of PSIM ac sweep, bode diagrams,gfi,

G (s)‘ B D andV,/V,, are shown in Fig. 8. Sincephase shifting from
P PPN (8) input to output does not affect signal transmitting, only ampli-
Rev tude response is depicted. Switching model didgrams are

In such way, from (7) and (8y,, is derivedas also depicted, which show that the simplified communication
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| Input: 10kHz 1.0Ve Sine wave| —— The simplified model Fromysg
——— Switching model 5 . |
= o |-~ The simplified model >
. 0.22V Vev (V) M Switching model P X : Towvey
. -10, =
~ -
- 5_-;3 Sl |t -13.2 dB |
%—25 I I 7]
— Gian-crossoverf—1 S\gna\ carrier '—'7
Vo1 (V) g frequencyfy N I frequencyf N
€ 25
& 20 ' = I ToN,
S 15
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5
O === . [ 6.1|dB\
0.40V Voz (V) -5 | |

-10 | k o I
‘ 1000 2530 5000 10000 20000
Frequency (Hz)

()
24.0
Fig. 6. Simulation result afy, v, of DCPOl(Tx) andj, of DCPO2(RX) in 230
smaltsignal model and switching model. P
% 22.0
_ (>321.0 s 105
§20.0 20,1 19.9 19.719_(194
£ 195 —
19.0 L
2 3 4 5 6 7 8 9 10
modelis corresponding with switching model around carrie Frequency (18Hz)
frequencyIn the diagram, the proper range of carrier frequenc (b)
is from 2kHz to 10 kHzjn which the amplitude gain, frorf,
tov,, is about 20dB. It means that when the signal is mod &
e
lated into the power control loop of the DCPO, a large pertL VE
bation will be produced at the output, while the input pertu 3
bation will be small. Consequently, the influence on PV pan >
will be slight. If carrier frequency is above 10kHz, communi- < 1
cation may still work, but sma#lignal model isimprecise >’

because perturbation frequency is more than 1/5 switchi 200300 400 500 600 700 800 900 1000

frequency Solar Intensity (W/rh)
N R ~ . . . (c)

The gain fromVPV to Vo at different freqancy is showrin Fig. 5. (a) Bode diagram of transfer functions fragto vey and fromvsig to vo.
Fig. 5(b) based on the simplified modéccording to above (b) Gain under different carrier frequency. @ginat 10 kHzunderdifferen
analysis, 10 kHz is selectexb carrier wave frequency in this solar intensity.
paper. The ratio fron¥, to v,, when modulating the signal in

the rderence voItage is Vpy = A,Vcos(wct +q) a7
20|gar 56.1 { 332 10.3dl. (16) ¥, = Acowt +g). (18)
¢Vev = For the transmitter, due to the swing of PV working point

Assuming in a string with 6 DCPOs, 0.8) sinusoidal wave caused by communication carrier, the additional loss is calcu-
Vsigis modulated into the power control loop of Tx. Then, 1.03Mated by[6]

amplitude sinusoidal wave will be generated at the output (2

- V
voltage of Tx. At thesame time, the amplitude of input voltage R= R;V (19)
perturbation will be 0.11V, which only produce a slight influ- PP
ence on PV panel. Thus, the power loss for the DCPO can be calculated as
Different solar intensities and mismatch situations will not DR ;Nc A COSZ(WCH ‘J) dt Ay (20)
influence signal receiving, since the Rx is taken as a parallel LC LT n R., 2R,

branch For TxA, Lising the same system model and linear anal-gqr the communication system, comparing with the imped-
ysis tool, 201g(7,/%,) under different solar intensities are de-ance of DCPOs, the resistance of DC power Rnés much
picted inFig. 5(c), which shows that the gain is even larger igmall, thereby the output current of the carrier is deduced as

shading condition. c_ U, _4p*fiLC -1 Gsin(wt g)
C. Power Loss Analysis ° 1 ;&;L// 1 6(n-1) &pfL T(21)
The embedded commuuition signal would introduce addi- (n-9 c 57‘30 0

tional power loss for the DCPO, and the transmitting sign
would consume power, thus, it is necessary to analyze t X
4p*f2LC,- 1

power loss of the system. A = AT e =
To calculate the power loss, the voltguerturbation func- (n-1) opfL

tions ofvey andv, are defined as Thus, the transmitting power consumption on the power line is

ar expression simplification, let

(22)
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Binary Data 0 1 1 0
1 Zean o AR (23)
DP =—AIi dt =l nohohoh
°T L R 2 Modulated {1 11 1\ 1) 1
¢ . . Wave [IRYRYRIRY |
and the total power loss for data transmission is Vo 1 3 3
= . Ph — To— | | |
_ DR"‘?', FD ® (24) Differential 4 7 o0 ' m om0
D. Modeling Verification

System snulation is implementedto check the proposed @
smaltsignal model. The simulation software used is PSIM 9.0 o g 44 ©

and the parameters are as shown in TABLE |. Six DCPOs a | N
connected in series, and a perturbation is added to the refere M)
voltageof DCPOL1 The simulation result is shown Fig. 6.  €oest)
The red line shows the output®fitching model, which is the
result using switching circuit. The blue line shows the output ¢

smallsignal model. It proves the accuracy of the model.

ision|data
Dec@on
device

(b)
Fig. 7. (a) lllustrative w&veform for 2DPSK. (b) Block diagram of 2DP
[ll. PASSBAND TRANSMISSION AND NOISE ANALYSIS re%eiverf ) ®) 9

A. Data Modulation and Demodulation

To modulate baseband data in the PV string, thrasic
modulation methods can be exploited, including ASK, FSK and 3 .
PSK. This paper employs binary differential phase shift keying A #! Acog(wt +q cog aydt (AT, cos)g (28)
(2DPSK) method due to the features ofroarbandwidth, high X, = FJTb Acog(mt +g sir( #ydt £ AT sin )2 (29)
anti-noise performance and easy implementation, as shown in o ) .
Fig. 7(a). Considering sequenag(t) ands,(t), which represents a bit in

Non-coherent demodulatioand coherent demodulation are & continuous data stream, and has a diftetephaseqy, the
generally used in DPSK communication. However, cohererfeflection values are,xq), (xi1,X) respetively. Using (30),
demodulation requires a phasgnchronized clock signal the resultA is calculated, and then tested by the decision
between the transmitter and receivers, which is complex féfevice according to (31). For bit 0, the phase stays the same,
implementation. Therefore, this paper employs-noheent ~ Which meansqyy =, thus, A>0. Conversely, for bit 1A<0.
orthogonal demodulation method. Sthiit-synchronization is  Therefore, decisions of bit data can be made by the vale of

required, which can be easily achieved by progi2h A =X%, 5%, [FATcos gpia (30)
ForRYx, the received signa(t) after band pass filter (BPF) is 50 (A>0)
e
t) = Acosfyt + 10,2 25 3 .
s(9) wt+q gl 02] (25) datas ) <) (31)

whereA, ¥, dare theamplitude angular frequency and relative . i i )
phase of the carrier wave after BPF, respectively. A symbol is e demodulation processescluding A/D conversion,
modulated into 5 cycles of carrier waveor 10kHz cariier dlscrete_: Fourier transform(DFT) calculation and bit decision,
wave, the symbol rates will be 2kBaud. As binary, the bine e all implemented in MCly soﬁware. Fc_)r the hardwar_e of_
of this communication system could re@iops. The period of demodulatorpnly a voltage sampling cqcmt_and a BPF circuit
onebit Ty is are needeq, hence the cost of the receiver is very low.
T, =5T, (26) B. Noise Analysis o
¢ Noise analysis is vital for a communication system. In the

whereT, is the period of carrier wav&.he bandwidth of the proposed system, many types of interferences are involved,

carrier B is including switcling noise, MPPT interferencard white noise.
B _2 (27) Grid influence, which introduces a 100Hz ripple on the dc bus,
- T, is not concerned in this paper because it is far from the center

The procedure diagram of modulation is depicted in Fig. 7(bff.equency of BPF.

Separating the signal by two orthometric vectorscg$@nd
sin(¥ ct), the reflection values andx, are calculated as
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Voltage (V) TABLE i
25 PERFORMANCEPARAMETERS OF COMMUNICATION
20| ) H ﬁ N ﬁ h o « T ﬂ ﬂ Symbol Parameter Value
L5 Te Signal carrier wave period 10ps
10 To One-bit period 50 us
05 Rs Symbol rate 2kBaud
B Bandwidth 4kHz
0 2 4 6 8 10 A Signal Amplitude after BPF 1.0v
Time (ms) g Noise power 0.0123W
(a) SNR Signatto-Noise Ratio 16.1dB

1800
1600
1400
1200

== Distribution diagram|

1288 —Gaussian curve S 10| 3 K 36

- NS %)

209 1 H ” The quantities related to the communication system are
N O I N . O listed in TABLEM . The SNR is 16.1dB, which is a large value.
T Y Notagevates vy Therefore, the operations of DCPOs in the string will not

(b) seriously affect communication effectiveness.
Fig. 8. (a) Noise samplirat receiving device. (b) The distribution diagram In applications, the imperfection of BPF, the inaccuracy of
density function curve of samples. ADC, and the deviatiorof bit-synchronization may cause

. . L . demodulation error. Howevethese influences are slight, thus
For the receiver, the switching noise is mainly from thﬂ1ey are not discussed in this paper.

conveter itself, including fundamental wave, harmonics and
their sidebands, and the voltage spikes caused by power
switching. Most of them are filtered by the BPF, especially the ) . ) ) ]
high frequency harmonics. Sidebands of switching frequency An expermental system, which consists of six DCPOs in

will also be filtered de to the high frequency. Voltage spikesSeries and a constant voltage (CV) load at the terminal, is

can be avoided byeparatingsampling with switching actions designed to ve_rlfy the prpposed method, the circuit connection

in a PWM period. Thus, switching fundamental wapg) is ©Of the system is shown in Fig. 9(ah the DCPO buck con-

the major part, which can be written as (32), whigrndfsare  Verter is employed, and coatled by a STM32F407 MCU

the relative angle and frequey of the converter respectively. OPerating in 168MHz. The picture of the system and the DCPO
When fs is integral multiple of the carrier frequendy the Poard are shown in Fig. 9(b) and (c) respectivély.build a
demodulation results will be zero, as shown in (33) and (3 table experimental platform, the PV module is sub.st|tut(_ad by a
Therefore, the influence of switching fundamental can &6 - 6V v ol t age resistanceeneectadindserias. 6 . 7

IV. EXPERIMENTAL VERIFICATION

eliminated. Other parameters of the system have been shown in TABLE I.
0.(t) = Acog P f1 +/) (32) By programming, a sinusoidal wave, with 0.5V amplitude and
° . ° 10kHz frequency, is added to the reference voltage of power
X = rTf g,(tycos(wt) dt =C (33) control loop of DCPO1. A dc electronic load (CHROMA 6314)
I . is employed as the CV load, which keeps the bus voltage at
X = ) 9<Osin(w)dt 0. (34) 104.4/. The total power of the system466N. To imitate the

Perturbation and observation (P&0O) method is the moMPPT process of a real PV system, a 500Hz/@x} ¥quare
popular MPPT method in applications. Consequently, a lowave is added to the reference voltage of each DCPO except
frequency perturstion around the MPP is introduced. In thisTX-
paper, to simulate the noise environment, each DCPO produce§0r TX, data ginal is directly modulated to the buck con-

a 0.1V perturbation atey every millisecond. At the output of verter by software in the MCU, and no hardware circuit is
the DCPO, a mixture of MPPT perturbation from itself an@dced. For Rx, a differential amplifier and a BPF are used to
other DCPOs, together with white noise, makes the noi§&tractthe signal from the output voltage of the beahverter,
randomly and complicated. However, after sampling the noigéd the demodulation procéssachieved by MCU program, as
voltage wave at BPF, as shown in Fig. 8@)distribution shown in Fig. 10.

diagram of the values shows that the mixed naig is When the data carrier is modulated into the power control
Gaussian, as shown in Fig. 8(b), and the density function is loop of Tx(DCPO1), a perturbation is generated upon the dc
1 & (y- voltage. Setting that Tx is sending out a continuous carrier, the

f,(y)= N sexpg a7 (35) detaied waveforms operturbationv,, and¥V, of Tx, together

with ¥V, andV, of Rx, are shown in Fig. 11. To measure the

_Wr;]ere Yis thearzqndom varlabf&;]s the poISS|bIeri\l/aalue Otr)f perturbationsthese waveforms are recorded bycaapling of
€ Is the mean and” is variarce of the samples, and can be oscilloscopeThe accurate amplitude of 10kHz sinusoidal wave
regarded as noise power. In this situation, the receiving enYé'acquired using FFT function of the oscilloscope. The am-

ronment is the same as a sine wave plus narrowband noise. %ﬁtﬂde of i, is 1.2V, while the amplitude of,, is 0.13V. The
result, the signatio-noise ratigSNR) can be written as o v
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Fig. 10. Demodulation process of Rx.
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result agrees with the analysis. The raidg(., /V,) is 19.4dB. TX Vo : y
The error between experimental result and theoretical result 'WMWWM'\WMW
0.1dB, which proves the accuracy of modeliige amplitude  m} 4.4 ; i _
of voltage perturbation at output of Rx is 0.20V. The value is |, Rx BPFE (% Pilot-carier WWWNVWUW

less thanv, .,/5, mairly because part of the signal voltage is _r

o- Tx, N~
dropped on the CV load. The amplitude of voltage perturbatiol | Ry demodulation | al 4 ] SR B
at input of R is 0.01V, which is too small to affect tiopera- =} Tesults Ml 9 ml_ 9 :
tionsof RX: thus it can be ign0fed- Ej 200V A J[z 300y 1ZSMS/5. ./ ][ 19 Tan 2018]
2,50V 2,50V SM points 560mY 16:02:44

Fig. 12 showsthe output voltage of Tx and Rx, and the de- '€
modulation at Rx wheifix is sending a data frame with binary rig. 12, waveform of], of Tx and Rx, waveform at BPF, and data dem
sequencd 0110010at the beginning. The amplitude of carrier
wave after BPF reaches 1.0V, and correct sequence is demc
ulated at Rx using DFT program. The first five cycles of carrier

lation resultsat a standard state.

wave, named as pikaarrier, is used to provide a reference/ 0! t age i s changed to 131V.
phase for the coming sequendvoreover, the piletarrier is be larger than 21.8\hence the dc reference voltage of Tx
used by program for bgynchronization. changes into 21.3V when transmitting signal. Experimental

BER is an important feature to the quality of communicatioriesults ofi; at Tx and Rx, and demodulation results at Rx are
To estimate BER, Tx is set to transmit 2&hils in a form of shown in Fig. 13(a). All the data are demodulated correctly.
m-sequence, in which symbol 0 and symbol 1 show in equecause Rxare working at shoethrough, no switching ripple
probability and look randomly. During the test, only drie appears at the output of Rx except those from Tx. Thus, the
error occurs, which shows the BER is lower thafi.10 noise environment is even better at shibobugh state.

Experiments under different situations have been imple- In partial shading situation, the MPP of the PV panel will be
mented to verify the reliability. For budRCPO, shoothrough changed. In most casesetburrent will decrease severely. For
is a common state, in wih the dutycycle of buck converter is the DCPO, to match its output current with the string current,
1 and the switching is always on. To simulate this situation, dfle converter will decrease its ditycle. Meanwhile, other
the five Rxs are set to work in shetbbugh state. The dc bus DCPOs in the string will increase their digycle to balance

F
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Rx demodulation F—[_. S . : : Fig. 14. MPPT waveform of Rx while communication is linked.
results ; 5 5 5 5
2y VI e ) w2 TABLE n
COMPARISON AMONG THEPROPOSEDMETHOD AND RELATED WORKS
) . (b) Modem Bit Rate Communication
Fig. 13. (a) Wavierm of V, at Tx and Rx, waveform at BPF, and data Authors [Reference] o (kbps) Cost (USD)
modulation resultsvhen RXs are W(:‘vrking at shodghrough and bus volta The proposed method  2DPSK 20 014
changes into 131V. (bWaveform atv, of Tx andRx, waveform at BPF, a W. Maoet al[21] 2ASK 10.0 5.00
datademodulation resultwshen Tx ' s i nput current E ﬁomaret a||[[91]6] BZFSbK g 02(-)‘(;5 1%-(2)0
. Nosatoet a aseban . .
J. Hanet al[20] 2ASK 0.7 Not mentioned

the dc bus voltage. In this experiment, the input current of TX
changed to 1.60A, and the dutycle is changed to 0.4. Fig.
13(b) shows experimental resultsipht Tx and Rx, and de- mercialMCU chips;thus,the software cost of this method is
modulation results at Rthe waveform shows almost the samecceptable in applications. Comparisons among the proposed
as before, and the sequence is demodulated correctly. PLC metho_d and some related conventional PLC methods are
Therefore, in either shoshrough or partial shading situa- Presented in TABLEn. It shows that the proposed one has
tion, the amplitude of signal is lze enough for demodulation. 9r€at €conomic competitiveness in PV industry.
It shows that the communication system will be reliable in
different working conditions.
MPPT isthe most important feature of DCPO, thus com-
munication should not interfere with the MPPT process. For This paper presents a novel DCPO design, in which DCPO
Tx, MPPT process and datamsmission can be separated bgan not only maximize the PV panel output power in mod-
the program of controller, so that they do not affect each othete-level, but also construct a datakiamong modules. The
For Rx, the perturbati on c apiopasel DERO desigm inteaiaies dataic@mmunicationDugP O
input is small and can be filtered after sampling, hence it wilower conversion. The data is modulated in the power control
not impact MPPT process. The degdilwaveform of MPPT loop of DCPOs and transmitted to other DCPOs. The technique
process is shown in Fig. 14, in which the output power is we$ easy for implementation, and only a few additional gom
regulated by conventional P&0O method, while communicationents are required for data communication. A suit of experi-
is linked at the same time. mental tests has been conducted in a 466W experimental sys-
The above scheme is caafficient. Forhardware cosbnly a  tem, where Ropscommunicatioramong six DCPOs has been
duakchannel amplifier LF353DR is used for voltage sam-achieved, hence the effectiveness of the technique is verified.
pling and BPF, anthe price is 0.14USD. For MCU program, Comparing with caventional PLC technique in PV system, the
the method eeds an ADC interrupt routine operating in everproposed method has the advantages ofdost and integra-
10us, in which the DFT and decode algorithm is processed. Tii@n. Besides, by adjusting the signal carrier wave in MCU
real processing time of the algorithm for STM32F407 is leggogram, different amplitudes and forms of the signal can be
than 1us. Such demands can be easily satisfienth®rcom-

V. CONCLUSIONS
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modulated, thus the bit rate canibereased by using advanced
modulation methods, e.g.4QAM.

However, the proposed method has some constraints. Flr%
this PLC method can only link DCPOs in the same string. In a
PV array with several strings connected in parallel, communi-
cation among ifferent strings may require extra hardware!
Second, due to the modulation mode, the carrier wave fre-
qguency is limited to lower than half of switching frequencyj20]
hene the communication rate is low comparing with some
conventional PLC methods. [21]
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