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Abstract — In Japan, the target capacity for insalled
photovoltaic power systems (PV) in 2020 has been set to 28
GW. The PV output (active power) must be suppressed to
sustain adequate voltage (within 101 + 6V), which was
established by the Electricity Business Act in Japan, dueto
voltage increases by inverse power from PV when clus-
tered residential PV systems are grid-interconnected on a
distribution line, even if sufficient irradiance exists. Smu-
lation softwar e was developed to analyze voltage increases
when clustered PV were grid-interconnected on a large-
scale demonstrative resear ch in Ota City, Japan. From the
previous fiscal year, the authors started to research
improving whole generation efficiency at a site. We are
developing to balance it among all the residences through
voltage contral, including power conditioning systems of a
clustered residential grid-interconnected PV with the
developed smulation software. For the subject, we have
already demonstrated that 25 percent of the output sup-
pression loss was eiminated with reactive power control
when 225 residential PV are grid-interconnected to a sm-
ple single distribution line. In this research, a complex
single distribution line, where 2160 residential PV are
grid-interconnected, is set. We develop suitable voltage
control for both smple and complex distribution lines.

Keywords. digtribution line, grid-interconnection,
photovoltaic power systems, power conditioning sys-
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1 INTRODUCTION

Ingalling zero-emission power Sources is necessary
to reduce greenhouse gas and fight global warming. In
Japan, the target capacity for ingtaled photovoltaic
power systems (PV) in 2020 has been set to 28 GW,
which is 20 times the 2005 capacity. The goal is to
achieve a rate of zero-emission power source generated
energy of over 50 percent of all generated energy, ac-
cording to a long-term outlook in August 2009 for en-
ergy supply and demand.

Technical problems concerning power system stabili-
zation were put together, a flow chart to create next-
generation power transmission and distribution systems
was developed, and the cost of stahilizing power sys-
tems was estimated when many PV would be grid-
interconnected. The results showed three crucial issues
for creating next-generation power transmission and
distribution systems as follows: ¥
(a) Surplus power creation

Surplus power will be created because the summation
of base supply power (summation of nuclear, hydraulic
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and thermal minimum power generation) and PV gen-
eration power will be larger than the demand during the
off-peak term when grid-interconnection PV increases.
(b) Insufficient frequency control

PV generation power fluctuates largely due to irra-
diation fluctuation. Frequencies exceeding adequate
values and an unstable power supply occurring when the
short-term balance between supply and demand col-
lapsesisan issue.

(c) Voltage increases on digtribution lines

PV output should be suppressed to sustain adequate
voltage (within 101 + 6V) when grid-interconnected PV
are increased on digtribution lines, even with sufficient
irradiance.

Among these three problems, we selected voltage in-
creases on digtribution lines. Researchers have been
trying to solve this problem, but issues still remain.
Approaches to solving this problem should address both
power systems and generation distribution. Solutions for
power systems should beto install SVC or smilar prod-
ucts on distribution lines to control the voltage within
adequate values. Solutions for distributing the power
generated should include contralling the voltage with
voltage control systems of power conditioning systems
(PCS) @ such as reactive power control ! and charging
inverse power to batteries. For a typical example with
batteries, a large-scale demonstrative research was con-
ducted in Ota City, Japan with a NEDO project: “De-
monstrative research on clustered PV systems.” ¥ PV
were ingalled in 553 residences and grid-interconnected
to a single distribution line. In the research, smulation
software was developed to analyze voltage increases
when clustered PV are grid-interconnected. With this
simulation software, increasing generation efficiency
and economic efficiency were evaluated when batteries
were indalled for each residence. The PV output and
load power, which were obtained for 553 residences for
several years, were used for simulation.

From the previous fiscal year, the authors gtarted to
research improving generation efficiency at a site and
balancing it among dl the residences through voltage
control, including PCS of a clustered residential grid-
interconnected PV. For the subject we have aready
demonstrated that 25 percent of the output suppression
loss was eliminated with reactive power control includ-
ing PV voltage control when 225 residentid PV were
grid-interconnected to and balanced on a three-phase
distribution line ™. However, the efficiency was only
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certified for the defined simple distribution line struc-
ture.

In this paper, a complex single distribution line,
where 2160 residential PV are grid-interconnected, is
set. We develop appropriate voltage control for both
simple and complex distribution lines.

2 SUMMARY OF SSMULATION

2.1 Factors of output suppression loss generation

The voltage on a distribution line increases due to in-
verse power from each residence when clustered PV are
grid-interconnected to a single distribution line. The
voltage will probably exceed the adequate voltage (101
+ 6V), which was established by the Electricity Busi-
ness Act in Japan for when PV generates substantial
energy and residences have little demand, especially on
a holiday in spring or fall. PV must be sufficiently con-
trollable to sustain adequate voltage in the worst case, in
which PV output would be suppressed a some of the
residences grid-interconnected to terminals of a distribu-
tion lineasshown in Fig. 1.

Digribution linetermind —»

Voltage

Voltage adminigration
range

Figure1l: Output suppression

The basic method to cal culate the voltage distribution
on a digtribution line is explained with the test circuit
shown in Fig. 2. Four PV are grid-interconnected. The
voltage a the termina of the PV output is grid-
interconnected to the terminal on a distribution line and
calculated with Eq. 1.
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Figure2: Circuit structureto caculae voltage distribution
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Equation 1 shows that the voltage at the termina of
the PV output grid-interconnected to the termind on a
distribution line is calculated with three factors: imped-
ance (Zi1, Z», Zg), PV output (I) and sending voltage
(Vo). In this case, current (1) from the four PV flows

through Z3; the value of Z; greatly influences the volt-
ageincrease.

2.2 Smulation parameter

221 Distribution line structure

(8 A simpledistribution line structure

In the simple distribution line structure used for this
simulation, 225 PV (75 PV in a single phase) were grid-
interconnected to a single distribution line. The structure
of the high voltage digtribution line is shown in Fig. 3
and that of the low voltage distribution linein Fig. 4.

The pole transformers (Tr) were connected to divide
the high voltage line into five equal lengths (Sec) of 2
km. The eectric wire on the high voltage line was AL
120 mm?, which was used in general distribution lines
in theresidential area. [

A pole transformer supplies fifteen residences in this
low voltage structure. ALOC 120 mm? was used as low
distribution line and SV 14 mm? as low voltage drop
wire; the wire used from cabinet panel to PCS was CV
5.5 mmZ

Distribution line length

2km 2km 2km 2km ka'
Sec2 Sec3 Secd SecS
AL120

S o e

Trl T2 Tr3 T4 TS

Figure 3: High-voltage digtribution line Sructure
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Figure4: Low-voltage digtribution line structure

(b) A complex distribution line structure

In the complex distribution line structure used for
this simulation, 2160 PV (720 PV in a single phase)
were grid-interconnected to a sngle distribution line.
The structure of the high voltage digtribution line, de-
fined as a complex distribution line structure for resi-
dential areas, isshown in Fig. 5.

On the high-voltage distribution line, 48 pole trans-
formers were grid-connected to a single phase and 10
three-phase balanced loads were grid-connected. The
straight line length from substation to terminal was 3.26
km. The branch line length was 0.49 km.

The low-voltage line structure was the same as that
on the simple distribution line structure.

17" Power Systems Computation Conference

Pscc

Stockholm Sweden - August 22-26, 2011



r
' V:Load
l— — —> ——> —> !
™3 T Tr19 Tr32 Tral ' ¥ :Pole Transformer
0.32 km :
—> —> T > —> 0.49 km
Y | A~ | CvTB00 &Y
Tr2 | Tr10 Tr18 Tr22 Tral 7| mm | AL 2007
PR SRR N A A A RU 326km '
o =l
_ l L L l l [ — [a =8O
Substation Tr1 | Tr9 Tri12 | Tr20 Tr21 Tr 30 T Tr39 Trd Tr4g i AL 327
Ly L i
Tra Tri T2 Tr43 i
" ozkm |"Ba2km 0.32km "0 32km "032km !
L l i 0.49 km
Tr7 Tr8 Trle Trl7 Tr28 Tr29 Tr37 TrLB TrLG Tr47i
Trs Tr 14 Tr 26 S Tra4 i
, v
Tré Tris Tr27 Tr3 Tr4s

Figure5: Complex digribution line

222 PV output and load power

The PV output and residential load power used for
simulation were the average generation and load power.
The simulation data were obtained at 553 residences in
Ota City in Japan with a NEDO project: “Demonstrative
research on clustered PV systems’ . April 29, 2007
was selected for typical data in the spring when PV
generated substantial energy and residences consumed a
limited portion. The PV output and load power for this
date are shown in Fig. 6. The PV generated energy was
21.7 kWh; the dectric energy consumed was 15.5 kWh.
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Figure 6. Generation and |oad power

The load power, which was consumed in a three-
phase balanced load, was a constant 35 kW on a single
phase from 8:00 to 17:00 and 10 kW before 8:00 and
after 17:00. The consumed energy of 35 kW was energy
for daytime operation. The consumed energy of 10 kW
was standby energy.

223 Sending Voltage

In this research, sending voltage was fixed at a one
time simulation from 6600 V to 6700 V to estimate the
sending voltage, where output suppression loss on the
simple distribution line structure was the same as on the
complex line structure.

224 PCS Control

The basic control for the PCS modd, which was de-
veloped to simulate the commercial PCS Contral in the
NEDO project, was revised and used in this research.
The specifications to control reactive power and sup-
press the PV output are shown in Fg. 7, which shows
the correlation between voltage and PCS output. The

PCS controlled reactive power with reactive power
control when voltage exceeded the reactive power con-
trol operating voltage. Active power was suppressed to
adjust the apparent power to the previous active power.
The PCS output was next suppressed by output suppres-
sion control when voltage was higher than the operating
voltage output suppression control.

Active power was suppressed  Active power was suppressed
to adjust appan‘enl power duelolvollage increase

4 108
T 3
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Figure7: Correlation between voltage and PCS output

Standard operating and reset voltage are shown in
Table 1. Setting phase factors are 100, 97.5, 95, 92.5,
90, 87.5 and 85 percent.

Output  suppression | Reactive

control power control
Operating voltage 107.5 (V) 107.3 (V)
Reset voltage 107.3 (V) 107.1 (V)

Table1: Standard voltage control specificationin PCS

3 SIMULATIONRESULTS

3.1 Influence of sending voltage upon PV generation
rate

Firg, the influence of the sending voltage upon the
PV generation rate, which was defined in Eq. 2, was
estimated to search for the sending voltage of the com-
plex distribution line. The PV generation rate was the
same as for the simple distribution line structure. The

resultsare shown in Fig. 8.
N

N
Z PIDn _prn

PVrate (%) = net r=l

N

Z PIDn

n=1

x100 + + +(2)

PViate: PV output rate
Pion: PV output at each residence without output suppression

17" Power Systems Computation Conference

Pscc

Stockholm Sweden - August 22-26, 2011



loss due to voltage increase
SUP;: Output suppression loss at each residence
N: Number of residences
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Figure8: Correlation between sending voltage and PV

output rate on the simple and complex distribution line struc-
tures

6680 6700 6720

Sending voltages of 6660 V for the smple distribu-
tion line structure and 6655 V for the complex distribu-
tion line structure were selected. Because a PV genera-
tion rate of 75 percent on the simple distribution line
structure with a sending voltage of 6660 V was the same
as that on the complex distribution line structure with a
sending voltage of 6655 V.

Output suppression loss distribution a each residence
on the smple distribution line is shown in Fig. 9 and
that on the complex digtribution line in Fig. 10. Figures
9 and 10 show that output suppression loss at the high
and low distribution line terminal residences was larg-
est.

S
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Figure9: Output suppression loss distribution a each PCS
on the smple distribution line
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Figure10: Output suppression loss distribution at each PCS
on the complex distribution line

The output suppression loss at the residences near
each transformer was much smaler than that at the
terminal residences. Voltage increases at low voltage
lines were large due to many (15) residences being
connected to each transformer and the long low voltage
distribution line (ALOC 120 mm?). As a result output
suppression loss fluctuated among all residences.

3.2 Evaluation of improved generation efficiency
through residential PV normal reactive power control

The PV output rate on the smple and complex distri-
bution line structures was cal culated with residential PV
reactive power control when all PCS operating and reset
voltage was set at standard values. Reactive power con-
trol with the same operating and reset voltage among all
residences was defined as normal reactive power con-
trol. Theresultsin Fig. 11 show that the PV output rate
exceeded 95 percent when the setting phase factor was
less than 0.95. The rate was stable when the setting
phase factor was between 0.925 and 0.85. The setting
phase factor should be less than 0.925 to increase the
PV output rate to the distribution line.

The PV output rate on the simple distribution line
was the same as on the complex digtribution line. The
results show that the efficiency of residential PV reac-
tive power control upon the PV output rate on the sim-
ple distribution line was the same as on the complex
distribution line.

‘ —o— Simple —a— Complex ‘
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95% |
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T g0 |
2 g5
§ 85% |
80% |
g
5%
70%
0.8 0.85 0.9 0.95 1 1.05
Setting phase factor

Figurell: PV output rate with same operating and reset
voltage at dl PCS

Output suppression loss distribution at each PCS on
the simple digribution line at the phase factor of 0.925
isshown in Fig. 12 and that on the complex distribution
linein Fg. 13.

Normal reactive power control on both distribution
lines clearly did not suppress output suppression loss
fluctuation among all residences. Figures 14 and 15
show trend curves at the residences with the largest and
smallest output suppression losses on the complex dis-
tribution line a the phase factor of 0.925. Reactive
power output from 7:30 to 16:00 at the residence with
the largest output suppression loss is due to voltage
excess beyond reactive power operating voltage. How-
ever, a the same time reactive power was not output at
the residence with the smallest output suppression loss
due to lower voltage than reactive power control operat-
ing voltage. As shown in Fig. 7, active power was sup-
pressed to adjust the apparent power to the active power
without reactive power output when PCS controlled
reactive power due to voltage excess beyond reactive
power control operating voltage. So it is necessary to
smooth reactive power among al residences in order to
reduce output suppression fluctuation among all resi-
dences.
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1) Potential was measured at each PCS termina with

giep low sending voltage to avoid activating PCS contral.
G1af Inverse power from al residences was between 100 W
12 and 1000 W at intervals of 100 W.

2) The residence where voltage peaked among all resi-

dences was selected; the reactive power control operat-
ing voltage was st at 107.3 V.

3) The potential between each PCS terminal and maxi-
mum voltage was cal culated; the reactive power control
operating voltage was set by subtracting the potential
from 107.3 V.

4) Reset voltage was set by subtracting 0.2 V from the
operating voltage.

4 Tr5

Figure12: Output suppression loss distribution at each PCS
on the smple distribution line a the phase factor of 0.925
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The maximum operating voltage at each pole trans-
former on the simple distribution line is shown in Fig.
16 and on the complex distribution linein Fig. 17.
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332 Efficiency of reducing the output suppression
loss fluctuation among all residences

In this section, the efficiency of reducing output sup-

0.5

Active power (kW), reactive power (kvar)

1800

6:00 9:00 12:00 15.00 21:00

Figurel15: Trend curve a the residence with the smallest
output suppression loss on the complex distribution line at the
phase factor of 0.9

3.3 Efficiency of reducing the PV output rate fluctua-
tion among all residences with advanced reactive power
control

331 Calculation method of operating and reset
voltage of advanced reactive power control

In this research, we explore using advanced reactive
control to smooth reactive power. The operating voltage
for advanced reactive power control was determined as
follows:

pression fluctuation among all residences by advanced
reactive power control is evaluated. First, PV output rate
was calculated with advanced reactive power control.
PV output rate on the simple distribution line is shown
in Fig. 18 and on the complex linein Fig. 19.

Figures 18 and 19 show that the PV output rate ex-
ceeded 95 percent when the setting phase factor was
less than 0.95. The rate was stable when the setting
phase factor was between 0.925 and 0.85. The PV out-
put rate with inverse power of 500 W was same as with
0 W, which was defined as normal reactive power con-
trol.
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Figurel18: PV output rate on the simple distribution line
structure with different operating and reset voltage at each
PCS
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Figure19: PV output rate on the complex distribution line
structure with different operating and reset voltage at each
PCS

Next, efficiency of reducing output suppression loss
fluctuation among all residences with advanced reactive
power control was evaluated with difference between
maximum and minimum output suppression loss. It
would be used for the evaluation because output sup-
pression loss digtribution among al residences did not
show normal distribution.

The difference between maximum and minimum
output suppression loss is shown in Fig. 20 for the sim-
ple digribution line and in Fig. 21 for the complex dis-
tribution line.

Fig. 20 shows that the output suppression loss fluc-
tuation was smaller with the greater efficiency of ad-
vanced reactive power control. The difference between
maximum and minimum output suppression loss with
inverse power of 500 W and a setting phase factor of
0.925 was 0.9 kWh smaller than with the same operat-
ing and reset voltage at all PCS and a setting phase
factor of 0.925.

However, Fig. 21 shows that the output suppression
loss fluctuation with normal reactive power control was
the same or smaller than that with advanced reactive
power control when the setting phase factor was less
than 0.9. Figures 22 and 23 show that the output sup-
pression loss fluctuations with advanced reactive power
control were improved more than those with normal
control. (Figure 13 shows an example of normal control
at the phase factor of 0.925.) However, reactive power
was too large around some of the terminal residences on
the high and low voltage distribution line at the phase
factor of 0.9. The resulting reactive power output re-
duced the other residences to little voltage excess be-
yond reactive power control operating voltage by too

great a reactive power at around some of the terminal
residences on the high and low voltage distribution line.
At the phase factor of 0.925, limitation of reactive
power was appropriate for smoothing output suppres-
sion loss.
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Figure20: The difference between maximum and minimum
output suppression loss on the smple distribution line
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Figure2l: The difference between maximum and minimum
output suppression loss on the complex distribution line
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Figure22: Output suppression loss distribution on the sm-
pledistribution line a the phase factor of 0.925 and at inverse
power of 500 W
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Figure23: Output suppression loss distribution on the com-
plex distribution line at the phase factor of 0.9 and at inverse
power of 500 W

The results above show that advanced reactive power
control was effective to smooth output suppression loss
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fluctuation without reducing the PV output rate on sim-
ple and complex distribution lines. Advanced reactive
power control may become the general measure for
smoothing output suppression loss fluctuation. How-
ever, advanced reactive power control might be im-
proved to smooth output suppression loss more as fol-
lows:

1) The limits of reactive power output should be de-
creased at residences where reactive power output istoo
great.

2) Reactive power control operating voltage should be
decreased at the residences where reactive power cannot
be output.

4 CONCLUSION

This paper discussed a distribution line with clustered
grid-interconnected PV that was made to examine the
problem of voltage increases on distribution lines in
order to develop next-generation power transmission
and distribution systems. The influence of the distribu-
tion line structure on output suppression loss was ana-
lyzed using simulation.

Firg, we searched for the sending voltage of the
complex distribution line, on which the PV generation
rate was the same as the simple distribution line struc-
ture. The PV generation rate was 75 percent when the
sending voltage was 6660 V on the simple distribution
line structure and 6655 V on the complex distribution
line structure. Both sending voltages were used follow-
ing their evaluation.

Next, the PV output rate was calculated with normal
reactive power control at al residences. The PV output
rate exceeded 95 percent when the setting phase factor
was less than 0.95; the rate was stable when the setting
phase factor was between 0.925 and 0.85. The effi-
ciency of residential PV reactive power control upon the
PV output rate on the complex distribution line was the
same as on the smple distribution line.

Finally, the efficiency of smoothing the output sup-
pression loss fluctuation among al residences with
advanced reactive power control was evaluated. The
operating and reset voltage were set at the potential of
every residence, which was calculated with low sending
voltage not to generate output suppression loss and with
inverse power between 100 W and 1000 W at intervals
of 100 W.

The PV output rate was calculated with advanced re-
active power control. The PV output rate with advanced
reactive power control was almost the same with normal
reactive power control on the smple and complex dis-
tribution lines.

The output suppression loss fluctuation was smaller
with advanced reactive power control on the simple
distribution line. The difference between maximum and
minimum output suppression loss with inverse power of
500 W and the setting phase factor of 0.925 was 0.9
kWh smaller than with the normal reactive power con-
trol and the setting phase factor of 0.925.

The output suppression loss fluctuation with the nor-
mal reactive power control was amost the same or

smaller than with the advanced reactive power control
when the setting phase factor was less than 0.9 on the
complex distribution line. However, output suppression
loss distribution on the complex distribution line show
that with advanced reactive power control was im-
proved more smoothly than with normal reactive power
control excluding too much reactive power output at
some of around the terminal residences.

Advanced reactive power control could become the
standard control for smoothing output suppression loss
fluctuation. However, improving it could smooth output
suppression loss more, so case studies need to be con-
ducted to establish the most appropriate reactive power
control.
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