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ABSTRACT

This paper presents the features of the PV system
integrated evaluation software (PVI) developed by
Kosuke Kurokawa Lab. team at Tokyo University of
Agriculture and Technology (TUAT). PVI was cre-
ated to assist in the design of grid-connected PV
system applications, and mainly consists of a basic
design tool and optional tools. The basic design tool
is used to determine the PV system annual output
energy and system losses percentage based on a
detailed parametric analysis on an hourly basis. The
optional tools are used for PV applications under
complex conditions, including a shading evaluation
tool from fish-eye lens pictures for systems facing
shading problems, array simulation tool for systems
with arrays installed due to different orientations or
technologies, and interface to Sophisticated Verifica-
tion (SV) method statistical data. The last one allows
the user to feedback existing systems performance
and loss pattern information to new PV system de-
sign projects. Future developments involve validation
of the outputs against measured values from actual
worldwide systems.

BACKGROUND

The popularization of PV systems has led to the de-
velopment of tools to estimate the output energy
characteristics of new systems, and models based
on parametric analysis have been widely used for
this purpose, especially because of its simplicity.
However, according to the complexity of PV sys-
tem’s characteristics, and the increasing of arrays
facing shading problems and various installation
modes, a detailed and integrated analysis of the de-
sign parameters involved in the analysis is neces-
sary. Therefore, there is a need to develop comput-
erized tools able to determine the potential energy

0-7803-7471-1/02/$17.00 ©2002 IEEE

output characteristics and operating performance of
PV systems under such complex conditions.

PVI SOFTWARE FEATURES
Software General Features

The PV system integrated evaluation software is a
unique tool developed by Kosuke Kurokawa Lab.
team at Tokyo University of Agriculture and Tech-
nology (TUAT) to assist in the design of grid-
connected PV system applications. The software
mainly consists of a basic design tool and optional
tools, representing the laboratory know-how on
evaluation and design of PV systems. Basic design
tool allows the user to determine system output en-
ergy and system losses percentage based on a de-
tailed parametric analysis [1]. PVI also provides the
user optional tools for PV applications under com-
plex conditions, such as shading problems, and ar-
rays installed due to different orientations or tech-
nologies. Optional tools include one to determine
shading correction factor from fisheye lens pictures
[2], array simulation tool [3], and interface to statisti-
cal data from Sophisticated Verification Method [4].
PVI also have the following features:

® |t is a Windows Multiple Document Interface
(MDI) that permits the use of six projects at
once, making possible the comparison between
different installation modes, weather conditions
and electrical configurations

® Covers wide range of geographical areas all
over the world. Japanese MEteorological Test
data for PhotoVoltaic system (METPV), and the
worldwide  Meteonorm V4.0 hourly weather
data can be imported to PVI. User actual data
also can be used in PVI simulations
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® Includes models to determine cell temperature,
and in-plane radiation onto fixed and tracking (1
or 2 axis) arrays

® Includes approximate curves for important pa-
rameters such as inverter efficiency and inci-
dent angle dependence, allowing the user to ad-
just the expression parameters

® Report function is available to preview, save,
and print the analysis results

® SV Method Database table with sorting function
is available to give the user a feedback of exist-
ing PV system loss parameters characteristics
to new PVI projects

® Includes a PV module database to determine
arrays |-V curve used in the array simulation
tool

® Includes help function
® Japanese and English versions are available

In this paper, an example system in China is used to
illustrate the software use.

Basic Design Tool

The basic design tool is the core of PVI software.
Grid-connected system annual output energy and
loss pattern can be determined from few input pa-
rameters, by using a detailed parametric analysis.
Important design parameters, such as temperature
correction coefficient, and shading correction factor
are calculated in an hourly basis. Inverter efficiency
(see Fig.1), and incident angle dependence are cal-
culated from approximate curves, and the expres-
sion parameters can be adjusted to fit the user
needs.

For systems under complex conditions, detailed val-
ues for the parameters involved in the analysis can
be integrated to the basic design tool by using the
optional tools. For example, shading loss data can
be acquired from the shading analysis tool, and
other system parameters can be acquired from SV
Method database.

Annual system vyield simulation result for a site in
China is shown in Fig.2. System performance and
loss pattern for the same system is shown in Fig.3.
Hourly data from Meteonorm V4.0 was used in the
analysis.
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Fig.1. System parameter setting (inverter conversion effi-
ciency).
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Fig.2. Basic design tool results for a site in China (annual
output energy against in-plane irradiation).
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Fig.3. Basic design tool results for a site in China (monthly
system performance and system loss pattern).

1639



Optional Tools

- Array shading evaluation tool using fisheye
lens pictures:

A detailed analysis for PV systems facing shading
problems can be performed by using the array shad-
ing evaluation tool from fisheye lens pictures (see
Fig.4). The shading correction factor is calculated
from on-site pictures, giving an important feedback
of the system shading losses. The shading factor
derived from the shading coverage area is integrated
to the parametric analysis, giving accurate and real-
istic estimates of system output energy. The yearly
shading losses analysis for the system in China is
shown in Fig.5.

Fig.4. Image of the shading analysis tool.
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" Constant value % Shade coverage area rate " Fizh-eve camera

—Area Rate File Format

File Extension Data Output Period
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: ¥ “ear 0} e
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[ Shade A Rate (tha)
[ Shads firea = e change the order

= Open file |
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Lhs: Shading Losses [KiWh]

Jan [T
6510 | 747
6567 | 351
7123|139
10686 | 128
11872 | 058
14500 154 =]

TChart

S

S
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Fig.5. Shading analysis results for a site in China (monthly
shading losses against in-plane irradiation).
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- Array simulation tool:

Array simulation tool is used for systems with mod-
ules of different technologies, installed due to differ-
ent orientations, or having partial shadowing prob-
lems.

Here, a detailed data setting is required. After de-
termining the module I-V curve (see Fig.6) from the
PVI modules database, the user set the array orien-
tation and wiring configuration data for until four ar-
rays (if the arrays are connected in series or parallel,
and if they include bypass, blocking diodes or not).
The analysis is based on simplified I-V curve interpo-
lation considering the characteristics of each module
in the array.

Excellent results for this simulation method have
been already confirmed [3]. Fig.7 shows the results
of annual yield for a PV system in Tokyo containing
two modules connected in parallel, and facing differ-
ent orientations.

rModule Rated Data

rStandard I-V Gurve

File of I-V curve at reference state

File input Reference ¥ Mo standard IV curve

I-V curve measuring time

I-V curve auto-eeneral
Maker - Model number
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I No model specification

Open circ. voltage  Short circ. current Iradiance Temperature

2z = m =R To00 = lw/me]  f50 = Q)
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Wj[\’] ,ij O‘UE curve : :

Number of cells in the module ~ : : T |

72 j ezl §..2 : ' : : !
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9 i i i i i
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Fig.6. Module I-V curve determined from PV module da-
tabase values.
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Fig.7. Array simulation result for a site in Tokyo (annual
energy output).
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- Sophisticated Verification (SV) Method feed-
back:

The SV Method, which was also developed in this
laboratory, is a simple evaluation method to identify
eight kinds of system loss rates by using the existing
system basic information: latitude, longitude, rated
system power, etc. and simple four monitored data:
in-plane irradiation, array output energy, system out-
put energy, and module temperature.

The results obtained from SV method evaluation can
be grouped considering regional aspects, makers,
and so on, providing the PVI user an important feed-
back of the existing PV system loss parameters
characteristics to the design of new systems.

Fig. 4 shows the PVI interface for SV Method statis-
tical data from 1995 to 2000 for sites in Japan.

5V Method Database
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LASATKETS Polycrystal 076 nge 097 099 095 nge 095 1.00 o
LABG1KS1S Palyorystal 075 038 037 039 038 037 032 039 0:
LAT21G108 Polycrystal 076 nge nge ng9g 0gn 1.00 094 099 o
LAT21G102 Palyerystal 076 039 037 100 031 1.00 035 039 0:
(CCP-AB3G- Monocrysta 076 09a 097 09z 091 1.00 095 099 o
GTI48/TN Monocrysts 076 039 037 100 054 038 035 1.00 o
(GL144N Monocrysta 076 097 097 099 095 099 095 1.00 o
LAT21GTIO Palyerystal 076 039 037 100 039 1.00 036 096 o
NTIBION  Monocrysta 076 ng9e ng9e 0a6 096 ng9ge 093 097 o
HES10 Monocrysta 07T 037 037 100 037 1.00 033 039 o
(GL144N Monocrysta0 77 ng9e 097 100 094 100 092 098 EI!v
i S\Jgntiymc\udes japaness T

Fig.8. SV Method statistical data table.

Design parameters which can be acquired from SV
Method:

K: System performance ratio

Kus: Shading correction factor

Kp: Incident-angle-dependent correction factor

Kpo: Other losses factor (include deterioration, and
soiling on module surface)

Kpr : Temperature correction factor (efficiency de-
crease by temperature)

Kpa : Array circuit correction factor (array circuit
losses)

Kpm: Load mismatch correction factor

Kcs: Inverter stand-by correction factor

Kc:  Inverter correction factor

0-7803-7471-1/02/$17.00 ©2002 IEEE

RESULTS AND FUTURE TASKS

The main structure of the PV System Integrated
Software described in this paper is completed, and
future developments of this project involve the vali-
dation of output results against measured values
from actual worldwide systems.
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ABSTRACT

The New Energy and Industrial Technology Devel-
opment Organization (NEDO) of Japan has performed
demonstrative research on movable type photovoltaic
(PV) power  generation systems from 1992 to 1996 in
Mongolia. The main purpose of this project was to im-
prove compactness, portability, and reliability of portable
PV systems including peripheral equipment such as bat-
teries and inverters, by using the portable PV system for
nomadic life of people living in the nomadic society.

This paper describes the performance analysis of PV
systems based on measured operation data from NEDO
project systems. We have performed experiments using a
sample system and DC current circuit resistance, inverter
efficiency curve, and the whole system losses will be
clarified. Since humidity is very low in Mongolia, the elec-
trolyte of the batteries decreased very much due to
evaporation. Also taking into account the effects of gas-
sing, a result of the oscillation of the charge controller
which serves as an over charge protection, lowers the
batteries lifetime.

KEYWORDS : Portable PV system — 1: Performance — 2:

1. INTRODUCTION

In Mongolia, about 33% of its total population, that is,
808,500 people are engaged in agriculture or stock-
farming, and most of them are nomads living in tradi-
tional movable tents called “GER”. They move 4 to 5
times a year together with their livestock in search for
pasture. They do not have any access to electricity. Pro-
viding them by stable power supply will play a key role in
maintaining the basic social services for these people
living in rural areas of Mongolia. It will greatly affect the
education of rural people when they have access to mod-
ern information technology through use of radio, TV.

The New Energy and Industrial Technology Devel-
opment Organization (NEDO) of Japan has performed
demonstrative research on movable type photovoltaic
(PV) power generation systems from 1992 to 1996 in
Mongolia. The main purpose of this project was to im-
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prove compactness, portability, and reliability of portable
PV systems including peripheral equipment such as bat-
teries and inverters, by using the portable PV system for
nomadic life of people living in the nomadic society [1].

This paper describes the performance analysis of PV
systems based on measured operation data from NEDO
project systems. We have performed experiments using a
sample system and DC current circuit resistance,
charge/discharge efficiency, inverter efficiency curve, and
the whole system losses will be clarified.

2. SYSTEM CONFIGURATION

The system consists of a PV unit, control unit, and
battery unit (see Fig. 1) hooked up by connectors. The PV
unit consists of a panel block and leg block. The control
unit consists of a charge controller, inverter, and data
logger. The PV output (rated 204W) is stored in the bat-
teries via the charge controller and output as 220V AC
power by the inverter (Table 1). For easy replacement,
the storage batteries used were automotive lead-acid
batteries available in Mongolia.

Fig.1: Overall appearance of the system.

Two batteries of 12V, 70Ah (100Ah for the 1992's
system) were used in series. Radio, television, incandes-
cent electric lamp and fluorescent light were used as load
of about 280Wh consumption per day.
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Table 1. System Specifications

1992's System | 1993's System | 1994's System
Array Rated Power | 204W (51W x 4) 204W (102W x 2)
Panels |Angle Variable Two-split table
Structure [ Apray angle | 30° ,45° ,60° 45°
Legs Built-in type
PV - ;
. ) Array frames, support legs: Aluminum
Unit Frame material -
Braces: Stainless steel
Assemled dimensions (mm)| L1832xD800xH2070 | L1786xD700xH1700 | L1786xD700xH1701
Panels 26.6 kg 135 kg x 2 131 kg x 3
Weight Legs 11.3 kg 6.5 kg 5.7 kg
Total weight 40.9 kg 33.5 kg 31.9 kg
Input Voltage DC 24V
Output Voltage AC 220V 50Hz
Output Capacity 300VA
Control : :
Unit Dimensions (mm) | L476xD426xH555 L470xD420xH465
Weight 43.0 kg 41.7 kg 35.6 kg
. Overcharge/overdischarge prevention,
Functions Overcurrent/Overvoltage protection, and timer
Type Lead-Acid battery for car
Storage - -
Voltage 24V (112V x 2 in series )
Battery| battery ? 5
Unit Capacity 100Ah 70A
Dimensions (mm) | L476xD426xH555 L415xD315xH320
Weight 65 kg 40.1kg
Total weight 148.9 kg 1153 kg | 107.6 kg

The 200 systems were installed from fiscal year 1992
to 1994. 100 sets of initial systems were installed in the
area centering Harhorin in Uvurhangai aimag, and 50
sets of 2nd, 3rd systems each were installed in the area
around Undur-Ulaan in Arhangai aimag in 1993 and the
southern district of Uvurhangai aimag in 1994.

1993's 50 sets systems in the area

around Undur-Ulaan in Arhangai aimag
1992's 100 sets systems in the area
centering around Harhorin in
Uvurhangai aimag

1994's 50 sets systems
the southern district of
Uvurhangai aimag

Fig.2 Installation areas of Portable PV systems.

The operation data have been measured every 10
minutes (initial systems) and 20 minutes (2nd and 3rd
systems) and stored in the data loggers.

Measurement items were as follows: incident global
irradiance in array-plane, cell temperature, array output
current, battery voltage, inverter output power, unit inter-
nal temperature, DC output current (3rd systems), vibra-
tions (partly) (Fig. 3). It was reported that data collecting
was very problematic, because the systems were in-
stalled over a wide range, many systems installed in total,
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their installation sites (Gers) moved due to the nomadic

Iifest/yle, and traffic services were poor [1].

\S-X2 Incident Total Irradiance
= b= ‘e' Girrad
T S."":‘/ Array Current Inverter Output [W]
7 Controller I—Dl Inverter Load
/ 4
!. "array Y] atJ Battery Voltage
Cell Temperature

é PLoad
Teen DC Output Current (3 sys)
| —m.
(]

Vibrations (partly)
Battery Temperature

Tbatlevy
Fig. 3: Measurement Items and Points.
3. ANALYSIS METHOD

First, raw data was checked and correctable noise
was filtered. Continuous operation data for two weeks or
more was analyzed. Fig. 4 shows the performance ratio
and the various losses [in %] of the away output at STC
per month. Gain part includes system performance ratio
and PV efficiency increase by temperature fall. In the
following sections we describe the method in detail. Bat-
tery losses are difficult to determine. The value obtained
by the deduction of the load consumption, inverter loss
and DC circuit resistance loss from array input energy
was defined as storage battery loss.

Gain Losses

Eff. Decrease by Temp.
Pmax mismatch
Disconnect. for overcharge
Battery loss

DC circuit resistance & CC

. Inverter loss
Perf. Ratio

Eff. Increase by Low Temp.

Fig.4: Breakdown of gain and losses

3.1 System performance indices
All system performance data have been evaluated in
terms of operational performance and reliability. The
evaluation procedures are based on the IEC Standard
61724 [2].
Y:=HalGs (1) Ya=Ead/Pmax (2)
Y= Eioadd/ Pmax (3) K=Y/, (4)
The reference yield Y; is based on the in-plane irra-
diation and represents the theoretically available energy
per day and kW,. The array yield Ya is the daily array
energy output per kW and represents the number of
hours per day that the array would need to operate at its
rated output power Pmax to contribute the same daily array
energy to the system as was monitored. The final yield Y;
is the energy delivered to the load per day and kW,. This
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yield presents the number of hours per day that the array
would need to operate at its rated power Pmax to equal its
contribution to the load. The performance ratio K is the
ratio of PV energy actually used to the energy theoreti-
cally available (i.e. Y{Y)). It is independent of location and
system size and indicates the overall losses on the ar-
ray’s rated output due to module temperature, incomplete
utilization of irradiance and system component inefficien-
cies or failures [3].

3.2 PV array simulation

Array simulation model was used to calculate the ar-
ray output degradation due to temperature change and
Pmax mismatch. The array output can be computed using
the fundamental equation (5) of the equivalent circuit.

- €l a+RI U V+R] (5)
| =1 h.| éex —— 1y~ -— s
P Oé p%qg nkT, Qb' g Ry,

Where, | is current of PV cell, Ipn is generating cur-
rent, lp is diode saturation current, q is charge of electron,
V is cell voltage, Rs is series resistance, Rs, is parallel
resistance, n is diode constant, k is Boltzmann constant,
Tc is PV cell temperature. The diode constant n is as-
sumed to be 1.2.

The |-V characteristics is largely influenced by the
cell temperature. The following approximation equation
for each term were derived experimentally by STC.

The operation voltage of the PV array is uniquely de-
cided in such a composition depending on the state of
charge (SOC) [4].

| =1 ol 1+7.9736 10 XT, - 25)}" [094G, +0.061- exl- 8G,)}] (6)

I, =1, exd0.14132(T, - 25}  (7)
R = &0{1+3_4158 10° AT, - 25)+25324 10° T, - 25)2} ®

©)

R = lraaag 10° AT - 25+80575 10 AT, - 25

120 35
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1
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Voltage [V]

Fig. 5: I-V curves of modeled array.

As shown in Fig. 5, the losses due to increase in
temperature and Pmax mismatch were computed from the
simulated results taken at 25 degrees and at measured
cell temperature. The loss due to array disconnection
from a full charged storage battery was also calculated.
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3.3 Inverter efficiency curve
Recently we have performed experiments sample
system and DC current circuit resistance, inverter effi-
ciency curve (Fig. 6). Using the curve-fitted data and
measured real load, the inverter and DC circuit resistance
losses were calculated. The ratings capacity is 300W.

1

= 2
09 0-13x2+1.03x+0.048

038
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// / P

0.17x* +1.125x + 0.056

INVERTER EFFICIENCY
o o o o o
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ﬁ
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=
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o
N

o
[

o

0 02 04 06 08 1
Load Power Factor
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4. RESULTS

The results may be summarized as follows: degrada-
tion was not observed with the pyranometer and the effi-
ciency of array. Yearly average in-plane irradiance of
older systems was 4.88 kWh/m” per day and newer sys-
tem's was 4.71 kWh/m? per day. In spite of decrease in
the monthly average energy demand, the monthly aver-
age energy output of the array increased every year (see
Fig. 7).
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Fig.7: Initial systems monthly average values of Irra-
diation, Array and Inverter output energy.

As shown in Fig.8, the performance ratio distribution
concentrated on 0.24 for 37 sites. Fig. 9 shows the
breakdown of the gain and the losses for the A019 sys-
tem in the 1994 fiscal year. The energy consumption is
high in winter, and since there is little irradiation, discon-
nection loss is low. However, this loss is increasing dur-
ing summertime.

1666



127

107

Number of systems

O’A
Perform. Ratio |0.04|0.08/0.12|0.16| 0.2 |0.24|0.28|0.32|0.36| 0.4 (0.44

[No.ofsystems] 0 | 2 [ 3[4 |9 ]12]3]1]2]0]0

Fig.8: Distribution of annual performance ratios

100% Eff. decr. by T

90% Pmax Mismatch

80%) Disconnection
70%
60%

DCcircuit &CC
50%

A40% Inverter losses

30%)
20%)

| i
10% I I I 1994's

ok 10 11 12 [Month]

Gain and Loss Factors[%)]

Fig.9: Monthly average performance ratio and
losses for A019 systems output energy.

ff. decr. by Temp
ax Mismatch

rray Discon.
(S0C100%)

attery Losses

Ccircuit &CC

nverter losses

erform Ratio

3 6 9 12| 3 6

‘93 ‘94 ‘95 ‘96 [year]
Fig.10: Monthly average performance ratio and
losses for 37 sites output energy.

9 12 3 6 9 11[month]

CONCLUSIONS

The following became clear after the investigation on
many functional failures of the batteries and the increase
in battery loss, and high load mismatch losses.

Since humidity is very low in Mongolia, the electro-
lyte of the batteries decreased very much due to evapora-
tion. Also taking into account the effects of gassing, a
result of the oscillation of the charge controller which
serves as an over charge protection, lowers the batteries

0-7803-7471-1/02/$17.00 ©2002 IEEE

lifetime (Fig.10). Therefore, it is necessary to fill up elec-

trolysis liquid periodically.
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battery unit temperatures.

Storage battery temperature is maintained above 10
degrees under -20 degrees of outside temperature, and it
turns out that there is no influence of temperature in the
lifetime of a storage battery (Fig.11).

In summary, from this analysis and evaluation, the
authors clarified the general weather conditions and im-
portant points that should be considered about PV sys-
tem designing in Mongolia.
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ABSTRACT

To preserve the Earth, a 100MW very large-scale
photovoltaic power generation (VLS-PV) system is
estimated assuming that it is installed on the would deserts,
which are Sahara, Negev, Thar, Sonora, Great Sandy and
Gobi desert. These deserts are good for installing the
system because of its big irradiation and large land area.
PV array is dimensioned in detail in terms of array layout,
support, foundation, wiring and so on. Then generation
cost of the system is estimated based on the methodology
of Life-Cycle Cost (LCC). As a result of the estimation, the
generation cost is calculated as 5.3 cent/kWh on Sahara
desert, 6.4 cent/kWh on Gobi desert assuming PV module
price of $1.0/W, system lifetime of 30 years and interest
rate of 3%. These results suggest that VLS-PV systems
are economically feasible on sufficient irradiation site even
if existing PV system technologies are applied, when PV
module price will decrease to a level of $1.0/W.

INTRODUCTION

In these vyears, the world economic growth and
population increase need more energy, especially in
developing countries. If world energy demands continue to
increase, the primary energy source will be exhausted in
the this century. In addition, this issue causes a varitety of
serious environmental issues such as the global warming,
acid rain and so on. Renewable energies are expected to
resolve both the energy and the environmental issues and
solar energy is one of promising renewables. Although the
solar energy is of low density by nature, it has a large
potential assuming that world deserts can be utilized.
Therefore the authors have been investigating a very
large-scale photovoltaic power generation (VLS-PV)
system on desert. Even the Gobi desert that locates on
high latitude has higher irradiation (4.7kWh/m2/d) than

0-7803-7471-1/02/$17.00 ©2002 IEEE

Tokyo (3.5kWh/m2/d). Fuerthermore, Sahara desert has
more irradiation as 7.4kWh/m?/d. Theoretically, PV
systems installed on the Gobi desert with 50% space factor,
has potential to generate energy as much as the recent
world energy supply (361EJ in 1997).

The purpose of this study is to design the VLS-PV
System on major world deserts which are shown in Fig.1
and to investigate its feasibility from an economic
viewpoint.

Fig.1 Selected world deserts location and extent
METHODOLOGY OF EVALUATION

To evaluate the potential of VLS-PV system in detail,
generation cost of VLS-PV system was estimated in
consideration of a methodology of “Life-Cycle Cost (LCC)”,
that is, manufacture and transportation of system
components, system construction, and operation.

MAJOR ASSUMPTIONS
It is considered in this study that a 100MW VLS-PV
system is installed on the world deserts. The VLS-PV
system is designed based on the following assumptions.
(1) Both Irradiation and ambient temperature data

referred from World Irradiation Data Book™ used for
system designs, as shown in Table 1. If it has no
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in-plain irradiation data on the installation sites, it is
estimated by using methods which are distribution of
direct, diffuse and total solar radiation, and estimation
for tilted surface.

(20 The VLS-PV system is to be installed in a gravel
desert which consists of small rocks. Sand problem is
seems to be small.

(3) Total capacity is about 100MW, which consists of four
sets of 25MW unit field. A 25MW unit consists of 50
sets of 500kW unit system. A 500kW unit system has
4200 PV modules. The total PV modules in 100MW
system results in 840000 pieces.

(4) South-faced fixed flat array structure and foundation
are designed. Wind pressure and earthquake are also
taken into account.

(5) Polycrystalline silicon PV module with 12.8% efficiency
is employed.

(6) System performance ratio is assumed considering
operating temperature, degradation, load matching
factor, efficiency factor, inverter officiating and so on,
as shown in Table 1.

(7) The system lifetime assumed to be 30 years.

(8) Module and inverter price, and array tilt angle are
given as valuable parameters. The four levels of
module price are assumed as 1, 2, 3, 4 US$/W.
Inverter unit price of 500kW is also set to 0.15, 0.17,
0.20, 0.22 million US$ for each module price. Interest
rate is 3% (typical), 2% (supposing soft loan), and 6%
(from ordinary financial institution). This paper show
the results based on 3% interest rate.

(9) Array support and foundation are produced in the
country where the VLS-PV system is installed, and
other system components such as modules, cables
and inverters are manufactured in Japan, USA or
Australia. All the components are transported to the
installation site by marine and land transport. Land
preparation is also considered.

(10) The method of operation and maintenance are
calculated in view of experience of real PV system
model, PV-USA project[z].

(11) Three shifts of three operator team work in 100MW
PV station. One team works in maintenance, and the

Table 1 Basic data for the deserts used in this study

other teams operate for alternation.

Concerning labor cost, different labor requirement for
system construction was estimated by considering
local conditions of each country, and unit labor cost
was referred from ILO statistics etc. Furthermore a
supervisory charge is added to the cost for the
installation of certain apparatus.

Decommission stage is not included in this study
stage now.

(12)

(13)

DESIGN PROCEDURE OF VLS-PV SYSTEM

Based on the assumptions described above, the
VLS-PV system on the Gobi desert is designed in detail.
Designing procedures divided into several steps; PV
module layout, array support design, foundation design,
and wiring. According to the design standard on structures
for transmissions, rectangular foundation is designed.

The shorter and simple wiring is designed in order to
prevent miss wiring. The current capacity of cable is
selected to make voltage drop less than 4%. It is
determined from Japan Industrial Standards-JIS. These
design schemes are shown in Fig.2.
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Sahara Negev Thar Sonora  Great Sandy Gobi
Unit (Mauritania)  (Middle-east) (India) (Mexico) (Australia) (China)

System performance ratio 0.69 0.73 0.73 0.70 0.70 0.78
Annual average ambient temperature | °C 30.2 18.9 26.9 18.4 26.1 5.8
Land area 10°%km? 8600 7 200 310 400 1300
Annual average global irradiation KWh/m?lyr. 2685 1945 2172 1737 2343 1701
Annual in-plane irradiation [10°] KWh/m?2lyr. 2756 2062 2106 2314 2431 1854
[20] KWh/m?fyr. 2774 2128 2175 2394 2464 1964

[30°] KWh/m?fyr. 2716 2139 2190 2420 2435 2026

[40°] kWh/mzlyr. 2556 2099 2143 2387 2347 2037

Unit labor cost for construction US$lyr. 1102 15227 403 2187 30747 595
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EVALUATION RESULTS
System Design

The 100MW VLS-PV system on the world desert was
designed on the basis of the above assumptions. This
system required 1.3 km? to 2.6 km? land area. The amount
of array support and foundation increase in proportion to
the tilt angle because of assumed wind pressure (42 m/s).
Array support requirement ranged from 9 thousand to 11
thousand ton steel, and foundation needed 90 thousand to
200 thousand ton concrete. Land requirement also
increased in proportion to the tilt angles due to spacing
between PV arrays. The increase in land requirement
resulted in the increase in cable length.

Cost Estimation
In this study, both total investment cost and O&M cost

of 100MW PV system for each installation site were
estimated to obtain generation cost of the PV system.
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Fig.3 Total investment cost of system construction

Table 2 Annual power generation and Generation cost

Total investment cost includes labor cost for system
construction as well as system component cost. Fig.3
represents example of the investment cost on Great Sandy
and Gobi desert for deferent PV module prices and
deferent array tilt angles by each cost component. Even
though $1.0/W PV module is assumed, it is first majority of
the total investment cost. It is the most expensive at 40°
array tilt angle and the least at 10° array tilt angle, since
requirement of array support, foundation and labor for
system construction increases as array support is inclined.
The specious reasons of deference in cost between
deserts are power generation and labor cost. A majority of
construction cost was labor cost, which had big difference
between countries as shown in Table 1. For example about
one third of the total investment cost was construction even
at $1.0/W on Great Sandy. On the other hand, the least
investment cost was estimated at both Sahara and Gobi
mainly due to low labor cost. It was no more than 2% of the
total at $1.0/W.
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Fig.4 Break down of generation cost for optimal tilt angle

Array tilt Sahara Negev Thar Sonora  Great Sandy Gobi
angle Unit (Mauritania)  (Middle-east) (India) (Mexico) (Australia) (China)

Annual power generation  [10°] GWhlyr. 193 153 157 165 174 147
[20°] GWhlyr. 194 158 162 171 176 156

[30°] GWhiyr. 190 159 163 172 174 161

[40°] GWhlyr. 179 156 160 170 168 162

Generation cost [10°] Cent/kWh 5.3 7.4 6.8 6.8 8.3 6.9
($1.0/W module price) [20°] Cent/kWh 5.3 7.2 6.6 6.6 8.3 6.5
[30°] Cent/kWh 55 7.3 6.8 6.8 8.7 6.4

[40°] Cent/kWh 6.0 7.5 7.3 7.3 9.4 6.4
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The generation cost of the 100MW VLS-PV system for
different tilt angles and different PV module prices are
assumed 30 years lifetime and 3% of annual interest rate
on the world deserts. Annual power generation and
generation cost are given in Table 2 and Fig.4. Optimal
array tilt angle depended on both annual cost and annual
power generation. The most annual power generation was
the case of Sahara because of its most irradiation. The
least generation cost of the Gobi case was obtained at
30°-tilt angle because of its high latitude. And other
systems installed on middle latitude deserts such as
Sahara, Negev, Thar, Sonora and Great sandy gave the
lowest generation cost at 20° array tilt angle, which were
different from that for the most annual power generation.
On the Gobi desert, though the generation cost with
$4.0/W module price corresponded to 18 cent/kWh, it was
reduced to about 6.4 cent/kWh with $1.0/W module price.

CONCLUSION

A 100MW VLS-PV system installed on the six deserts
in the world was designed and its potential was evaluated
from an economic viewpoint. Assuming $1.0/W of PV
module price and 3% of annual interest rate, generation
cost of the VLS-PV system was estimated 5.3 ¢/kWh on
Sahara desert.

Fig.5 that is a summary of generation cost of VLS-PV
on the deserts suggests that the VLS-PV system is
economically feasible for all the sites if the module price
reduces to $1.0/W. In addition, these large-scale projects
make a lot of employments. One of case study needs 1500
labors in every year to construct it. This employment may
look forward economic development in the area. This
important factor should be included in this study.

To realize the VLS-PV system, however, other aspects
such as environment issues, socio-economic issues and
sustainability as well as economic issues should be
considered. Additionally, remote sensing is a contributory
method to know fit point for it.

The authors have a plan to design and evaluate the
VLS-PV system installed on deserts with other advanced
technologies such as CdS, amorphous, and concentrating,
tracking system by applying the same approach used in
this study. In addition, the VLS-PV may be useful for
sustainable greening since generated electricity can be
used for irrigation. Our study does not include a
decommission stage at this moment, but it is also essential
components. It will be included in the near future.
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ABSTRACT

Islanding is one of serious problems in an electric
power system connected with dispersed power sources.
To secure the power system from islanding, it is quite
important to verify the ability of islanding detection for the
individual power sources in advance. The authors have
been developing a scaled-down, simulated distribution
network including a distribution substation, 6.6kV
distribution line, pole transformers, low-voltage lines,
customer loads and a number of PV systems. This paper
describes the development of the scaled-down simulator
and the experimental results about the interference
phenomena among multiple module integrated converters
(MIC).

INTRODUCTION

In Japan, the number of grid-connected PV systems
has been increasing rapidly. To secure the power system
from islanding, it is very important to verify the ability of
islanding detection for the individual power sources in
advance. Islanding has been tested in the actual scale
distribution network simulator up to now, however it is
impossible to experiment in a laboratory of a university,
because the facility is large-scale, complicated and very
expensive. Toward these problems, a scaled-down
distribution network simulator has been needed.

DISTRIBUTION NETWORK MODEL

At the first stage of the development, a scaled-down
distribution network model was designed based on a
Japanese average distribution network in a residential
area. The distribution network is modeled on a
3000kVA-6.6kV distribution line. Low-voltage distribution
system is composed of 100/200V single-phase three-wire
system. PV systems are connected to 6.6kV distribution

0-7803-7471-1/02/$17.00 ©2002 IEEE

lines and low-voltage lines. Tablel shows the basic data
about the model of the standard distribution system in
residential area.

Table 1 Japanese standard distribution line in residential
area.

Data
Line impedance (6.6kV line) 1.781+j2.382 [W
Maximum demand (6.6kV) 814 [kW]
Maximum demand (100/200V) 1301 [kW]
Minimum demand 703 [kW]
Number of customers (low-voltage) 1850
Capacitance 345 [kVA]

DESIGN OF THE SCALED-DOWN
DISTRIBUTION GRIDS

To design a scaled-down model, the capacity and the
voltage of the distribution network model are respectively
reduced from 3000kVA to 5kVA and from 6.6kV to 0.2kV.
Using these scale-factor, line impedance, connected loads
and PV output are calculated.

The impedance of the 6.6kV distribution line
impedance is scaled down from Japanese standard
(0.313+j0.377Wkm) with the p.u. method, which is
converted to 0.172+j0.208 (Wkm).

Minimum unit of the load and PV inverter's output
power connected to low-voltage line are to 100W in
consideration of MIC's output. Therefore low-voltage
network is divided into four units. In order to connect the
low-voltage units to the 6.6kV distribution line, insulating
transformers corresponding to 20 or 30 pole transformers

are installed.

The load units consist of resistors, inductors, and
capacitors. And an induction motor is connected to 6.6kV
distribution line. Active power and reactive power are able
to be changed variously by combinations of these
elements.
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Figure 1 Composition of scaled-down distribution network model (residential area).

The power supplied from PV systems can be over
100% (5kW and over) compared with the capacity of the
distribution line. The characteristics of PV array are
imitated by PV array |-V curve simulator @ This simulator
can perform as a PV modules following given data about
solar radiation intensity and the temperature.

Figure 1 shows the composition of the scaled-down
distribution network model. Table 2 shows the calculated
parameters for distribution line in residential area. And the
view of the installed experimental equipment in our lab is
shown in Figure 2.

The scaled-down distribution network simulator has
the following advantages.

Smaller installation space compared with the
actual scale simulator.

Whole distribution system can be simulated.

PV output power and load power can be
changed optionally.

Repeatable condition can be served.

This simulator is also applicable to test the
interference phenomena of multiple inverters.

0-7803-7471-1/02/$17.00 ©2002 IEEE

Table 2 Calculated parameters in scaled-down distribution
line.

Data
High-voltage distribution line length 6 [km]
Line impedance (high-voltage) 1.035+j1.246 W
Maximum demand (high-voltage) 1.357 [kW]
Maximum demand (low-voltage) 2.168 [kW]
Minimum demand 1.172 [kW]
Number of customers (low-voltage) 1850
Capacitance 0.575 [kVA]
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Using this simulator partially, one or two inverters are
able to be tested. This consists of an AC power source, a
line impedance system unit, a residential power load unit,
a PV array I-V curve simulator, and an inverter. The line
impedance 0.15+j0.10W which includes the impedance of
a pole transformer, low-voltage distribution line (100m) and
drop wire (20m). Figure 3 shows the composition of the
experimental equipment in this test.

Figure 3 Composition of the experimental equipment for
one or two PV inverters’ connection.

EXPERIMENTAL RESULTS OF THE ISLANDING
DETECTING FUNCTION

Experimental conditions

Using the designed simulator, grid-connected
inverters were tested. Islanding detecting functions of
commercial AC module inverters were tested wunder the
following conditions.

The resonant circuit is composed of resistor,
inductor and capacitor as domestic power load.
Domestic power load also includes rotating
machine (induction motor).

Active and reactive power are balanced among
inverter output and load consumption.

Experimental results

Before the multiple connecting tests, an inverter was
set and tested. In this test, European 230V-50Hz MICs
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were tested because the 100W class MICs have not been
for sale in Japan. Figure 4 shows the experimental results
of islanding detection. After the power interruption, the
inverter stopped within 0.2sec in strict condition. During
the islanding operation, waveform of the inverter’s output
current was distorted. And waveform of the load voltage
was also distorted. This phenomenon can be also
detected by the third harmonic distortion rate of the load
voltage. Consequently, it seemed that the inverter stopped
since the frequency exceeded the operational frequency
range.

Figure 4 Experimental results of the islanding detecting
function (single inverters).

Then, four inverters were connected together and
tested under the same condition. Figure 5 shows the
experimental results of islanding detections. After the
power interruption, no inverters stopped. All the inverters
continued operating continuously. The load voltage had
been kept on 230V during islanding operation. Although
sudden increase in the frequency at the cut-off point,
inverters did not stop. After the sudden increase, the
frequency fluctuated continuously between 49.8 and
50.2Hz. Third harmonic distortion also increased suddenly,
however the distortion rate was lower as compared to that
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of single inverter and the frequency did not exceed the
operational frequency range.

From the above results, it was cleared that there is a
possibility of islanding by interference phenomenon of
islanding detecting function.

Figure 5 Experimental results of the islanding detecting
function (four inverters).

0-7803-7471-1/02/$17.00 ©2002 IEEE

CONCLUSION

This paper has been described the development of
the scaled-down distribution network simulator and the
experimental results about the interference phenomena
among multiple MICs and its influence by their islanding
detection.

The proposed simulator has some advantages
compared with actual scale simulator. It can be applied for
the performance tests with single inverter and interference
test with multiple inverters.

European MICs were used for islanding detection
tests in this simulator. The experimented results show that
there is a possibility of islanding by interference
phenomenon of islanding detecting function.

For the future, experiment of the whole distribution
system is to be performed, and interference test among
multiple inverters is also to be continued. Presently, a new
AC module inverter is under development, the simulator is
to be used for the test of our new MICs.
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ABSTRACT

The New Energy and Indudrid Technology Development Organization (NEDO) of Japan has performed
demondrative research on movable type photovaltaic (PV) power generation systems from 1992 to 1996 in Mongolia.
The main purpose of this project was to improve compactness, portability, and reiability of portable PV systems
induding peripherad equipment such as beateries and inverters, by using the portable PV system for nomeadic life of
peopleliving in the nomadic society.

This paper describes the performance andyss of PV systems based on measured operation data from NEDO's
project systems. We have performed experiments usng a sample sysem and DC current circuit resstance, inverter
effidency curve, and thewhole system losseswill be darified. Since humidity isvery low in Mongolia, the dectrolyte of
the batteries decreased very much due to evgporation. Also taking into account the effects of gassing, a result of the
oscillation of the charge controller which serves as an over charge protection, lowersthe batterieslifetime.
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Portable PV system — 1. Performance—2:

INTRODUCTION

In Mongolia, about 33% of its total population, that is, 808,500 people are engaged in agriculture or
stock-farming, and most of them are nomads living in traditional movable tents called “GER” [4]. They
move 4 to 5 times a year together with their livestock in search for pasture. They do not have any access to
electricity. Providing them by stable power supply will play a key role in maintaining the basic social
services for these people living in rural areas of Mongolia. It will greatly affect the education of rural
people when they have access to modern information technology through use of radio, TV.

The New Energy and Industrial Technology Development Organization (NEDO) of Japan has performed
demonstrative research on movable type photovoltaic (PV) power generation systems from 1992 to 1996 in
Mongolia. The main purpose of this project was to improve compactness, portability, and reliability of
portable PV systems including peripheral equipment such as batteries and inverters, by using the portable
PV system for nomadic life of people living in the nomadic society [1].



This paper describes the performance analysis of PV systems based on measured operation data from
NEDO'’s project systems. We have performed experiments using a sample system and DC current circuit
resistance, charge/discharge efficiency, inverter efficiency curve, and the whole system losses will be
clarified.

SYSTEM CONFIGURATION

The system consists of a PV unit, control unit, and battery unit (see Fig. 1) hooked up by connectors.
The PV unit consists of a panel block and leg block. The control unit consists of a charge controller,
inverter, and data logger. The PV output (rated 204W) is stored in the batteries via the charge controller
and output as 220V AC power by the inverter (see Table 1). For easy replacement, the storage batteries
used were automotive lead-acid batteries available in Mongolia.

Two batteries of 12V, 70Ah (100Ah for the 1992's system) were used in series. Radio, television,
incandescent electric lamp and fluorescent light were used as load of about 280Wh consumption per day.

TABLE 1: SYSTEM SPECIFICATIONS

1992's System | 1993’s System ‘ 1994’s System
Array Rated Power | 204W (51W x 4) 204W (102W x 2)
Panels Angle Variable Two-—split table
Structure [ Array angle | 30° 45° ,60° 45°
Legs Built-in type
PV : i
) . Array frames, support legs: Aluminum
Unit Frame material -
Braces: Stainless steel
Assemled dimensions (mm)| L1832xD800xH2070 | L1786xD700xH1700 | L1786xD700xH1701
Panels 26.6 kg 13.5 kg x 2 13.1 kg x 3
Weight Legs 11.3 kg 6.5 kg 5.7 kg
Total weight 40.9 kg 33.5 kg 31.9 kg
Input Voltage DC 24V
Output Voltage AC 220V 50Hz
Output Capacity 300VA
CrLJJr;\tiEOI Dimensions (mm) | L476xD426xH555 L470xD420xH465
Weight 43.0 kg 41.7 kg 35.6 kg
F ti Overcharge/overdischarge prevention,
unctions Overcurrent/Overvoltage protection, and timer
s Type Lead-Acid battery for car
torage Voltage 24V ( 12V x 2 in series )
Battery| battery -
Unit Capacity 100Ah 70Ah
. Dimensions (mm) | L476xD426xH555 L415xD315xH320
Fig.1: Overall appearance of the system. Weight 65 ke 20.1kg
Total weight 148.9 kg 115.3 kg ‘ 107.6 kg

The 200 systems were installed from fiscal year 1992 to 1994. 100 sets of initial systems were installed
in the area centering around Harhorin in Uvurhangai aimag, and 50 sets of 2™, 3@ systems each were
installed in the area around Undur-Ulaan in Arhangai amag in 1993 and the southern district of
Uvurhangai aimag in 1994.

1993's 50 sets systems in the area

around Undur-Ulaan in Arhangai aimag @ Incident Total Irradiance
1992's 100 sets systems in the area . Iirra d
centering around Harhorin in N/ @ Array Current
Uvurhangai aimag i:s""'".'/ “ ® Inverter Output [W]
LA/ | Controller |—>| Inverter Load
/A ] ] verte 0
V- v,
- array bat | |@ gattery Voltage P
@ Cell Temperatyre k4 Load
T @ DC Output Current (Esys)
cell
Vibrations (partly)
s
Data Logger / ® Battery Temperature
1994‘s 50 sets systems
the southern district of Thattery

Uvurhangai aimag

Fig.2: Installation areas of Portable PV systems Fig.3: Measurement Items and Points



The operation data have been measured every 10 minutes (initial systems) and 20 minutes (2™ and 3"
systems) and stored in the data loggers. Measurement items were as follows: incident global irradiance in
array-plane, cell temperature, array output current, battery voltage, inverter output power, unit interna
temperature, DC output current (3 systems), vibrations (partly) (Fig.3). It was reported that data
collecting was very problematic, because the systems were installed over a wide range, many systems
installed in total, their installation sites (Gers) moved due to the nomadic lifestyle, and traffic services were
poor [1].

ANALYSISMETHOD

First, raw data was checked and correctable noise was filtered. Continuous operation data for two weeks
or more was analyzed. Fig. 4 shows the performance ratio and the various losses [in %] of the away output
at STC per month. Gain part includes system performance ratio and PV efficiency increase by temperature
fall. In the following sections we describe the method in detail. Battery losses are difficult to determine.
The value obtained by the deduction of the load consumption, inverter loss and DC circuit resistance loss
from array input energy was defined as storage battery loss.

System performance indices
All system performance data have been evaluated in terms of operationa performance and reliability.
The evaluation procedures are based on the IEC Standard 61724 [2].

Y,— = HA/ Gs (1) YA: EA,d/ Pmax (2)
Yt = Eicadd / Prmax (3) K=Yi/Y; (4)

The reference yield Y, is based on the in-plane irradiation and represents the theoretically available
energy per day and kW,. The array yield Y, is the daily array energy output per kW and represents the
number of hours per day that the array would need to operate at its rated output power Pma to contribute
the same daily array energy to the system as was monitored. The final yield Y; iSsthe energy delivered to the
load per day and kW,,. Thisyield presents the number of hours per day that the array would need to operate
at its rated power Py to equal its contribution to the load. The performance ratio K is the ratio of PV
energy actually used to the energy theoretically available (i.e. Yi/ Y;). It is independent of location and
system size and indicates the overall losses on the array’s rated output due to module temperature,
incomplete utilization of irradiance and system component inefficiencies or failures[3].

PV array smulation

Array simulation model was used to calculate the array output degradation due to temperature change
and Pmax mismatch. The array output can be computed using the fundamental equation (5) of the
equivalent circuit.

=1, —I{exp{q(vr;(%l}—ll—vgfl ®)

L =1 pof 1+7.9736 x107 ({1, ~25} x[0.94G,, +0.06{1 - exp(-8G, }] (6)
I =1, [exp{0.14132{T_ - 25}  (7)
R, :Rso{l +3.4158 x107° (T, —25) +2.5324x10™° [{T,, - 25)2} ®)

R, = s ©
1 +4.449 x10°2 [T, —25) +8.0575x10™* [T, - 25)°

Where, | is current of PV cell, I, is generating current, | is diode saturation current, q is charge of
electron, V is cell voltage, Rs is series resistance, R4, is paralel resistance, n is diode constant, k is
Boltzmann constant, T, is PV cell temperature. The diode constant n is assumed to be 1.2.

The 1-V characteristics is largely influenced by the cell temperature. The following approximation



equation for each term were derived experimentally by STC.
The operation voltage of the PV array is uniquely decided in such a composition depending on the state
of charge (SOC) [4].

Battery loss
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Fig.4: Energy flow (Sankey diagram of |osses) Fig.5: I-V curves of modeled array.

As shown in Fig. 5, the losses due to increase in temperature and Pmax mismatch were computed from
the simulated results taken at 250 and at measured cell temperature. The loss due to array disconnection
from afull charged storage battery was also cal cul ated.

I nverter efficiency curve
Recently we have performed experiments sample system and DC current circuit resistance, inverter
efficiency curve (Fig.6). Using the curve-fitted data and measured real load, the inverter and DC circuit
resistance losses were calculated. The ratings capacity is 300W.

RESULTS

The results may be summarized as follows: degradation was not observed with the pyranometer and the
efficiency of array. Yearly average in-plane irradiance of older systems was 4.88 kWh/m? per day and
newer systems was 4.71 kWh/m? per day. In spite of decrease in the monthly average energy demand, the
monthly average energy output of the array increased every year (see Fig.7).
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Fig.6: Inverter efficiency vsload power factor Fig.7: Initial systems monthly average

values of Irradiation, Array and Inverter

As shown in Fig.8, the performance ratio distribution concentrated on 0.24 for 37 sites. Fig.9 shows the
breakdown of the gain and the losses for the A019 system in the 1994 fiscal year. The energy consumption
is high in winter, and since there is little irradiation, disconnection loss is low. However, this loss is
increasing during summertime.
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and losses for A019 systems
CONCLUSIONS

The following became clear after the investigation on many functiona failures of the batteries and the
increase in battery loss, and high load mismatch losses. Since humidity is very low in Mongolia, the
electrolyte of the batteries decreased very much due to evaporation. Also taking into account the effects of
gassing, a result of the oscillation of the charge controller which serves as an over charge protection,
lowers the batteries lifetime. Therefore, it is necessary to fill up electrolysisliquid periodically.

Storage battery temperature is maintained above 10 degrees under -20 degrees of outside temperature,
and it turns out that there is no influence of temperature in the lifetime of a storage battery. We are
performing the optimum design and empirical study of small PV system using car battery and with a
3-stage PWM charge controller.
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ABSTRACT

The authors have been anaysing performance data observed at a number of the PV systems which were
constructed by NEDO's “Field Test (FT) Project”. Although monitored data are taken by a quite ordinary
procedure with 4 kinds of hourly monitored points, Pmax mismatch factor, shading factor can be identified
additionally according to the Sophisticated Verification (SV) method developed by the authors. This method
has been improved to a new version (ver3.2), which can aso identify incident-angle-dependence factor, DC
circuit factor and Power conditioner (PC) stand-by factor additionally.

The SV method is summarized as follows: System Performance ratio by ordinary formula; Power conditioner
efficiency by definition; Temperature effect on efficiency decrease by ordinary formula, but including array
temperature estimation from ambient temperature (due to specification of FT). Loss rates are defined on
monthly basis by using several performance lines drawn on the scattered plots according to severa
assumptions learnt from experience. It is the essence of the SV method to develop an individual evaluation
model of losses for a specific month for a specific site. Most of losses are identified by using the relationship
between the performance lines obtained above; i.e., shading effect, load mismatch, incident-angle optical
losses DC circuit losses and PC stand-by losses. Before entering SV procedures, a quality check for measured
irradiation datais carried out effectively. It compensates outlying observations and missing data according to
anew model derived from sunshine hours given by national weather observations.

By the new version the authors presents the latest operational results of the FT Project. Figure 1 gives the
quick summary of the average of all the parameter for 5 years, which have been analyzed by the latest SV
method for the Japanese FT Project. The average of load mismatch loss is 7% and considerably significant
among losses. It includes MPPT errors as well as a mismatch caused by grid voltage rise suppression mode,
which is specified by the national interconnection guidelines. This factor seems to be controllable and
inverter engineers have to examine their works. According to the method as a PV system operation
management tool, precise internal operational information is easily obtainable and is expected to improve PV

products on the market.
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ABSTRACT: Tokyo University of Agriculture and Technology (TUAT) and YEM Inc. have been developing a new
interconnecting micro controller for PV systems in Japan. This paper presents the current steps and achievements of the
development. The proposed controller aims especially at applying to AC modules and to the other inverters for PV
systems. AC modules in the markets are mainly designed for the specification of Europe or US. To connect such a circuit
to the distribution lines in Japan, appropriate interconnecting function must be added in the equipment. The proposed
controller, which monitors the DC and AC waveforms at the input and the output ports of a PV inverter, provides al the

functions for grid connection using a microcomputer.

Keywords: AC-Modules, Power Conditioning, Grid-Connected

1 INTRODUCTION

Recently PV systems for residentia use have been
increasing all over the world. Also in Japan, PV systems
on the roof have been growing. These systems usualy
supply their generation power through a 3 kW to 4 kW
class of power conditioner. Generally the residential area
is bristling with houses buildings and plants. They often
cast their shadows on the roof mounted PV arrays.
Sometimes, the output power is reduced with the shady
cells. Against the matter, AC modules give a solution.
However, AC modules in the markets are mainly for
Europe or US in their specifications. To connect such a
circuit, appropriate interconnecting functions must be
modified for the system in Japan [1].

Tokyo University of Agriculture and Technology
(TUAT) and YEM Inc. have been developing an
interconnecting micro controller. The function for grid
connection is able to be installed as a program. The
controller set to an inverter enables the system to be
connected to distribution lines. A prototype board [2] has
been made and tested. The second version board has been
developed and is under the examination. There is still
room for improvement. This paper shows the current
steps and achievements of the first stage development.

2 DESCRIPTION OF THE CONTROLLER

Figure 1 shows a picture of the second version
controller manufactured by YEM Inc. It consists of a
microcomputer (SH7615 HITACHI [3]), CS-PLD, 1/0
ports, A/D and D/A converters, communication ports,
and power supplies for ICs. The size of the board is 210
mm x 230 mm, which is widely designed to connect a
probe over the microcomputer and for some experiments.
Figure 2 shows a system model using the proposed
controller. The controller monitors the inverter's
condition by monitoring the input and output voltages
and currents. These AC and DC waveforms are changed
into digital signals. Isolation amplifiers are now set in the
inverter to reduce the influence of switching noise. The
output power of the inverter is controlled following the
caculation results based on the captured data
Interconnecting protection and maximum power point
tracking (MPPT) are set in the program files, which are

210mm

CPU

ROM

LAH

iy

Figure 1: Interconnecting micro-controller board.
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Figure 2: A system model using the micro
controller.

rewritable. As shown in this figure, circuit protection,
PWM, and voltage/current censers are in the main board
of the inverter. On the present step, the master controller
and inverter controller are set in the same board. These
are able to be divided with keeping data communication.
If an inverter has the functions shown in the model, the
proposed controller is easily applied to it.
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3 TOTAL SYSTEM CONFIGURATIONS

This controller is assumed to be used in an AC
module. As a total system, several models composed of
some modules are expected. Therefore the required
functions of the controller have to be adapted to each
case. As shown in Fig. 3(a), conventional AC modules
have al the functions as a power conditioner. In this case,
even if a customer sets only one AC module, it is
possible to use as a small grid connection system.
However, in a roof system, usually many modules are
mounted. Therefore the interconnecting function can be
collectable in an extra controller, which has a possibility
that the total cost is reduced in some cases. A system
configuration shown in Fig. 3(b) is an example of
interconnection system with a circuit breaker (CB) set in
the CB box. In the system of Fig. 3(c), an extra unit is put
independently to control each the AC module. In thisway,
communication system is required. At the present stage,
al the systems and their fusion are under consideration
for the final version. The prototype board and the second
version have al the functions.

4 FUNDAMENTAL FUNCTIONS OF THE
CONTROLLER

A fundamental flow of the control systemis shown in
Fig. 4. The system operation is started by a order whichis
to be a switch, the sun shine or a signal from the master
controller. During the operation, the controller constantly
monitors the input and output voltage and current of the
inverter. The waveforms are sampled at about 500 points
per one grid cycle and changed to digita data. When the
grid voltage, that is equal to the output voltage, is within
the standard voltage range, the controller permits the
inverter circuit to be standby position. Then, the DC side
condition is checked. If the open circuit voltage is in the
normal range, the controller permits the inverter to start.
The rms/average value, the grid frequency, and the third
harmonic are caculated based on the stored data by the
grid cycle. No sooner than a remarkable change is
detected with the insensitive-passive detection algorithm,
the inverter is stopped. Small deviation with possibility
of idanding is detected with the sensitive passive

[ System start l
L2

‘ Monitoring ‘

Within the standard
voltage range?
NO YES
‘ Operation permitted }—bstandby signal

Starting conditions satisfied ?
NO

YES
Inverter start )—>0peratiun signal
a2 (Something detected |
- N y Gate block, Inverter stop,
Insensitive passive detection
Output current zero
v v
‘ Sensitive passive detection H Output current 1/2 ‘
2

‘Ou\put voltage, power factor control ‘

Next cycle ‘

renewal

Output power indication

‘ MPPT process ‘

Inner fault detection

System stop

Figure 4: Flow chart.

detection algorithm. In this case, output power of the
inverter is reduced to the half of it, which performs as an
active detecting function and magnifies the deviation if in
the idlanding condition. This method is proposed as the
active-passive series method [4]. Unless any meétters are
detected for one cycle, next output power is calculated in
the MPPT process and indicated as the output current
parameter. The system stops, if a trouble is found in the
controller or the inverter, or if system stop command is
given. The above process is usually synchronized to each
the grid cycle.

5 PROTECTION FOR GRID CONNECTION

5.1 Idlanding protection

As mentioned above, the active-passive series method
is applied to the islanding detecting function of the
controller. The details are explained in arelating paper of
OE6.3 [5] in this conference record. The agorithm is
simplified with comparing to the original. The insensitive
passive detection simply checks the rms vaue of AC
voltage, frequency, phase shift, and the third harmonic
with the thresholds. This function can be also used as a
protection system. The other one, the sensitive passive
detection is specified to detect a smal sign of an
islanding phenomenon. It checks the changing ratio of
the grid frequency and the third harmonic. Even if only
one parameter goes over the threshold, the controller
orders the inverter to reduce the output current to the half
of the present vaue. If the inverter is in the islanding
system, the power decrease causes the system voltage
reduction. It should be detected by the insensitive
detection. At first, the agorithm was tested with a
personal computer using some data sets observed in some
islanding phenomena[6].

5.2 Isdlanding test

Islanding phenomena are tested in agrid simulator. In
our study, a reduced scale distribution system simulator
was built for the tests [7]. Figure 5 shows the reduced
scale distribution system simulator. The simulator
consists of an AC power supply, L-R circuit as a
distribution line, and the load of R, L, C, and an
induction motor. In this system, 4 commercia power



Figure 5: The reduced scale distribution system
simulator.

conditioners have been tested. Two of them are able to be
set the idanding detections off. Ilanding phenomena can
be meanly redlized using a power conditioner in the off-
detecting mode. These data have been used to test the
detection program. In the prototype, the noise component
of the waveforms prevented the agorithm from the
correct detection. In the second version, islanding tests
have been repeated [5]. About the second version
controller, more sivier tests have been carried out. Thus,
an assumed deviation is once given by the programable
AC power sourse and it keeps on supplying after the
modification without any matter. The performance of the
controller was agrreed with the theoritical prediction.

6 MAXIMUM POWER POINT TRACKING

A lot of MPPT algorithms have been proposed [5]. In
this study, three conventional algorithms, perturbation
and observation (P&O), Incremental conductance
(IncCond), and constant voltage (CV) have been built
and simulated with assumed data. At the present stage,
the IncCond was selected and installed. In our program,
the present operating position on the I-V curve is found
with the input voltage and current. Comparing to the
present values and the last ones, atarget value is decided
as a vaue of DC voltage. To close to the value, the
output current is controlled. The indication parameter is
sent to the inverter by the grid cycle. When the monitored
DC voltage becomes close to the aim, the program
renewals the data and cal culates the next aim [8].

7 EXPERIMENTAL RESULTS

The prototype controller of TUAT and YEM was
connected with a fly-back inverter of Tokyo
Metropolitan Univ. and Niwa Elec. Inc. with the interface
board (IF) as shown in Fig 6. The MPPT, islanding
detection, and increased voltage protection programs
were installed into the microcomputer (SH7615) in the
controller. The circuit protection, PWM, and PLL
functions were in the inverter circuit itself. The observed
waveforms in the test with PV array simulator are shown
in Fig. 7. In this test, 1-V curve was fixed. The MPPT
function sought to track the maximum power point. In
this version, only the basic operation as a PV inverter
system composed of an inverter and a controller was
confirmed. However it was impossible to test the
isdanding detection and interconnection with the rated

Figure 6: Experimental system with the
prototype controller and the inverter.
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Figure 7: Observed waveforms in the prototype
system.

power because of the noise interference on the controller
in case of grid connection. When the Fig. 7 was observed,
to confirm the parameter’s performance and the other
waveforms, the inverter was forced to operate without
grid connection.

Against the problem, the second version of the
controller has been made, and the inverter has been also
improved. Figure 8 shows an experimental system
composed of the new circuits. This system is connected
to the reduced scale distribution system simulator. All the
basic operations have been confirmed. The operation
from zero output power to the rated output power was
confirmed in the condition of grid connection. Figure 9
shows the observed waveforms in an interconnecting
experiment. The |-V curve simulator was set on the fill
factor of 0.8 with the maximum out put power of 94 W.
The MPPT operation is observed in the waveforms. It is
shown that following the increase of the output current,
the grid current decreased. The AC current waveform
includes pulses. The reasons are now under the study. In
some cases, these pulses cause a miscalculation to the
micro controller. The output current indicating parameter
was controlled to track the maximum power point. The |-
V curve was fixed in this test. Against rapid changes of
the irradiation, this program kept the operation. Now the
MPPT operation is still under the tests for many kinds of
I-V curves with various fill factors and irradiance
conditions. Especialy MPPT operation in low power
conditions with low FF is a problem to be solved
immediately. The islanding detection was also tested and
the operation was confirmed. The details are reported in

[5].
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8 CONCLUSION AND FURTHER RESEARCH [6] T. Mizuno et al. “Inference of islanding detecting
factor in commercial PV inverters’, Proc. 13th
Development of the interconnecting controller for Annual Conf. of Power & Energy Society. IEEJ, vol
Japanese PV systems has been introduced. The prototype A, pp. 597-598, Aug. 2002 (in Japanese).
controller and the second version have been described. [7] Y. Nodaet al. “The development of a scaled down
The main agorithms have been shown. The experimental simulator for distribution grids and its application for
results by the present stage have been reported about both verifying interference behavior among a number of
the circuits. The basic functions of the second version module integrated converters (MIC)”, Proc. The 29th
controller are still under the development, however many |EEE PVSC, May 2002 (to be published).
good performances have been confirmed as a PV inverter [8] T. Kaitoet al. “A study on MPPT function of digital
controller for agrid connection system. inverter”, Proc. 13th Annual Conf. of Power &
The following items are still under the study for the Energy Society. IEEJ, vol A, pp. 603-604, Aug. 2002
next version. (in Japanese).

- Total system configurations and communication

- Interface to the inverter

- Power supply to the controller

- Evaluation about the dynamic response against

irradiation change

- Size and cost reduction

The next version will be presented in WCPEC-3 in

Osaka Japan.

This development has been carried out as a part of
the “Regional Consortium R&D Program”, funded by the
New Energy and Industrial Technology Organization
(NEDO) from FY 2000 to FY 2001 and by the Ministry of
Economy, Trade and Indusrty (METI) in FY 2002.
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ABSTRACT: The purpose of this paper is to develop an algorithm for islanding protection. It must satisfy conditions that
it is not affected by high-density installation and it acceptable for the Japanese grid interconnection guideline. This
research is one part of the Regional Consortium Project to develop a new 100W class micro-inverter for residential PV
systems [1]. Feature of this algorithm is to combine a two-step passive detection and a current control of the inverter as
an active component. The former can effectively suppress the misdetection and mutual interference among inverters. It is

concluded that the developed algorithm works satisfactorily.

Keywords: Islanding, AC-modules, Grid-Connected
1 INTRODUCTION

AC module has many advantages that, for example, it
seems to be more cost-effective than usual PV system
and can easily be set up rather than usual PV system.
However AC module has some problems. Thus usually
AC modules are installed in higher density, in such a case,
the inverters’ own control may affect other inverters and
sometimes cause all the inverters to stop due to the
misdetection. Although, it becomes popular in Europe
and US, it doesn’t spread in Japan. One of the reasons is
the grid connection guideline [2] that requires conditions
different from European or American codes.

The present Japanese guideline requires equipping a
complete islanding protection in all the type of inverters
including AC module because AC modules are not yet
specified anywhere. It should provide both the passive
method and the active method. This paper introduces an
islanding detection algorithm and its experimental results
obtained by using a network simulator.

2 METHOD OF ISLANDING DITECTION

2.1 Islanding detection of AC module inverter

Almost all AC module inverters marketed now have a
grid connection protection unit to be concrete under
voltage relay, over voltage relay, under frequency relay
and over frequency relay. However if they are put into
place in higher density, they may cause islanding.
Because it cannot detect that the inverters output power
and load condition are balanced. According to [3],
islanding experiment in a number of inverter with parallel
setting had been confirmed the islanding behavior. It is
needed for islanding protection that the inverters exactly
detect a balanced islanding condition and don’t cause
mutual interference among them. For AC module inverter
it is very important to protect the islanding phenomena
and to keep the grid connection standard.

2.2 The Active/Passive Series Method

The Active/Passive Series Method was invented by
H.Kobayashi et al. [4] has a two-step passive detection
and the current control of the inverter. Feature of this
method is to combine a two-step passive detection and
the current control of the inverter as an active component.
Function of the two-step passive detection is to suppress

all the inverters stopped at once by the misdetection.
Function of the current control of the inverter is to
suppress mutual interference among the inverters.

2.3 The islanding detection algorithm

Authors introduce the algorithm for a new AC
module inverter that is suitable for the Japanese guideline.
It consists of the inverter and the control board. The
control board includes the total algorithm such as
islanding algorithm and MPPT. Function of the control
board is to run the total algorithm and to output the
current indication value. This islanding detection
algorithm simplified the Active/Passive Series Method.

While the inverter is operating, the control board is
monitoring instantaneous values of the grid voltage by
the grid cycle. (It’s about 20[ms]) The control board
outputs the current indication value in the grid cycle. The
inverters’ sampling frequency is 27.5 [kHz]. The total
algorithm is calculated within 20 [ms].

Since the control board starts monitoring, each
detection method calculates the instantaneous values of
the grid voltage. After this, the two-step passive detection
judges the values, and outputs the current indication
value. Figure 1 shows the flowchart of the islanding
detection algorithm at a static state.

The first-step of the passive detection is a low
sensitive detection including the effective voltage, the
grid frequency and the 3" harmonic distortion. The
second-step of the passive detection is a high sensitive
detection including the rate of change about the grid
frequency and the 3" harmonic distortion.

In case when the low sensitive detects a matter, the
inverter backs to the waiting mode. The waiting mode
means to stop the inverter operation. When the low
sensitive doesn’t detect anything and only the high
sensitive detects a matter, the inverter output current
changes to the half. Then, if the grid voltage exists, there
is no influence in the system voltage waveform. If the
grid voltage doesn’t exist, the change of the inverter
output current distorts the system voltage waveform. This
distortion is detected by the low sensitive, then the
inverter changes to the waiting mode. If the inverter
doesn’t detect anything both the low sensitive and the
high sensitive, MPPT algorithm outputs the suitable
current indication for the grid condition. [4]
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Figure 1: The flowchart of the islanding detection algorithm at a static state

2.4 Each detection method [5]

There are three kinds of methods in the low sensitive
detection. Three detection methods are the effective
voltage detection, the grid frequency detection and the 3™
harmonic distortion detection. The effective voltage is
calculated square root of the voltage instantaneous values
about every cycle. The grid frequency is calculated the
voltage instantaneous values from the first zero cross to
the third zero cross. The 3™ harmonic distortion is
calculated the voltage instantaneous values with Discrete
Fourier Transform.

There are two kinds of methods in the high sensitive
detection. The rate of the grid frequency change and the
rate of the 3" harmonic distortion change are calculated
by use of moving average. Accuracy of each detection
method is confirmed in the simulation.

2.5 Threshold of each detection method

Tablel shows the threshold of each detection method.
The low sensitive threshold is defined along the Japanese
guideline. The high sensitive threshold is simulated by
[6]. To suppress the misdetection, the high sensitive
threshold needs the further examination.

Table 1: The threshold of each detection method

Detection method Threshold
The under effective voltage 90[V]
The over effective voltage 110[V]
The under grid frequency 47.5[Hz]
The over grid frequency 52.5[Hz]
The 3 harmonic distortion 3[%]
The rate of o
the grid frequency change 0.1[%]
The rate of o
the 3" harmonic distortion change 0.5[%]

3 EXPERIMENTAL CONTENTS

To connect the grid, the algorithm needs the
exactness to detect the grid small disturbing such as
instantaneous voltage change or frequency change.

Consequently, the algorithm needs to be investigated
against these phenomena.

3.1 Experimental circuit for imitation islanding test

Figure 2 shows the experimental circuit for imitation
islanding test. In the experiment, AC power source takes
the place of the grid, and PV array I-V curve simulator
takes the place of PV. AC module inverter consists of the
inverter and the control board. Due to investigate the
islanding detection availability of the inverter, there is no
load on this circuit.

Ny

AC power source

AC module PVarray IV
inverter curve simulator

Figure 2:Experimental circuit for imitation islanding test

Table 2: PV array I-V curve simulator’s parameters

Setting parameter Established value
Pmax 100[W]
Vop 40[V]
lop 2.5[A]
Voc 45[V]
loc 2.5[A]
FF 0.79
Amount of solar radiation 1kw/m?
Temperature 250

3.2 Experimental condition

Table 2 shows PV array I-V curve simulator’s
parameters. The inverter is still under the development,
however the static operation is controlled. Static
operation is more strictly for islanding phenomena than



dynamic operation condition. The experiments were
carried out under the static operating conditions.

4 EXPERIMENTAL RESALTS

4.1 Experiments of voltage quick change

This experiment focused on the algorithm behavior
under the voltage quick change. The grid voltage was
changed from 100[V] to 80[V] or 120[V] among 10[ms].
The grid frequency was kept constant 50[Hz]. Figure 3
shows the analytical result. The result shows that the
voltage quick change was detected by the rate of the grid
frequency change and the effective voltage detection.
Judging from the measured data of the rate of the grid
frequency and the rate of the 3™ harmonic distortion, the
rate of the grid frequency change didn’t over the
threshold, however the rate of the 3 harmonic distortion
change went over the threshold. Then, the output current
indication changes to the half. However, due to exist the
grid, there was no influence to the grid voltage.

Another experiment result under the voltage quick
change from 100[V] to 120[V] among 10[ms] was also
detected by the high sensitive detection.

These results show that the algorithm can exactly
operate in voltage quick change.
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Figure 3: Measured data at the experiment of voltage
change from 100[V] to 80[V] among 10 [ms].

4.2 Experiments of the grid frequency smoothly change
This experiment focused on the algorithm behavior
under the frequency smoothly change. The grid frequency
was smoothly changed from 50[Hz] to 51[Hz] or 49[Hz]
among 0.4[s] and from 50[Hz] to 53[Hz] or 47[Hz]

among 1.0[s]. The grid voltage was kept constant 100[V].

Figure 4, 5,6,7 shows the analytical result.

When the grid frequency was smoothly changed from
50 [Hz] to 51 [Hz] or 49 [Hz], the rate of the grid
frequency change was over the threshold. At the time, the
output current indication value was instantaneously
changed to the half. That makes DC voltage and DC
current quickly changed.

If the grid doesn’t exist, the voltage waveform is
distorted by the inverter output current. Even if under the
condition that the inverter’s output power and load are
balanced, the rate of frequency change detection and the
rate of the 3™ harmonic distortion change detection will
detect the small disturbing in the grid voltage. Then, the
balanced condition turn into a non-balanced islanding
condition. Consequently, it is to be detected by the low
sensitive detection, and the inverter backs to the waiting
mode.

When the grid frequency was smoothly changed to 53
[Hz] or 47 [Hz], the grid frequency was over the
threshold. At the time, output current indication was
instantaneously changed to zero. Then, the inverter backs
to the waiting mode.

These results show that the algorithm can exactly
operate in the grid frequency smoothly change.

5 CONCLUSIONS

This paper introduces an islanding detection
algorithm for the Japanese guideline and investigated the
availability of this algorithm in the imitation islanding
experiment.

In the experiments, this algorithm exactly detects the
small disturbing of the grid voltage and the smoothly
changes of the grid frequency. Experimental results
showed the availability of this algorithm.

In future, this inverter needs further experiments for
islanding. Finally, this algorithm will be shown that
development algorithm works satisfactorily.

This development has been carried out as a part of
the “Regional Consortium R&D Programme ”, funded by
the New Energy and Industrial Technology Organization
(NEDO) from FY2000 to FY2001 and by the Ministry of
Economy, Trade and Industry (METI) in FY2002.
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PV VISION: THE VERY LARGE-SCALE PV SYSTEM CONCEPT

Kosuke Kurokawa

Tokyo University of Agriculture and Technology (TUAT),
2-24-16 Naka-cho, Koganei, Tokyo, 184-8588, Japan

ABSTRACT: This study has been carried out by Task VIII: ‘Very Large Scale PV Power Generation utilising Desert
Areas’ under the umbrella of IEA Implementing Agreement on Photovoltaic Power Systems. The potential of Very Large
Scale Photovoltaic Power Generation (VLS-PV) Systems, which having a capacity ranging from several megawatts to
gigawatts, was examined and evaluated by identifying the key factors that enable VLS-PV system feasibility and
clarifying the benefits of this system’ s application to neighbouring regions, as well as the potentia contribution of system
application to protection of the global environment. Renewable energy utilization in the long term was also clarified. The
key factors for the feasibility of such systems were identified and the (macro) economic benefits and the potential
contribution to the global environment were clarified. Mid- and long-term scenario options for making VLS-PV systems
feasible in some given areas was proposed. First the background of the concept is presented. Then six desert areas were
compared and three scenario studies were performed to ensure sustainability. In this paper, the results of this study and

recommendations are reported.

Keywords: Large Grid-connected PV system, Energy Options, Environmental Effect

1. INTRODUCTION

“It might be a dream, but ...” has been a motive for
continuing our beloved study “Very Large Scae
Photovoltaic Power Generation — VLS-PV”. Now, we are
so confident that this is not a dream and that a desert
produces energy, truly. This study gives one of the
promising recommendations for solving world energy
problemsin the 21st century.

This activity first started under the umbrella of 1EA
Task VI in 1998 [1, 2]. The new task — Task VIII: ‘Very
Large Scale PV Power Generation utilising Desert Areas
was set up for feasibility studiesin 1999 [3].

To initiate the study, a lot of imagination was
required. It was felt that dreams and imagination are
really welcome and that it is worthwhile to consider
things for the future generations, our children or grand-
children. People have to imagine their lives after 30 years
or 50 years, even 100 years since it requires a longer lead
time to realize energy technology . In this sense, studies
in terms of VLS-PV include plant design by extending
present technologies as well as discussing basic
requirements for PV energy in the future energy-
supplying structure, the socia impact on regions, and the
local and global environmental impact.

It may be known that very large deserts in the world
have a large amount of energy supplying potential.
However, unfortunately, around those deserts, the
population is generally quite limited. Then, too much
power generation by PV systems becomes worthless.
However, world energy needs will grow larger and larger
toward the middle of the 21st century. In addition, when
globa environmental issues are considered, it is felt that
future options are limited. These circumstances became
the back-bone and motive force for VLS-PV work.

In this paper, the results of this study and
recommendations are reported [3-5].

2. BACKGROUND AND CONCEPT OF VLS-PV
A Very Large Scale PV System is defined as a PV

system ranging from 10 MW up to several GW (0,1 km?
to 20 km? tota ares) consisting of one plant or an

aggregation of multiple units operating in harmony and
distributed in the same district [1-3]. These systems
should be studied with an understanding of global energy
scenarios, e.g.: Fig.1, environmental issues, e.g.,: Table
1,, socio-economic impact, PV technology developments,
desert irradiation and available aress:

- All globa energy scenarios project PV to become a
multi-GW generation energy option in the first half of
this century as shown in Fig.2.

- Environmental issues to which VLS-PV may
contribute are globa  warming, regional
desertification and local |and degradation.

- The PV technology is maturing with increasing
conversion efficiencies and decreasing prices per watt.
Prices of 1,15 USD/W are projected for 2010, which
would enable profitable investment and operation of
a100 MW plant.

- Solar irradiation databases now contain detailed
information on irradiation in most of the world's
deserts.

- The world's deserts are so large that covering al of
them by 50% with PV would generate 18 times of the
primary energy supply of 1995.
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Figure 1: World primary energy supply by region 1971-
2030 [World Energy Outlook —2002 ed., |IEA]
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Tablel: Installed global capacity (GW) estimated by G8 Renewable Energy Task Force

CodIGCC  Gas FC  BioConv. BiolGCC Bio FC  Smdlhydo  Wind Solar PV Solarthemad  Geotherma

2000 0.3 0.3 24.3 0.3 01 0.3 125 1.0 14 6.9
2012 14.3 14.3 34.6 15.7 158 18.9 90.5 318 9.7 174
2020 39.7 35.7 36.7 28.9 28.9 38.8 196.3 118.8 32.6 27.6

2030 1425 114.0 40.5 68.0 67.5

95.8 554.6 655.8 156.4 49.5

Mtoe Mt-CO2
.. 16000 40000
§ 14000 - Total CO, Emissions : 35000 o

c
n o
§ 30000 2
2 25000 LE'i
g 20000 8
£ 3 _ 15000 £
g 4000 - Total Primary Energy Supply 1 10000 =
[
2000 - 71 5000
0 : 0
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Figure 21 World primary energy supply and CO2
emissions from 1971-2020 [World Energy Outlook —
2000 ed., IEA]

3. VLS-PV CASE STUDIES

Detailed case studies have been carried out to
understand redlistic scale of VLS-PV according to a
scheme as shown in Fig.3 [4]. Some examples of their
results are shown in Figs. 4-9.
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Figure 3: VLS-PV design schemes
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Figure 4: system requirement (Gobi desert case)

Electricity generation costs of between 0,09 and 0,11
USD/kWh are shown, mainly depending on annual
irradiation level (module price 2 USD/W, interest rate
3 %, salvage value rate 10 %, depreciation period 30

years) as shown in Fig.10. These costs can come down by
a factor of a half to a quarter by 2010. Plant layouts and
introduction scenarios exist in preliminary versions [4, 5].
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1/0 andlysis shows that 1 250 to 1 500 man-years of
local jobs are created per km2 of PV - produced and
installed.
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Other findings of the three case studies (two flat-plate

PV systems and one two-axis tracking concentrator PV)

are:

- The case study in the Gobi desert describes a VLS-

PV system built of strings of 21 modules combined
to arrays of 250 kW consisting of 100 strings. Two of
these arrays are connected to an inverter of 500 kW.
Two hundred of these sets of 2 arrays are distributed
over an area of approximately 2 km2. Tota
requirements for construction of the plant based on

- In the Sahara case study,

local module assembly are 848 485 modules, 1 700
tons of concrete for foundation and 742 tons of steel
for the array support. The life-cycle CO2 emission is
around 13 g-C/kWh, mainly due to manufacturing of
the modules and the array support.

severa  distributed
generation concepts were compared to minimise
transmission costs. A potentially attractive option is
dispersed 300 plants of 5 MW PV systems, the total
capacity of which is 1,5 GW, located along the coast
of Northern Africa, connected to the grid by a single
1 - 10 km medium voltage line. A complete 1/O
analysis was aso carried out resulting in 2 570
induced jobs by the operation of a 5 MW/y PV
module production facility.

- In the Negev desert in the middle-east, a 400-sun

concentrator dish of 400m2 was evauated.
Simulations indicated that 16,5 % overall system
efficiency is achievable, and an economic attractive
operation with generation costs of less than 0,082
USD/kWh is possible.

4. SCENARIO STUDIES

Three sustainable scenario studies were developed

showing that ‘sustainable local economic growth’,
‘sustainable technological-environmental devel opment
and non-technological demonstration’ and ‘sustainable
financial (stakeholder) support’ are possible when along-
term perspective is developed and maintained:

- In the concept of sustainable local economic growth,

the first local PV module production facility has an
annual output of 5 MW. This local production
supplies for the construction of the local VLS-PV
system. In subsequent years, three more 5 MW
module production facilities are brought into
operation, so that annually 20 MW is supplied to the
local VLS-PV system. After 10-15 years, a module
production facility of 50 MW is put into operation.
Every 10 years this facility is replaced by a more
modernised one. Thus after approximately, 40 years,

1600 : : :
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Figure 11: Sustainable scheme for VLS-PV development



al5GW VLS-PV plantisin operation, and the local
production facility supplies for replacement only as
shown in Fig.11. This way, local employment, and
thus, the economy, will grow sustainably.

- To reach the point of a 1 GW system, four
intermediate stages are necessary: R&D stage, Pilot
stage, Demonstration stage, and Deployment
(commercial) stage as shown in Table 2. From stage
to stage, the system scale will rise from 2,5 MW to 1
GW, module and the system cost will go down by a
factor of 4. Production will be shifted more and more
to the loca economy. Technological issues to be
studied and solved include reliability, power control,
standards. Non-technical items include training,
environmental anti-desertification strategies, and
industridlisation and investment attraction. These
four stages have atotal duration of 15 years.

Table 2: Possible approaches for the future
Stages Description
S-0: R&D - PV system: 500kWx5
(4 years) research system
- Price of PV module: $4/W

- PV module: Import from
overseas

- Inverter: Import from overseas

- PV system: 25MW pilot
system

- Price of PV module: $3/W

- PV module: Import from
overseas

- Inverter: Import from overseas

- PV system: 100MW large-
scale system

- Price of PV module: $2/W

- PV module:
Domestic/regiona production

- Inverter: Import from overseas

- PV system: around 1GW
VLS-PV system with energy
network

- Price of PV module: $/W

- PV module: )
Domestic/regiona production

- Inverter: Domestic/regional
production

S-1: Pilot
(3 years)

S-2: Demonstration
(3 years)

S-3: Deployment
(5 years)

- To redise the final commercial stage, a view to
financing distribution is devel oped for al of the three
previous stages, consisting of direct subsidies, soft
loans, equity, duty reduction, green labels, and tax
advantages as shown in Table 3. It is clear that direct

subsidies will play an important role in the first three
stages (R&D, pilot, and demonstration). Ultimately,
in the commercia stage, enough long-term operating
experience and track record are necessary to attract
both the soft loans and equity for such a billion
dollar investment.

6. GENERAL UNDERSTANDINGS

Based on this report, those stakeholders may
recognise the following valuable findings.
(1) VLS-PV can contribute substantially to global energy
needs

(2) VLSPVY  can  become economically and
technologically feasible

(3) VLSPV can contribute considerably to the
environment

(4) VLSPV can contribute considerably to socio-
economic development

(5) VLS-PV development needs a long-term view and
consistent policy

6. RECOMMENDATIONS[5]

6.1 Introduction

As an overdl concluson of this work,
recommendations are given here to realise long-term
targets based upon the results of the studies performed in
the IEA task VIII. Recommendations are described
considering various stakeholders as mentioned later.

6.2 Recommendations on a Policy Level

From the globa energy situation, global warming,
and other environmental issues as well as from the case
studies and scenarios, it can be concluded that VLS-PV
systems will have a positive impact. To secure that
contribution, a long-term scenario (10-15 years) on
technological, organisational, and financial issues will be
necessary. Action now is necessary to unveil the giant
potentid of VLSPV in deserts. In such action,
involvement of many actors is welcome. In particular it is
recommended that on apolicy level:

v" National governments  and multinational
institutions adopt VLS-PV in desert areas as a
viable energy generation option in global, regional
and local energy scenarios

v The IEA-PVPS community continues Task VIII for
expanding the study and refining the R&D and
pilot phase and for involving participation by desert
experts, financia experts and for collecting further
feedback information from existing PV plants.

Table 3: Example of contribution towards investment by various sources of co-funding in the different stages of the
introduction of VLS-PV: Redundancy of funding is necessary to reduce risks

Source Direct (Soft) loans Equity Import duty Green label Others, Tota
subsidies including and in- reduction buy-off and such as
green money  kind Jl funds profit  tax
advantages
Stage
1. Feasibility 75% 0% 15% - - 10% 100%
2. R&D/Pilot 50% 30% 10% 10% - - 100%
3. Demonstration 25% 30% 15% 10% 15% 10% >100%
4. Deployment/ 5% 65% 15% 10% 10% 10% >100%

commercial




v' Multilateral  and national governments  of
industrialised countries provide financing to
generate feasibility studies in plural desert areas
around the world and to implement the pilot and
demonstration phase.

v' Desert-bound countries (re)evauate their deserts
not as potential problem-areas but as vast and
profitable (future) resources for sustainable energy
production. The positive influence on loca
economic growth, regional anti-desertification and
globa warming should be recognised.

6.3 Check List for Specific Stakeholders
(1) To decision-makersin industrialised countries:

As part of your long-term view of the world energy
market trends and the need to provide a national energy
outlook:

v" Have you considered the future possibility of VLS
PV for your industries, which may become major
enterprises controlling the world energy market?

v" Do you have a step-by-step plan for R&D to make
good use of the extensive capabilities in
photovoltaic technology when the world energy
problem arrives?

v' Do you have aview to initiate, continue and extend
bi- or multi-latera international collaboration with
those developing countries which have abundant
solar energy?

v" Do you have funds available for R&D or pilot
programmes with training courses to introduce PV
technology into developing regions, especially
around deserts as a first stage of a consistent step-
by-step approach?

v Do you have strategiesin place to maintain regional
sustainability and to consider a moderate
technology transfer scenario when planning the
further development of DCs?

v" Have you considered using your influence to
mobilise multilateral institutions to stimulate VLS-
Pv?

(2) To decision-makers in developing countries:

You obviously are aware of the coming world energy
problem in 20 or 30 years. Did you include solar PV
energy as one of the most favourable renewable energy
options when national master plans for energy supplies
are discussed?

v" Have you considered the opportunity that your
country will be able to export PV energy to
neighbouring regions and that new jobs will be
brought to your people?

v" Are you aware of the fact that PV technology has
already been proven itself to be a cost-competitive
energy source for rural electrification and still is
being improved very rapidly? As a matter of fact, it
is especialy effective for stabilising rurd lives.

v" Have you considered a regional development plan
which utilises abundant electricity production and
vast lands?.

v Have you settled on a step-by-step, long-term
approach that starts with Solar-Home-Systems or
Mini-Grids as the first stage and finally reaches
VLS-PV in 20 or 30 years?

v" Do you have a plan to cultivate and gradually raise
a domestic PV specidists society from an early
stage to a developed stage?

v" Have you dready asked for support from a variety

of financia units you can utilise?
(3) To decision-makersin oil-exporting countries:

You obviously are aware of the fact that many oil-
exporting countries around desert areas aso have an
everlasting natural resource: solar energy. Are you
conscious that you can export PV energy to neighbouring
regions as well?

v Are you aware of the fact that PV technology has
already been proven as a cost-competitive energy
source for rura electrification and is still being
improved rapidly?

v" Did you develop a long-term view of the future
world energy market and your strategy including
the new elevation of photovoltaic power plants and
industries? It will bring you opportunities for high-
tech industries and new jobs.

v/ Can you confirm the study results that a 100 MW
PV power plant will be economically attractive in
an oil-exporting country? Have you discovered
good conditions in interest rates, the value of green
certificates and the value of opportunity benefits
from oil-saving?

v" Have you decided to invest in the development of
the world photovoltaic business?

v' Did you choose an appropriate scale for starting
toward VLS-PV?

(4) To financing institutions and banks:

You are presumably aware of the fact that the market
potential for VLS-PV amounts to 2 billion people world
wide.

v' Are you aware of the Task VIII study results that
show the size of indicative investment levels for the
100MW demonstration stage and the 1 GW
deployment stage corresponds to 500 MUSD and 4
000 MUSD respectively? Do you consider this
much different from the magnitude of hydropower
or infrastructure projects in a budgetary sense?

v' Do you respect the following funding scenario
study for a 100 MW demonstration stage and a 1
GW deployment stage? - They are economically
attractive in some cases, assuming 30 % - 65 % of
total investment, is met by soft loans with 4 %
interest. Another portion is expected to come
partially from subsidy, equity, tax reduction, etc.

v" Can you positively support a full-scale feasibility
study for a pilot project and for a 100 MW
demonstration plant as a continuation of the Task
VII?- 1t will identify targets and locations and will
secure the funding sources and electricity outlets
for both stages.

v/ Can you support the pilot stage and the 100 MW
demonstration plant according to the results of this
study?

v" Could you consider a low-interest soft loan on a
long-term basis for theinitiation of VLS-PV system
projects around desert areas?

(5) To PV industry associations and multi-nationa
industries:

You are obviously conscious of possibilities that the
future market growth will be larger in southern countries,
mainly because of the greater sun and land availability.

v' Are you aware of the future possibility of VLS-PV
for PV-industries? - They may become major
enterprises controlling the world energy market.

v Are you confident that the photovoltaic technology
and market will become competitive on a



worldwide level within 20 years?

v' Can you make sure that the prices for Solar PV
Energy will be reduced by a factor of a half to a
quarter within the next decade?

v/ Can you support and invest in local industries to
take off according to the technology transfer
scenario?

(6) To PV specialists and academic societies:

You know that fundamental research will generate
new seed technologies for VLS-PV? Can you confirm
expected directions such as very high efficiency PV célls,
high-concentration optics, organic-polymer PV cdlls,
chemical energy transportation media like hydrogen or
methanol, superconducting power transmission and so
on?

v Did you formulate and assist a PV speciaist society
in developing countries in cooperation with top
leaders in those countries?

v' Will you join our continuing work, seeking the
redlisation of VLS-PV systems? -Expected work
items may include more precise case studies for
specific sites and funding, proposas for R&D
cooperation  plans, other possibilities in
technological ~ variety, resource evaluation,
additional value analysis and so on.

(7) To power utilities:

You have clearly recognised that the world energy
market structure will change very drastically in the near
future.

v/ Can you confirm business opportunities in
photovoltaics within the next decades.?

v/ Can you confirm that a power transmission scenario
is possible according to our study results? -

Additional tie-line construction of less than 100 km,

for connecting VLS-PV through existing national
power grids to a load centre, will raise the
electricity price with less than 1 U.S. cent/kWh.
One example is a transmission operation in
cooperation with coa-burning power stations
located on acolliery.

v' Are you ready to invest in photovoltaic industries
and foster technological societies with a long-term
view for the future world energy market?

(8) To the International Energy Agency

You are clearly conscious that the diversification of
energy resources and the development of alternative
energy are essentia for overcoming the world energy
problems within the next decades.

v Can you confirm our view that Solar PV Energy is
one of the most favourable options for future
electricity production?

v/ Can you confirm your continuous support of the
IEA PVPS Implementing Agreement on the basis
of the long-term world energy outlook?

v" Would you support our idea about multilateral
activities between IEA member countries and
developing countries?

v" Can you organise the higher level of IEA PVPS
activities including demonstration projects for
VLSPV?

v Do you want to support afull-scale feasibility study
corresponding to a pilot project and a 100 MW
demonstration plant? - It will identify targets and
location and fully secures funding sources and
electricity outlets for both stages.

v/ Can you support and enhance the continuing work

in the IEA PVPS Task VIII? - Expected work
items areto be:

- More precise case studies for specific sites
including detailed local conditions and funding
sources as well as demand application,

- Proposals for the first or second stage of
cooperation plans to be submitted to financia
institutions,

- Comprehensive evaluation of other possibilities of
a technological variety such as tracking,
concentrator and advanced PV cells, Resource
evaluation of VLS-PV by means of remote sensing
technology.

- Investigation of additional effects of VLS-PV on
the global environment such as global warming and
desertification,

- Expansion of evaluating approaches to other types
of PV mass-applications in the 21st century
including value anaysis in the economy,
environment, socio-economy and others.

7. CONCLUSIONS AND ACKNOWLEDGEMENTS
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PVI

Verification of the Photovoltaic System Integrated Evaluation Software (PVI) for Residential Systems Generating
Characteristics
Paulo Sergio Pimentel, Hiroshi Matsukawa, Takashi Oozeki, Kosuke Kurokawa
(Tokyo University of Agriculture and Technology)
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Irradiation Forecast by Using Spatial Frequency Analysis on GMS Images

Satoe Takahashi, Hironari Taniguchi, Kosuke Kurokawa (Tokyo University of Agriculture and Technology)
Kenji Otani (National Institute of Advanced Industrial Science and Technology)
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Development of Digital MPPT Algorithm for aPV Inverter
Takashi Kaito*,Hirotaka K oizumi,K osuke Kurokawa(Tokyo University of Agriculture and Technology)
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Table 1. Condition of illuminance Simulation
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