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ABSTRACT

Hybrid systems based on renewable energy are an effective option to solve electrification for
isolated areas from the national grids. This paper presents techno-economic analysis of hybrid
systems for rural villages in Mongolia. Various type of hybrid systems are compared
quantitatively on the basis of net present cost and cost of electricity by each case of load
pattern in Gobi region villages. As a result, existing diesel generation system is top-ranked
even in high fuel cost in all cases load pattern. But, the great increase of diesel fuel
consumption lead to fuel transfer and storage problems. The electricity cost of optimum
hybrid systems decreases with increasing of power demand. The PV module cost is indicated
approximately 50% of the optimized total hybrid system cost. It is necessary an additional
allocation budget for deficit covering the electricity cost in the village, due to current hybrid

system cost more than doubled diesel generation electricity cost.
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ABSTRACT

When you consider the future of our planet, energy
problem and environmental problem will appear. The
authors propose its solution, which is utilization of deserts
for power plant by PV technology. 100 MW VLS-PV
systems which are fixed flat plate system in the world
deserts and sun-tracking system in the Gobi desert are
assumed and evaluated in detail by using Life Cycle
Assessment. It means that the VLS-PV systems are
evaluated in terms of its input and output from cradle to
grave.

As a result, 54 Cent/kWh cost, 1.6 years energy
payback time, and 12 g-C/kWh CO, emission rate for Sun
tracking system are obtained in the Gobi desert case. Of
cause, fixed flat plate systems get the low cost and low
energy requirement. The Very Large-Scale sun tracking
Photovoltaic power generation system is very promising
for the energy resource saving and environmental issue..

1. INTRODUCTION

1.1 Background

Fortunately, PV system needs are expanding.
Unfortunately, its reasons in large part are world problems.
Nowadays, world energy demand has been rapidly
expanding due to the world economic growth and
population increase, especiadly in developing countries.
According to IEA’s outlook, total CO, emissions and total
primary energy supply in the world will be twice as 2000.

Source: IEA
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Fig. 1 World primary energy supply and CO,
emissions

Figure 1 shows it in detail. If world energy demands
continue to increase, the primary energy will dry up in this
century. In addition, too much energy consumption causes
avariety of serious environmental problem such as global
warming, acid rain and so on. But, renewable energies are
expected to resolve both the energy problem and the
environmental problem. Photovoltaic power generation
system is one of promising renewables. Because it need no
fuel, no maintenance and no emission when it’s generating.
On the other hand, the solar energy have a week point,
which is its low density by nature. So, to generate large
power such as nuclear power plant, a PV power plant must
be very large scale system. It cause cost increase.
Although, unutilized desert has a large potential, and
resolve these problems.

1.2 Desert Potential

High irradiation and very large unutilized land areas
are in world deserts. For example, even the Gobi desert
that locates on high latitude has higher irradiation
(4.7kWh/m?/d) than Tokyo (3.5kWh/m?/d). Furthermore,
the Sahara desert has more irradiation as 7.4kwh/m?/d.
Theoreticaly, PV systems installed in the Gobi desert with
50% space factor, has potential to generate energy as much
as the recent world energy supply (384 EJin 2000).

Table 1 Global irradiation in the world deserts?

Major deserts Global irradiation [kWh/m?/year]
Sahara (Mauritania) 7.36
Negev (Israel) 531
Thar (India) 5.96
Sonoran (Mexico) 5.47
Great Sandy (Augtrdia) 8.92
Gobi (China) 4.67
Tokyo (Japan) 3.47

1.3Kindsof Desert

When you image a desert, your picture may be sand
desert. But a desert is not only sand desert, but also rock
desert, gravel desert and so on. Sand desert is one fifth of
total desert area. Even in the biggest Sahara desert, sand
desert is one third of total area. Table 2 shows brief of
deserts. Gravel desert is the best area to install Very
large-scale PV systems, because lowest sand dune and
sand storm cause minimum damage. Therefore the authors
have been investigating very large-scale photovoltaic
power generation (VLS-PV) systemsin deserts.
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Table 2 Kinds of deserts

economic case studies. One is a fixed flat plate and a one
axis tracking PV system simulations from economic and
environmental view points by using three indices in the
Gobi desert. Other is a fixed flat plate PV system
simulation from economic view point by cost evaluationin
the world deserts which are Sahara, Negev, Thar, Sonoran,
Great Sandy and .Gobi desert. Table 3 is a list of these
case studies and Fig. 2 shows assumed deserts in the
world.

Table 3 Case studies list

Rock desert Low animals, low grass, afew pines grow
in alittle water area

Gravel desert | Consist of small rocks, afew plants exist

Dirt desert A grain is very small, rainwater don't
seep into the ground, be sometime dubbed
yellow ocher

Sand desert Sand dune change wind and become
larger, and tuck plans

Salt desert Too much irrigation cause salt injury.

2. OBJECTIVE

The purpose of this study is to evaluate the VLS-PV
systems in world deserts, and to investigate feasibility of
the system such as fixed flat plate system, tracking system
and so on from economic and environmental view points.
As indices taken up for the evauation, cost, energy
requirement, CO, emission of large-scae instaling,
toughness on hard desert condition, elucidated effect on
climate and local, etc. are enumerated, and the possibility
of solution to world energy and environmental problemsis
discussed.

This paper presents feasibilities of fixed flat plate and
tracking PV systems from analysis of cost, CO, emissions
and energy requirement.

3. METHODOLOGY OF EVALUATION

3.1 Life-Cycle Assessment

A methodology of “Life-Cycle Assessment (LCA)” is
the best way to evaluate the potential of VLS-PV systems
in detail, because, a purpose of this methodology is to
evaluate its input and output from cradle to grave. In this
study, generation cost, energy payback time (EPT) and
CO, emission rate of the VLS-PV system are calculated
with this method. They are defined by following
equations.

EPT [year] =
Totd primary energy requirement throughout itslifecycle [KWh]

Detailed study Economic study
Fixed flat plate, )
Array type one axis tracking Fixed flat plate
Evaluation Economic, .
. Economic
type environment
Cost, EPT,
Index CO, emission rate Cost
Sahara, Negev, Thar,
Dafgt Gobi (China) Sonoran, Gobi
Great Sandy

Annual power generation [kWh/year]

CO, emission rate [g-C/kWh] =
Total CO, emission on life-cycle[g-C]

Annual power generation [kKWh/year] x Lifetime [year]

Generation Cost [cent/kWh] =
Annual expense of the PV system [cent/year]
Annua power generation [kWh/year]

EPT means years to recover primary energy
consumption throughout its life-cycle by its own energy
production. CO, emission rateis a useful index to know
how much the PV system is effective for the global
warming.

3.2 Case Studies
This study is divided into detailed case studies and

4. SYSTEM PLANNING

All parts of a 100MW VLS-PV system are designed
based on concept of LCA. The designing assumptions are
explained as follows.

4.1 Installation Area

Six deserts which are Sahara, Negev, Thar, Sonoran,
Great Sandy and Gobi are elected for installing VLS-PV
system. A desert area is suitable for PV system in view of
irradiation and land area. Gravel desert is elected for
installing the system. Because it consists of small rocks,
and it is more flat and firm than sand or rock desert. Sand
problems such as sand storm are seemed to be small.

Both irradiation and ambient temperature data referred
from World Irradiation Data Book!? used for system
designs, as shown in Table 4. If the installation sites have
no direct and diffuse irradiation data, which are estimated
from grovel irradiation data by using Liu-Jordan model .
In-plain irradiation data is calculated by using r, model,
Hey model ™ and isotropic model . Irradiation of
tracking system is obtained to calculate a method which is
referred to JSES ™, and is changed a part of above
method.

Fig. 2 World deserts used in this case study

(1) Desert, (2) reference point, (3) Dimension, (4) Annua average
ambient temperature, (5) Annua horizontal globd irradiation



Table 4 Geographic information for world deserts

Desert Sahara Negev Thar Sonoran Great Sandy Gobi
Location Nema Bet dagan Jodhpur Chihuahuan Port headland  Hoh hot
(16°N 7°W) (32°N 34°) (26°N 73°E) (28°N 106°W)  (20°S 118°E) (40°N 111°F)
Performance ratio (PR) | 0.69 0.73 0.70 0.73 0.70 0.78
Ambient temperature | 30.2 18.9 26.9 18.4 26.1 5.8
[°C]
o 5 Tilt angle=10° 2,756 2,062 2,314 2,106 2,431 1,854
& | Tiltangle=20° 2,774 2,128 2,394 2,175 2,464 1,964
E 8| Tilt angle=30° 2,716 2,139 2,420 2,190 2,435 2,026
=| Tilt angle=40° 2,559 2,099 2,387 2,143 2,347 2,037
Irradiation on 2,579
one axis tracker [KWh/m?/yr.]
A Mongolia
Esssssssall - Lond wanpor
I | | ;:‘ N
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Fig. 3 Concept of 1GW PV array layout

127,5m

110,6 m
500kW PV Array

1381m

2320m
100MW VLS-PV system

Fig. 4 Array layout for tracking system

4.2 System Assumptions
A target of this study is sustainable development with

one GW VLS-PV system as shown in Fig 3. Both fixed

flat plate and one axis tracking VLS-PV systems are
designed based on the following assumptions.

1) Tota 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 or 3888 PV modules. The total PV modules in
100MW system are 840,000 pieces for fixed flat plate
system, and 777,600 pieces for tracking system.
Layouts for tracking system are shown in Fig. 4.

2) South-faced fixed flat array structure, one axis E-W
tracking array structure and foundation are designed.
Wind pressure and earthquake are aso taken into

Fig. 5 Image of transportation (China case)

account.

3) Polycrystalline silicon PV module with 12.8%
efficiency isemployed. It isreferred to Kyocera 120S.

4) System performance ratio is assumed considering
operating temperature, degradation, load matching
factor, efficiency factor, inverter officiating and so on,
asshownin Table 4.

5) The system lifetime assumed to be 30 years.

6) 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 USH/W. Inverter
unit price of 500kW is also set to 0.136, 0.159, 0.181,
0.204 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.

7) Land preparation is considered.

4.3 Transport

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 advanced country, Japan, USA or
Australia. All the components are transported to the
installation site by marine and land transport as shown in
Fig. 5.

4.4 Operation and Maintenance

1) The method of operation and maintenance are
caculated in view of experience of rea PV system
model, PV-USA project [©.
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2) Three shifts of three operator team work in 100MW
PV station. One team works in maintenance, and the
other teams operate for alternation.

3) 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.

4) Decommission stage is not included in this study stage
now.

5. DESIGNING VLS-PV SYSTEMS

The authors assumed and designed the VLS-PV
systems which are fixed flat plate and sun-tracking system
in the major deserts in detail. These case studies show
characteristics of systems, and they show the best
performance system configuration.

5.1 Fixed Flat Plate System

The very large scale fixed flat plate PV systems as
shown in Fig. 6 are evaluated in previous papers'®®. They
show that the VLS-PV system is very promising for
economic and environmental view points. In this paper,
the very large scale sun-tracking PV systems are assumed,
evaluated and compare these systems.
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Fig. 9 Tracking design

5.2 OneAxis Sun Tracking Design

The simplest one axis sun tracking PV systems
consists of PV module mounted on horizontal axis that
rotate from east to west in synchronization with the sun’'s
position in the sky.

5.2.1 Array support structure and foundation
Fig. 7 shows the basic structure of array support.
Foundation height over the ground is 0.1 m and lower
height of array support is 0.2 m from the ground. It is
assumed that array support is made of zinc-plated stainless
steel (SS 400), and thickness of severa types of stedl
material are chosen according to stress analysis assuming
that the wind velocity is 42m/s (based upon the Design
standard of structure steel 9 by the
Japanese Society of Architecture).

A cubicle foundation made of
concrete as in Fig. 8 was used. Its
rectangular solid is 1.0 m each
considering the design standard of
support structure  for power
transmisson by the Institute of

‘e Electrical Engineering in  Japan.
Material composition of the concrete is
determined in order to obtain 240
kg/cm? of concrete strength; 347 kg/m®,
603 kg/m® sand, 11,180 kg/m® gravel

Axis of rotation

0.150
Pole

Foundation

Front view

frame and 170 I/m® water.

Pole

Foundation

5.2.2 Tracking system
Worm gear par is assumed to

Side view furrow the sun as shown Fig. 9, because

required energy to moveit islower than



typical system which move axis of rotation directly. In
addition, this structure with worm gear pair is stabilized.

5.2.2Wiring

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.

5.2.3 Transmission

Electric transmission system is assumed 100 km, 2
channels and 110 kV. It consists of steel towers,
foundations, cables and grand wires. They are considered
wind velocity 42m/s. After calculations, cables and ground
wires are decided TACSR 410 sg and AC 70 sqg, 22.0 ton
steel towers and 22.1 m® foundations are required 334
towers with foundations for 100 km transmission.

6. EVALUATION RESULTS

By using the results of the system design and operation
and maintenance, a life-cycle of the sun tracking 100MW
VLS-PV systems in the world deserts are evaluated in
terms of life-cycle cost, energy and CO, emission.

6.1 System Component

The 100MW sun tracking VLS-PV systems on the
Gobi deserts are designed on the basis of the above
assumptions. This system required 3.6 km? land area
which is larger than fixed flat plate system. Array support
requirement ranged 11 thousand ton steel, and foundation
needed 105 thousand ton concrete. Land requirement is
considered due to spacing between PV arrays.

6.2 Cost Estimation

In this study, both investment cost and O&M cost of
100MW PV system for each instalation site were
estimated to obtain generation cost of the PV system. Total
investment cost includes labor cost for system
construction as well as system component cost. But worm
gear price is not considered. Fig.10 represents example of
the annual cost in Gobi desert for deferent PV module
prices by each cost component. Even though 1.0 USD/W
PV module is assumed, it is first majority of the total

30.0

0 Property tax[M$/year]
O&M + Overhead [M/year]
Construction [M#year]

25.0

200 Transmission [M$/year]
O Transportation [M$year]
®m BOS[M$year]

® PV module [M$year]

15.0

10.0

Annual cost [MUSD/W]

5.0

0.0

10

20 30
Module price [USD/W]

4.0

Fig. 10 Annua cost for a 100 MW tracking VLS-PV
system

investment cost. A mgjority of construction cost is labor
cost, which had big difference between countries. For
example about one third of the total investment cost is
construction even at 1.0 USD/W in 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 USD/W.

The generation cost of fixed flat plate and sun tracking
VLS-PV system for different tilt angles and different PV
module prices are assumed 30 years lifetime and 3% of
annual interest rate in the world deserts. Annual power
generation and generation cost are given in Table 5.
Optimal array tilt angle depended on both annual cost and
annual power generation. The most annual power
generation is the case of Sahara because of its most
irradiation. The least generation cost of the Gobi case is
obtained at 30°-tilt angle because of its high latitude. But
in case of tracking system, annual power generation in
Gobi desert is same as Sahara desert case. And other
systems installed on middle latitude deserts such as Sahara,
Negev, Thar, Sonora and Great sandy give the lowest
generation cost at 20° array tilt angle, which are different
from that for the most annual power generation. In the
Gobi desert tracking system case, though the generation
cost with 4.0 USD/W module price corresponded to 15
cent/kWh, it was reduced to about 6 cent/kWh with 1.0
USD/W module price.

Table 5 Annual power generation and Generation cost for 100 MW fixed flat plate and sun tracking PV system

Sahara Negev Thar Sonora Great Sandy Gobi Gobi
Unit (Mauritania) (Middle-east) (India) (Mexico) (Austrdia) (China) (China)
Fixed flat plate system Tracking
g;nel:;li gﬁwer Tilt angllf; GWhiyr. 193 153 165 157 174 147
20° | GWhlyr. 194 158 171 162 176 156 190
30° | GWhlyr. 190 159 172 163 174 161
40° | GWhlyr. 179 156 170 160 168 162
Generation cost i Cg/l:ljgxl; Cent/kWh 5.2 8.4 6.4 6.5 8.4 6.2 52
(at optimum 2$/W | Cent/kWh 84 123 10.0 10.3 119 10.0 8.3
tilt angle) 3%/W | Cent/kWh 11.5 16.1 13.6 141 154 13.8 114
4$/W | Cent/kWh 14.7 20.0 17.2 17.9 18.8 17.6 145




6.3 Energy and CO, Emission Analysis on Gobi desert

Table 6 represents the results of total primary energy
requirements and Energy Payback Time (EPT). EPT is
estimated assuming electricity from the PV system would
replace utility power in China where recent conversion
efficiency is around 33%.

Required energy for tracking systems with worm gear
is included. Transportation also uses a certain amount of
energy. Nevertheless, the EPT is still a low level. This
suggests that the total energy requirement for introduction
of a100MW PV system to the Gobi desert in China can be
recovered in |ess than two years.

Table 6 is aso results of life-cycle CO, emissions and
life-cycle CO, emission rate of the tracking 100MW PV
system, assuming a 30-year operation period. Discussion
of these results is the same as the total primary energy
requirement and the EPT. Considering CO, emission rate
of existing coal-fired power plants, about three hundred
g-C/kWh, the life-cycle CO, emission rate of a 100MW
tracking PV system is much lower.

Table 6 Energy requirement and CO, emissions for
100MW sun tracking PV system

Generation cost [U.S. cents/kWh]

Energy requirement CO, emission

Fixed Tracking | Fixed Tracking

(30°) [G | [GJ] (30°) [t-C] | [t-C]
Total 3300 3400 61600 64600
PV module 1700 1500 26100 24200
Array support 900 1000 22800 25276
(and tracking)
Foundation |, ¢, 160 4000 3900
and trough
Cable 30 40 500 600
Transportation | 300 270 5200 5000
Transmission | 200 180 2300 2300
Other 20 20 500 500

12.8 117

Value 1.8[yr] 1.6[yr] [o-ClkWH] [G-CKWH

7 CONCLUSION

A 100MW Very Large-Scale sun tracking power
generation system installed in the Gobi desert and fixed
flat plate system in the world desert is designed and its
potential is evaluated from an economic and
environmental viewpoint. Assuming 1.0 USD/W of PV
module price and 3% of annua interest rate, generation
cost of the VLS sun tracking PV system is estimated
5.2 ¢/kWh in Gobi desert.

Fig.11 that is a summary of generation cost of VLS-PV
in the deserts suggests that the VLSPV system is
economically feasible for all the sites if the module price
reduces to 2.0 USD/W or 1.0 USD/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. Therefore VLS-PV systems in
desert areas will be economically feasible in the near
future.

The feasibility of very large-scale tracking system
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250 Gobi Negev Thar Great Sandy Sahara-Nema

Module price

——4 USD/W
3 UsSb/w
2 USD/W
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Fig. 11 Best estimates of generation cost for each the
deserts as afunction of annual global horizontal irradiation

installed in the Gobi desert in China is evaluated in depth
from a life-cycle viewpoint by using three indices, i.e.,
life-cycle cost; energy payback time (EPT) and life-cycle
CO, emissions. This study suggests that the total energy
requirement throughout the life-cycle of the PV system
considering production and transportation of system
components, system  construction, operation and
maintenance can be recovered in a short period much less
than its lifetime. Therefore VLS-PV system is useful for
energy resource saving. The much lower CO, emission
rate of VLS-PV than that of existing coal-fired power
plants means that it is a very effective energy technology
for preventing global warming. The same conclusion must
be given for the other desert areas.
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ABSTRACT

The authors have been developing an evaluation method,
the Sophisticated \erification method (the SV method), for
analyzing monitored data, which are observed at PV systems
in Field Test sites. This paper is aimed at grasping the standard
of a performance and a characteristic for PV systems due to
the result evaluated monitored data, “PV system field test
program for industry use”, by the SV method, and which is
compared with examples of field investigation reported by
Resources Total System co., Ltd.

1. Introduction

In Japan, new energy sub committee under Agency for
Natural Resources and Energy, Ministry of Economy Trade
and Industry (METI), formulated the goal to be established the
total of photovoltaic systems - 48,200,000 kWp in 2010.
Consequently, photovoltaic systems intend to be a main
generation of renewable energy, and a large number of PV
systems installed in Japan has been the top of the world.
Technologies of the PV system, in contract, are considered to
be still scant and are deemed necessary to improve more in
tandem with penetration of PV. Especially technologies for
reliability of operation seem to be the most important because
somewhat troubles or effect have been informed from existing
PV systems such as a system rate issue, maintenances, and
system failures

For the reliability demonstration of PV systems, Field
Test project (FT) has become operative since New Energy and
Industrial Technology Development Organization (NEDO)
commenced the 1% stage of it that promote to install PV
systems for public buildings at FY1992. Although this stage
was completed supporting the introduction at FY 1997, the 2™
stage of the project, “PV system FT Project for industrial use”,
commenced again at FY 1998.

2. Object

Even though they are known as the maintenance free
generation, PV systems have to be monitored and evaluated
their output energy since certain troubles have been reported
that PV systems could not generate energy as much as they are
expected; for instance, effect shading around buildings and
trees, problem the failure of system rating, the repression of

output energy by over voltage control, and the failure of
construction, and so on. Moreover, the output energy is more
important than PV system rate if environmental issue is
focused. As of now, output energy from PV systems is not
clear due to that it is difficult to characterize actual
performance of PV systems. As a result, an evaluation method
for PV systems seems to be necessary because evaluations is
useful and helpful for the management of PV systems
operation as well as output energy.

The authors have been developing an original evaluation
method, the SV method, for analyzing monitored data, which
are observed at PV systems in Field Test sites [1][2]. The
latest version of the SV method can identify eight kinds of
losses in PV systems. The evaluation result affords to
determine characteristics of PV and applies to be management
technique for operation of PV systems [2].

This paper is aimed at grasping the standard of a
performance and a characteristic for PV systems due to the
evaluation result of monitoring data in the 2" FT project, and
the result is compared with examples of field investigation
reported by Resources Total System co., Ltd (RTS) [3] so that
this method can be as management technique for reliability of
PV system operating.

2. Field Test program in Japan

Since FY 1992 NEDO (New Energy and Industrial
Technology Development Organization) has supported the
installation of 186 sites, which are 187 systems — one of theme
has two systems — and the total capacity of 4,900 kWp, as of
FY 1997 under the scheme for the 1% stage of FT project, “PV
system FT Program for Public facilities”. Although the 1%
stage was completed supporting the introduction at the end of
FY 1997 — the project had continued to collect performance
data until FY 2001, the 2" stage of the project, “PV system FT
project for industrial use”, commenced to install 73 sites
(1,940 kWp) at FY 1998, and has already introduced 315 sites,
which include 93 sites (2,790 KWp) in FY 1999 and 149 sites
(3,680 kWp) in FY 2000. The total capacity has been 8,410
kWp for 3 years. As for this stage, the project has invited
public participate of installable systems as a standardization
promotion type and a new format utilization type. The
objective of the project was originally to introduce PV
technology to industrial applications and reducing costs.
Additionally, the standardization promotion facilitates to be
the simplification of the way to PV systems’ application and



familiarize for construction of them according to standardizing
the PV system as 10 kWp. For the purpose of the new format
utilization type, Building Integrate of PV (BIPV) systems and
systems composed thin film modules are able to afford
diffusion on the market. All of the systems, moreover, carry
their monitoring equipments, and those data are obtainable for
evaluating the performance. Annual data (from January to
December in 1999 and 2000) have been collected for systems
which were installed from 1998 to 2000, and the fundamental
evaluation was reported the current status installation and
operations of the industrial PV systems as well as
investigating its characteristics and issues by RTS.

3. The SV method

The SV method has been developed as an evaluation
method, which is using monitored data. During converting
input energy into output energy, the PV system has numerous
kinds of losses, which seem not to be measured. The SV
method, however, can estimate system losses from irradiation
energy (optical energy) to system electricity output power (AC
power). Evaluating needs typical four monitored data such as
in-plane irradiation data, cell junction temperature - which can
be estimable from ambient temperature, array output power,
and system output power, so that the system losses are
allocated the part of the total system loss. For the latest
version of the SV method, classifiable characteristics of PV
systems are eight factors: shading losses, optical losses, losses
by load mismatching, temperature effect on module efficiency,
power conditioner standby losses, power conditioner
efficiency, DC circuit losses, and the other losses which
reduce the fundamental system performance, for instance; soil
on modules, depleted modules, and the erroneous system rate.
Fig 2 gives the schematic diagram of the SV method, and the
principle of the SV method is show in Fig 1. The method has
two basic models, monthly and hourly, are illustrated in Fig 1
[2]. As of hourly model, this method adopts ordinary formulas
in order to classify those characteristics, performance ratio,
power conditioner efficiency, and temperature effect on
efficiency. The essence of the method, in addition, is to draw
the performance lines which are based on certain assumptions
from experience according to real monitored data in the
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principle of monthly. Fig 3 is illustrated an example for
estimated monthly shading rate on PV systems. In this case,
the trend of output power on clear day is not the same as a
theoretical pattern by shading effect during a specific month.
Shading is expected to be over the PV array at same time
every day in specific month, and array output at certain time is
dropped from theoretical pattern. As a result, shading loss can
estimate due to compare the pattern of monitoring data
developed with theoretical pattern. The SV method can
identify base on those assumptions and experiment of relation
between monitoring data and effect of losses. This kind of
pattern is useful for estimating loss power. Other examples,
Fig 4 intends to be correlation diagram between irradiation
and output power monitored in the month and performance
lines. Three performance lines and one additional line are
defined as show in Fig 4. Performance line indicates boundary
line of performance. Standard Performance line is rated output
corresponding with certain irradiation data. Ideal Performance
line and Best Performance line is drawn and fit by considering
maximum output as much as possible in specific site and
month. Those performance every irradiation indicate boundary
performances; for example, between Best performance line
and array output monitored is consisted of losses, shading,
load mismatch, and effect of incident angle. Consequently,
losses can be identified by using performance ratio and loss
rate models. To develop an individual evaluation model of
losses for a specific month and a specific site to improve to
identify losses, which are difficult to measure on site; i.e.,
shading effect, load mismatch, incident-angle optical losses,
and DC circuit losses, by using the SV method.
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Fig 2. The schematic diagram of the SV method.
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Fig 1. The principle of analysis via the SV method.
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3. Anexample of report for trouble

According to report by RTS [3], the number of troubles
in systems installed in FY 1998 were 244 cases, that of in FY
1999 were 180 cases and that of FY 2000 were 293 cases
respectively, 717 cases in total. Out of 717 cases 170
system-related troubles were reported accounting for 23.7 %,
unidentified caused troubles were many accounting for 2.2 %,
and the rest of the troubles were all measurement-related
troubles. Overwhelming majority of system-related troubles
was caused by abnormal temperature rise of inverters, and
operation of grounding relay. Major causes of
measurement-related troubles are computer freeze, wrong
operation and missing data measurement due to careless
cut-off of computer power source. Table 1 shows the report of
trouble for PV systems in FT. Actual two examples of the
trouble are illustrated from Fig 5 to Fig 7. In this specific site
and month, two kinds of reported trouble are about the inviter
suspended. One of case is caused by abnormal temperature
rise of inverters at May 5, 2000 (case 1). Fig 5 shows the
scattering plots between system output and irradiation
monitored in this case. The inverter was stopped completely in
clear day at that time, and it is easy to detect the trouble by
means of monitoring only system output. In the other case,
one of inverters is suspended on the system, which is consisted
of multiple inverters, from 2000 4/20 to 4/26 (case 2). Fig 6
shows the scattering plot under the condition of that. The
straight-line illustrates rated system output corresponding to

irradiation, and plots of circle illustrated monitoring data.
Especially plots of christcross show monitoring data under the
condition of reported trouble from 4/20 to 4/26, and plots of
triangle are data after repaired automatically from 4/27 to 4/30,
2000. In the figure, the system output under the trouble case is
indicated to be in proportion to system output of the faire
condition because the data constellation of trouble case is
straight-line corresponding to irradiation as well as the faire
condition. It makes the detection of system failure be very
complicated since system output is not 0 and is not able to
compared with irradiation data, which is not correction in
normal PV systems such as residential. Fig 7 shows daily data
of system output and performance ratio, and demonstrates that
system output in the trouble is same as low output like cloudy
day, and performance ratio is decreased in this case. Therefore,
the failure is generally detected by monitored performance
ratio. Performance ratio, however, cannot identify the reasons
of reduced the performance of the system due to the fact that
performance ratio is included effect of loss factors, shading,
load mismatch, Temperature, and so on.

Tablel.  The report of trouble for PV systems in FT

Year 1998 | 1999 [ 2000 | Total
inverter failure 52 9 43 104
system | Operating 39 4 22 | 65
grounding relay
other 0 0 1 1
total 91 13 66 170
computer
monitorin freeze 73 9 137 219
g system Wrong 15 14 26 55
other 59 144 54 257
total 147 167 217 531
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Figs. The scattering plots between system output and
irradiation monitored under the condition of trouble case 1.
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Fig 6. The scattering plots between system output and
irradiation monitored under the condition of trouble case 2.
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4. Evaluation results by the SV method

Fig 8 shows the evaluation results of case 2 by the SV
method. Legend shows the percentage of losses is referred to
Fig 1. In this figure, daily losses are identified by the method,
and parts of months have load mismatch loss greater than the
other days. Those days is corresponding with trouble reported
in case 2; therefore, the evaluation result is useful to detect the
factor of failure and to quantify the loss of its.
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Fig 8. The evaluation result of case 2 by the SV method

Moreover, Fig 5 reveals the percentage of losses and shows
an example of the evaluation result for 137 PV systems under
the 'PV FT program for industrial use” by using the SV
method - the total of 166 systems from 1999/1 to 1999/12. 137
systems were allowed to evaluate. Those PV systems are
established in FY 1998 and FY 1999 under the project. The
result can be the standard performance of PV system and
apply to design factors.

PC stand-by losses 1%
Load mismatch losses

DC circuit losses 6%
1%

Inverter Losses 5%

Efficiency Decrease,
by Temperature
6%

Other losses Performance Ratio
10% 66%

Due to Incident angle

o
losses 3% 2001 - 2000112 137/166 %

Shading 5% SV method Ver 3-2

Fig. 9 The evaluation result for “PV FT program for
industrial use” systems by using the SV method
(2000/1-2000/12)

5. Conclusion

The evaluation method is very useful and helpful for
management and operation of PV systems for life because it is
usually difficult to clarify the performance of PV systems in
the field. In this paper, one of evaluation method, the SV
method, is demonstrated to be very available. According to
comparison between evaluation results with actual examples,
the trouble can be detected with factor, and losses are
quantified. As a result, the SV method can be management
tool with monitoring data.

We, additionally, intend to determine the standard of a
performance and a characteristic for PV systems from average
evaluation results of PV systems in field test project. The
result should be feed back to design factors, and improve to
estimate output energy.

In conclusion, reliability of the system will be secured
accordingly by means of the SV method.
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ABSTRACT

This paper describes the features of the PV system
integrated evaluation software (PVI) developed by the
authors. “PVI” was developed to assist in the design of
grid-connected PV system applications and consists of a
main tool and three optional tools. The main tool is the
basic design tool. This tool is used to determine the PV
system output energy based on the loss percentage of the
PV system. The proportion of losses is based on
development data calculated by the evaluation method
developed at our Lab., “the Sophisticated Verification
(SV) method”. This method allows the user to feedback
the performance of existing systems performance and loss
pattern information to new PV system design projects.

“PVI” has also three optional tools. The main
optional tool is a PV array simulation tool. This tool is
available for estimating annual, monthly or daily output
power of PV arrays with different azimuth and orientation
for the maximum of four surfaces at the same time. This
simulation model calculates output power from I-V
characteristic, considering effects of irradiance, ambient
temperature, module rating, and so on. The other
optional tool is for shading analysis that evaluates shading
problems based on fish-eye lens pictures. This tool
enables the user to determine the shading losses at the PV
system under complex conditions. Additionally, PVI is
able to input the database of SV method. The database
includes the total design factor, which is analyzed data of
existing PV systems.

1. BACKGROUND

The wide spread of PV systems has led to as well
development of tools to estimate the output energy
characteristics of new systems, and the models based on
parametric analysis have been widely used for this purpose,
especially because of its simplicity. However, because of
the complexity of PV system’s characteristics, as well as
the increasing of arrays facing partly shading problems
and various installation modes which have different tilts
and azimuth angles, a detailed and integrated analysis of
the design parameters involved in the analysis is necessary.
Therefore, it is necessary to develop computerized tools
able to determine the potential energy output
characteristics and operating performance of PV systems
under such complex conditions.

2. PVI SOFTWARE STRUCTURE AND
FEATURES

The PV system integrated evaluation software is the
unique tool developed by Kosuke Kurokawa Lab. team at
Tokyo University of Agriculture and Technology (TUAT)
to assist in the design of grid connected PV system
applications. The software consists of a basic design tool
and three optional tools, representing the laboratory
know-how on evaluation and design of PV systems.
Basic design tool allows the user to determine system
output energy and system losses percentage based on a
detailed parametric analysist. “PVI” also provides the
user with optional tools for PV applications under
complex conditions, such as shading problems, and arrays
installed due to different slopes or azimuth angles.
Optional tools include the determination tool for shading
correction factor from fisheye lens pictures? and array
simulation tool®®, as well as interface to statistical data
from Sophisticated Verification Method™. Fig.1. shows
the outline of “PVI” software. The PVI’s feature are all
follows:

a) It 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

b) 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’s actual data also can be used in PVI
simulations

c¢) Estimates to both the basic design (analysis of the loss
parameters) and the array simulation (based on the I-V
characteristic simulation)

d) Includes models to determine cell temperature, and
in-plane radiation onto fixed and tracking (laxia or 2)
arrays

e) Includes approximate curves for important parameters
such as inverter efficiency and incident angle
dependence, allowing the user to adjust the expression
parameters

f) High accuracy estimation because of 1-V characteristic

g) Available for estimating output power of the PV array



with different azimuth and orientation for the
maximum of four surfaces

h) Provide report function to preview, save, and print the
analysis results

i) SV Method Database table with sorting function is
available to give the user a feedback of existing PV
system loss parameters characteristics to new PVI
projects

j) Includes PV module database to determine arrays 1-V
curve used in the array simulation tool

k) Includes help function

1) Japanese and English versions are available

Shadowing analysis tool using Utilize the database of SV method
fish-eye lens pictures N o factors which

_ Deduce the area of shading and deduced from SV method utilize as
determine shading correction factor ] design parameters

Meteorology data setting
- Selection of Meteorology data
~Selection inclined irradiance estimate
model
* Diffuse radiation fraction estimate
model (Erbs)
* Scattered Irradiance estimate
model (isotropic, Hay, Perez)

Atmospheric database
- METPV (MEteorological Test data
for PhatoVoltaic system) (Japan)
- Metonorm (World)

- User data

Basic design tool

Simulation result
- Annual output energy
- Rate of each loss factors

Installation location setting
- Geographic information setting
*Latitude, Longitude, Elevation
(Using GMT Except Japan) - Each design parameter setting
* Shading factor
* Dependent incident angle

Utiization of parameter analysis
method

PV array setiing deviation factor
-V array rated * Load matching factor
*PV cell technology | *Celltemperature factor
* Inverter energy efficiency, rated

PV system component database
- PV modules
- PV inverters

I1

PV module setting PV array setiing
- PV module parameter setting (Voc, - PV array parameter setting Result of simulation

Isc, Vpmax, lpmax etc.) | (Azimuth, Tiitangle) - Yearly, monthiy, daily and hourly
- IV curve determine or import - Considered of Bypass diode and output energy

*PV cell technology blocking diode rated

Array simulation tool

Fig.1. Outline of “PVI” software

“Installation condition
- Azimuth, Tilt angle

v

3. Details of “PVI1” software

In this chapter details of “PVI” software are
explained.

3.1 Basic Design Tool

The basic design tool is the core of PVI software.
The annual output energy and loss pattern of
Grid-connected system can be determined from a few
input parameters, 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 and
incident angle dependence are calculated from
approximate curves, and the expression parameters can be
adjusted to fit the user needs.

For systems under complex conditions, detailed
values for the parameters obtained by 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.

Fig.2 shows system performance and loss pattern
result for a site in Tokyo. Hourly data from METPV was
used. Fig.3 shows annual system yield simulation result
for a site in China is shown in Fig.3. Hourly data from

Meteonorm V4.0 was used in the analysis.

Fig.2. Basic design tool results for a site in Tokyo (Annual
in-plane irradiation versus system output)
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Fig.3. Basic design tool results for a site in China
(Monthly system performance and system loss
pattern).

3.2 Optional Tools

“PVI” consists of three optional tools. Basic design
tool is used to simulate broad and monthly PV system
output energy by using statistic parameters derived from
the SV method. However, the output energy can be
analyzed in more details by using the optional tools.

3.2.1 Array Simulation tool

Array simulation tool is used for systems with
modules of different technologies, installed due to
different orientations, or having partial shadowing
problems.

Here, a detailed data setting is required. After
determining the module I-V curve from the “PVI”
modules database, the user set the array orientation and
wiring configuration data for four arrays or less (if the
arrays are connected in series or parallel, and if they
include bypass, with or without blocking diodes).

The analysis is based on simplified I-V curve
interpolation, considering the characteristics of each
module in the array. The shortest interval time of
calculation is one second. Although the result of the
simulation does not seem to need one-second dynamic
variation data as for analysis of PV system vyields, the



one-second data is very important to the dynamic
evaluation of maximum power point tracking operation of
the PV invertert.,

Excellent results for this simulation method have
been already confirmed™. Fig.4. shows the results of
annual yield for the PV system in Tokyo containing two
modules connected in parallel, and facing different
orientations.

Irradistion - Amay Output Distributio

PY Module 7 Aoy Cntant Bsmtion
Step2

PV Array
Step3

Location 0

00/02/26/00  00/08/26/00
Date
— Array Output — Irradiation I
Calculate
csv file output farmat ¢ plinute & Hourly € Daily € Monthly

Fig.4. Array simulation result for a site in Tokyo (annual
energy output).

3.2.2 Array shading evaluation tool using fisheye lens

pictures

A detailed analysis for PV systems facing shading
problems can be performed by using the array shading
evaluation tool from fisheye lens pictures. 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
realistic estimates of system output energy.

3.2.3 Sophisticated Verification (SV) Method feedback

The SV Method, which was also developed by us, 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.
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Fig.5. SV Method statistical data table.

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

Fig.5. shows the PVI interface for SV Method
statistical data from 1995 to 2000 for sites in Japan.

4, Evaluation of simulation tools

We evaluated the simulation model in "PVI" by using
measurement data.

4.1 Evaluation of basic simulation tool

In order to evaluate the system annual output energy
estimation accuracy of the Basic design tool in “PVI”,
actual data from the New Energy Development
Organization (NEDO) “Operation Data Measuring and
Evaluation Project” for 100 Dwelling Systems in Japan
was used®. We selected 22 sites data from the actual
data and compared to PVI results. The actual data used
for verification was one-year data from April 2000 to
March 2001 and minute data of horizontal global
irradiation; in-plane irradiation, ambient temperature,
module temperature, array output energy and system
output energy were used. Basic design tool allows the
user to select between “Isotropic”, “Hay” and “Perez”
model for estimating the in-plane irradiation. The error
ratio was applied as the barometer of prediction error.
Additionally we utilized the SV database. With regard to
the SV database, cell temperature factor and inverter loss
factor calculated from hourly in-plane irradiation and
temperature, which is the default value of “PVI”. The
average value of 209 sites from the “NEDO Field Test
Project for Public Facility Use” data was applied for
another correction factors. Tablel shows each predicted
in-plane irradiation model and average error rate.

Table1 “PVI” Yearly Yield Prediction Error Rate

Estimate
. from actual SV
Isotropic Hay Perez in-plane Database
In-pfar Using
irradiation
El
R;gi 0.089 0.088 0.084 0.072 0.057

Error Rate” = | (Actual data - Estimate) / Actual data |

Concerning the system annual output energy
estimation accuracy, average error rate in the order of
8.4% when using Perez model, and 7.2% when using the
actual in-plane irradiation was verified.  Also, by
applying the SV database to the PVI simulation,
estimation error rate within 6% was verified. These results
prove that PV system electric characteristics can be
simulated with a high accuracy by the “PVI” software.



4.2 Verification of the array simulation tool

The Array Simulation Tool has the feature to estimate
PV systems which have different tilts and azimuth angles.
Therefore the authors used a PV system that has arrays in
all directions selected from residence PV system project
site mentioned before, in order to verify the simulation
model. Perez model was used to estimate in-plane
irradiation. Table 2 shows the outline of the system, which
used to the evaluation. Additionally, Table 3 and Fig.6
show the results of the evaluation.

Table 2 Outline of residence PV system

Moriyama-city Shiga pref. Japan

Location (Lat. 35.0[deg] N, long. 136.0[deg] E)
Install_ed 3,360W

capacity

Modules

6 series, 4 parallels
GS LBSC-4.5S3C DC-IN118V

configuration

Inverter AC-OUT202V
4,500kVA

Array tilt angle 21.8[deg]

Array azimuth 48, 138, 228, 318[deg]

angle (north : O[deg], east plus)

Horizontal and Inclined

(azimuth: 228[deg], tilt: 21.8[deg])
Single crystal silicon,

Module GS AP-140G*16 modules, AP-70GD*16
modules

Pyrheliometer

Table 3 Measured and simulated array output

Measured Estimated Error rate

Array output

(Yearly) 3,172.3 [kWh] | 3,266.4 [kWh] |  2.9[%]

Error Rate” = | (Actual data - Estimate) / Actual data [*100[%)]

500 =9 Measured 180

O simulated

—e—irradiation

120

60

Monthly output energy [kWh]
Monthly irradiation [kWh/m?]

6 7
Month

Fig.6. Measured and simulated output energy

Comparing the measured and estimated array output
by using the array simulation tool, the error rate is 2.9% in
annual output energy and it is a good accuracy.
Concerning the comparison of each month, the result of
February showed the highest error rate.

5. Results and future tasks
This paper shows that the main structure of the PV

System Integrated Software described and the accuracy of
basic design tool and array simulation tool ware verified.
Future developments of this project involve improvements
on estimates accuracy and usability of the user interface.

ACKNOWLEDGMENT

The authors wish to thank Mr. Takao Yamada, Japan
Quality Assurance Organization (JQA), for his valuable
insights, technical skills, and assistance.

REFERENCES

[1] T. Sugiura, T. Yamada, H. Nakamura, M. Umeya, K.
Sakuta, and K. Kurokawa, “Measurements, Analysis
and Evaluation of Residential PV Systems By
Japanese Monitoring Program”, 12th International
PVSEC, Jeju, Korea, 2001, p.771

[2] T. Tomori, K. Otani, K. Sakuta, and K. Kurokawa,
“On-Site BIPV Array Shading Evaluation Tool Using
Stereo-Fisheye Photographs”, 28th IEEE Photo-voltaic
Specialists Conference, 2000, Anchorage, AK, p.1599

[3] H. Matsukawa, M. Shioya, K. Kurokawa, “Study on
Simple  Assesment Method of BIPV Power
Gen-eration for Architects”, 28th IEEE Photovoltaic
Spe-cialists Conference, 2000, Anchorage, AK, p.1648

[4] T. Oozeki, T. Izawa, K. Otani, and K. Kurokawa, “The
Evaluation Method of PV  Systems”, 12th
Inter-national PVSEC, Jeju, Korea, 2001, p.741

[5] Hiroshi Matsukawa, Koukichi Koshiishi, Hirotaka
Koizumi, Kosuke Kurokawa, Masayasu Hamada and
Liu Bo, “Dynamic Evaluation of Maximum Power
Point Tracking Operation with PV Array Simulator”,
12th Inter-national PVVSEC, Jeju, Korea, 2001

[6] Japan Quality Assurance Organization (JQA) :
“Research and development of photovoltaic system
evaluation technology” FY 1999 New Energy
Development Organization (NEDO) commissioned
affair accomplishment report (in Japanese).



WCPEC-3,0saka,May11-18 2003

NEW METHODSFOR SOLAR CELLSMEASUREMENT
BY LED SOLAR SIMULATOR

Shogo Kohraku, Kosuke Kurokawa
Tokyo University of Agriculture and Technology
2-24-16 Naka-cho, Koganei, Tokyo, 184-8588, Japan
E-Mail: kohraku@cc.tuat.ac.jp

ABSTRACT

A solar simulator for solar cellsis an important tool to
measure their performance. At present, xenon and halogen
lamp isused at most [aboratories. It is considerably accurate,
but the facility is so large and so expensive. Therefore, a
solar simulator using LED (light-emitting diode) lampsis
proposed, that islow-cost and portable, and was invented to
its capability. Its capability was preliminarily evaluated by
examining an illuminance distribution using simulation. Al-
though alight inhomogeneity is one of the problems to be
solved, it was shown that an unevenness of illumination is
about 3%. Secondly, in terms of spectral property, absolute
spectral responses by plural usage of different LEDs were
also estimated. An overall measurement concept and proce-

dure by the LED simulator are discussed and proposed.

1. INTRODUCTION

It is necessary to measure the photocurrent of solar cells
for determining the price and the PV system design. Al-
though a solar simulator with xenon and halogen lamps mea-
sures solar cellsin doors, at present, one must resolve a
number of issues, including those rel ated to unevenness, mea-
surement error at manufactory and cost. A solar simulator
with lampsis considerably accurate, however, cost and size
problems of the facility prevent us from using it anyplace.
Sincethefacility isso large, the application of Reference Cell
Method causes the measurement error by the several calibra-
tion. Additionally, the assessment of the established PV
modules has not been measured.

The standard of theirradiation spectrum by each kind of
cellsisruled for raising the precision of measurements. How-
ever, by nature, the application of Reference Cell Method
CaLISES errors.

Recently, LED lamp has widely been used for atraffic
signal and anilluminator because of their longer operating life
and high energy efficiency. The technique developed in the
present work establishes the evaluation method with LED

equipment for solar cells measurement. This paper isin-
tended to report the results of examining the capability of
evaluating methods with the equipment using LED for solar
cellsmeasurement. Thetests have been cal culated using Ssmu-
lation.

2METHOD AND MATERIALS

2.1 Outline of theilluminant simulation

The equipment with LED for solar cell measurement
must satisfy the following conditions; use LED of plural
colors (4 or 6 colors used in this paper), arrange al LED on
the same plane like display. The reason is for illuminating
with plural colors because of the bright line spectrum of
LED, and for manufacturing small equipment. The schematic
illustration of the equipment is shown in Fig.1. The tradi-
tional solar simulator condenses their lights with an integra-
tor lens, in contrast the equipment with LED illuminates an
object directly.

The equipment usngLED
for measurements

The aeadf ligt souce

Digance of
irradiai

——

r
; [ Objea mlarcell |J

Pat of acuator and
signal conditioning

Fig.1 A schematic diagram of the measuring equipment

In solar cell measurementstheincident light requiresillu-
minating the whole object asflat as possible. In the case of
using plural LED, especially the light tend to be lacking in
uniformity, their unevennesswas calculated by theilluminant
simulation. The equipment has 4 or 6 different wavelength



chip-type LED, that colorsare blue, red, IR (infrared radia-
tion), white and so on. We assumed that these LEDs are put
in matrix at even intervals (if it uses LED of 6 colors, ar-
rangesto the hexagon asaunit), and the distance between the
same colorsis 8 mm (and is 12 mm with 6 LEDs.) and that
between each LED is4 mm. The examples of LED arrange-
ment is shown in Fig.2(a),(b). The equations used in a
illuminant simulation are asfollows:

n

| (X, y) - Z IIS,i (el)

>—C0s6
=

where I(x,y) istheirradiance at the measurement point, nis

anumber of LED, |

s

istheirradiance of LED, @ andr are

the angle and the distance from the light source to the mea-
surement point, shown in Fig.1.
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Fig.2(b) The examples of LED arrangement
(using LED of 6 colors)

2.2 Measurement method of photoresponse with LED
Photovoltaic current is determined by the light-source
spectral irradiance and the spectral response of the solar cell.
The present solar simulator with lamps can recreate the ref-
erence solar spectral irradiance distribution approximately,
however, LED is not good enough to reproduce the radiant
intensity and the width of the spectrum. Therefore, we pro-
posed the method of estimating spectral response using LED.
And the photocurrent |, under the circumstances irradiated
by the reference sunlight, can be written by the expression;

|sc:J’:2|s(}\D] F(A)dA

where A, and A, are the shortest and longest wavelength,

I(A) is the absolute spectral response, and F( A ) is the
number of photon of the incident radiation by the wave-
length.

A measuring procedure of spectral response for solar
cell with LED is proposed. At first, the part of the signal
conditioning measures the photocurrent among illuminating
the solar cell under test with a monochromatic light that is
modulated; that isthe absolute spectral response at the wave-
length of theirradiation. Therest of colorsis operated, in the
same way. The way of measuring spectral responseis equal
to the traditional one, approximately. The calculating flow is
schematically shown in Fig.3. Secondly, the signal condi-
tioner calculates for fitting the theoretical photocurrent for-
mula into the discrete absolute spectral responses by the
nonlinear least square method,, .

Irredaiorc(W/mz)

LED2 m ¢

-~
et I I I I O O
I.(W/mg)  Modulatedcomponent

/Biasligh: component

----- =7

Fig.3 The calculating flow of spectral response using LED



3. RESULTS AND DISCUSSION

3.1 Light unevenness
Figure 4(a) showsthe results of calculating the uneven-
ness of theirradiation as a function of the light-source area

Intheilluminant area, asthe areawidens, the evennessis
reduced. It showsthat, if set up the optimum illuminant area
and the distance of the light-source and solar cell, the equip-
ment can illuminate an object on the order of a 3% uneven-
ness.

and the distance between the solar cell and the light source

. . Areaof ligt-surce:S(mm2)
when LED of 4 colorsis used. And Figure 4(b) shows the

_ 10 - Fig.4(a2)
unevenness when LED of 6 colorsis used. The values used \
in the illuminance simulation are given in Table.1, and the g 8 r W §130* 130(mm?)
distribution map of the unevennessare given in Fig.4(a-1,2)- g6 _ S140* 140(”“‘?
Fig.4(b-1,2). Theilluminated areais square 100 mmona & 4l —e—F— &4 SI0I0mm)
side, the angle of beam spread is 120 degrees. The uneven- E w S160* 160(mm2)
ness decreases as the intervals between the light-source and 227 . /
the cell increases, before the minimum value is obtained. 0 ; Fig (e " 1

However, the unevenness increases reversely when the dis-
tance is larger than the minimum value. In the case of the
close-inillumination, Thedifferencein anirradiance between
just below LED and except is shown in Fig.4(a-1). On the
other hand, in the case of illumination apart from the object,

9
DigancesD (mm)

Fig.4(a) The unevenness using LED of 4 colors

Areaof ligt-urce:S(mm2)

the center of the cell is illuminated with the highest irradii- g Fig4(b2)
ance, shown in Fig.4(a-2). o6 S150* 150(mm?)
Se L
Table 1. llluminant simulation conditions 8 A S160+ 160(mm?)
Arrangement type Square | Hexagon g 7 W S170* 170(mm?)
Figure Fig. 2(a) | Fig. 2(b) g’ 2 ¢ \ /
A number of LED colors 4 6 0 I F'9-4(F)' ‘ ‘
Distances of each LED 4 (mm) 10 12 14 16 18
Distances of the same color 8 | 12 (mm) Distances.D (mm)
Angle of beam spread 120 (deg) Fig.4(b) The unevenness using LED of 6 colors
Illuminated area 100*100 (mm2)

Fig.4(a-1) the unevenness using 4 colors
S:160* 160(mm?),D:8 and 10(mm)

Fig.4(a-2) the unevenness using 4 colors
S:130* 130(mm?),D:9 and 12(mm)

Fig.4(b-1) the unevennessusing 6 colors
S:170* 170(mm?), D:11 and 14(mm)

Fig.4(b-2) the unevenness usign 6 colors
S:150* 150(mm?), D:13 and 17(mm)



3.2 Estimating of the absolute spectral response

The above procedure cal culates the curve of the absolute
spectral response. Fig.5(a) shows the discrete response with
modulated light, and Fig.5(b) shows the spectral response
curve after fitting the theoretical photocurrent formula of
spectral response. The photocurrent of solar cellsis esti-
mated with bright line spectrum. Note, however, that the
warrants future work on the care about the spectral response
shift affected by incident intensity of irradiation.
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Fig.5(a) the discrete spectral response Fitin
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Fig.5(b) the fit spectral response curve

4.CONCLUSION

In the present work, the capability of the equipment
using LED for solar cell measurementsisexamined. Asafirst
step, the unevenness of the irradiation was calculated. In
result, that can illuminate an object evenly. A target of the
equipment is set to measuring the solar cell spectral response,
and the measuring method with LED bright line spectrum
and the process to calculate the spectral response illumi-
nated with the reference solar irradiation are confirmed. The
issues that the LED light intensity is not enough to measure
asolar cell are remained, and the way to resolveisin review.
The development of LED solar simulator will make the mea-
surement, for example the evauation of PV system put on a
roof and the quality management at the manufacturing

premise, easy.
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ABSTRACT

Roof top system, which is the most popular PV system
for residential use, has been growing all over the world. In
Japan, almost al of the roof top systems have a power
conditioner corresponding with the 3 to 4 kW of PV
modules. These systems generate their maximum power
under the idea conditions, thus facing to one unified
direction with adequate mount angle and without shadow.
Generadly residential areais bristling with buildings, which
cast their shadows on PV arrays each other, and roofs of
residences have various figures. Under these conditions, it
is said that AC module that tracks each the maximum
power operating point by a PV moduleis effective.

This study, a part of “Regiona Consortium R&D
Program”, is focusing on the devel opment of a 100 W class
AC module that is suitable for the Japanese grid connection
guideline. Our working group WG 2 has developed its
controller part. This paper is a fina report about the three
years' activity of WG 2. A new controller and experimental
results are introduced. The final conclusion and future view
are also presented.

1. INTRODUCTION

Many kinds of residentiad PV systems have been
developed, mounted and increasing on a lot of houses.
These systems are generdly classified into two types, one
of them has DC (direct current) wiring and one inverter, the
other one called AC module has AC (aternative current)
wiring and a module integrated converter (MIC) behind
each PV module. In Japan, amost all of the roof top
systems belong to the former one. In this type, DC wires of
PV modules are connected in series and/or in parallel to a
power conditioner with 3 kW to 4 kW capacities. It is
known that partially shaded modules perform as resistance
component, which reduce the total output power of the
serieg/parallel connected modules. The same is applied to
another case in which several PV modules have different
characteristics by means of the difference of irradiation and
so on. Residential areas are usually bristling with buildings
and plants, which often cast their shadows on roof mounted
PV arrays. Furthermore, roofs of residential houses are in
various shapes and sizes, therefore the generated power
from each PV module is different by the part on a roof.
Against these problems, it is said that AC module is
effective, which tracks the maximum power operating point

. Grid
PV module Inverter
VAl v, i

= >

Controller

A/D, DIA

(Master controller)
Ext | MPPT
xterna P Start-stop
start-stop (Communication) Monitor

Master control
Protection

(Power Line LAN etc.)
Figure 1: A system model of the proposed system.

by each PV module.

This study, a part of the “Regional Consortium R&D
Program”, is focusing on the development of a new AC
module that is suitable for the Japanese grid connection
guideline [1]. Our working group WG 2 has devel oped the
interconnecting controller part under the program. This
paper presents the final achievements of the WG 2 for three
years. Three types of controller boards, the agorithm, the
experimental results are shown. Then the activities of WG
2 under the research and development program are
summarized.

2. SYSTEM CONFIGURATION

2.1 System M odel

A system model with the controller is shown in Fig. 1.
An inverter exists between a PV module and a grid. The
developed AC module system is composed of two parts.
One of them called inverter board has basic functions as a
dc/ac power source including circuit protection. Sensors to
sense its input and output voltage and current are also
mounted on the board. The other one called controller
board has functions to control the system as an inverter for
grid connected PV system. The monitored values with the
sensors on the inverter board are continuously given to the
controller board through isolated operational amplifiers.
Theisolated operational amplifiers have been installed after
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Figure 2: Controller boards, prototype (left), the
second version (right), and the third version (bottom).

the second version to reduce the switching noise from the
inverter board. Measured AC and DC waveforms are
changed into digital data and stored in buffers on the
controller board. Their root mean square (rms) values or
average values and harmonic components are calculated
with the CPU. Based on these data the controller monitors
the condition of the system. The output power of the AC
module is calculated and indicated to the inverter board as a
parameter to control its output current. The functions of
interconnecting protection and maximum power point
tracking (MPPT) are included in the program.

Severa functions which can be integrated into one
common unit in a group of AC modules using
communication system are shown in a square of the master
controller in Fig. 1. These functions are till installed into
each controller board at the present stage.

2.2 Controller Boards

The controller boards have been developed on main
three steps. Figure 2 shows pictures of the controller boards
manufactured by YEM Inc. The second version, as an
example, consists of a microcomputer (SH7615 HITACHI
[2]), CSPLD, I/O ports, A/ID and D/A converters,
communication ports, and power supplies for I1Cs. All the
functions mentioned in the previous subsection are covered.
The other two boards have also the same function units on
the board. The prototype was built in December 2001,
which was 315 mm x 235 mm. It had been improved on the
noise protection and the integration. The second version
had been developed by August 2002, which was reported in
‘PV in Europe in October 2002 [3]. The final version was
completed in December 2002. Its size has been reduced to
150 mm x 210 mm with four layers.

2.3 Discussion about Total System

As a group system, severa models composed of some
AC modules are expected. Some functions installed into the
controller board are able to be separated and shared in the
group. A master controller is composed of these functions
as shown in Fig. 1. Figure 3 shows three models of total
system. The Japanese grid connection guideline requires an
interconnection circuit breaker (CB) between the

Power line

(g nzpzncnt

Interconnection Unit

DY HOLIE MU RN OT)

<
(@) MC  acwmowe () (©

Figure 3: Total system configurations.
(@ Independent interconnection,
(b) concentrated interconnection,

() monitoring interconnection.

generation systems and the grid system including the inner
wires. Therefore CB box is drawn in all the three models.
As shown in Fig. 3(a), conventional AC modules have all
the functions as a power conditioner. From small systems
composed of a few modules to larger ones, this type is
equally adopted. However, in roof top system, severa
functions can be collectable in an extra controller as shown
in Fig. 1, for example start/stop, monitoring, islanding
detection and protection, and system protection. A system
configuration shown in Fig. 3(b) has a concentrated
interconnection unit in or by the CB. If the communication
is available between the concentrated interconnection unit
and AC modules, the functions can be divided to them, for
example monitoring, detecting, and communicating are set
in the unit and operating, protecting, and communicating
are in each the module. This model is shown in Fig. 3(c). It
was also discussed about the MPPT function. If a high-
speed communication system with high reliability was
available in low price, it could be realized with cost
advantage, however we agreed that MPPT function should
not be shared in the present stage.

The proposed controller is built as the &l in one,
therefore it is adaptable to an AC module, a CB as an
interconnection unit, and a master controller.

3. BASICALGORITHM

A fundamental flow of the controller, assuming an all
in one system, is shown in Fig. 4. The system operation is
started by a start command. During the operation, the
controller continues monitoring the system condition from
the data of input and output voltage and current. When the
grid voltage, that is equal to the output voltage, is within
the standard voltage range, the controller permits the
system to be the standby position. Then, the PV side
condition is checked. If the open circuit voltage is in the
normal range, the controller permits the system to start. The
rms/average value, the grid frequency, and the third
harmonic component are calculated based on the stored
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Figure 4: Flow chart.

data. No sooner than a remarkable change is detected with
the insensitive-passive detection agorithm, the inverter
operation is stopped, which means a serious fault is
occurred in a grid. The insensitive passive detection
continuously checks the rms value of AC voltage and the
third harmonic component, frequency, and phase shift with
the thresholds. This function operates also as a low speed
circuit protection system. Small deviation with possibility
of islanding is detected with the sensitive passive detection
algorithm. It checks the changing ratio of the grid
frequency and the third harmonic component. 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 value. If the inverter is in islanding phenomenon,
the power decrease amplifies the fluctuation, which should
be detected by the insensitive detection. This function
operates as an active detecting function required in the
guideline [1]. The combination method is proposed as the
active-passive series method [4]. The algorithm used in the
proposed controller is simplified with comparing to the
origind [5]. Unless any matters are detected, usua
operation is continued.

The MPPT function is based on the agorithm which
consists of Incremental conductance method (IncCond) and
constant voltage (CV) method [6]. In our program, the
present operating position on the I-V curve is found with
the DC input voltage and current values by a cycle.
Comparing to the present values and the last ones, a target
value is calculated following the IncCond method and
given as a DC target voltage. The output current is
controlled to make the input voltage close to the objective.
When the monitored DC voltage comes close to the aim,
the program renewal s the data and cal cul ates the next target
voltage. When it is difficult to keep the maximum power
point by means of rapid changing of irradiation, or when
the monitored input voltage is less than 24 V, the algorithm
is changed to CV method. In this mode, the target voltage is
kept to the 85 % of the open circuit voltage for awhile.

The system stops, if atrouble is found in the controller

Figure 5: Experimental system with the second version
controller and afly-back inverter.
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or the inverter, or if stop command is given. At first the
above process was synchronized to each the grid cycle
however it was impossible to keep its stable operation
during islanding phenomenon. Then it has been improved
to synchronize with the inner clock.

4. EXPERIMENTAL RESULTS

The proposed controllers have been tested. At first the
prototype controller with a fly-back inverter was tested in
December 2001. The operation as a system was observed
however it was difficult to test each the function because of
the noise. Mainly the experiments have been carried out
with the system composed of the second version controller
and a fly-back inverter shown in Fig. 5. This system was
connected to an reduced scale distribution system simulator
[7] at the AC side and connected to a PV module simulator
a the DC side. Basic operations following the agorithm
have been confirmed and tuned the levels of the amplifier’'s
gain between the inverter and controller. Figure 6 shows
observed waveforms in an interconnecting test. In thistime,
the I-V curve simulator was set and fixed at the fill factor
0.8 with the maximum out put power of 94 W. The



observed pulse noise was caused by the inverter operation
and it has become better and disappeared by improvement
of the elements. The MPPT operation is observed in the
waveforms. The control parameter was raised to the
maximum power point and tracked around it. Against rapid
10 W down and up of irradiation parameter, the MPPT
function was able to adapt them. The MPPT operation tests
have been repeated and tuned under many kinds of I-V
curves with various fill factors from 0.4 to 0.85. The
islanding detection and protection have been also tested and
confirmed under different conditions for example with
resistance load, reactive load, and capacitive load and/or
with additional PV inverters. Furthermore, four copies of
the second version system were connected in parallel to the
grid simulator and tested. The proposed system has been
well detected the islanding phenomena and stopped within
0.1 second in al cases. Especidly, even if one proposed
system was connected in parallel to the grid simulator with
aconventional PV inverter with masked islanding detection,
the proposed one stopped within 0.1 second. The details
about the series of test results are reported in 6P-D5-15.

The third version was also tested at the final term of
the project. About the controller, all the functions are the
same to the second one. Figure 7 shows a system composed
of the third version controller, an inverter and an interface
board. Each the inverter and the controller have been
improved in the size. The interface is a part of the fly-back
inverter shown in Fig. 5. The interface exists only for noise
protection therefore it is to be removed by the choice of
inverter application or improvement of the board. Figure 8
shows observed waveform in this system under a fixed |-V
curve condition with 0.7 fill factor and 95W maximum
power. Compared to Fig. 6, the pulse noise has disappeared.
The other performance is similar to the last one. This
system was tested to confirm the operation as the final trial
product.

5. SUMMARY

An interconnecting micro controller for Japanese PV
system has been developed with a 50 MHz class
microcomputer and simple interfaces. Trial models as an
AC module have been built and tested. Basic functions as
an AC module including MPPT and islanding protection
have been confirmed with the trial models. Islanding tests
with a distribution system simulator have been carried out.
The proposed system shows excellent performance in
isanding protection. Tota system configuration and
application of the controller have been discussed. The
proposed controller is adaptable to an AC module controller,
a master controller, or an independent interconnecting
equipment. Application to these systems and development
of control methods as a group system of AC modules are
subjects in the future study.

This development has been carried out as a part of the
“Regional Consortium R&D Program”, funded by the New
Energy and Industriad  Technology  Development
Organization (NEDO) from FY 2000 to FY 2001 and by the

Figure 7: Experimental system with the third version
controller and afly-back inverter.
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Ministry of Economy, Trade and Indusrty (METI) in
FY2002.
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ABSTRACT

This paper describes a new type of scaled-down
simulator for distribution grid. The most significant
component in this proposal is an active interface for
connecting actual size power conditioners with a scaled-down
network simulator. The fundamental function of the
interface is to transfer electrical properties: voltage and
current at a terminal of the network side are transferred to
another terminal of the power conditioner side by
multiplying factors of n and m respectively. At the same time,
the conditional side current and voltage have to be
transferred to the network side by multiplying 1/n and 1/m,
and vice versa. This principle has been demonstrated by an
OP Amp circuit in this time. Other practical issues to realize
this entirely new idea are also discussed.

1. INTRODUCTION

Recently, the number of grid-connected PV systems has
been rapidly increasing in Japan. In order to connect PV
systems to the grid, it is necessary to test its functions which
are islanding protection, grid protection, circuit protection,
THD and so on. To test their functions directly, a
distribution grid of actual scale is needed. In fact, it is
impossible to test PV systems in actual scale distribution
system except grid companies. While in a computer
simulation, it is difficult to connect actual PV systems. A
scaled-down Simulator [1] has been used as a method of
examination with actual PV systems, which is composed of
inductance, capacitance and resistance components. Such a
simulator is far smaller than actual distribution system,
however it still requires large space. To expand the system
scale with a lot of dispersed power sources, wide place and
recourses are needed. In near future, it must be required to
test such a system including many dispersed power sources
about their mutual interference of islanding detection or
voltage arising. The purpose of this study is to develop a

new scaled-down network simulator which has advantages
of size and cost.

This paper describes a new type of scaled-down
simulator for distribution grid.

2. COMPOSITION OF THE NEW TYPE OF
SIMULATOR

2.1 Composition of the new type of simulator

The scaled-down simulator has been large size because
inductance and resistance components required actual power
sources. A small scaled-down simulator which is composed
of electronic circuit could be small size, and it is easy to
expand it. However, the electronic circuit indicates to be
broken if it is connected to actual power sources directly.
Equivalent test method of function of the actual power source
is presented; the conditions observed in the small scaled-
down simulator are made to feed back to actual source when
power energy is reduced from actual to electronic circuit
scale.

A composition of the proposed simulator is shown in
Fig. 1. It is consisted of power sources such as the power
conditioner, the small scaled-down simulator composed
of electronic circuit, and the interface. The most significant
component in this proposal is an active interface to connect
actual size power sources to samll scaled-down simulators.

) Small
Actual size scaled-down
power source i
simulator

interface

Fig. 1 Composition of the new type of simulator
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2.2 Principle of operation of the interface

A fundamental function of the interface is to transfer
electrical properties: voltage and current at a terminal of the
simulator side are transferred to another terminal of the power
source side by multiplying factors of n and m respectively.
At the same time, the source side current and voltage have
to be transferred to the simulator side by multiplying 1/ n
and 1/ m, vice versa. Therefore, the interface is able to be
applied to any combinations of voltage source and / or
current source. That makes possible to test all of grid
conditions.

2.3 Design of the interface

The block diagram of interface which is shown in Fig. 2
is studied based on a principle of operation of the interface.
It is composed of a Voltage control unit and a Current
control unit. The voltages (V, and V, shown in Fig. 2) at
both terminals of the interface is controlled in the ratio of n
to 1 by the Voltage control unit all the time. The current
sensor 1 detects | at the source side terminal, and the
current sensor 2 detects | at the simulator side terminal. In
order that I, is made to correspond to I, comparative
results of I and I, are made to feed back to the Current
control unit. Therefore, the currents (1, and 1) at both
terminals of the interface are controlled in the ratio of m to
1. Circuit diagram is shown Fig. 3.

Voltage
I i I
R control unit s
L o o |
current ‘ current
sensorl sensor2 Small
i mal
oAvateura;chZrze Vi : Vs | scaled-down
P | Current simulator
: control unit
+1

Fig. 2 Block diagram of the interface

Voltage control unit

Small
scaled-down
simulator

Actual size
power source

Current control unit

Fig. 3 Circuit diagram of the interface
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In this paper, the Voltage control unit and the Current
control unit is composed of OP amp circuit. The voltage
proportion, n, at both terminals is made a choice at random
if the gain of Amp1 in the Voltage control unit is controlled.
The current proportion, m, is also been made a choice at
random if the gain of amp2 in the Current control unit is
controlled.

2.4 Simulation

In order to test functions of the interface, it was
simulated by the circuit shown in Fig. 4 (a). As shown in
Fig. 4 (a), the actual size power source in Fig. 2 was
exchanged with DC voltage source and resistance. The small
scaled-down simulator was also exchanged with capacitance
and resistance. It was considered that AC wave could be
controlled if transient response was controlled. In order to
test the function of the interface easily, n and m were fixed
to 1. In this case, Fig. 4 (b) was interchanged with Fig. 4 (a)
because the voltage and the current at the terminal of the
simulator side was equal to the voltage and the current at the
other terminal of the power source side. By the simulation,
characteristic of the V shown in Fig. 4 (b) was compared
with characteristics of the V_ and V, shown in Fig. 4 (a).
Then DC voltage source input 5V with step in the circuit
when time was zero. Characteristics of V,, V, V, and V
was shown in Fig. 5. As shown in Fig. 5, characteristics of
V, and V corresponded with characteristics of V.

400 100

v -
S 47yuF

interface

Fig. 4 (a) Circuit for tested the interface

400 10Q

Fig. 4 (b) Equivalent circuit of Fig.4 (a) when n and m were
fixedto 1
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3. EXPERIMENT

3.1 DC Characteristics

The circuit shown in Fig. 4 (a) was composed of using
circuit diagram shown in Fig. 3. First, in order to compare
with the simulation, actual characteristic was observed in
the same condition as the simulation. Characteristics of the
voltage which were observed by an oscilloscope were

" sms

P RpREY s At M R |

Fig. 5 Characteristics of the voltage at both terminals of
the interface shown by simulation.
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Fig. 6 Characteristics of the voltage measured at both
terminals of the interface.
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shown in Fig. 6. As the result of experiment and simulation,
it was considered that characteristics of V,, V, V,, and V
shown in Fig. 6 almost corresponded to them shown in
Fig. 5. As these results, the interface would be able to fulfill
the proposed functions because transient response by
resistance and capacitance was correctly controlled.

Second, it was tested with different power level whether
voltage and current at both terminals of interface were
controlled. Power level at both terminals were controlled
in the ratio of 4 to 1. Therefore, n and m was fixed to 2.
Characteristics of V, V, I, and I, were observed.
Characteristics of V,_ and V, were shown in Fig. 7(a).
As shown in Fig. 7(a), it was considered that V_ and V
were always controlled; the ratio, V. V, was 2: 1, and turn
on time of V_ was equal to it of V. Characteristics of |
and I, were shown in Fig. 7(b). As shown in Fig. 7(b), it
was considered that | and I, were always controlled; the
ratio, I.: I, was 2: 1, and turn on time of 1, was equal to it
of I.. From these results, it was considered that the
interface was controlled if power level at both terminals
was different.

e e ¢ - ......-.-.-.-\.-\_:/ﬂ
VA : o :
: 5ms
/d—-
llf : _ﬁ
(M ] 1 2V k
: 5ms
f : 1
% Y )
R | : e

Fig. 7 (a) Characteristics of the voltage measured at both
terminals of the interface when n and m were fixed to 2.
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Fig. 7 (b) Characteristics of the current measured at both
terminals of the interface when n and m were fixed to 2.
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3.2 AC Characteristics

The interface also was tested under the condition of
AC voltage input The DC voltage source in Fig. 4 (a) was
exchanged with AC voltage source. Then AC voltage
source input sine wave of 5V and 50Hz. In the same
condition as section 3.1, n and m were fixed to 2. Voltage
and current at both terminalswere shown in Fig. 8 (a) and
(b). As shown in Fig. 8 (a) and (b), voltage and current at
both terminals were controlled in the ratio of 2to 1 all the
time. Therefore, it was considered that the interface was con-
trolled under condition of AC Voltage input.

Fig. 8 (a) Characteristics of the voltage measured at both
terminals of the interface when AC voltage was input in
Fig. 4 (a), and n and m were fixed to 2 under the condition of
AC voltage input.

Fig.8 (b) Characteristics of the current measured at both
terminals of the interface when AC voltage was input in
Fig. 4 (a), and n and m were fixed to 2 under the condition of
AC voltage input.
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4. CONCLUSION

This paper described a new type of scaled-down
simulator for distribution grid. This simulator was a small
scaled-down simulator composed of electrical circuit and
interface. Function of the interface was to connect actual
size power source to the small scaled-down simulator.
As a result of simulations, the interface was shown basic
characteristics and the result of experiments were shown
DC and AC characteristics. Therefore, The new concept of
the interface was very valuable. Moreover, the actual
power source such as PV system would be examined by
a small scaled-down simulator although power level
at actual power source side of interface was low in this paper.

It is considered that this study would be fulfilled a major
role for not only the study of PV system but also all study of
power electronics.
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ABSTRACT

Recently, AC modules are familiarized in Europe and
US. However, there are till several problems, which need
to be dealt with, for instance islanding that is one of major
requirements for grid connection of solar modules in Japan.
In this study, an islanding detection agorithm has been
newly developed according to a sequential approach and its
basic operation has been confirmed. The purpose of this
study is to find the optimum detecting thresholds by
different experiments, that means by single and multiple
operations. Here, several developed inverters together with
newly developed ones with the algorithm were examined
regarding islanding detections. In this paper, the results
including test methods, conditions, observed waveforms are
presented. This paper proposes an islanding detecting
function for Japanese AC module from comparison of usual
MIC and PVPC point of view.

1. INTRODUCTION

Photovoltaic (PV) system has been developed as a
pioneer of renewable energy. Recently, AC modules, which
typicaly consist of 1 square meter solar panels and a
module-integrated converter (MIC) with control board, are
familiarized in EU and US. The reason is that AC module
has severa advantages, for instance, it is more
cost-effective in some cases and can be instaled more
easily than usua PV system. However it should be noted
that AC module still has some problems. Although usual
AC modules are installed in high density, in such a case,
the inverters control may affect other inverters and
sometimes force other inverters to stop due to a
misdetection issue. Although it becomes popular in Europe
and US, however it doesn't spread in Japan. One of the
reasons is the existence of the Japanese grid connection
guideline [1] that requires different conditions from
European or American codes. Furthermore the present
Japanese guideline requires equipping a complete islanding
protection in all inverters type including AC module
because the latter is not yet specified anywhere. Therefore,
both passive and active method should be provided. Based
on the above-mentioned requirements, it is hoped to have
an islanding detection method for AC module.

Islanding detection method for new devel oped inverter
(PVPC) that had developed in the Regiona Consortium
PI’OjeC'[ [2] needs the following functions.

To detect islanding safety and certainly.
> Not to affect another inverters in high-density

institution.

»  To satisfy the Japanese guideline.

This paper presents the experimental results of the
idanding test of usual MIC and PVPC. Moreover, it
presents the availability of islanding detection method of
PVPC.

2. METHOD OF ISLANDING TEST

This idanding test investigates two usua MIC
(inverter X, inverter Y) and a PVPC using scaled-down
distribution network. For this purpose, a simulator had been
developed by the authors [3]. Fig.1 shows a test circuit.
Then, the islanding detection functions were tested under
the following conditions:

» The load condition has two patterns, a RCL
(resistance (R), capacitance (C), inductance (L)) and
aRCM (R, C and induction motor (M)).

»  Active power and reactive power are changed in steps
of 10% at focusing on the baancing point among
inverter output and load consumption.

» PV aray |-V curve simulator imitates the PV array
that its output isfixed to arated output.

»  All conditions are tested five times.

_ol/ [
_o/i/ +

AC power 1
Source % Inverter  PY array
[-¥ curve
simulator

@ L 4‘[} i R
Fig.1 The experimentd circuit

3. USUAL MICIN EUROPE AND US

3.1 Performances of usual MI1C

At present, AC modules are popular in Europe and US.
These MICs have very high performances. For instance,
efficiency of Maximum Power Point Tracking (MPPT)
amost reaches over 90% at an explanatory note. In addition,
they contain anti-idanding system that only observes grid
voltage and frequency. However, this is not enough to
detect islanding in Japanese guideline. Because the present
Japanese guideline requires that al types of inverters
including AC module equip acomplete islanding protection.
They should provide both passive and active methods.

Consequently, in this paper, it needs to confirm the



availability of idanding detection method for usua MIC
single, parallel and multiple operations.

3.2 Examination of a single operation for usual MIC
Firstly, idanding detection function of a single

operation was tested. Figs.2-5 shows the test results
respectively.

Maximum
islanding 2.5
time [s]

Unbalanced
ratio of
10 reactive power
Unbalanced ratio of ]
active power [%]

Fig.2 Test result of inverter X operation. (Load RCM)

Muximum
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time [s]
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20 reacti\[/%e] power
Unbalanced ratio of
active power [%]

Fig.3 Test result of inverter X operation. (Load RCL)
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[%]
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Fig.4 Test result of inverter Y operation. (Load RCM)

Maximum
islanding 2.5
time [s]

Unbalanced
ratio of
reactive power

Unbalanced ratio of
active power [%]

Fig.5 Test result of inverter Y operation. (Load RCL)

From these results, inverters X and Y have severa
isanding occurrence conditions in the worst-case.
Especialy, reactive power in near zero or -10% may easily
occur an islanding phenomenon.
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0
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Fig.6 Test result of multiple operations. (Load RCM)
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Fig.7 Test result of multiple operations. (Load RCL)
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Fig.8 Test result of parallel operation. (Load: RCM)
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Fig.9 Test result of parallel operation. (Load: RCL)



3.3 Examination of multiple operationsfor usual MIC

As AC modules are amost connected to the grid
through inverters, then, it becomes rather difficult to detect
the islanding phenomena. Thus, four X inverters multiple
operations were tested to pretend the worst case
Furthermore, different inverter parallel operations
(inverters X and Y) were tested with the same distribution
line. Figs. 6, 7 show the results of these multiple operations.
Figs. 8, 9 shows the results of parallel operations with
RCM and RCL load respectively.

From the results of multiple operations, the islanding
conditions of four X inverters multiple operations increased
as compare with the single operation. Because of this, it is
considered that output power of each inverter makes
interference with another inverters. Moreover, if dozens of
MICs connected to the same distribution line, then the
islanding occurrence condition will increase.

From the results of parallel islanding tests, as well as
previous results, it is hard to detect the islanding
phenomena by MIC'’s islanding protection.

According to usual MIC islanding tests, it shows that
usual MIC connected single/parallel or multiple inverters
have prospects of islanding.

4. NEWAC MODULE IN JAPAN

4.1 Performance of PVPC

The authors had developed an algorithm for anew AC
module inverter that is suitable for the Japanese guideline.
It consists of an inverter and a control board. The control
board includes the total algorithm such as islanding
protection and MPPT. The functions of the control board
are to run the total agorithm and to output the current
indication value.

Figure 10 shows the idlanding detection algorithm
flowchart. One of main feature of this agorithm is to
simplify the Active/Passive Series Method [4], to combine
a two-step passive detection and control the current of the
inverter. The function of the two-step passive detection isto
suppress the misdetection and mutual intervention.

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

When the low sensitive detects an islanding
phenomenon, 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 an islanding phenomenon, the inverter
output current decreases to half. Then, if grid voltage exists,
there will be no influence on the system voltage waveform.
If 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 a suitable current indication for
the grid condition.

At present, accuracy of each detection method has
confirmed in asimulation [5]. Additionally it was examined
in basic islanding tests. From these basic islanding tests, the
proposed agorithm exactly detected the small disturbance
of the grid voltage and the grid frequency.

Tablel shows a threshold of each detection method.
The low sensitive threshold is defined along the Japanese
guideline. The high sensitive threshold is simulated by [5].

Grid voltage
instantaneous valug
Calculation of
grid_effective voltage

Calculation of
grid frequency

Calculation of
3r¢ _harmonic distortion

[Output indication by MPPT

Output to half

Is low sensitive
threshold
exceeded?

Is high sensitive
threshold
ded?

Calculation of the ratio
of grid frequency change

Calculation of the ratio
of 37 harmonic distortion change

Output
current
indication

? A

Waiting mode

Fig. 10 Theidanding detection algorithm flowchart.

Table 1. The threshold of each detection method.

Detection method Threshold
Effective voltage level 90~110[V]
Grid frequency level 48.5~51.0[HZ]
3 harmonic distortion 3[%]
Rate of o
grid frequency change 0.10%]
Rate of o
39 harmonic distortion change 0.5[%]

4.2 Examination of a single operation for PVPC

In order to verify the islanding detection method for
PVPC, a single islanding behavior was tested. The load
conditions were taken similar to the usual MIC tests.

Then, at the single islanding test, PVPC tested without
the high sensitive of islanding detection method. From this
test, a PVPC idlanding occurred due to maintain the grid
system voltage and frequency. Figll shows the PVPC
islanding phenomena without the high sensitive.

Figs.12, 13 show the test results with RCM and RCL
loads, respectively. Based on the obtained results, it is
confirmed that PVPC is exactly able to detect the islanding
phenomena with worst-case load condition within 100 ms
and the threshold of each detection method is propriety to
detect islanding.

20kS,s SsAliv

Fig. 11 Test result of PV PC without the high sensitive.
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Fig.12 Test result of PVPC single operation.
(Load RCM)
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Fig.13 Test result of PVPC single operation.
(Load RCL)
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Fig.14 Test result of PVPC parallel operation.
(Load RCM)
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Fig.15 Test result of PVPC parallel operation.
(Load RCL)

4.3 Examination of multiple operationsfor PVPC

As mentioned earlier, most serious problem of PV
inverters is to cause islanding phenomena, especialy,
multiple operations are easy to cause islanding phenomena.
Consequently, four PVPC were tested with the same
conditions. Figs.14, 15 show the islanding test results of the
multiple operations for PVPC.

From these results, it is obvious that there is no effect
on interference of each output power, load condition and
cut off point. All tested islanding phenomena were detected
by PVPC within 100 ms.

According to PVPC idanding tests, it shows that
PVPC connected single or multiple inverters are able to
detect islanding phenomena.

5. CONCLUSION

In this paper, the experimental results of usual MICs
and PVPC were presented. From the obtaining results, it is
confirmed that in worst-case condition usua MIC can not
detect the islanding phenomena in case of single and
multiple operations. However, in the other hand, PVPC can
overcome this shortage and detect the islanding phenomena
in case of single and multiple operations. Consequently, it
was clarified that developed islanding detection method for
AC moduleis able to detect the islanding.

Ultimately, there are still some rooms for the future
development of the present study. For instance, how to deal
with the situation, when dozens of different AC modules
have to be connected to the same distribution line, they
may occur the islanding phenomena. Therefore, perfect
optimal inverters suitable for preventing these phenomena
are desired.
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ABSTRACT

This paper presents the results of study related
into optimal design and use of Solar Home System
(SHS) in Mongolia.

Over recent years, SHS becomes widely used by
nomadic households in Mongolia. In the other hand,
there exists an increasing problem of system
component failure, low battery lifetime and users’
dissatisfaction.

To overcome the present problem, a user training
manual and demand-side load management seems to
be necessary for enhance lifetime and minimize
failures of SHS.

The time-serial simulation results shows
possibilities to gain more performance ratio of SHS,
which sized design parameter method. The optimal
load table to support DSM for user proposed in the
case of Mongolian central area.

Keywords: Solar Home System (SHS), optimal

sizing, Demand-side-Management (DSM)

1. INTRODUCTION

Solar Home System (SHS) is the best way for
sustainable surviving and development in rural area
of developing countries.

Over recent years SHS becomes widely used by
nomadic households in rural areas, it is based on the
implementation influence of “100,000 Solar Ger”
National program and demonstrative research
project of portable PV systems by NEDO of Japan.
It is expected that spread progresses from now on.

On the other hand, there exists an increasing
problem of system component failure. Problems like
fusing of light bulbs, inadequate charging of
batteries, low battery life and need for continuous
maintenance have been some of technical problems
with SHS. From authors’ detailed performance
analysis [1], many functional failures of the batteries
and the increase in battery loss, array capture loss,
and high load mismatch losses, user’s bad
managements of load were observed.

2. WHAT IS A PROBLEM OF SHS

From the purchasing ability and electricity
demand, the solar home system get into to small size
in the developing country.  An array  capacity
determined to fixed size at commercial PV module
rate, like one module 55W or 75W. Therefore, SHS
designing become an issue to calculate the capacity
balance of a storage battery and load consumption
under consideration of an installation environments
and user’s electricity demand.

Problems

many system failures reported

high system loss, mismatching

battery failure, short lifecycle

Solutions
optimal sizing ) capacity balance

PV : Battery : Load : Local Condition
supporting DSM ) simulate optimal
range of load consumption for each season
user training, DSM table and manual

Goal a
to enhance lifecycle and minimize failures of SHS J

Fig.1: The problem and solution of this study

A charge cycle of SHS will stretch as time go on
by lack of solar irradiation causing different
installation conditions and high exceed electricity
consumptions. This leads to low battery SOC (State-
of-Charge), frequent disconnections and brings early
degradation of storage battery.

It is not desirable for a SHS that it is also less too
much as well as demand exceeding from designed
energy consumption load.

An overcharge protect function of charge
regulator frequently operates at the low consumption.
It is reported that the battery efficiency near the top-
of-SOC was low [4]. From field test data, the
electrolyte of the batteries decreased very much due
to effects of gassing, a result of the oscillation of the



charge controller which serves as an over charge
protection.

To overcome the present problem, a user training
manual and demand-side load management are
indispensable to enhance lifecycle and minimize
failures of SHS.

This paper presents the results of study related
into optimal design and use of SHS in Mongolia.

3. METHODOLOGY

3.1 DESIGN PARAMETER METHOD FOR SHS

The PV system sizing tasks usually start from the
definition of daily consumption load. In the
designing of small-scale stand-alone PV systems, the
capacity of storage battery (6) and the available load
consumption (4) calculated from the local irradiation
data and the fixed array capacity (1 or 2 module),
based on the energy balance equations (1) [2].

In sizing tasks, there have to tend constant daily
consumption all along the year. In order to
calculating the optimum balance of battery capacity
and an available load at each season or month,
system performance ratio K (5) was introduced to
following equations (1)-(7).

Hy A 7ps-K=E_-D-R (1)
s =Pas /(Gs-A) @)
D=(N,+N N, )
E =P,-(H,/Gg)-K/(R-D) (4)from (1),(2)
K=K, K, Kg-K.(5)
Buwn =Eiga "Ny -Rg /(Cgp - Ug - Igp) (6)
_ Tsn? BA E @)
(1477507 8a = Vea) ;
Ha :in-plane irradiation [KWh/m%period]
A :array area [m?]
nes - PV efficiency under STC
K : performance ratio
E, :load energy consumption [KWh/period]
D : solar energy dependence, in the case of SHS
D=(Ng+Nc)/Nyc
Ng :assumed non-sunshine days [d]
N, : recovery days of battery state of charge [d]
R :design redundancy
Pas : PV array maximum power under STC [kW]
Gs : irradiance at STC [1kWh/m?]
Biwn: battery capacity [kWh]
E_ gq: l0oad of dependency on battery [kKWh/d]
Rg : battery design redundancy
Cap: factor of battery capacity reduction
Ug : depth-of-discharge / DOD

E LBd

dpp : decreasing rate of voltage dropping at
discharge

vea - dependency of load on battery

nea : battery efficiency

3.2 SYSTEM LOSS FACTORS

Operation ~ characteristic ~ parameters  and
performance indices of SHS are expressed in
equations from (1)-(12).

Some of the major factors (as shown Fig.2) to
reduce the performance ratio are the loss caused
array capture, the loss caused by mismatching and
the loss caused by lowered efficiency of degraded
battery.

In the calculation, the values of parameters are
taken as the average value from the authors’ detailed
performance analysis on demonstrative research
project of portable PV systems by NEDO[1].

The array losses are possible to minimize by
careful installation. Therefore, orientation, shadow,
dust factors calculated in the default value 1.

D (N,/N,) (1-78a )Kc
- regulator ” []

g el
PV array N % K A g‘
P /NI E

as'fles storage _
battery EC appliance
BkWhYKBynB L7 BA

Fig.2: Relationship of the major parameters for SHS
designing

KH = KHD : KHS : KHCTr (8)

Ky :irradiation modification factor

Kup: irradiation movement factor

Kys : shading factor 1.0

Kuerr: gain factor of tracking 1.0-1.22: if tracking by hand
Kp =Kpp - Kpr - Kpp Kiy 9)

Kp : PV conversation efficiency factor

Kpp : deterioration factor with age

Kpps: soiling factor 1.0

Krpp: degradation factor

Kpr : temperature factor 1.0 in winter, 0.93 in summer
Kpa: array circuit factor 1.0

Kpm: load mismatch factor 0.85 ( control of
regulator based on a battery voltage)

Kg =(1- 780 ) 0 + 7a " TTga (10)

(11)

7ea =Kg o * 7Ta1s

Ko = Ka s Kaur - Kaa ac 12)



Kg : battery efficiency modification factor

nep : bypass energy efficiency

Ksg, op: modification factor of operation efficiency
nes: stack test efficiency of battery

Ksg, sg: Self-discharge loss factor

Ksg, ur: unbalance factor of battery cell

nac - efficiency of charge regulator

3.3 SIMULATION FOR DSM SUPPORT

Demand Side Management (DSM) is playing
important role in the maximizing lifecycle of SHS.
There is need a support for user implementing DSM
at SHS.

We developed the simulation program that to
calculate the available consumption load by each
month, to support DSM for SHS user. The simple
battery model (13)-(15) based on state of charge
(SOC) added in to simulation program, which was
used in the performance analysis [1].

1.
Vo =12.51-0.72- (1~ soc,)f%-

(13)
240 | 162 455
1+, SOC,

rate

Vontion = Vi +0.76+ (157 + Sin (2250550609 (14)

0.5-0.5-S0C,
SOC,,, =SOC, 1, Ty, / Cre (15)

step rate

In this simulation, the maximum available load
has calculated from maintain rate of SOC in every
settled loads. This is allowing to determinate
seasonal optimum load range. Also, the sensibility
simulation of maintain rate performed at various
depth-of-discharge.

4. RESULT AND DISCUSSION

The results calculated by design parameter
method shown in table 1 and 2. The optimum (cost-
effective) balance of fixed array vs. various battery
calculated at Ng/N,. =2/3 (see table 1). The battery
capacity is less than common design value, caused
by few no sunshine days.

The average seasonal load consumption values
at the optimum balance of fixed array and battery
capacity are indicated in table 2. The load value of
summer is approximately two-fold than winter
available load.

The maximum available load from the time-
serial simulation in case of the NEDO portable
SHS[1], indicated at 600Wh/day (see Fig. 3). This
value is 1.8 times larger than the value of design
parameter method.

The Fig. 4 shows the seasonal optimum load
range from the simulation of SOC maintain rate.
Also, the sensibility of seasonal optimum load range
at degraded battery efficiency (Fig. 5).

There is necessary additional function in charge
regulator, to supporting DSM, like signaling about a
SOC, auto-calculating 1/0 energy or interface for
reservation future demand.

Table 1:The optimum (Cost-effective) balance of
fixed array vs. battery capacity calculated by the
design parameter method

PVarray |  VRLA/Deep-cycle Vehicle SLI Battery *
W] Battery [Ah] 20HR [Ah] 5HR

Na/Nee** | 3/3 2/3 172 3/3 2/3 1/2

120 | 109 | 87 | 48 | 145 | 116 | 129

220 | 199 | 159 | 89 | 26.6 | 21.3 | 23.6

50.0 | 453 | 36.2 | 20.1 | 60.4 | 48.3 | 53.7

55.0 | 49.8 | 39.9 | 22.1 | 66.4 | 53.1 | 59.0

750 | 679 | 543 | 30.2 | 91 | 725 | 805

102 92 | 739 | 41.1 | 123 99 109

204 185 | 148 | 82.1 | 246 | 197 | 219

* max depth-of-discharge DoD Ug: VRLA=60%, SL1=30%
** Ng/Ne: no sun day/recovery day

Table 2: The average seasonal load consumption at
the optimum balance of fixed array and battery
capacity for Ng/N.= 2/3

Average Load [Wh /d] at seasonal

PV array Vg‘;‘t’:zs“ reference yield [h]
[Wp] [Ah]5HR | Summer Spring Winter

6h 4.8h 3.2h

12.0 11.6 245 19.6 13.1

22.0 21.3 44.9 35.9 23.9

50.0 48.3 102.0 81.6 54.4

55.0 53.1 112.2 89.8 59.8

75.0 72,5 153.0 | 1224 81.6

102 98.5 208.1 | 166.5 | 111.0

204wimmv. | 197.1 | 333.0 | 213.1 | 1421
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5. CONCLUSION

e The detailed design parameter sizing method for
SHS improved with feedback experimental loss
parameters from field data.

e The simulation model developed, to calculate
available maximum consumption value from the
typical commercial PV module and battery
capacity at install environments.

e The time-serial simulation results shows
possibilities to gain more performance ratio of
SHS, which sized design parameter method.

e The optimal load table to support DSM for user
proposed in the case of Mongolian central area.
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ABSTRACT

When digtributed generation (e.g., PV) isingtdled for feeder
imbalance, it is difficult to maintain a proper voltage range. In
such cases, a loop didribution sysem has an advantage at
voltage fluctuation. A loop power flow controller (LPC) may
be expected to control loop didribution sysems without any
increase in short-circuit current. In this paper, we describe the
relationship between loop power flow control and voltage
characterigtics for distributed generation, and propose asimple
control method using locd voltage information. The result of
our smulation shows that the proposed control method for the
LPC baances the power flow and regulates the voltage with
stable operation.

1. INTRODUCTION

Renewable energy such asthe PV system and the utilization
of co-gengaion sysems are expected to improve the
efficiency of energy gpplications. Therefore alot of distributed
generations (DG) will be connected to digtribution sysems.
When the DGs are ingtdled for feeder imbaance, it is difficult
to maintain a proper voltage range. In such casss, it is known
that loop or mesh ditribution systems balance the power flow
and regulate the voltage. However, the short-circuit current in
the digtribution system will increese, and a method for
detecting the location of faultsin loop digtribution systems has
not yet been established.

A loop power flow controller (LPC) using a back to back
(BTB) should control loop digtribution sysems without any
increase in short-circuit current. Therefore, we anticipated
applying aLPC to radid distribution systems with the present
protection method.

In this paper, we describe the basic considerations for
ingtdlation points and the application capacity of the LPC.
The control method for the LPC is dso important. We propose
a dmple control method using locad voltage information.
Evduation of the proposed control method for loop power
flow wes edtimated by power flow cdculation usng the
Monte-Carlo method.

va

2. STRUCTURE OF LOOP DISTRIBUTION
SYSTEM WITH LPC

2.1 Basic Concept and Sructureof LPC
The basic concept of the loop digtribution system using the
LPC we proposeisasfollows[1].

A) Aimsfor free accessto adigtributed power supply.

B)  System respondsflexibly to unbalanced load between
feeders, and makes effective use of equipment.

C) Toendblethis the system is condructed in the shgpe
of aloop from aradid.

D) A loop digribution sysem is provided without
dtering exiging sysems such as the protection
system, except for loop points.

In achieve dl this we used the BTB shown in Fig. 1 asthe LPC.

—(() #acoe—peiac F=# 0 -

(N S
YT

AC-DC-AC converter
Fig. 1 Sructure of LPC

Because the eguipment is miniaturized, the abbreviation of the
transformers is considered [2]. This involves, the contral of a
steady date zero phase sequence current and the block of zero
phase sequence current and voltage during faults.

2.2 Ingallation points

6.6kV overhead didribution sysems are currently
congtructed in Japan as radid networks. Fig. 2 shows a radia
digribution line route from a digtribution substation. A feeder is
broken into sections by circuit breakers, closed switches and
open switches. The open switches give flexibility at fault
condition. Under stable conditions, digtribution systems are
operated asaradia network.

A loop system can be easily congtructed by closing an open
switch. Therefore, we conddered the ingtdlation points of the
LPC to be the open switches shown in Fig. 2.

The feeders shown in Fig. 2 are divided into three sections by
the switches. If we assume the sections will be connected to other
feeders, the same cagpacity as the load of the section is required
for the switch. In this case, as for the switch, 1/3 of the capacity



of the feeder is needed. Therefore, we targeted 1/3 of the capacity
of the feeder asthe standard for the LPC.

oy
=
o

%

() substation 7 circuit breaker @ closed switch O open gwitch

Fig. 2 Radia didtribution line route from substation

3. PROPOSED CONTROL APPLICATION OF
LOCAL VOLTAGE

3.1 Power Flow Control using L ocal Voltage

Oneideaisto uselocd voltage for loop power flow control
and voltage regulation. Theoretically, the voltage of the power
gystem is controlled by reactive power. Here however we
would like to focus on the line resistance (R) close to the line
inductive reactance (X) in Japanese 6.6kV ditribution lines.

Fig. 3 shows the termind voltage of the LPC and controlled
power flow direction.

v
Feeder 1 / 1
© e
Feeder 2 \

Fig. 3 Termina voltage of LPC and controlled power flow
direction

A smple rule of power flow control by termina voltagesis
shown by the following [1]:
P=G,(V\,-V,) €

where, V; and V, are the terminal voltages showninFig. 3. G, is
the loop power flow gain by the voltage difference.

3.2 Power Flow Control usng LineVoltage Drop

In equaion (1) the feeders connected a the same bank
transformer. However, when the feeders are connected to two
different bank transformers, the sending voltages of the feeders
differ. In this case, we consider the voltage drops of two feeders,

asshowninFig. 4.
AV, ¢
AV,
Feeder2

Fig. 4 Voltage drops of two feeders

Feeder 1

2/4

This assumes that the sending voltage of the two feedersisthe
same. Equation (1) is shown as follows using voltage drops
AV and N,

P=G,(AV,-AV,) @)

where, AV, and AV, are the voltage drops of feeder 1 and
feeder 2 in Fg. 4. G, was st to 40 pu, in this paper. The
relaion between G, and voltage characteristics was shown in
reference[3].

Therefore, when the sending voltage of the feeders differs it
can be treated like equation (1) by using equation (2). When
using voltage drops, meesurements are needed for the sending
voltage of feeders.

3.3 Reactive Power Control using LineVoltage Drop

This paper considers the effect of adding reactive-power
contral to equation (1). We use the following ssimple rule of
reactive power flow control by line voltage drop:

Q= Gq AV,

Q, =G, AV,
where, AV, and AV, are the voltage drops of feeder 1 and
feeder 2 in Fig. 4. Q; and Q, are injected reactive power a
node 1 and 2, respectively. G, is injected reactive power gain
by line voltage drops. G, was st to 40 pu, in this paper.

©)

4. SIMULATION CONDITIONS

4.1 Power Flow Calculation usng Monte-Carlo M ethod

If we assume load in power systems changes at random over
the course of the day, month, and year, then there exist time
sections of various patterns. Sochastic load flow is a technique
for caculaing the frequency distributions of the voltage of each
node [4]. Var dlocation [5] and improvement of voltage [6] are
gpplications of thistechnique.

In this paper, we used the Monte-Carlo method in order to take
into condderation the current redrictions caused by the
conversion capecity of the LPC.

Norma random numbers are generated by the Box Muller.

N, =,~2-logu,; -sin(27-U,;) @

where, Uy; and Uy are two sets of uniform random numbers.

Power p; and reactive power ¢ of a node are given by the
following equation using the norma random numbers.

P =Ny -ps + pe,

G =N, -05+0§, (i=1~12)
where, pg and gg are expected vaues (EV) and ps and g5 are
standard deviations (SD).

The smulaion modd created based on the composition of Fig.
1lisshown in Fg. 5. The pg and gg are given by equation (5).
The LPC is placed in the podtion of the open switch of Fg. 2.

LPCpl, LPCp2 and LPCp3 are power flow controlled by the
LPC.



If equation (2) is used for contral of the LPC, the sending
voltage of each feeder can be regarded as the same. Four feeders
are connected to the same node 0 in the Smulation modd. Line
parametersin Fig. 5 were based on a power base of 10MVA and

Table 2: DG conditions

Node dpe dps dae das

1-3 dpe dpe/3 0 0

voltage base of 6.6kV.
0 4 5 6
0.0456+j0.0962 | 0.0707+0.0998 | 0.0958+0.1034
T pag4 = 5ciqs " p6tig6
f IPCp1
1 2 3 )
0.0456+j0.0962  ["0.0707+j0.0998 | 0.0958+j0.1034 g— P37iq3
[ pi+gl & p2tjq2
L LPCp2
7 38 9
0.0456+j0.0962 | 0.0707+j0.0998 [0, 0958+j0.1034 [:u LPCp3
= p7+ia7 [+ p8tia8 T porigo

10
0.0456+j0.0962

1
0.0707+j0.0998

12
0.0958+j0.1034

[ p10+jql0

[ pli+iqll

[ pl2+jql2

Fig. 5 Digtribution system model for smulation

4.2 Radial Digribution System

Basic characteridtics of the radia didribution sysem were
dmulated using the load conditionsin Table 1. Here, peisthe EV
(expected vaue) of node power, psisthe SD (standard deviation)
of node power, geisthe EV of node reactive power and gsisthe
SD of node reactive power. We assumed the EV of demand to be
the haves of the feeder cgpacity. In thismodel, Snce three nodes
arein one feeder, the EV of the demand of one nodeis sat to 1/6
of the feeder capacity. On the other hand, psis set to 1/3 of pe. ge
is given as inductive power factor 0.9. gs uses the same value as
ps.

The feeder capacity istaken as0.3 pu. The numerica vauesin
Table 1 are based on feeder cgpacity of 0.3 pu.

Table 1: Load conditions

Node pe ps qe as

1~12 -0.1667 0.05556 -0.08073 0.05556

(pe BV of node power, ps: SD of node power, ge: EV of node
reective power, gs SD of node reactive power, with numerical
vaues based on feeder capacity of 0.3 pu)

4.3 Connection of DG (Digtributed Gener ation)

We investigated the characterigtics of power lines by the
interconnection of a DG, making the interconnection position of
the DG node 3. Thefollowing eguation is used for node 3 instead
of the equation (5).

P; = Ng - PS; + pe; + N - dps+ dpe ©
0 = N, -gs; +0e,+ N,, -dgs+dae

where, dpeisthe EV and dpsisthe SD of the DG generation.
In this paper we connected DG to nodes 1, 2 and 3. The

conditions of DG used for this smulation are shown in Table
2.

3/4

(dpe: EV of DG power, dps: SD of DG power, dge: EV of DG
reective power, dgs: SD of DG reactive power)

4.4 Evaluation Based on Optimum Conditions
Optimum power flow caculations were carried out to
compare with the proposed control. We prepared two
compardive targets. One condition minimizes line loss, shown
by following:
minimize f (x)=_lineloss
subject to h(x) =0 @)
-1<LPCR <1
-1<LPCQ;<1
where, h(X) are power flow equations. LPC R is the power
flow of LPCi. LPC Q) istheinjected reactive power a node |
by LPC.
The second condition minimizes the square of the voltage
error as shown by following:
minimize f (x)="(V, -V« )2
subjectto h(x) =0 ®
-1<LPCP <1
-1<LPCQ, <1
where, V; is voltage of node j. And V4 is the reference node
voltage. Vg isset to 1 pu.

5.CHARACTERISTICSOF LOOPSYSTEM

5.1 Voltage Profile of Radial Distribution System

Fig. 6 shows the voltage profile of aradid distribution system
[3]. In this Figure, ve showsthe EV of node voltage 0~3, and vs
shows the SD of node voltage. The number of repetitions of the
Monte-Carlo method is 10000. Compared with the sending
voltage, the ve dedines 3.4% at the end of the feeder. The vs
increases 0.8% at the end of feeder. From the characterigtics of
normd distribution, 68.3% of the state isincluded between vetvs
andvevs.

1 0.01
2 —e—ve £
=099 | .4 0.008 5
52 — s 2
5 2008 o = 40.006 £ ¢
5o =
b g g
g 2097 ) 0004 2
s 2 - £ £
S0.96 1 0.002 2
m . =
0.95 &~ ‘ : 0
0 1 2 3

node

Fig. 6 Voltage profile of radid digtribution system

5.2 Evaluation of Voltageon LPC Loop System
Fig. 7 shows voltage characteridtics at node 3 for the DG




connections of nodes 1, 2 and 3. Thetotal vaue dpe of the DG
isbased on feeder capacity of 0.3 pu. Theincreaseinthe EV of
DG power generation causes the EV of the node 3 voltage to
riseamod linearly at radia and P control curves.

=
=]
o

PQ control P control

EV of node 3 voltage ve3 pu
[

o
©
ot

0 0.5 1 15
EV of total DG power at node 1, 2 and 3 dpe pu

Fig. 7 Voltage characterigtics of node 3 for DG connections

Table 3: Voltage fluctuation on node 3 (compare dpe=0 pu with
15pu)

Item Ve3(at1.5pu) - Ve3(at Opu)
Radia 0.055
Pcontrol 0.033
Pand Q control 0.015
ML 0.014
MV Almost flat

Fig. 8 shows the SD of node 3 for EV of DG output power.
The increase in the EV of DG output increases the change in
the SD of the node 3. The SD of P control is 69% of the SD of
theradia. The SD of PQ control is 31% of the SD of theradid.
The characteridtic of the PQ control curveis smilar to the ML
(minimizelineloss) curve.

o
o
=
o

Radial

0.005 PQ control ML

0 0.5 1 15
EV of total DG power at node 1, 2 and 3 dpe pu

o
=)
=

SD of node 3 voltage vs3 pu

o

Fig. 8 Sandard deviation of node 3 for DG connections

5.3LineLossof Loop System

Fig. 9 showstotd line loss for DG connections. In the case
of theradid, the loss decreasing with the increase in DG up to
0.5 pu. The loss dso increases with a DG connection of more
than 0.5 pu. In the case of PQ control, the loss decreases with
DG connections up to 1 pu. The loss of PQ contral has the

advantage of radid and MV (minimize square of voltage error).

Up to dpe=1 pu, the loss of PQ control is smdler than P
control.

Fig. 10 shows the sum of the square of the feeder current.
Fig, 10 is smilar to Fig.9, therefore to minimize line loss

44

shows equivaent distribution of feeder current.
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Fig. 9 Total linelossfor DG connections
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Fig. 10 Sum of square of the feeder current

6. CONCLUSION

We describe here the relationship between loop power flow
control and voltage characteridtics for distributed generation,
and propose a smple loop power flow and resctive power
control method using locdl voltage information. The result of
our smulation shows that the proposed control method for the
LPC bdances the power flow, minimizes line loss and
regulates the voltage with stable operation.
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ABSTRACT

Estimating load characteridtics is very important from the
viewpoints of voltage control of a digribution sysem with
digpersad generators such as PV systems. This paper presents
an identification method of distribution system characteritics
with time series data. While one of the authors has proposed a
system identification method that uses output of interruptible
generators as an externa disturbance, its target was load
frequency control of a power system. This paper discusses the
gpplication of the method to the estimation of distribution load
characterigtics using time series data of both PV output and line
voltage. Basic characteristics of the method were studied based
on smulation data; estimated power spectra of load fluctuation
proveto closaly agree with that of input load.

1. INTRODUCTION

Renewable energy such asthe PV system and the utilizetion
of co-gengaion sysems ae expected to improve the
efficiency of energy applications. Therefore alot of distributed
generations (DG) will be connected to digtribution systems.
When the DGs are indtalled for feeder imbaance, it is difficult
to maintain a proper voltage range.

Egimating and undergtanding load characteridtics is very
important from the viewpoints of voltage control using loca
information of a digtribution system. It is thought that power
generation of PV system in a smdl area is caculable from
information of locd irradiance data. Therefore, we try the
fluctuation characterigtic of load is estimated from the output of
PV system and the valtage of distribution linein this paper.

2.ESTIMATION METHOD

One of the authors has proposed a system identification
method that uses output of interruptible generators as an
externd disturbance, its target was load frequency control of a
power system [1]. The fundamental point of view is shown in
the following.

Fig. 1 shows a target digribution system; here, p(t) is PV
outputs, n(t) is demand fluctuation and v(t) is voltage

12

fluctuation of digtribution line. Fig. 2 showsablock diagram of
the target system from target distribution syssem model shown

inFig. 1. G(w) isrdation betweeni(t) and v(t).

Voltage v(t)
\ | PV generations p(t)

“y;

Distribution line — Demand n(t)

Substation
Fig. 1 Target distribution modd
PV power + i G Vol
w > oltage
outputs p(t) - ( ) fluctuation v(t)
Distribution system
: Demand fluctuation n(t)

These are estimated.

Fig. 2 Block diagram of target system

The voltage (v(t)) is an output when inputting total output (i(t))

into the digribution system (G(«)). Relation of the both power
spectra density is shown following:

S.(0)=[6(0) 5, () @

where, S,(w) is power spectrd dengty of digtribution voltage.

Si(w) is totd input to didribution system. Tota fluctuation
input, fluctuation of PV system output, and fluctuation of
demand have following relation.

i(t)= p(t)-n(t) @

The following equation will sand up if it assumes tha
fluctuation of PV system output (p(t)) and fluctuation of demand

(n(t)) areindependent.
Si (@) =Sy (@) + S (@) ®

The following equation is obtained from equation (1) and

equation (3).

2
SN(w):|G(w)| {Spp (w)+Swn (a))} @
Cross spectrd dengity is cdculated from fluctuation of PV
system output (p(t)) and fluctuation of digribution voltage
(v(1). If it assumes that p(t) and n(t) are independent, cross
gpectral density is shown following:



$,,(0)=G(0)S, (@), ®

Coherence of fluctuation of PV and fluctuation voltage is
defined by the following equation.

_ [su(o) ©)
S (@) Sy (@)
Equation (6) is asfallows from equation (4) and equetion (5).
y= Sw (a)) (7)
Sip (@) + S (@)
Equation (7) is rewritten and the following equation is obtained.
Su(0) = -1, (0) ®
e

where suffixes p and n show PV outputs and demand
fluctuation, and function Sand » show power spectral dendty
and coherence between demand fluctuation n(t) and voltage
v(t) in the case of p(t) and n(t) are independent. Therefore,
power spectrd dengty of digribution system load can be
edimated with the equetion (8).

3. SIMULATIONAND RESULT

3.1 Simulation Conditions

Badic characterigtics were studied, using a smulaion as the
first step. Fig. 3 shows assumed demand and PV outputs deta.
The maximum demand was congidered to 2MW supposing the
capacity of 3 MW of digtribution power line. The total power
generation of PV sysems is provided so thet it may become
equa to load in the daytime. Power generation of PV was given
to multiply the surveyed irradiance data by the coefficient.

25

=
— o 5]

Load n(t) and PV power p(t) MW
o
ot

0 6 12 18 24
time hour

Fig. 3 Assumed tota demand and tota PV outputs

Fig. 4 shows node voltages obtained by the load flow
caculaion. The digtribution moddl was shown in Fg. 1. The
impedance of distribution line set to 0.9+j1.2 Q that based on
0OC60 3km line. The power factor of thetotd load set to 0.9 lag.
And the power factor of thetotd PV power generation setto 1.

2/2
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6600

6500

@
s
S
S
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o
&
=1
S

6200

6100

6000

0 6 12 18 24
time hour

Fig. 4 Smulated node voltage by load flow caculation

3.2 Reault
Fg. 5 shows the edimated power spectrd dendty (S
edimated) of load that was caculated by equation (8) and the
input power spectra dendty of load. The input power spectra
density (S, input) was obtained by load curve shownin Fig. 3.
The both power spectrd density curves show marked
resemblances.
10 min 1 hour

12 hour
1E+08 T

1E+04

Power spectral density
Snnlestimated, Snn'input MW**2

1.E+00 r ! ’\/

T ¥ Snnii.nput
1E-04 Snn'estimated
1.E-08

100 1000 10000 100000

Fluctuation frequency sec

Fig. 5 Power spectral density of input and estimated demand
characterigtics

4. CONCLUSION

This paper discussed the goplication of the system
identification method to the estimation of distribution load
characterigtics using time series data of both PV output and line
voltage. Basic characterigtics of the method were studied based
on smulation data; estimated power spectra of load fluctuation
proved to closdly agree with that of input load.
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ABSTRACT

A planning of large-scale PV system installed in a
desert has been studied. This study has defined the
conditions of estimation for suitable land in order to set
up large-scale photovoltaic with remote sensing. Basis
requirements for the land selection of PV systems are
considered that the land surface should be flat and rigid
and should not move like sand dune, mountain and river
basin are also excluded. Authors show the identified
examples of a flat ground, a sand dune and mountain by
the combination of types of processed images, i.e. the
image which is presumed as conglomerate desert, the
image which is presumed as desert steppe, and the image
which is extracted as an edge line by using various filters.
So far, we could indicate that a detail classification
algorithm for right land is developed. It is concluded that
this proposed method can provide sufficient information
for the planning of PV system installations.

1INTRODUCTION

In late years, the energy demand in the world is
continuing the increase with the economic growth in the
world, and the increase in population. It is certain that the
primary energy in the world is drained by an increasing
number of energy demands in the world. Additionaly,
various environmental problems, such as global warming,
desertification, and acid-rain issue will also increase in
connection with it. In the insde of such a world
background, PV systems are treated as important from the
point which does not discharge carbon dioxide at the time
of power generation. In order to save the energy problems,
aplanningof large-scale PV system installed in a desert
has been studied, and has been a focus of constant
attention. Irradiation in a desert is very strong, it is a
suitable land area for large-scale photovoltaic. Therefore
former project is thought that play an important rolein a
future energy source. However very unstable land like a
sand dune is not suitable for installation of PV system.
The area which is suitable for PV system is not a sand
desert but a conglomerate desert. The conglomerate desert
consists of flat land and no vegetation area. Consequently,
estimation for suitable land is needed. The desert has been
analyzed from the remote sensing which is suitable for
investigating a wide area, and the land that is suitable for
installation was selected. In addition, Authors established
the method of selecting the land which can install a PV
system. Authors demonstrated an efficacy of technique
for investigating the suitable area of PV system
installations by using remote sensing.

2MATERIALSAND METHODS

2.1 Test Site

Gobi desert is very vast, first, the test site was located
in Gobi desert, in Mongolian southern part as in Fig.1.
The approximate geographic coordinates are 40° 30’ N,
102°30" E. Since the information on a spot existed, this
area was made into the test zone. In fact, Gobi desert has
many types of land surface asin Fig.2. Table 1 shows a
optical sensor images of JERS1 launched in 1992
(Tablel). JERS1, an earth observing satellite that
provides global coverage, is used for national land
surveys, agriculture and  forestry  assessment,
environmental protection, disaster prevention, and coastal
monitoring, with a focus on resource management. Fig.3
shows these images. Forest zone and removing area such
as a sand dune zone is not most suitable zone, it is the
priority matter of this study.

Table 1. Main Characteristics of JERS 1

JERS-1 Optical Sensor (OPS)
Spectral Band
Visible and Near-Infrared

band1 0.52t00.60 HM
band2 0.63to 0.69HM
band3 0.76to 0.86 MM

Ground Resolution 18.3mX24.2m
Swath Width 75km
Dune
[ ]
Mountain

Test site
(The point on amap)
Fig.l Areafor research

Detailed map

Picture of dune Picture of water Picture of mountain
Fig.2 Land surface of Gobi desert

band 1 band 2 band 3
Fig.3 Three channels images of JERS1!Y



2.2 Vegetation Index

First, Authors calculated a Modified Soil Adjusted
Vegetation Index (MSAVI) in order to get to know more
about vegetation state of whole test zone. MSAVI was
calculated using reflectance values from two channels
(NIR:860nm, RED:672nm). The MSAVI comprises
density and quantity of vegetation. In more depth, when
the vegetation cover has a low density, normally the soil

reflectance increases in both the red and infrared channels.

To describe more adequately this soil-vegetation system,
other indices were proposed. To minimize the effect of
bare soil, the Modified Soil Adjusted Vegetation Index
was developed by Qi et al?.

2NIR+1- 4/(2NIR+1)? - §NIR- RED)

2

MSAVE (€

2.3 Training area

Secondly, authors classified the surface of Gobi
desert into six patterns from satellite image according to
Visual Evauation Standard of Natural Color. Natura
Color image is a composed image with blue and red
filters applied on in two visible bands and a green filter
on in a near-infrared band. Forests and grasslands
displayed in bright green and city areas, in magenta. It is
different from actual color. At this point, six patterns are a
dune, conglomerate desert, desert steppe, forest, and
water area. Authors identified the areas as trainingaress.
Visud evaluation standard is displayed in Table 2.
Authors calculated MSAVI against training areas and
demonstrated an efficacy of technique for surface
estimation by visual evaluation standard.

Table 2. Classification of Gobi desert

Color of satelliteimages | Surface of Gobi desert
Green Forest , Steppe
Ydlow Desert Steppe
Magenta Conglomerate Desert
Black line Dune
Black Water

2.4 Maximum Likelihood Classifier

Thirdly, authors classed surface of Gobi desert into
six patterns with the use of Maximum Likelihood
Classifier (MLC). MLC is known as a classification
technique.

L(xc) :Wl—e(p}— La2u (x.0l @
e APtz

C : classification class

L(x,c) : likelihood

d?u(x,c) : Maharanobis distance

<V: covariance matrix

When L(x,c) becomes maximum, unit of images is

classified into the class C. Authors decided parameters of

MLC. And these parameters are a reflection level of
bandl, reflection level of band1+2+3, and MSAVI.

2.5filtering of satellite images

Suitable areas for PV system installation must be a
flat surface. And so Edge lines were detected from
satellite images with the use of Laplacian filter. Edge
lines indicate mountains and undulating plain from
satellite images. These undulating plains were extracted
with the use of this filters. Hereby, flat areas were

extracted. In a continuing series, authors dealt with image
that is extracted edge lines through process of dilatation
and congtriction. Herewith, authors painted the
circumference of the neighborhood where the edge line
was extracted all white.

2.6 Integration of analysisimages

Finally, authors integrated three processed images
into one image and estimated areas with no vegetation, a
little vegetation, flat, not water basin. Hereby, Suitable
areasfor PV system installation were obtained.

Image of conglomerate desert
Image of desert steppe
Image of edge lines

Fig.4 Informationd integration

3. RESULTSAND DISCUSSION

3.1 Calculation resultsfrom MSAVI method

MSAVI of the test site was calculated, the results of
analysis of MSAVI are displayed in Fig.5. When the
results are shown graphically with respect to the data, the
relation is seen most clearly. What is evident from the
Fig.5 is devoid of vegetation. Dune areas indicated -0.15.
However forest areas indicated the high region of 0.4-0.8.

Dune area

MSAVI of test site Forest area
Fig5 Vegetation level of Gobi desert

3.2 Decision of training area

6 types of ground level were decided by Visua
Evduation Sandard(VES). Fig.6 shows this
representative example of results. Additionally, the results
of MSAVI of training areas are shown in Fig.7. The
strongest correlation was observed between method of
deciding training area by VES and MSAVI. Herewith,
The efficacy of VES was demonstrated.

Dune nglomeratedesert  Desert steppe

242m

Steppe Forest Water
Fig.6 6 types of training areas



Forest
Fig.7 MSAVI of 6 types of ground level

3.3 Gobi desert Classification

Parameters of MLC were set up as reflection level
of bandl, reflection level of band1+2+3, and MSAVI
(table.3). The results of classification based on MLC are
displayed in Fig.8. The results were obtained agreed
approximately with those expected. Additionally, asthese
data suggest, it was shown that Gobi desert of ground
level is various and turned out that sand dune, a forest,
and awater areawere very few. From this result, it is able
to forecast that PV system installation for right land is
very large and have big potential possibilities of electric
power generation. Unfortunately, this classification
include some problems, for example, the problems lie in
misclassifi cation caused by relief shading. Relief shading
make a shadow, have a weak reflex. The solution for the
problem will be described later. In addition, this algorithm
can't adapt to the al satellite images of Gobi desert
because the color of these images is unstructured. Sun’s
altitude causes difference of reflection level, it is difficult
to adapt same agorithm. The following point, it is
necessary to consider effects of sun’s altitude.

Table 3. Parameters of MLC

Parameter 1 | Parameter 2 | Parameter &

bandl band1+2+3 MSAVI

Dune 150.6 559.5 -0.165
Conglomer atedesert 102.0 335.0 -0.207
Desert steppe 124.8 4747 -0.152
Steppe 96.1 3398 -0.014

Forest 1411 5324 0.260

Water 75.1 141.6 -1.216

Water
Fig.8 The results of Gobi desert Classification

3.4 Edgelines extraction

Edge lines of mountain, river, and undulating plains
were extracted with the use of Laplacian filter for band3.
In addition, the processed image was divided into white
and black color by threshold level. Threshold level is
decided by number of pixels from either end of histogram
for processed images. Authors set the number of pixels at
20 percent of the all number of pixels. The area shown
white as in Fig.9 exist edge, and the area shown black
don't exist edge. Secondly, the image was painted the
circumference of the neighborhood where the edge line
was extracted al white. Fig.9 shows these results.
Herewith, these methods were useful in solving above
misclassification problem that was caused by relief
shading. However, several problems arise along with
these methods. Process of dilatation paints the
circumference of the neighborhood where the edge line is
extracted, but enlarges noise together. Process of
congtriction reduces noise, but reduces important
information of ground level. This algorithm depends in
good part on ground resolution, and authors estimate that
the more ground resolution is higher, the more fine edge
line can be extracted. The ground resolution that authors
applied is approximately 24.2m. As before, surface
feature as a boom hoisting and a construction smaller than
it can’t been recognized. If this algorithm is applied to
higher resolution images, it is considered that
appreciation accuracy of ups and downs is improved
dramatically. These generalizations must be evaluated
with caution, lengthy and careful consider should be

given to these countermeasures.

s Kool o :
Band3 image  Edge lines image Backup of Dune
Fig.9 The results of edge lines extraction

3.5 Informational integration

Estimation of the PV system instalation for right
land was extrapolated by consolidating three Processed
images into one as in Fig. 10. These three images are a
image extracted as Conglomerate desert, a image
extracted as Desert steppe, and a image as edge lines.
White areas asin Fig. 11 show the PV system installation
for right land. In the next breath, Green areas asin Fig.12
show the right land. Green areas are shown by extracting
areas expected to be devoid of vegetation and extracting
edge lines. With these methods, the PV system
installation for right land can be estimated. In addition,
the area percentage for right land was 51 percent. From
these percentages, it is considered that the potential
possibilities of electric power generation is huge. The
detail classification agorithm is displayed in Fig.13.

Conglomerate Desert
Desert Steppe
Edge Lines

Fig.10 Integration of the three processed images



Fig.11 Monochrome display of the PV system
installation for right land

Fig.12 Color display of the PV system installation
for right land (Green Color)

Fig.13 Classfication Flowchart

4. CONCLUSION

This study has explored the PV system installation
for right land. To summarize our interpretation of the
results, we can indicate that the detail classification
algorithm for right land is developed. From the afore
mentioned point of view, although small portion of Gobi
desert, the classification agorithm for suitable land was
developed and the right land was estimated. However, the
following points are left as future problems. Firstly, one
difficulty with this method is in selection of the training
area. Ambiguity will be produced because training areais
selected by VES Secondly, dstinction error of ground
level will be produced because he difference in the
concentration of aimage arises by date of satellite images.
It is necessary to continue developing the algorithm of
estimation of the PV system installation for suitable land.
The investigation on estimation of Gobi desert is
summarized above and it is evident that more work using
different approaches is necessary. At the end, the author
would like to express his sincere gratitude to Mr. Amar,
who provided related data.
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Development of simulation tool for photovoltaic systems with severa surface arrays
Hiroshi Matsukawa’, student member, Takao Yamada ~, member, Masaki Shioya ™, Non-member, Kosuke Kurokawa' , member

This paper will principally describe about the PV array simulation tool. This PV array simulation tool is available to estimate
the output power of the PV array with difference azimuth and orientation for the maximum of four surfaces. This tool analyses
the daily, monthly or annual output power with high accuracy because of using the |-V characteristic. The analysisis based on
simplified I-V curve interpolation considering the characteristics of each module in the PV array. The shortest interval time of

calculation is one second.

Keywords photovoltaic system, simulation
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Fig.1 The flowchart of the simulation model
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Series synthesis
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Table2 Rated values of PV module
Parameters Rated Value
Voo 1.20[V]
le 1.95[A]
Prrox 1.65 [W]
Vomax 0.95[V]
I prrax 1.75[A]
R 0.08[Q]
K 0.001[Q/ ]
a 0.001[A/ ]
B 0.004[V/ ]
32
7 Prrax
(18)
(Output ratio)
PNBX
P (18)
(Forward voltage drop ratio)
Ve SViprex

A-312

B Number of s?)es modules (Schottky barrier diode)
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Fig.7 Experimental result of diode influence
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Table 3 Outline of housing PV system

Locate

Installed capacity
Configuration of

(Moriyama-city Shiga pref.)
(Lat. 35.0° N long. 136.0° E)
3,360W

6 series, 4 parallels

modules

Inverter GS LBSC-4.5S3C DC-IN118V AC-OUT202V
4,500kVA

Array tilt angle 21.8°

Array azimuth 48°  138° 228°  318° (north:0° ,east

angle plus)

Pyrheliometer Horizontal and Inclined (azimuth: 228° tilt:
21.8° )
Single crystal silicon GSAP-140Gx 16 and

Modules AP-70GDx 16

52
-V 4
1
2.9%
4
Table 4 Measured and simulated array output
Measured Simulated Error rate
Array output 31723[KWh] | 3.2664[kwh] | 29[%]
(yearly)
11

Monthly output energy [kWh]

2 13%

500

11

180

[ Measured
CJsimulated
—e— irradiation

Fig.11 Measured and simulated output energy

11

Monthly irradiation [kWh/m?]
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Grid-connected photovoltaic system with battery
Takae Shimada*, Student-member, (Tokyo University of Agriculture and Technology)
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Toshiki Yoshioka, Non-member, (Japan Storage Battery Co., Ltd)

1. bDOoOo

gbooobooobooboobooboboobooogon
gboobooboboboboboboobboboobo
gboobooobobobooboboboobboboobo
gboobooboboboboboboobboboobo
gboobooboboboboboboobboboobo
gboobooobobobooboboboobboboobo
gbobobobobooobooboobobobobooobob
gboobooboboboboboboobboboobo
gboobooobobobooboboboobboboobo
gboobooboboboboboboobboboobo
gboooooooboobabo

goooooobooboobooboboboobooon
gbooboobobobooboboboobobooboobo
gbooboobobobooboboboobobooboobo
gobooboooboobooboboboobboboobo
gbooboobobobooboboboobobooboobo
gbooboobobobooboboboobbooboobo
gbooboooooooboobobo

2. 00OOoOoDO

0000000 100000000000000000
000000000000000000000

02010 0000000 0000000000000
ooooofoooooolvooDooDoooooog
ooooooooooo¥oo0o00ooooooon
150000 1ms0000000000000000000
ooooooog

02020 OOOOO0DOO 0000000000000
0000000000000 O0OO0OoOoOooooooWooo
0000 0200000000000000000000
0000000000000 0000000000000
0000000000000 0000000000000
0000000000000 0000000000000

A-559

BB R

DC
DC

DC
AC

/xn%%;m/
J

IhmviE st

DC

{_
oc INTD

avT4iar

01 ODO0O0OOoOoOo
Fig.1 System configuration

=7
_I_—OV

02 0O0000O0O0OODOO
Fig.2 Equivalent circuit of lead-acid battery

E

V=E-RI
E:E[)«I—kcln(lf

FEy=Fo+ Eo, T
ke =key + ke, T

Ey = L4, — kg, exp {—Edz (1 - g)}
Cr = OTO — CTl e nT

_ul
R:RT(RQ+R18 R +RgG)

%) +E;-u(=1I)

Ry = Ry, + Ry, ¢ ™o
RO - (ROO - R01 Q) “([) + (RFOO + RFO € HCOzQ) ! “’(7[)
Ry =(Ry, — Ry, Q)-u(l)+ (Reyy — Rey, Q) - u(—1)
R (Rzu + R21 ) u([) + (RCZU + RC21 ) u( [)
t
Q) = Qlto) + (1 =) [ (1) at
G=Goe ™9 u(=1)
03 0O0O0O0oooooa
Fig.3 New model of lead-acid battery



PR 15 FAT RS

C TALF —HMIRE

1.2
EE 10 e
Z " o8 R AVARE
— O ¥ d - AW A § l’ Il \
O 0.6 A} ! f -
00 o4 SiaE . \
o 0o o2 v, \
oo
0.0
0 3 6 9 12 15 18 21 24
ooo
04 00000OO00OO0OO0OO0ODOODOODOODOODOO
Fig.4 Irradiance data and domestic power consumption data

oo0oboo0o sgoooooooooobboooooog
goOorbobooboombooboboboboooooogn
t0000000000uw() 00000000000000
gboobooboboboboboboobooboobo
gboboooooooobooboobobob

02030 ODO0O0DOOoOoOoooboooo 010000 3
goooooooooooobboooooooonD 2000
gbooboooooooboboboboooboooonDo

3. Joboopooono

gbooboobobobooboobooboobooon
goobooooooooobboooiobbobooooobooo
gbooboooboboboooboboobbobooDbo
gbooboobobbobboboobboobooDbo
gbooboobobbobboboobboobooDbo
500000000000000200100 109000 3
03oggos00oodooooooooooooon
gboobooood o40b00D000D0O0DODOOOOO
gboobooooooboboboboooooooboon

4. OO0OO

gbooboobobobooboobooboobooon
o00oooooooboooobboO0DObLss4.5-s3cd
oOoO0opoOoOoOoosLcrom128vO70AD OO OODOOO
gbooboobobboboboboobboobooDbo
gbooboobobboboboboobboobooDbo
gboobooobobobooboboobbobooDbo
gbooboobobboboboboobboobooDbo
gbobooooooboobobobobooooobooobooon

5. 00

gsb0boboooooobobobobooono b s
gbooboobobbobboboobboobooDbo
gbooooooob 1bo0o0booboboboboooo
O o0De0dl0oObOOoobObOOOObO=+x10000000
oes0000DOU0ODOOUOODLDOOUODbOOOODOO
goobooooooooooAoooboboobobooooDoboOoo
gboobooobooboboboboobbooboobo
gbooooooboboboboooboooboonbg

A-560

7

N

-2 g

* KISEt
" EEMME

05 OO0O0OODOOOoOoOoO
Fig.5 Simulation result

* RIRRE s REHE

® AUN—EKFRHA

30
25
< AY
20 B
E 3
15 ! |
=10 X
S BN
5 -
0 -
A= Rif BBl KBEHM
HA AN 2E FER KE RE
06 1000000000
Fig.6 Passed electric energy per day
6. 0O0O0O

gboobooobooboobooboobooobooo
gbooboobobobobboboobboobooDbo
gbooboobobobobboboobboobooDbo
gboboooooobobobobooboooonDo

7. OO

ubooboobooboboooboobooboobooon
gbooboobobobobboboobboobooDbo
gboobooooooboboboboooooooboon

ubooboobooboboooboobooboobooon
gboboooooboobobobbobobooooboooboon
gbooboooboboboooboboobobobooDbo
gbooboobobobobboboobboobooDbo
gooooooo

U U

[l 0D00O00O0O0O0O0mMOO000000000000000
(1994)

[2] 00000O0mMOO0000000000000C0JS C 89130
(1998)



PR 15 AR

B ZFOLF -HMRE

188

Joouooouo BT BUOOLODODOOOD0OOOOOoon

000 OO O0ooOooon

O o0 00 ooooodo

o o0 OUu ogoouood

Simulation analysis of loop power flow controller in fault condition
Masahide Ichikawal , Student Member, (TUAT), Naotaka Okada, Member, (CRIEPI), Kosuke Kurokawa, Member, (TUAT)
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ABSTRACT

The authors propose utilization of deserts for power plant by PV technology. 100 MW VLS-PV systems
which are fixed flat plate system in the world deserts and sun-tracking system in the Gobi desert are assumed and
evaluated in detail by using Life Cycle Assessment. It means that the VLS-PV systems are evaluated in terms of
its input and output from cradle to grave.

As a result, 5.2 Cent/kWh cost, 1.6 years energy payback time, and 12 g-C/kWh CO, emission rate for Sun
tracking system are obtained in the Gobi desert case. Of cause, fixed flat plate systems get the low cost and low
energy requirement. The Very Large-Scale sun tracking Photovoltaic power generation system is very promising
for the energy resource saving and environmental issue.

1. INTRODUCTION

1.1 Background

Fortunately, PV system needs are expanding. Unfortunately, its reasons in large part are world problems.
Nowadays, world energy demand has been rapidly expanding due to the world economic growth and population
increase, especially in developing countries. According to IEA’s outlook, total CO, emissions and total primary
energy supply in the world will be twice as 2000. Figure 1 shows it in detail. If world energy demands continue

to increase, the primary energy will dry up in Source: IEA

this century. In addition, too much energy 800 40,000
consumption causes a variety of serious = Total CO2 Emissions/i
; - = 700 35,000 =
environmental problem such as global warming, ~ /.//‘> 5
acid rain and so on. But, renewable energies are S 600 30,000 ;
expected to resolve both the energy problem 3 500 - 1 25000 2
. - 7 ,000 @
and the environmental problem. Photovoltaic ) S
. . . . )
power generation system is one of promising é 400 - 7 20,000 2
renewables. Because it need no fuel, no > 300 15000 L
. - . -y I ./ ’ 4
maintenance and no emission when it’s g / 5
generating. On the other hand, the solar energy a 200 Total Pramary Encig A 10,000 —
- e ; = g
have a week point, which is its low density by g 100 L 1 5000
nature. So, to generate large power such as =
nuclear power plant, a PV power plant must be 0 0
very large scale system. It cause cost increase. 1970 1990 2010 2030

Although, unutilized desert has a large potential,

and resolve these problems. Fig. 1 World primary energy supply and CO, emissions '}
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1.2 Desert Potential
High irradiation and very large unutilized land areas are in world deserts. For example, even the Gobi desert

that locates on high latitude has higher irradiation (4.7kWh/m?d) than Tokyo (3.5kWh/m?/d). Furthermore, the
Sahara desert has more irradiation as 7.4kWh/m?/d. Theoretically, PV systems installed in the Gobi desert with
50% space factor, has potential to generate energy as much as the recent world energy supply (384 EJ in 2000).

Table 1 Global irradiation in the Gobi deserts !

Major deserts Global irradiation [kKWh/m*/year]
Sahara (Mauritania) 7.36
Negev (Israel) 5.31
Thar (India) 5.96
Sonoran (Mexico) 5.47
Great Sandy (Australia) 8.92
Gobi (China) 4.67
Tokyo (Japan) 3.47

1.3 Kinds of Desert

When you image a desert, your picture may be sand desert. But a desert is not only sand desert, but also rock
desert, gravel desert and so on. Sand desert is one fifth of total desert area. Even in the biggest Sahara desert,
sand desert is one third of total area. Table 2 shows brief of deserts. Gravel desert is the best area to install Very
large-scale PV systems, because lowest sand dune and sand storm cause minimum damage. Therefore the
authors have been investigating very large-scale photovoltaic power generation (VLS-PV) systems in deserts.

Table 2 Kinds of deserts

Name Characteristic

Rock desert | Low animals, low grass, a few pines grow in a little water area

Gravel desert | Consist of small rocks, a few plants exist

Dirt desert A grain is very small, rainwater don’t seep into the ground, be sometime dubbed yellow ocher
Sand desert | Sand dune change wind and become larger, and tuck plans

Salt desert Too much irrigation cause salt injury.

2. OBJECTIVE

The purpose of this study is to evaluate the VLS-PV systems in world deserts, and to investigate feasibility of
the system such as fixed flat plate system, tracking system and so on from economic and environmental view
points. As indices taken up for the evaluation, cost, energy requirement, CO, emission of large-scale installing,
toughness on hard desert condition, elucidated effect on climate and local, etc. are enumerated, and the
possibility of solution to world energy and environmental problems is discussed.

This paper presents feasibilities of fixed flat plate and tracking PV systems from analysis of cost, CO,
emissions and energy requirement.

3. METHODOLOGY OF EVALUATION

3.1 Life-Cycle Assessment

A methodology of “Life-Cycle Assessment (LCA)” is the best way to evaluate the potential of VLS-PV
systems in detail, because, a purpose of this methodology is to evaluate its input and output from cradle to grave.
In this study, generation cost, energy payback time (EPT) and CO, emission rate of the VLS-PV system are
calculated with this method. They are defined by following equations.

Annual expence of the PV system [cent/year]

Generation cost (cent/kWh) = - ————(1
Annual power generation [KWh/year]
EPT (Year) = Total primary energy requirement throughout its lifecycle[kWh] @
Annual power generation [kWh/year]
CO, emission rate (g - C/kWh) = Total CO, emission on life - cycle(g - C) (3

Annual power generation [kWh/year]x Lifetime[year]



EPT means years to recover primary

25MW array unit

energy consumption throughout its life-cycle
by its own energy production. CO, emission
rate is a useful index to know how much the
PV system is effective for the global warming.

3.2 Case Studies
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evaluation. Table 3 is a list of these case
studies. Both case studies are assumed that
VLS-PV system is installed in Gobi desert.

Table 3 Case studies list

15km

Fig. 2 Concept of 1GW PV array layout

Detailed study

Economic study

Fixed flat plate,

Array type one axis tracking Fixed flat plate
Evaluation type | Economic, environment Economic
Cost, EPT,
Index CO, emission rate Cost
Desert area Gobi (China) Sahara, Negev, Thar, Sonoran, Gobi

Great Sandy

4. SYSTEM PLANNING

All parts of a 100MW VLS-PV system are designed based on concept of LCA. The designing assumptions

are explained as follows.

4.1 Installation Area

Gobi desert is elected for installing VLS-PV system. A desert area is suitable for PV system in view of
irradiation and land area. Gravel desert is elected for installing the system. Because it consists of small rocks,

Table 4 Geographic information for world deserts

Desert Gobi
Location Hoh hot (40°N 111°E)
Performance ratio (PR) 0.78
Ambient temperature [°C] 5.8

o S Tilt angle=10° 1,854

3% Tilt angle=20° 1,964

28 Tilt angle=30° 2,026

= Tilt angle=40° 2,037

Irradiation on one axis tracker

2,579 [kWh/m?/yr.]

and it is more flat and firm than sand or rock desert. Sand problems such as sand storm are seemed to be small.

Both irradiation and ambient temperature data referred from World Irradiation Data Book!? used for system
designs, as shown in Table 4. If the installation sites have no direct and diffuse irradiation data, which are
estimated from grovel irradiation data by using Liu-Jordan model !, In-plain irradiation data is calculated by
using r, model, Hey model ! and isotropic model .. Irradiation of tracking system is obtained to calculate a
method which is referred to JSES ™!, and is changed a part of above method.

4.2 System Assumptions

A target of this study is sustainable development with one GW VLS-PV system as shown in Fig 2. Both fixed



flat plate and one axis tracking VLS-PV systems are designed based on the following assumptions.
1) 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 or 3888 PV modules. The total PV modules in
100MW system are 840,000 pieces for fixed flat plate system, and 777,600 pieces for tracking system.
Layouts for tracking system are shown in Fig. 3.
2) South-faced fixed flat array structure, one axis E-W tracking array structure and foundation are designed.

Wind pressure and earthquake are also
taken into account.

3) Polycrystalline silicon PV module with
12.8% efficiency is employed. It is
referred to Kyocera 120S.

4) System performance ratio is assumed
considering operating temperature,
degradation, load matching factor,
efficiency factor, inverter officiating and
S0 on, as shown in Table 4.

5) The system lifetime assumed to be 30
years.

6) 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$/W. Inverter unit
price of 500kW is also set to 0.136, 0.159,
0.181, 0.204 million US$ 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.

7) Land preparation is considered.

4.3 Transport

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 advanced
country, Japan, USA or Australia. All the
components are transported to the installation
site by marine and land transport as shown in
Fig. 4.
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Junction Box A

Cable

4.4 Operation and Maintenance

1) The method of operation and maintenance are
calculated in view of exg)erience of real PV system |
model, PV-USA project .

4.9m
5 strings

2) Three shifts of three operator team work in 200MW 21 ol £ g
PV station. One team works in maintenance, and the T T T T I I ?
other teams operate for alternation. f—] t o .

3) Concerning labor cost, different labor requirement — *°" tilt angle =

for system construction was estimated by ] ) ]
considering local conditions of each country, and Fig. 5 Basic array structure of fixed flat plate PV system
unit labor cost was referred from ILO statistics " etc.
Furthermore a supervisory charge is added to the cost for the installation of certain apparatus.
4) Decommission stage is not included in this study stage now.

5. DESIGNING VLS-PV SYSTEMS

The authors assumed and designed the VLS-PV systems which are fixed flat plate and sun-tracking system in
the major deserts in detail. These case studies show characteristics of systems, and they show the best
performance system configuration.

5.1 Fixed Flat Plate System

The very large scale fixed flat plate PV systems as shown in Fig. 5 are evaluated in previous papers 11,
They show that the VLS-PV system is very promising for economic and environmental view points. In this paper,
the very large scale sun-tracking PV systems are assumed, evaluated and compare these systems.

5.2 One Axis Sun Tracking Design
The simplest one axis sun tracking PV systems consists of PV module mounted on horizontal axis that rotate
from east to west in synchronization with the sun’s position in the sky.

5.2.1 Array support structure and foundation

Fig. 6 shows the basic structure of array support. Foundation height over the ground is 0.1 m and lower
height of array support is 0.2 m from the ground. It is assumed that array support is made of zinc-plated stainless
steel (SS 400), and thickness of several types of steel material are chosen according to stress analysis assuming
that the wind velocity is 42m/s (based upon the Design standard of structure steel ™! by the Japanese Society of
Architecture).

A cubicle foundation made of concrete as in Fig. 7 was used. Its rectangular solid is 1.0 m each considering
the design standard of support structure for power transmission by the Institute of Electrical Engineering in
Japan. Material composition of the concrete is determined in order to obtain 240 kg/cm? of concrete strength;
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Fig. 6 Design drawing of one axis sun tracking PV system structure



347 kg/m®, 603 kg/m® sand, 11,180 kg/m® gravel and
170 I/m?® water.

5.2.2 Tracking system

Worm gear pair is assumed to furrow the sun as
shown Fig. 8, because required energy to move it is
lower than typical system which move axis of rotation
directly. In addition, this structure with worm gear pair
is stabilized.

5.2.2 Wiring

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.

5.2.3 Transmission

Electric transmission system is assumed 100 km, 2
channels and 110 kV. It consists of steel towers,
foundations, cables and grand wires. They are
considered wind velocity 42m/s. After calculations,
cables and ground wires are decided TACSR 410 sq and
AC 70 sq, 22.0 ton steel towers and 22.1 m?
foundations are required 334 towers with foundations
for 100 km transmission.

6. EVALUATION RESULTS

By using the results of the system design and operation and maintenance, a life-cycle of the sun tracking
100MW VLS-PV systems in the world deserts are evaluated in terms of life-cycle cost, energy and CO,

emission.

6.1 System Component
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-

Fig. 7 Design drawing of foundation for tracking

system
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Fig. 8 Tracking design

The 100MW sun tracking VLS-PV sgstems on the Gobi deserts are designed on the basis of the above

assumptions. This system required 4.0 km* land area which is larger than fixed flat plate system. Array support
requirement ranged 11 thousand ton steel, and foundation needed 105 thousand ton concrete. Land requirement

is considered due to spacing between PV arrays.
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6.2 Cost Estimation

In this study, both investment cost and O&M cost of 100MW PV system for each installation site were
estimated to obtain generation cost of the PV system. Total investment cost includes labor cost for system
construction as well as system component cost. But worm gear price is not considered. Fig.9 represents example
of the annual cost in Gobi desert for deferent PV module prices by each cost component. Even though 1.0
USD/W PV module is assumed, it is first majority of the total investment cost. A majority of construction cost is
labor cost, which had big difference between countries. For example about one third of the total investment cost
is construction even at 1.0 USD/W in 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 USD/W.

The generation cost of fixed flat plate and sun tracking VLS-PV system for different tilt angles and different
PV module prices are assumed 30 years lifetime and 3% of annual interest rate in the world deserts. Annual
power generation and generation cost are given in Table 5. Optimal array tilt angle depended on both annual cost
and annual power generation. The least generation cost of the Gobi case is obtained at 30°-tilt angle. In case of
tracking system, annual power generation in Gobi desert is 20% lower than fixed flat plate case. In the Gobi
desert tracking system case, though the generation cost with 4.0 USD/W module price corresponded to 15
cent/kWh, it was reduced to about 6 cent/kWh with 1.0 USD/W module price.

Table 5 Annual power generation and Generation cost for 100 MW fixed flat plate and sun tracking PV system

Unit Gobi (China) Gobi (China)
Fixed flat plate system | Tracking
Annual power generation Tilt angllei; GWhlyr. 147
20° | GWhlyr. 156 190
30° | GWhlyr. 161
40° | GWhlyr. 162
Generation cost (at optimum tilt angle) Module price=1$/W | Cent/kWh 6.2 5.2
2$/W | Cent/kWh 10.0 8.3
3%/W | Cent/kWh 13.8 114
4$/W | Cent/kWh 17.6 145

6.3 Energy and CO, Emission Analysis in Gobi desert

Table 6 represents the results of total primary energy requirements and Energy Payback Time (EPT). EPT is
estimated assuming electricity from the PV system would replace utility power in China where recent conversion
efficiency is around 33%.

Required energy for tracking systems with worm gear is included. Transportation also uses a certain amount
of energy. Nevertheless, the EPT is still a low level. This suggests that the total energy requirement for
introduction of a 100MW PV system to the Gobi desert in China can be recovered in less than two years.

Table 6 is also results of life-cycle CO, emissions and life-cycle CO, emission rate of the tracking 100MW
PV system, assuming a 30-year operation period. Discussion of these results is the same as the total primary
energy requirement and the EPT. Considering CO, emission rate of existing coal-fired power plants, about three
hundred g-C/kWh, the life-cycle CO, emission rate of a 100MW tracking PV system is much lower.

Table 6 Energy requirement and CO, emissions for 200MW sun tracking PV system

Energy requirement CO; emission

Fixed (30°) [GJ] | Tracking [GJ] | Fixed (30°) [t-C] | Tracking [t-C]
Total 3300 3400 61600 64600
PV module 1700 1500 26100 24200
Avrray support (and tracking) | 900 1000 22800 25276
Foundation and trough 160 160 4000 3900
Cable 30 40 500 600
Transportation 300 270 5200 5000
Transmission 200 180 2300 2300
Other 20 20 500 500
Value 1.8 [yr] 1.6 [yr] 12.8 [g-C/kwh] 11.7 [g-C/Kwh]




7 CONCLUSION

A 100MW Very Large-Scale sun tracking power generation system and fixed flat plate system in the Gobi
desert is designed, and its potential is evaluated from an economic and environmental viewpoint. Assuming 1.0
USD/W of PV module price and 3% of annual interest rate, generation cost of the VLS sun tracking PV system
is estimated 5.2 ¢/kWh in Gobi desert. 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 country. Therefore VLS-PV systems in desert areas will be economically feasible in the near
future.

The feasibility of very large-scale tracking system installed in the Gobi desert in China is evaluated in depth
from a life-cycle viewpoint by using three indices, i.e., life-cycle cost; energy payback time (EPT) and life-cycle
CO, emissions. This study suggests that the total energy requirement throughout the life-cycle of the PV system
considering production and transportation of system components, system construction, operation and
maintenance can be recovered in a short period much less than its lifetime. Therefore VLS-PV system is useful
for energy resource saving. The much lower CO, emission rate of VLS-PV than that of existing coal-fired power
plants means that it is a very effective energy technology for preventing global warming. The same conclusion
must be given for the other desert areas.
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GRID-CONNECTED PHOTOVOLTAIC SYSTEM WITH BATTERY
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ABSTRACT: In order to solve the problems which are considered to become the hindrance of further spread of
photovoltaic systems, and in order to pursue added value, we are studying the grid-connected photovoltaic system which added
the storage battery. This time, the simulation program of the grid-connected photovoltaic system for residences with battery
was developed since it was necessary in order to propose and optimize new systems. First, a lead-acid battery was modeled by
the original method. Next, the program which simulates the electric power flow of each part in the system was developed.
Furthermore, as a result of an actual proof examination, since high simulation accuracy was checked, it is reported.

Keywords: 1: Modeling, 2: Simulation, 3: Accuracy.

1. INTRODUCTION

Most of the photovoltaic system for residences,
which began to spread at an increasing tempo in recent
years, is a grid-connected type. Usually, since this system
has no electric storage, the difference between generated
and used electric power is processed according to the
electric power flow of the distribution system. Therefore,
when this system connects to distribution system with high
density, the burden of a sudden change of irradiance or a
heavy reverse power flow exceeds the throughput of the
power distribution system, and the danger that various
problems will occur is pointed out. Moreover, since it
depends for generated electric power of solar cells on
irradiance, if there is no solar radiation at the time of a
power failure, residents cannot use electricity. Paying
attention to these present conditions, this research is
examining the grid-connected photovoltaic system which
added the storage battery.

2. MODELING

In this research, the system configuration as shown
in Fig.1 is assumed. Here, simulation models are outlined
for every element.

2.1 Solar cell model

A standard I-V curve is made by the fundamental
equation [1] derived from the equivalent circuit of a solar
cell, and the curve is converted into the conditions of
arbitrary irradiance and cell temperature [2]. The model is
shown in Formulas 1. They are known well and so their
explanations are omitted.

2.2 Lead-acid battery model

There is a lead-acid battery model which is widely
used in the field of photovoltaics [1]. This model bases on
the equivalent circuit shown in Fig.2. As a result of
measuring the charge and discharge characteristic, when a
charging and discharging current changed a lot, it became
clear that accuracy of estimated terminal voltage falls.
Then, in this research, it was proposed that the new model
(refer to Formulas 2) considers the dependence of internal
resistance on the current, and so estimation accuracy was
improved. Here, u( ) is a unit step function to combine
charge and discharge. A detailed modeling method is
described in Chapter 3.

Distribution system

Photo- / D DC z
voltaic f DC AC 2
2
DC P =
ower _—
Battery DC conditioner §_
Fig.1: System configuration
R L,
e
Fig.2: Equivalent circuit of lead-acid battery
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Formulas 2: New model of lead-acid battery



2.3 Power conditioner model

Electric power is lost with three converters shown in
Fig.1. These losses were expressed with the quadratic
function of each output power according to direction.
These 15 coefficients in 5 formulas were determined by the
least-squares method from measured data.

3. DETAILED METHOD OF BATTERY MODELING

Procedure for modeling of a lead-acid battery is
described in this chapter. And results of the battery
simulations are also shown. As the battery, special long life
for cycle, 70 Ah VRLA battery [SLC70] made by Japan
Storage Battery Co., Ltd. was selected.

3.1 Electromotive force during discharge

Measured discharge characteristic of the battery is
shown in Fig.3.1. Expressing this characteristic in the
equivalent circuit shown in Fig.2 is considered. In Fig.3.1,
although discharging current is changed by half, the
amount of change of terminal voltage is not changed by
half. This means that internal resistance is not constant and
depends on discharging current at that time.

Fig.3.1 is data measured for every second. The
integral discharging current Q in each time t is calculated
by the following formula.

Q1) = Qlto) +/tt 1(t)dt 3.1

The relations between terminal voltage and discharging
current are read from Fig.3.1, and they are plotted on
Fig.3.2. The following formula is fitted to 7 groups of the
plots as making A, B, C and D into arbitrary constants by
the least-squares method.

V=A—(B+Ce P 3.2
Fitting results are shown with curves in the same figure.
Converged A are made into the electromotive force at that
discharge state, and are plotted on Fig.3.3. The dependence
of electromotive force on the discharge state is expressed
with the following formula which considered the Nernst
equation.

Q
EF=FE+k ln(l——) 3.3
Cr

Cs is the capacity when discharging with very small current,
and is usually about 1.5 times of rated capacity. The result
which determined E, and k. by the least-squares method is
shown with a curve in the same figure. Then electromotive
force during discharge examination is estimated as shown
in Fig.3.4.

3.2 Internal resistance during discharge

Internal resistance R is calculated from Fig.3.4 and
current at that time by the following formula.

E-V
i 3.4

They are plotted on Fig.3.5. It shows that internal
resistance decreases with the increase in current but is
saturated. Then, the following formula is fitted to 7 groups
of these plots by the least-squares method, and the
dependence of arbitrary constants in the formula on the
discharge state is examined.

(R) = Ro+ Ry e 75 3.5
Consequently, it is thought appropriate that internal
resistance is expressed with the following formulas.

R:
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Fig.3.1: Measured discharge characteristic of the battery
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R=Ry (Ro 4R e_R_I2> 3.6

Rr = Ry, + R, e ™ 3.7
Ro = Ry, — Ro, @ 3.8
Ry =Ry, — Ry, Q 3.9
Rz = Bgo ‘|— Rgl Q 310

Ry is a function to rectify change by battery temperature T.
Rro, Rry and Ry, are determined by other methods so that
Rt may be set to 1 at 25 deg C of battery temperature. The
result which determined other coefficients by the
least-squares method is shown with curves in Fig.3.5.

Then terminal voltage during discharge examination
can be simulated, and be shown in Fig.3.6. Even when
current is small, it corresponds to the measurement result
well and improvement in accuracy is accepted.

3.3 Electromotive force during charge

The relations between terminal voltage and charging
current are obtained from charge characteristic shown in
Fig.3.7 and are plotted on Fig.3.8, as a case of discharge.
Since it is thought that a group of plots near full charge
state is affected by electrolysis, it is ignored. Electromotive
force is calculated from the 5 remaining groups by the
same method as discharge, and is plotted on Fig.3.9.

It shows that electromotive force during charge is
higher than one during discharge, and so difference of both
is defined as Eq4 by the following formula.

Ed = Edo - Ech exp {—Ed2 (l — E’)} 3.11
Cr

Eqo, Eq1 and Eg, are determined by the least-squares method,
thereby electromotive force during charge can be estimated
in all discharge state.

3.4 Internal resistance during charge

Internal resistance is calculated by the formula 3.4,
and is plotted on Fig.3.10. The dependence of it on the
discharge state is examined by the same method as
discharge. Consequently, it is thought appropriate that it is
expressed with the following formulas.

R=Ry (Rco + Rey eT> 3.12
R(IO = RCOO —|— R(iol G_RCO2 Q 3.13
RCl = RCIO - Rch 62 3.14
RCQ = RC20 + RCQI Q 3.15

In a state near to full charge, terminal voltage rises
suddenly. This is considered that the increase in internal
resistance by the gas generation by electrolysis is the cause,
and so gas generation function increasing exponentially is
defined as G by the following formula.

G =Goe®1@ 3.16
And then the method of integrating discharging current and
the method of calculating internal resistance are renewed.

Q) = Q(to) + (1 — G) /; I(t) dt 3.17

0
R =Ry (Hco + Reye® 4 R, G) 3.18

A formula 3.17 is considering loss of the charge since
charging current is used for electrolysis, and a formula 3.18
is calculating the increase in internal resistance by gas
generation. They are fitted to a measured curve in Fig.3.11.

In Fig.3.12, the error is remaining at a state near full
charge although electrolytic effect is being considered. It is
thought that this cause is relating to quiescent time. The
characteristic changes by the existence of quiescent time of
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even less than 1 hour. Therefore, if higher accuracy is
searched for, it is thought that the battery model has to
consider the effect of quiescent time.

4. SIMULATION

The simulation program of the whole system was
developed, and it made the simulation for 10 days
supposing the case where it installs in a ordinary residence.
For the irradiance condition, the measured data of the fine
weather day observed in Tsukuba (in Ibaraki JAPAN) was
used. As the load data of a residence, the data which was
measured in ordinary 5 residences for 82 days from
January 9 to March 31, 2001 by Renewable Energy
Promoting People's Forum was averaged every 10 minutes,
and used. These data is shown in Fig.4. However, to check
the simulation accuracy, the load data observed by the
actual proof examination was given to the model input.

5. ACTUAL PROOF EXAMINATION

In this research, in order to check the simulation
accuracy, the actual proof examination is being carried out.
The power conditioner [LSS-4.5-S3C] and lead-acid
batteries [SLC70] (128 V, 70 Ah) which we are using are
standard equipments of Power Solar System made by Japan
Storage Battery Co., Ltd. In order to secure the
reproducibility of the experimental result, the photovoltaic
array simulator made by Myway Labs Co., Ltd. and the
residential load simulator made by author are being used.
The same conditions were set up and measured.

6. RESULT

The simulation result is shown in Fig.5. Since the
experimental result is almost the same as Fig.5, and is
omitted. Electric energy which passes each part in the
system per day is integrated according to direction, and
both results are compared in Fig.6. The relative error is
1.0 % in a high item, 0.65 % on the whole. This error is
0.1 % as compared with the full scale of a measurement
system. Therefore, it is thought that the simulation result
with fully high accuracy was able to be obtained.

7. SUMMARY

About a lead-acid battery simulation, a possibility
that accuracy could be vastly improved by modeling, being
prepossessed without the conventional method was shown.
Also the whole system can be simulated now with high
precision, and can be used for designing new systems.

8. PROSPECTS

The lead-acid battery model continues to be
considered. It is interesting if a transient response, the
variation in the state of charge between batteries, the
temperature rise by self-heating, and also the hysteresis in
consideration of quiescent time can be estimated.

New systems, such as a system which utilizes solar
radiation forecasting and demand forecasting for control,
and can communicate with residents, are proposed, and are
examined repeatedly from various viewpoints, such as
economical efficiency, sociality, and global environmental
problems, and the potential of the grid-connected
photovoltaic system with battery is pursued.
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A Preliminary Study on Utilization of Desert with
Agricultural Development and Photovoltaic Technology
— Potential of Very Large-scale Photovoltaic Power Generation (VLS-PV) systems —

Masakazu Ito*, Taku Nishimura*, Kosuke Kurokawa*

Abstract — The authors propose solution of energy problem and environmental problem. It is
utilization of deserts for power plant by PV technology and agricultural development. 100
MW VLS-PV systems in the world deserts are assumed and evaluated in detail by using Life
Cycle Assessment. As a result, 6 Cent/kWh cost, 2 years energy payback time, and 12
g-C/kwWh CO2 emission rate are obtained in the Gobi desert case. The Very Large-Scale
Photovoltaic power generation system is very promising for the energy resource saving and
environmental issue.

Key words: Photovoltaic power generation system, agriculture, desert, Life cycle assessment

1. Introduction

Due to the world economic growth and population increase, world energy demand has been rapidly
expanding, and food crises and reduction of species and forest are appeared. Inter national Energy Agency
says, world energy demand will be twice as 2000 in 2030. United Nations says, population will be nine
billion peoples as medium variant case in 2050. The authors propose a sustainable development of desert by
agricultural development using Very Large-scale Photovoltaic power generation technology. This proposal
solves some world issues such as energy problem, food crisis and reduction of species. To solve energy
problem, utilizing desert has big possibility because it has high irradiation, and huge land area. For example,
even the Gobi desert that locates on high latitude has higher irradiation (4.7kWh/m2/d) than Tokyo
(3.5kWh/m2/d). Furthermore, the Sahara desert has more irradiation as 7.4kWh/m2/d. Anyway, agricultural
development for desert is very important to resolve food crisis, desertification and reduction of forest. 87 %
of desertification reasons are caused by human from United Nations’ opinion. Therefore, if man-caused
reasons are solved, 87 % of desertification can be stopped, and it is easy to afforest if the areas were forest in
past days. In these areas in desert, people can get foreign currency, and increase employment if the areas are
added agricultural technology. These things cause increase of food production in the area.

The purpose of this study is to design the sustainable community in the desert area. The community
has kinds of developed technologies which are aimed at utilizing in desert. The technologies are photovoltaic
power generation system, agricultural technology, and remote sensing technology. Kinds of sustainable
communities with these technologies are made of afforestation, farm, Photovoltaic system and people. The
authors propose high potential community, which are high possible, low energy required, low emissions and
economical communities. These communities can be resolve world problems. This paper presents its
possibility from photovoltaic experts.

2. Methodology of Evaluation

A methodology of “Life-Cycle Assessment (LCA)” is the best way to evaluate the potential of
VLS-PV systems in detail, because, a purpose of this methodology is to evaluate its input and output from
cradle to grave. In this study, generation cost, energy payback time (EPT) and CO2 emission rate of the
VLS-PV system are calculated with this method. They are defined by following equations. EPT means years
to recover primary energy consumption throughout its life-cycle by its own energy production. CO2
emission rate is a useful index to know how much the PV system is effective for the global warming.

EPT[year] = Total primary energy requirement th_roughout its lifecyclelkwh] (1)
Annual power generation [KWh/year]
CO2 emission rate [g _ C/kWh] — Total CO2 emission on life - CyCIE[g - C] ____________ (2)

Annual power generation [KWh/year]x Lifetime[year]

Generation Cost [cent/kWh = Annual expense of the PV system[centiyear] 3)
Annual power generation [KWh/year]

* Tokyo University of Agriculture and Technology (TUAT), 2-24-16 Naka-cho, Koganei, Tokyo, 184-8588, Japan,
TEL/FAX: +81-42-388-7445, E-mail: itomasa@cc.tuat.ac.jp



3 Installation Area: Six deserts which are Sahara, Negev, Thar, Sonoran, Great Sandy and Gobi
are elected for installing VLS-PV system. A desert area is suitable for PV system in view of irradiation and
land area. Gravel desert is elected for installing the system. Because it consists of small rocks, and it is more
flat and firm than sand or rock desert. Sand problems such as sand storm are seemed to be small. Both
irradiation and ambient temperature data referred from World Irradiation Data Book® used for system
designs, as shown in Table 1. If the installation sites have no direct and diffuse irradiation data, which are
estimated from grovel irradiation data by using Liu-Jordan model. In-plain irradiation data is calculated by
using rb model, Hey model and isotropic model.

4 System Assumptions: A target of this study is sustainable development with one GW VLS-PV

system as shown in Fig 1. VLS-PV systems are designed based on the following assumptions.

1) This study is divided into detailed case study and economic case studies. One is a fixed flat plate PV
system simulation from economic and environmental view points by using three indices in the Gobi
desert. Other is a fixed flat plate PV system simulation from economic view point by cost evaluation in
the world deserts which are Sahara, Negev, Thar, Sonoran, Great Sandy and .Gobi desert. Table 1 shows
a list of these desert geographic information.

2) Total capacity is about 200MW, 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 modules. The total modules in 200MW
system are 840,000 pieces. Layouts for Gobi desert are shown in Fig. 2.

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

4) Polycrystalline silicon PV module with 12.8% efficiency is employed. It is referred to Kyocera 120S.

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

6) The system lifetime assumed to be 30 years.

7) 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$/W. Inverter unit price of 500kW is also set to 0.136, 0.159,
0.181, 0.204 million US$ 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.

8) 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 advanced country, Japan, USA or
Awustralia. All the components are transported to the installation site by marine and land transport. Land
preparation is considered.

9) The method of operation and maintenance are
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Fig. 1 Concept of 1GW PV array layout Fig. 2 Array layout for fixed flat plate system
Table 1 Geographic information for world deserts
Desert Sahara Negev Thar Sonoran Great Sandy Gobi
Location Nema Betdagan  Jodhpur Chihuahuan Port headland  Hoh hot
(16°N 7°W)  (32°N 34°) (26°N 73°E) (28°N 106°W)  (20°S 118°E) (40°N 111°E)

Performance ratio (PR) 0.69 0.73 0.70 0.73 0.70 0.78
Ambient temperature [°C] | 30.2 18.9 26.9 18.4 26.1 5.8

< Tiltangle=10° 2,756 2,062 2,314 2,106 2,431 1,854
% % Tilt angle=20° 2,774 2,128 2,394 2,175 2,464 1,964
;g Tilt angle=30° 2,716 2,139 2,420 2,190 2,435 2,026

Tilt angle=40° 2,559 2,099 2,387 2,143 2,347 2,037




calculated in view of experience of real PV system model, PV-USA project 1.

10) Concerning labor cost, different labor requirement for system construction is estimated by considering
local conditions of each country, and unit labor cost is referred from ILO statistics etc. Furthermore a
supervisory charge is added to the cost for the installation of certain apparatus. Three shifts of three
operator team work in 100MW PV station. One team works in maintenance, and the other teams operate
for alternation.

11) Decommission stage is not included in this study stage now.

Junction Box A

5. Designing VLS-PV Systems 1 —— cobke

The authors assumed and designed the VLS-PV
systems in the major deserts in detail. These case studies N
show characteristics of systems, and they show the best

20.4m
performance system configuration. 21 Modles 5 iR angle
1. Array support structure: Fig. 3 shows the basic [——T—T T T T T 1
depend on

structure of array support. Foundation height over the a1 f

ground is 0.1 m and lower height of array support is

0.2 m from the ground. It is assumed that array support  Fig. 3 Basic array structure for fixed flat plate
is made of zinc-plated stainless steel (SS 400), and

thickness of several types of steel material are chosen according to stress analysis assuming that the wind
velocity is 42m/s.

2. Foundation: A cubicle foundation made of concrete is employed. Its rectangular solid is 0.8 m each
considering the design standard of support structure for power transmission by the Institute of Electrical
Engineering in Japan.

3. Wiring: 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.

4. Transmission: Electric transmission system is assumed 100 km, 2 channels and 110 kV. It consists of
steel towers, foundations, cables and grand wires. They are considered wind velocity 42m/s. After
calculations, cables and ground wires are decided TACSR 410 sq and AC 70 sq, 22.0 ton steel towers and
22.1 m® foundations are required 334 towers with foundations for 100 km transmission.

4.9m
5 strings

im

tilt angle o

6. Evaluation Results

6.1 Cost Estimation: In this study, both investment cost and O&M cost of 100MW PV systems for
each installation site were estimated to obtain generation cost of the PV system. Total investment cost
includes labor cost for system construction as well as system component cost. Even though 1.0 USD/W PV
module is assumed, it is first majority of the total investment cost. A majority of construction cost is labor
cost, which had big difference between countries. For example about one third of the total investment cost is
construction even at 1.0 USD/W in 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 ho more than 2% of the total at 1.0 USD/W.
The generation cost of 100MW VLS-PV system for different tilt angles and different PV module prices are
assumed 30 years lifetime and 3% of annual interest rate in the world deserts. Annual power generation and
generation cost are given in Table 2. Optimal array tilt angle depended on both annual cost and annual power
generation. The most annual power generation is the case of Sahara because of its highest irradiation. The
least generation cost of the Gobi case is obtained at 30°-tilt angle because of its high latitude. And other

Table 2 Annual power generation and Generation cost for 100 MW PV system

Sahara Negev Thar Sonora Great Sandy Gobi
Unit (Mauritania) (Middle-east) (India) ~ (Mexico)  (Australia) (China)
Annual power Tilt angle= 10° | GWh/yr. 193 153 165 157 174 147
generation 20° | GWhiyr. 194 158 171 162 176 156
30° | GWhiyr. 190 159 172 163 174 161
40° | GWhiyr. 179 156 170 160 168 162
Generation cost Module price=1$/W | Cent/kWh 5.2 8.4 6.4 6.5 8.4 6.2
(at optimum 2$/W | Cent/kWh 8.4 12.3 10.0 10.3 11.9 10.0
tilt angle ) 3$/W | Cent/kWh 11.5 16.1 13.6 14.1 154 13.8
4$/W | Cent/kWh 14.7 20.0 17.2 17.9 18.8 17.6
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systems installed on middle latitude deserts such as ~ Sonoran Sahara-Ouarzazate
Sahara, Negev, Thar, Sonora and Great sandy give the _so "o ([ qeesendy saaadens
lowest generation cost at 20° array tilt angle, which are 2 4 usow
different from that for the most annual power %m —14d ] 2USDw
generation. In the Gobi desert case, the generation cost  1so ;\J—ug\\ —
with 4.0 USD/W module price corresponded to 18 % " ]
cent/kWh, it was reduced to about 6 cent/kWh with 1.0 8™ 4 T
USD/W module price. g 5o
6.2 Energy and CO2 Emission Analysis in & ,,

Gobi_desert: _Fig.4 represents the results of total 1500 200 200 3000

: . . Annual global horizontal irradiation [kWh-m-2.y-1]
primary energy requirements and Energy Payback Time
(EPT). EPT is estimated assuming electricity from the Fig. 6 Best estimates of generation cost for each
PV system would replace utility power in China where deserts asafunction of global horizontal irradiation
recent conversion efficiency is around 33%.
Transportation also uses a certain amount of energy. Nevertheless, the EPT is still a low level. This suggests
that the total energy requirement for introduction of a 100MW PV system to the Gobi desert in China can be
recovered in less than two years. Fig. 5 is results of life-cycle CO2 emissions and life-cycle CO2 emission
rate. Discussion of these results is the same as the total primary energy requirement and the EPT.
Considering CO2 emission rate of existing coal-fired power plants, about 300 g-C/kWh, the life-cycle CO2
emission rate of a 100MW PV system is much lower.

7 CONCLUSION

A 100MW Very Large-Scale photovoltaic power generation system installed in the Gobi desert in
the world desert is designed and its potential is evaluated from an economic and environmental viewpoint.
Assuming 1.0 USD/W of PV module price and 3% of annual interest rate, generation cost of the VLS-PV
system is estimated 6.2 cent/kWh in Gobi desert. Fig.6 that is a summary of generation cost of VLS-PV in
the deserts suggests that the VLS-PV system is economically feasible for all the sites if the module price
reduces to 2.0 USD/W or 1.0 USD/W. The feasibility of very large-scale photovoltaic power generation
system installed in the Gobi desert in China is evaluated in depth from a life-cycle viewpoint by using three
indices, i.e., life-cycle cost; energy payback time (EPT) and life-cycle CO2 emissions. This study suggests
that the total energy requirement throughout the life-cycle of the PV system can be recovered in a short
period much less than its lifetime. The much lower CO2 emission rate of VLS-PV than that of existing
coal-fired power plants means that it is a very effective energy technology for preventing global warming.
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A Resource Analysis on Solar Photovoltaic Generation System on
the Gobi Desert by a Remote Sensing Approach

KOUICHIRO SAKAKIBARA", MASAKAZU ITO', KOSUKE KUROKAWA"

Abstract - A project of very large-scale photovoltaic generation system(VLS-PV system) in a
desert has been studied in order to resolve the energy problems. This has defined conditions for
suitable land for installing large-scale PV. Basic requirements for the land selection are considered
that surface should be flat and rigid as well as not moving like sand dune. Gobi desert has
researched as the object of this study by using remote sensing. We could indicate that a detail
classification algorithm to find suitable land. It is concluded that this proposed method can provide
sufficient information for the planning of PV system installations. Additionally, a resource of solar
photovoltaic generation in the Gobi desert have evaluated about all of Gobi desert.

Key Words: Photovoltaic power generation system, Remote sensing, Satellite image, Gobi desert

1. Introduction

In late years, the energy demand in the world is continuing the increase with the economic
growth in the world, and the increase in population. It is certain that the primary energy in the world
is drained by an increasing number of energy demands in the world. Additionally, various
environmental problems, such as global warming, desertification, and acid-rain issue will aso
increase in connection with it. In the inside of such a world background, photovoltaic generation
systems (PV systems) are treated as important from the point which does not discharge carbon
dioxide at the time of power generation. In order to save the energy problems, a planning of
large-scale PV system installed in a desert has been studied. Irradiation in a desert is very strong, it
is a suitable land area for large-scale PV system. Therefore former project is thought that play an
important role in afuture energy source. However very unstable land like a sand dune is not suitable
for installation of PV system. The area which is suitable for PV system is not a sand desert but a
conglomerate desert. The conglomerate desert consists of flat land and arid area. Consequently,
estimation for suitable land is needed. The desert has been analyzed from the remote sensing which
is suitable for investigating a wide area, and the land that is suitable for installation was selected. In
addition, Authors established the method of selecting the land which can install a VLS-PV system.
Authors demonstrated an efficacy of technique for investigating the suitable area of PV system
instalations by using remote sensing. Additionally, a potential of solar photovoltaic generation
system in the Gobi desert have evaluated about al of the Gobi desert.

2. Materials and M ethod

2.1 Subject Area and Remote Sensing

Subject area for this study has located in the Table 1. Main Characteristics of JERS-1
Gobi desert. Gobi desert is very vast. In addition,  [JERST Optica Sensor (OPS)
Gobi desert has many types of land surface asin Fig.2. |Spectra Band

: : Visible and Near-Infrared band1 0.52t00.60
Table 1 shows a optical sensor images of JERS-1 bond 2 0.63t0 0,69

launched in 1992 (Tablel). JERS1, an earth band3 0.7610 0.86
observing satellite that provides global coverage, is |Ground Resolution 183m 24.2m
used for national land surveys, agriculture and [SwvathWidth 75km

forestry assessment, environmental protection, disaster prevention, and coastal monitoring, with a
focus on resource management. Forest zone and removing area such as a sand dune zone is not most
suitable zone, it is the priority matter of this study.

Tokyo University of Agriculture and Technology, 2-24-16, Naka-cho, Koganei, Tokyo, 184-8588 Japan.
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Fig.1 Subject areafor research Fig.2 Land surface of Gobi desert

2.2 Vegetation [ ndex

First, Authors calculated a Modified Soil Adjusted 50.50
Vegetation Index (MSAVI) in order to get to know 3§ Spectral reflectance of
more about vegetation state of whole test zone. MSAVI 5040
was calculated using reflectance values from two %4
channels (NIR:860nm, RED:672nm). The MSAVI
comprises density and quantity of vegetation. In more 0.20 NIR
depth, when the vegetation cover has a low density,
normally the soil reflectance increases in both the red
and infrared channels. To describe more adequately this _ HEH
soil-vegetation system, other indices were proposed. To 400 450 500550 600 v\?g\?eﬂ%%ﬁ?(ﬁgg
minimize the effect of bare soil, the Modified Soil . lect ;
Adjusted Vegetation Index was developed by Qi et al'?. Fig.3 Spectral reflectance 0

J - Mongolian steppe
MSAV] _2NIR+1- (2NIR;1) -8(NIR — RED) 1)

We list the necessary care to be taken and problems encountered on applying MSAVI. The
problems lie in variation in MSAV | by the difference in date of satellite images. In order to correct
the defect, authors estimated a season variation of MSAVI. Season variation of MSAVI was

estimated by consideration of three images which are same area but difference in date.

M ongolian steppe

0.10

2.3 Classification of the Gobi Desert

Secondly, authors classified the surface of Gobi desert into six patterns from satellite image
according to Visua Evaluation Standard (VES) of Natural Color. Natural Color image is a
composed image with blue and red filters applied on in two visible bands and a green filter onin a
near-infrared band. Forests and grasslands displayed in bright green and city areas, in magenta. It is
different from actual color. At this point, six patterns are shown below.

1 : conglomerate desert 4 : forest
2 : dune or desert steppe 5 : snow or cloud
3 : desert steppe or steppe 6 : awater or shadow

authors classed surface of Gobi desert into six patterns with the use of Maximum Likelihood
Classifier (MLC). MLC is known as a classification technique.

C : classification class

_ 1 1., L(x,c) : likelihood

L(x.c)= (2ﬂ)%|V|% eXp{ Ed . (X’C)} @ d’m(x,c) : Maharanobis distance

¢ V: covariance matrix

When L(x,c) becomes maximum, unit of images is classified into the class C. Authors decided
parameters of MLC. And these parameters were decided to be bandl/band2, band2/3 and bandl1/3.



2.4 Filtering of Satellite Image

Suitable areas for PV system instalation must be a flat surface. And so Edge lines were
detected from satellite images with the use of Laplacian filter and morphology filter. Edge lines
indicate mountains and undulating plain from satellite images. These undulating plains were
extracted with the use of thesefilters.

2.5 Integration of analysisimages

Finally, authors integrated three processed images into one image and estimated suitable area
for PV system installations. Integration of analysis images provides sufficient information for the
planning of PV system installations.

3. Results and Discussion

3.1 Result of Vegetation I ndex

Authors estimated a season variation of MSAVI. Season variation of MSAVI was estimated by
three images which are same area but difference in date. The results of estimation among these
images are depicted in Fig.4 and Fig.5. Because only three sample data are existed, all year
variation in MSAVI as basic data is quoted from Mei et a. With these parameters, authors created
three pattern images by threshold lines as in Fig.5. This

0.25

suggests that the images shown as suitable area were 020 | e e
created for three patterns. 015 /\\ desert_steppe
Steppe High
gobi forest lesert steppe A 005 / /\
& 0.00
2 oo A/ N \
-0.10 r \
-0.15
v -0.20
Low -0.25
Apr” image .]uly image October image APR MAY JUN JUL AUG SEP OCT NOV DEC
Fig.4. season variation of MSAVI Fig.5 Season variation of MSAVI

3.2 Gobi Desert classification

Parameters of MLC were set up as reflection level of Table 2. Parameters of MLC
bandl/band2, reflection level of band2/3, reflection level bandU/band2lband2/bands|bandl/band
of bandl/3 (table.2). The Gobi desert classification by | e o822 2o
MLC played an importable role in excepting areas that iS | desertsteppe or steppe [ 074 | 103 | 076

water basin, cloud, snow, shade. This classification fores 090 1 065 | 057

" ’ snow_or_cloud 1.00 1.00 1.00
provided an available areato anayze. shadow 102_| 140 | 143
water 1.43 2.45 3.54

3.3 Edge L ines Extraction

Edge lines of mountain, river, and undulating plains were extracted with the use of Laplacian
filter for band3. In addition, the processed image was divided into white and black color by
threshold level and morphology filter. Morphology filter includes dilation and
erosion. Threshold level is decided by number of pixels from either end of
histogram for processed images. Authors set the number of pixels at 10 ,e**""°°e.,
percent of the all number of pixels. The area shown white as in Fig.6 exist &  pyne :
edge, and the area shown black indicate flat areas. This algorithm dependsin .

good part on ground resolution, and authors estimate that the more ground
resolution is higher, the more fine edge line can be extracted. Fig.6 Edge line of dune




34 A Resour ce Evaluation of PV System Potential on the Gobi Desert

Estimation of the PV system installation for suitable land was — \sav|image
evauated by integrating with three processed images, i.e. the image
which was presumed as suitable land by MSAVI, the image which was Edge linesimage
presumed as not suitable land by MLC, and the image which was |7

MLC image

suitable land by edge lines extraction. Green areas as in Fig.8 show the
suitable land of the PV system installation. With these methods, the area
percentage for suitable land was estimated at 40 percent. From this resullt,
it is able to forecast that PV system installation for suitable land is very
large and have big potential possibilities of electric power generation.

Fig.7 Integration of the three

processed images
A
A
Water

: .

Y2 e0®®0,

8 E °. aq)pe ..

o X ° °

~ g .'o...o°:..ooo.

.+*""Dune _.*

M 1,200 km > % 28 km > [: Suitable area

‘Fig.8 The suitable areas for PV system Fig.9 An enlarged example of the Fig.8
4. Conclusion

This study has explored the PV system installation for suitable land. To summarize our
interpretation of the results, we can indicate that the detail classification algorithm for right land is
developed. From the aforementioned point of view, the classification algorithm for suitable land
was developed and the right land was estimated about all area of Gobi desert,, However, the
following points are left as future problems. Firstly, one difficulty with this method isin selection of
the training area. Ambiguity will be produced because training area is selected by VES. Secondly,
distinction error of ground level will be produced because the difference in the concentration of a
image arises by date of satellite images. It is necessary to continue developing the algorithm of
estimation of the PV system installation for suitable land. The investigation on estimation of Gobi
desert is summarized above and it is evident that more work using different approaches is necessary.
Especidly, It is considered necessary to compare analysis result with actual ground truth. At the end,
the author would like to express his sincere gratitude to Mr. Amar, who provided related data.
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ABSTRACT

The Authors have already developed a Sophisticated
Verification Method (SV method) for PV systems, which is a
simple evaluation method to identify eight kinds of system
loss rates using basic information and simple four monitored
data. In this paper, operation statuses of the grid connected
PV with battery system can be estimated by using
monitoring data, which are system output and array output.
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Table 1: Operation statuses of
the grid connected PV with Battery system

operation status Irradiatio| Array [system| Ratio between array
n output | output| output and system output
number operation status Hag Ea Ep 7 ap
Supplied by PV + + + same as normal value
Charged by PV + + 0 Ep =0
Supplied and chaged by PV + + + Low value
Supplied by PV and battery + + + high value
Supplied by battery 0 0 + E,=0
Charged by utility 0 0 - E,=0
Charged by PV and utility + + Ep is minus
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Figure 1: Schematic diagram of the system and
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A method for solar cell measurement using LED and
results of the measurement of mono-crystalline Si solar cell
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ABSTRACT

A method for solar cell is important for R. & D., pricing
and PV system maintenance and so on. At present, in measuring
solar cells, a solar simulator with Xenon and Halogen lamps is
used at most laboratories, but the facility is so large and so expen-
sive. Therefore, a measuring device using LED lamps is proposed.
That has the advantage of small, low-cost and portable. The main
objective of this study is to evaluate the capability of LED’s mea-
suring device by experiment.

goooo:0o0bbobbbbbboboooood
Keywords: Solar Cell, Measuring Method, LED(Light Emitting
Diode)
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Table 2 Rated and calculated value

Rated value | Calculated value
Isc [A] 1.95 1.88
Voc [V] 1.20 1.11
F.F. 0.67
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Verification on fundamental operation of ultra small scaled-
down network simulator for testing PV inverter functions
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ABSTRACT

This paper describes a new experiment equipment of PV
inverters. It is composed of the ultra small scaled-down
network simulator with electronic circuit and active power
interface (API). For the first step of development, a scaled-
down low voltage distribution system of single-phase two-
wire system is developed. It has been tested in case when
an ideal current source instead of a PV inverter is
connected. By the experimental results, fundamental
operations of proposed equipment have been verified.
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Keyword: distribution grid simulator, electronic circuit,
PV inverter
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Development of simulation tool for photovoltaic systems with several surface arrays
Hiroshi Matsukawa, Student Member, Takao Yamada™, Non-member, Masaki Shioya™", Non-member, Kosuke Kurokawa", Member

This paper will principally describe about the PV array simulation tool. This PV array simulation tool is available to estimate

the output power of the PV array with difference azimuth and orientation for the maximum of four surfaces. This tool analyses

the daily, monthly or annual output power with high accuracy because of using the I-V characteristic. The analysis is based on

simplified 1-V curve interpolation considering the characteristics of each module in the PV array. The shortest interval time of

calculation is one second.
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Table 2 Rated values of PV module

Parameters Rated Value
Voo 1.20 [V]
Ise 1.95 [A]
Prnax 1.65 [W]
Vpmax 0.95 [V]
Ipmax 175 [A]
Ry 0.08[Q]

K 0.001[Q/C]

a 0.001[A/C]

Vi 0.004[V/C]
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Table 3 Outline of housing PV system

Locate B URSFILTH (Moriyama-city Shiga pref.)
(Lat. 35.0° N, long. 136.0° E)
Installed capacity 3,360W
Configuration of 6 series, 4 parallels
modules
Inverter GS LBSC-4.5S3C DC-IN118V AC-0UT202V
4,500kVA
Array tilt angle 21.8°
Array azimuth 48° , 138° , 228° , 318" (north:0° ,east
angle plus)
. Horizontal and Inclined (azimuth: 228° tilt:
Pyrheliometer N
218° )
Single crystal silicon, GS AP-140G X 16 and
Modules AP-70GD X 16
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Table 4 Measured and simulated array output
Measured Simulated Error rate

3,172.3 [KWh] | 3,266.4 [kWh] 2.9[%]

Array output
(yearly)
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ABSTRACT

Thin-film silicon solar cells including amorphous
silicon (a-Si) solar cells are expected to be
environment-friendly due to their less energy
requirement. Then a Very Large-Scale Power
Generation (VLS-PV) system for the Gobi desert is
designed in detail by assuming that the thin-film
solar cells were used.

As a result, 19 cent/kWh generation cost,
2.6-year energy payback time (EPT), and 18 g-
C/kwh CO2 emission rate were obtained based on
present thin-film technology. They are a little higher
than poly crystalline Si case. On the other hand,
another case in which technological progress was
supposed in near future indicated 6.5 cent/kWh
generation cost, 1.6-year EPT, and 11 g-C/kWh CO2
emission rate.

1. INTRODUCTION

1.1 Background

We are at the beginning of stage which we
make. As you know there are many world problems
such as energy problem, food crisis, reduction of
biodiversity and forest, and so on. It depends on your
choice; save world or not.

In this stage, we focused on energy problem
and global worming. World energy demand has been

Source: IEA
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Fig. 1 Outlook of world primary energy supply and
CO, emissions

rapidly expanding due to the world economic growth
and population increase, especially in developing
countries. According to an IEA report, total CO,
emissions and total primary energy supply in 2030 in
the world will be twice as much as in 2000, as shown
in Figure 1. If world energy demands continue to
increase, the primary energy may dry up in this
century. In addition, too much energy consumption
causes a variety of serious environmental problems
such as global warming, acid rain and so on. But,
renewable energies are expected to resolve both the
energy problem and the environmental problems.
Photovoltaic power generation system (PV system) is
one of promising renewables. Because the PV system
need no fuel, no emission and very low maintenance
at the operation stage. However, the solar energy has
a disadvantage, that is, its low energy density by
nature. Therefore, to generate large power such as
nuclear power plant, the PV system must be
introduced at very large-scale.

1.2 Desert Potential

High irradiation and very large unutilized
land areas exist in world deserts. For example, even
the Gobi desert that locates on high latitude has
higher irradiation (4.7kWh/m?%d) than Tokyo
(3.5kWh/m?/d). Furthermore, the Sahara desert has
more irradiation, or 7.4kWh/m?/d. Theoretically, PV
systems installed in the Gobi desert with 50% space
factor, has potential to generate energy as much as
the recent world energy supply (384 EJ in 2000).

Table 1 Global irradiation in the world deserts

Major deserts Global irradiation
Sahara (Mauritania) 7.36 [kWh/m/year]
Negev (Israel) 5.31

Thar (India) 5.96
Sonoran (Mexico) 5.47

Great Sandy (Australia) 8.92

Gobi (China) 4.67

Tokyo (Japan) 3.47




2. OBJECTIVE

VLS-PV systems using poly crystalline Si
solar cells were already designed and they showed
that the system might produce much more energy
with low life-cycle CO2 emissions than energy
requirement for its life-cycle even if it is located at
high latitude desert such as Gobi desert.**! The
purpose of this study is to obtain a possibility of
VLS-PV system using thin-film Si solar cells
including amorphous Si (a-Si) solar cells, because it
requires lower energy to produce than poly
crystalline Si solar cells. In addition, thin-film silicon
solar module is advanced very rapidly and expected
to be higher efficiency in near future. So, we assumed
it would be twelve percent efficiency in near future.
And VLS-PV system using this kind of module is
evaluated from economic and environmental view
points.

3. METHODOLOGY OF EVALUATION

3.1 Life-Cycle Assessment

A methodology of “Life-Cycle Assessment
(LCA)” is a appropriate measure to evaluate the
potential of VLS-PV systems in detail, because a
purpose of this methodology is to evaluate its input
and output from cradle to grave. In this study,
generation cost, energy payback time (EPT) and CO,
emission rate of the VLS-PV system were calculated
with this method. These indices are defined by
following equations.

EPT [year] =
Total primary energy requirement throughout its lifecycle [KWh]
Annual power generation [kKWh/year]
CO, emission rate [g-C/kWh] =
Total CO, emission on life-cycle [g-C]

Annual power generation [kKWh/year] x Lifetime [year]
Generation Cost [cent/kWh] =
Annual expense of the PV system [cent/year]

Annual power generation [kWh/year]

EPT means years to recover primary energy
consumption throughout its life-cycle by its own
energy production. CO, emission rate is a useful
index to know how much the PV system is effective
for the global warming.

3.2 Case Studies

Case studies were assumed for three cases.
The first case was using a commercial poly-
crystalline silicon solar cell module. The second case
was a commercial a-Si solar cell module. The last
case was thin-film silicon solar cell module with
twelve percent efficiency, which is being developed.
For this calculation, material data is referred from a
NEDO report ®!. The module specifications used in
this study are shown in Table 2, 3.

Table 2 Case studies list

Module Kyocera Kaneka Near
KC 120S LSU future
(Reference) case
Cell type Poly Amorphous | Thin-film
Crystalline Si Si Si
Efficiency 12.8 % 6.9 % 12.0 %
Array type Fixed flat plate system
Evaluation . .
Economic, environment
type
Index Cost, EPT, CO, emission rate
Site Gobi (China) |

Table 3 Kaneka LSU module specification

Nominal power 58 W
Efficiency of module 6.9 %

Height, Width 920 mm, 920 mm
Weight 12.5 kg
Voltage MPP 63.0V
Current MPP 0.92A
Voltage open circuit 85.0V
Current short circuit 1.12A
Coefficient of voltage -243.0 mV/°C
Coefficient of current +0.80 mA/°C
Coefficient of power -0.22 %/°C

Ref: Photon int’| magazine

4. SYSTEM PLANNING

All parts of a 100MW VLS-PV system were
designed based on concept of LCA. The design
assumptions are explained as follows.

4.1 Installation Area

Major desert, Gobi was chosen for installing
VLS-PV system. A desert area is suitable for PV
system in view of irradiation and land capacity.

Both irradiation and ambient temperature
data referred from World Irradiation Data Book!!
were used for system designs, as shown in Table 4.
When the installation sites have no direct and diffuse
irradiation data, the direct and diffuse irradiation data
were estimated from global irradiation data by using
Liu-Jordan model. Finally in-plain irradiation data
was obtained by using rb model, Hey model and
isotropic model.

4.2 System Assumptions
VLS-PV systems were designed based on the
following assumptions.

Table 4 Geographic information for Gobi desert

Location Hohhot (40°N 111°E)
Performance ratio (PR) 0.78
Ambient temperature [°C] 5.8
S Tiltangle=10° 1,854
SE Tiltangle=20° 1,964
8 Tiltangle=30° 2,026

Tilt angle=40° 2,037




1) Total capacity is about 2100MW, which consists of
four sets of 256MW unit field. A 25MW unit
consists of 50 sets of 500kW unit system.

2) South-faced fixed flat array structure, one axis E-
W tracking array structure and foundation are
designed. Wind pressure and earthquake are also
taken into account.

3) System performance ratio, as shown in Table 4, is
assumed considering operating temperature,
degradation, load matching factor, efficiency
factor, inverter officiating and so on.

4) The system lifetime is assumed to be 30 years.

5) Module price is fixed. Modules in practical use
are assumed 4.0 USD/W. Thin-film module price
in near future is supposed at 1.0 USD/W.

6) Inverter price and array tilt angle are given as
valuable parameters. The four levels of inverter
unit price of 500kW is also set to 0.136 [million
USD] for module price 4.0 USD/W, 0.159 for 3.0,
0.181 for 2.0, 0.204 for 1.0. Interest rate is
asssumed to be 3%/year. And

7) Land preparation is considered.

4.3 Transport

Array support and foundation are produced
in China, and other system components such as
modules, cables and inverters are manufactured in
Japan. All the components are transported to the
installation site by marine and land transport.

4.4 Operation and Maintenance

1) The method of operation and maintenance are
calculated in view of experience of real PV
system model, or PV-USA project .

2) Three shifts of three operator team work in
100MW PV station. One team works in
maintenance, and the other teams operate for
alternation.

3) 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.
4) Decommission stage is not included in this study.

5. DESIGNING VLS-PV SYSTEMS

5.1 Array support structure and foundation

Fig.2 shows the basic structure of array
support for 30 degree tilt angle. Top of foundation
form ground is 0.1 m and the lowest position of
module is 0.2 m from the ground. It is assumed that
array support is made of zinc-plated stainless steel
(SS 400), and thickness of several types of steel
material are chosen according to stress analysis
assuming that the wind velocity is 42m/s (based upon
the Design standard of structure steel ™ by the
Japanese Society of Architecture).

Cubicle foundations made of concrete are
applied. Its rectangular solid is about 0.8 m each
considering the design standard of support structure
for power transmission by the Institute of Electrical
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Engineering in Japan. Material composition of the
concrete is determined in order to obtain 240 kg/cm?
of concrete strength; 347 kg/m®, 603 kg/m3 sand,
11,180 kg/m3 gravel and 170 I/m*® water. Fig.3 shows
layout of array unit which is shown as Fig.2. It is
based on “assumption 1)”.

5.2 Wiring

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.

5.3 Transmission

Electric transmission system is assumed 100
km, 2 channels and 110 kV for connecting to existing
transmission. It consists of steel towers, foundations,
cables and grand wires. They are considered wind
velocity 42 m/s. After calculations, cables and ground
wires are decided TACSR 410 sq and AC 70 sq, 22.0
ton steel towers and 22.1 m® foundations are required
334 towers with foundations for 100 km transmission.

6. EVALUATION RESULTS

By using the results of the system design
and operation and maintenance, a life-cycle of
amorphous-Si and thin-film-Si 100MW VLS-PV
systems in the world deserts were evaluated in terms
of life-cycle cost, energy and CO2 emission.
Summary of results are shown in Table 5.



6.1 System Component

The 100MW VLS-PV systems using
amorphous module in the Gobi deserts are designed
on the basis of the above assumptions. Table 5 shows
example of result. This system required 4.4 km? land
area which is twice as much as poly crystalline case.
Array support requirement is 19 thousand ton steel,
and foundation needed 252 thousand ton concrete.
Land requirement is considered due to spacing
between PV arrays. If thin-film module efficiency
reaches twelve percent, these items are reduced
drastically. Land requirement is 2.5 km? Array
support is 11 thousand ton steel, and foundation is
140 kton.

6.2 Cost Estimation

In this study, both investment cost and
O&M cost of 100MW PV system for each
installation systems were estimated to obtain
generation cost. Total investment cost includes labor
cost for system construction as well as system
component cost. Amorphous module system is a little
higher than poly crystalline case, but its difference is
very small. When thin-film modules are developed in
near future, the generation cost of 1 USD/W module
price reaches 6.5 cent/kWh.

6.3 Energy and CO2 Emission Analysis in Gobi desert

Energy Payback Times (EPT) for each
system were estimated by using LCA. In case of poly
crystalline silicon solar module, EPT is 1.8 years, and
2.6 year of EPT is obtained for amorphous silicon
solar modules. With developed thin-film silicon solar
module, EPT should be obtained 1.6 years. These are
difference between EPTs. However, if these EPTs are
compared from its life-time, their values are very
small. These systems must be said they can produce
much energy than its required energy in its life-cycle.

Three kinds of modules are assumed for 100
MW VLS-PV systems, and their CO2 emissions are
estimated. It is 12.8 g-C/kwWh for poly crystalline
silicon case, 17.8 for amorphous silicon case, and
10.5 for new thin-film technology.

Table 5 System components (30 degree case)

Module KC120S LSU Thin-film

(Kyocera) (Kaneka) module in
near future

Assumed 4.0 4.0 1.0

module price Usb/w Usb/w USD/W

Module [10%] 840 1,890 1,050

Area [km?] 2.2 4.4 2.5

Array support 9,658 19,063 10,590

[ton]

Foundation 136 252 140

[kton]

Cost 17.7 18.8 6.5

[U.S.Cent/kWh]

EPT [year] 1.8 2.6 1.6

CO2 emissions 12.8 17.8 10.5

rate [g-C/kWh]

7 CONCLUSION

100MW Very Large-Scale power generation
systems installed in the Gobi desert was designed and
its potential was evaluated from economic and
environmental viewpoints. Assuming 4.0 USD/W of
amorphous PV module price and 3% of annual
interest rate, generation cost was estimated 18.8
U.S.Cent/kWh in Gobi desert. From an
environmental view point, Energy Payback Time was
obtained 2.6 years, and CO2 emissions rate was also
obtained 17.8 g-C/kWh. Amorphous silicon solar
module requires lower energy than crystalline
module to produce. But in case of VLS-PV systems
for desert area, total energy requirement of
amorphous silicon module was higher than poly
crystalline silicon module because of its efficiency.
However, thin-film silicon module is now being
developing very much, and it will be more developed
in near future. So we assumed thin-film silicon
module with twelve percent efficiency, and evaluated
it from the same method, LCA. 6.5 U.S.cent/kWh
generation cost, 1.6-year EPT, and 10.5 g-C/kWh
CO2 emissions rate were obtained.

These results suggest that the total energy
requirement throughout the life-cycle of all VLS-PV
systems considering production and transportation of
system components, system construction, operation
and maintenance can be recovered in a short period
much less than its lifetime. Therefore VLS-PV
system is useful for energy resource saving. The
much lower CO2 emission rate of VLS-PV than that
of existing coal-fired power plants means that it is a
very effective energy technology for preventing
global warming.
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ABSTRACT

Thin-film silicon solar cells including amorphous silicon (a-Si) solar cells are expected to be
environment-friendly due to their less energy requirement. Then a Very Large-Scale Power
Generation (VLS-PV) system for the Gobi desert is designed in detail by assuming that the
thin-film solar cells were used.

As a result, 19 cent/kWh generation cost, 2.6-year energy payback time (EPT), and 18 g-C/kWh
CO2 emission rate were obtained based on present thin-film technology. They are a little higher
than poly crystalline Si case. On the other hand, another case in which technological progress was
supposed in near future indicated 6.5 cent/kWh generation cost, 1.6-year EPT, and 11 g-C/kWh
CO2 emission rate.
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1. INTRODUCTION

1.1 Background

We are at the beginning of stage which we make. As you know there are many world problems
such as energy problem, food crisis, reduction of biodiversity and forest, and so on. It depends on
your choice; save world or not.

In this stage, we focused on energy problem and global worming. World energy demand has been
rapidly expanding due to the world economic growth and population increase, especially in
developing countries. According to an IEA report, total CO, emissions and total primary energy
supply in 2030 in the world will be twice as much as in 2000, as shown in Figure 1. If world
energy demands continue to increase, the primary energy may dry up in this century. In addition,



Source: IEA
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Fig. 1 Outlook of world primary energy supply and CO, emissions

too much energy consumption causes a variety of serious environmental problems such as global
warming, acid rain and so on. But, renewable energies are expected to resolve both the energy
problem and the environmental problems. Photovoltaic power generation system (PV system) is
one of promising renewables. Because the PV system need no fuel, no emission and very low
maintenance at the operation stage. However, the solar energy has a disadvantage, that is, its low
energy density by nature. Therefore, to generate large power such as nuclear power plant, the PV
system must be introduced at very large-scale.

1.2 DESERT POTENTIAL

High irradiation and very large unutilized land areas exist in world deserts. For example, even the
Gobi desert that locates on high latitude has higher irradiation (4.7kWh/m?/d) than Tokyo
(3.5kWh/m?/d). Furthermore, the Sahara desert has more irradiation, or 7.4kWh/m%d.
Theoretically, PV systems installed in the Gobi desert with 50% space factor, has potential to
generate energy as much as the recent world energy supply (384 EJ in 2000).

Table 1 Global irradiation in the world deserts [1]

Major deserts Country Global irradiation [kWh/m?/year]
Sahara Mauritania 7.36
Negev Israel 5.31
Thar India 5.96
Sonoran Mexico 5.47
Great Sandy Australia 8.92
Gobi China 4.67
Tokyo (Reference) Japan 3.47




2. OBJECTIVE

VLS-PV systems using poly crystalline Si solar cells were already designed and they showed that
the system might produce much more energy with low life-cycle CO2 emissions than energy
requirement for its life-cycle even if it is located at high latitude desert such as Gobi desert.*Il"
The purpose of this study is to obtain a possibility of VLS-PV system using thin-film Si solar cells
including amorphous Si (a-Si) solar cells, because it requires lower energy to produce than poly
crystalline Si solar cells. In addition, thin-film silicon solar module is advanced very rapidly and
expected to be higher efficiency in near future. So, we assumed it would be twelve percent
efficiency in near future. And VLS-PV system using this kind of module is evaluated from
economic and environmental view points.

3. METHODOLOGY OF EVALUATION

3.1 Life-Cycle Assessment

A methodology of “Life-Cycle Assessment (LCA)” is a appropriate measure to evaluate the
potential of VLS-PV systems in detail, because a purpose of this methodology is to evaluate its
input and output from cradle to grave. In this study, generation cost, energy payback time (EPT)
and CO, emission rate of the VLS-PV system were calculated with this method. These indices are
defined by following equations.

_ Total primary energy requirement of the PV system throughout its life - cycle [kWh]

EPT (Year
( ) Annual power generation [kWh/year]

Total CO, emission on life - cycle(g - C)

CO, Emission rate (g - C/kWh) = - -~
Annual power generation [kWh/year]x Lifetime[year]

Annual expence of the PV system[Cent/year]
Annual power generation [kWh/year]

Generation Cost (Cent/kWh) =

EPT means years to recover primary energy consumption throughout its life-cycle by its own
energy production. CO, emission rate is a useful index to know how much the PV system is
effective for the global warming.

3.2 Case Studies

Case studies were assumed for three cases. The first case was using a commercial poly-crystalline
silicon solar cell module. The second case was a commercial a-Si solar cell module. The last case
was thin-film silicon solar cell module with twelve percent efficiency, which is being developed.
For this calculation, material data is referred from a NEDO report !, The module specifications
used in this study are shown in Table 2, 3.

Table 2 Case studies list

Module Kyocera KC 120S Kaneka LSU Near future case
(Reference)
Cell type Poly Crystalline Si Amorphous Si Thin-film Si
Efficiency 12.8 % 6.9 % 12.0 %
Array type Fixed flat plate system
Evaluation type Economic, environment
Index Cost, EPT, CO, emission rate
Site Gobi (China)




Table 3 Kaneka LSU module specification

Nominal power 58 W
Efficiency of module 6.9 %

Height, Width 920 mm, 920 mm
Weight 12.5 kg
\oltage MPP 63.0V
Current MPP 0.92A
\oltage open circuit 85.0V
Current short circuit 1.12A
Coefficient of voltage -243.0 mV/°C
Coefficient of current +0.80 mA/°C
Coefficient of power -0.22 %/°C

Ref: Photon int’l magazine

4. SYSTEM PLANNING

All parts of a 100MW VLS-PV system were designed based on concept of LCA. The design
assumptions are explained as follows.

4.1 Installation Area
Major desert, Gobi was chosen for installing VLS-PV system. A desert area is suitable for PV
system in view of irradiation and land capacity.

Both irradiation and ambient temperature data referred from World Irradiation Data Book!1! were
used for system designs, as shown in Table 4. When the installation sites have no direct and diffuse
irradiation data, the direct and diffuse irradiation data were estimated from global irradiation data
by using Liu-Jordan model. Finally in-plain irradiation data was obtained by using rb model, Hey
model and isotropic model.

4.2 System Assumptions
VLS-PV systems were designed based on the following assumptions.

1) Total capacity is about 200MW, which consists of four sets of 25MW unit field. A 25MW unit
consists of 50 sets of 500kW unit system.

2) South-faced fixed flat array structure, one axis E-W tracking array structure and foundation are
designed. Wind pressure and earthquake are also taken into account.

3) System performance ratio, as shown in Table 4, is assumed considering operating temperature,
degradation, load matching factor, efficiency factor, inverter officiating and so on.

4) The system lifetime is assumed to be 30 years.

5) Module price is fixed. Modules in practical use are assumed 4.0 USD/W. Thin-film module
price in near future is supposed at 1.0 USD/W.

6) Inverter price and array tilt angle are given as valuable parameters. The four levels of inverter

Table 4 Geographic information for Gobi desert

Location Hohhot (40°N 111°E)
Performance ratio (PR) 0.78
Ambient temperature [°C] 5.8
Tilt angle=10° 1,854
In-plane Tilt angle=20° 1,964
irradiation Tilt angle=30° 2,026
Tilt angle=40° 2,037
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unit price of 500kW is also set to 0.136 [million USD] for module price 4.0 USD/W, 0.159 for
3.0, 0.181 for 2.0, 0.204 for 1.0. Interest rate is asssumed to be 3%/year. And
7) Land preparation is considered.

4.3 Transport

Array support and foundation are produced in China, and other system components such as
modules, cables and inverters are manufactured in Japan. All the components are transported to the
installation site by marine and land transport.



4.4 Operation and Maintenance

1) The method of operation and maintenance are calculated in view of experience of real PV
system model, or PV-USA project [2!.

2) Three shifts of three operator team work in 100MW PV station. One team works in
maintenance, and the other teams operate for alternation.

3) 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.

4) Decommission stage is not included in this study.

5. DESIGNING VLS-PV SYSTEMS

5.1 Array support structure and foundation

Fig.2 shows the basic structure of array support for 30 degree tilt angle. Top of foundation form
ground is 0.1 m and the lowest position of module is 0.2 m from the ground. It is assumed that
array support is made of zinc-plated stainless steel (SS 400), and thickness of several types of steel
material are chosen according to stress analysis assuming that the wind velocity is 42m/s (based
upon the Design standard of structure steel %! by the Japanese Society of Architecture).

Cubicle foundations made of concrete are applied. Its rectangular solid is about 0.8 m each
considering the design standard of support structure for power transmission by the Institute of
Electrical Engineering in Japan. Material composition of the concrete is determined in order to
obtain 240 kg/cm? of concrete strength; 347 kg/m®, 603 kg/m3 sand, 11,180 kg/m3 gravel and 170
I/m® water. Fig.3 shows layout of array unit which is shown as Fig.2. It is based on “assumption
1)”.

5.2 Wiring

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.

5.3 Transmission

Electric transmission system is assumed 100 km, 2 channels and 110 kV for connecting to existing
transmission. It consists of steel towers, foundations, cables and grand wires. They are considered
wind velocity 42 m/s. After calculations, cables and ground wires are decided TACSR 410 sq and
AC 70 sq, 22.0 ton steel towers and 22.1 m* foundations are required 334 towers with foundations
for 100 km transmission.

6. EVALUATION RESULTS

By using the results of the system design and operation and maintenance, a life-cycle of
amorphous-Si and thin-film-Si 100MW VLS-PV systems in the world deserts were evaluated in
terms of life-cycle cost, energy and CO2 emission. Summary of results are shown in Table 5. Table
6 shows annual power generation and system capacity of each system.

6.1 System Component

The 100MW VLS-PV systems using amorphous module in the Gobi deserts are designed on the
basis of the above assumptions. Table 5 shows example of result. This system required 4.4 km?
land area which is twice as much as poly crystalline case. Array support requirement is 19
thousand ton steel, and foundation needed 252 thousand ton concrete. Land requirement is



Table 5 System components (30 degree case)

Thin-film

Module Unit KC120S LSU (Kaneka)  module
(Kyocera) .

in near future
Assumed module price USD/W 4.0 4.0 1.0
Module 10° 840 1,890 1,050
Area km? 2.2 4.4 2.5
Array support ton 9,658 19,063 10,590
Foundation kton 136 252 140
Cost U.S.Cent/kWh | 17.7 18.8 6.5
EPT year 1.8 2.6 1.6
CO2 emissions rate g-C/kWh 12.8 17.8 10.5

Table 6 Estimated annual power generation and system capacity

Annual power generation [GJ] System capacity [MW]
Tilt angle= 10 20 30 40
Poly-Si 147 156 161 162 100.8
a-Si 158 168 173 174 109.6
Thin-film module in near future 154 163 168 169 106.6
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Fig .4 Annual cost for a-Si case (30 degree case)

considered due to spacing between PV arrays. If thin-film module efficiency reaches twelve
percent, these items are reduced drastically. Land requirement is 2.5 km2, Array support is 11
thousand ton steel, and foundation is 140 kton.

6.2 Cost Estimation

In this study, both investment cost and O&M cost of 100MW PV system for each installation
systems were estimated to obtain generation cost. Total investment cost includes labor cost for
system construction as well as system component cost. Fig.4 shows annual cost for current a-Si
module and developed a-Si module in near future. Majority of both annual cost is PV module, and



second majority is BOS. In other words, if the module price reduces one USD/W, module cost is
still majority. There are much differences of BOS and transportations between both systems.
Because higher efficiency of developed module reduce requirement of modules, arrays,
foundations and so on. Amorphous module system is a little higher than poly crystalline case, but
its difference is very small. When thin-film modules are developed in near future, the generation
cost of 1 USD/W module price reaches 6.5 cent/kWh.

6.3 Energy and CO2 Emission Analysis in Gobi desert
Fig.5 shows required energy and energy payback time of each system. Energy Payback Times
(EPT) for each system were estimated by using LCA. In case of poly crystalline silicon solar
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module, EPT is 1.8 years, and 2.6 year of EPT is obtained for amorphous silicon solar modules.
With developed thin-film silicon solar module, EPT should be obtained 1.6 years. These are
difference between EPTs. However, if these EPTs are compared from its life-time, their values are
very small. These systems must be said they can produce much energy than its required energy in
its life-cycle. Majority is Array support in a-Si case and thin-film case, and second majority is PV
module, because of its efficiency.

Three kinds of modules are assumed for 100 MW VLS-PV systems, and their CO2 emissions are
estimated. It is 12.8 g-C/kWh for poly crystalline silicon case, 17.8 for amorphous silicon case,
and 10.5 for new thin-film technology. Majority of all systems is array support. In case of a-Si,
CO2 emissions of array support is very high if compare poly crystalline case. However, if
thin-film-technology is developed more, total CO2 emission will be decrease drastically.

7 CONCLUSION

100MW Very Large-Scale power generation systems installed in the Gobi desert was designed and
its potential was evaluated from economic and environmental viewpoints. Assuming 4.0 USD/W
of amorphous PV module price and 3% of annual interest rate, generation cost was estimated 18.8
U.S.Cent/kWh in Gobi desert. From an environmental view point, Energy Payback Time was
obtained 2.6 years, and CO2 emissions rate was also obtained 17.8 g-C/kWh. Amorphous silicon
solar module requires lower energy than crystalline module to produce. But in case of VLS-PV
systems for desert area, total energy requirement of amorphous silicon module was higher than
poly crystalline silicon module because of its efficiency. However, thin-film silicon module is now
being developing very much, and it will be more developed in near future. So we assumed
thin-film silicon module with twelve percent efficiency, and evaluated it from the same method,
LCA. 6.5 U.S.cent/kWh generation cost, 1.6-year EPT, and 10.5 g-C/kWh CO2 emissions rate
were obtained.

These results suggest that the total energy requirement throughout the life-cycle of all VLS-PV
systems considering production and transportation of system components, system construction,
operation and maintenance can be recovered in a short period much less than its lifetime.
Therefore VLS-PV system is useful for energy resource saving. The much lower CO2 emission
rate of VLS-PV than that of existing coal-fired power plants means that it is a very effective
energy technology for preventing global warming.

Anyway, new thin-film technology is now developing drastically. Especially, Kaneka hybrid
module is remarkable. Thin-film technology is expected for energy resource reduction and cost
reduction. We hope expected thin-film module comes in very near future.
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ABSTRACT

A desert has a large unused land that is available for
very large-scale photovoltaic generation system (VLS-PV
system). Additionally, from a point that the desert has a
strong solar irradiation, the desert is so much the better for
VLSPV system. VLS-PV-system has been studied in
order to resolve the world energy problems. This study
has defined conditions for suitable land for installing
VLS-PV system as part of a project of VLS-PV system.
Basic requirements for the land selection are considered
that surface should be flat and rigid. This work has
indicate that a detail classification algorithm to find
suitable land by using remote sensing approach. Gobi
desert has researched as the object of this study. Authors
investigated al of the Gobi desert by anayzing satellite
images. In addition, the analyzed results have modified by
actual ground truth. It is concluded that the Gobi desert
has a big potential of aresource for VLS-PV system.

1. Introduction

The energy demand in the world is continuing to
increase with the economic growth in the world, and the
increase  in  population. In  addition, various
environmental problems, such as globa warming,
desertification, and acid-rain issue will also increase in
connection with it. On the basis of such background,
large-scale photovoltaic generation system (VLS-PV
system) are treated as important from the point which
does not discharge carbon dioxide at the time of power
generation. And VLS-PV system can provide a source of
megawatt class electricity. In order to save the energy
problems, a planning of large-scale PV system installed
in adesert has been studied. Irradiation in adesert is very
strong, it is a suitable land area for large-scale PV system.
Therefore former project is thought that play an
important role in a future energy source. However very
unstable land like a sand dune is not suitable for
installation of PV system. The area which is suitable for
PV system is not a sand desert but a conglomerate desert.
The conglomerate desert consists of flat land and arid
area. Consequently, estimation for suitable land is needed.
The Gobi desert has researched as the object of this study.
Authors investigated all of the Gobi desert by analyzing
satellite images. In addition, Authors established the
method of selecting the land which can install aVLS-PV
system.

2. Method and Results

21 Subject Area and Remote Sensing

Subject area for this study has located in the Gobi
desert. Gobi desert is very vast. In addition, Gobi desert
has many types of land surface. An analyzed satellite
image is a JERS-1 image. JERS-1, an earth observing
satellite that provides global coverage, is used for
national land surveys, agriculture and forestry
assessment,  environmental protection,  disaster
prevention, and coastal monitoring, with a focus on
resource management. Forest zone and removing area
such as a sand dune zone is not most suitable zone, it is
the priority matter of this study.
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2.2 Vegetation Index

First, Authors calculated a Modified Soil Adjusted
Vegetation Index (MSAVI) in order to get to know more
about vegetation state of whole test zone. MSAVI was
calculated using reflectance values from two channels
(NIR:860nm, RED:672nm). The MSAVI comprises
density and quantity of vegetation. the Modified Soil
Adjusted Vegetation Index was developed by Qi et al'?.
2NIR +1-+/(2NIR +1)? -8(NIR - RED) (1)

2

We list the necessary care to be taken and problems
encountered on applying MSAVI. The problems lie in
variation in MSAVI by the difference in date of satellite
images. In order to correct the defect, authors estimated a
season variation of MSAVI. Season variation of MSAVI
was estimated by consideration of three images which
are same area but differencein date (Fig.2).

0.25
0.20 |

MSAVI =

015 |
0.10 |

s o005 i

% o.00

2 oo0s A
-0.10
-0.15 r/*//'/ —
-0.20
-0.25

APR MAY JUN JUL AUG SEP OCT NOV DEC

Fig.2 Season variation of MSAVI
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23 Classification of the Gobi Desert
Secondly, authors classified the surface of Gobi
desert into six patterns from satellite image according to
Visual Evaluation Standard (VES) of Natura Color.
Natural Color image is a composed image with blue and
red filters applied on in two visible bands and a green
filter on in a near-infrared band. Forests and grasslands
displayed in bright green and city areas, in magenta. It is
different from actual color. At this point, six patterns are
shown below.
1: conglomerate desert
2 : dune or desert steppe 5: snow or cloud
3 : desert steppe or steppe 6 : awater or shadow

authors classed surface of Gobi desert into six
patterns with the use of Maximum Likelihood Classifier
(MLC). MLC isknown as a classification technique.

C: classification class

1 1
L(x0) =Kexr{—dzm (%, C)} )
(2 /2\ cV\}/z 2 L(xc) : likelihood

d?(x,c) : Maharanobis distance
<V: covariance matrix

4 : forest

these parameters were decided asin Table.1.

Table 1. Parameters of MLC

band1/band2] band2/band3|band1/band3
dune_or_desertsteppe 0.78 1.12 0.87
gobi 0.82 1.26 1.04
desertsteppe or_steppe 0.74 1.03 0.76
forest 0.90 0.65 0.57
snow_or_cloud 1.00 1.00 1.00
shadow 1.02 1.40 1.43
water 1.43 2.45 3.54

24 Filtering of Satellite Image

Suitable areas for PV system installation must be a
flat surface. Edge lines of mountain, river, and
undulating plains were extracted with the use of
Laplacian filter for band3. In addition, the processed
image was divided into white and black color by
threshold level and morphology filter. Morphology filter
includes dilation and erosion. Threshold level is decided
by number of pixels from either end of histogram for
processed images. Authors set the number of pixels at 10
percent of the all number of pixels. The area shown
white as in Fig.6 exist edge, and the area shown black
indicate flat areas. This algorithm depends in good part
on ground resolution, and authors estimate that the more
ground resolution is higher, the more fine edge line can
be extracted.

25 A Resour ce Evaluation of PV System
Estimation of the PV system installation for suitable
land was evaluated by integrating with three processed
images, i.e. the image which was presumed as suitable
land by MSAVI, the image which was presumed as not
suitable land by MLC, and the image which was suitable
land by edge lines extraction. Green areas as in Fig.3,4
show the suitable land of the PV system installation.
With these methods, the area percentage for suitable land
was estimated at 40 percent. From this result, it is able to
forecast that PV system installation for suitable land is
very large and have big potential possibilities of electric
power generation.
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2.6 Actual Ground Truth

Authors examined the accuracy of estimated results
by actual ground truth. Ground truth operation compares
estimated result with actual field examination by using a
GPS receiver. Fig.5 shows this result. Red line displays
track of ground truth, and green points display actual
field photograph as in right figure. The green point
number indicates a photograph number. Actually,
evaluated point ("3") as"S rank" indicated suitable area
which was estimated by classification algorithm.
Therefore, sufficient results were obtained.

Pidure

Latitude | Longitude | Time [Evaluation

1 43.09254| 102.083510:37:55|

43.12416| 102.0531 | 15:06: 20|

3 43.19209| 102.0659 [ 15:45:09|

Fig.5 examine the accuracy of estimated results
3. Conclusion
Authors demonstrated an efficacy of technique for
investigating the suitable area of PV system installations
by using remote sensing. It is concluded that this
proposed method can provide sufficient information for
the planning of PV system installations. Additionally, a
potential of solar photovoltaic generation system in the
Gobi desert has evaluated about all of the Gobi desert.

At the end, the author would like to express his
sincere gratitude to Mr. Amar, who provided related data.
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ABSTRACT

An evaluation method which can reveal the
performance of operation such as the performance ratio with
a very few kinds of data is important. The authors have
developed an available method to estimate performance
ratio monthly using only system output power data item
with Japanese weather observation data. For demonstrating
to be availability of this method, in this paper, we evaluated
monitoring data obtain from citizens’ projects for installing
PV systems.

1. Introduction

Beside the government subsidizing system to
residential PV installation (120,340 houses by FY 2002),
environment-conscious citizens have been introducing
renewable energy to their life under several independent
original projects with monitoring performance data. Those
activities are worthwhile projects, and data are necessary to
be effective utilization. Most of monitoring systems,
however, are simplified equipments that measure only one
parameter, system output power (AC power), because
precise equipments - radiometric sensors - seem to be
expensive, and measuring several data exactly is difficult -
especially irradiation data. In this case, evaluations using
monitoring data are restricted, and only observe the
fluctuation of system output power under the natural
condition. Consequently, the evaluation method which can
reveal the performance of operation such as the performance
ratio with a very few kinds of data intends to be important.
The authors have developed an available method as the part
of the sopsisticated verification method [1] to estimate
performance ratio monthly using only system output power
data item with Japanese weather observation data. For
demonstrating to be availability of this method, in this paper,
we evaluated monitoring data obtain from citizens’ projects
for installing PV systems.

2. Movements of citizens for introducing PV systemsin
Japan

In Japan, green citizens activize diffusing PV

systems to their life under their original projects with

monitoring performance data. As one of such movements, in

1997 the Seikatsu Club Consumers' Cooperative (SCCC)

795

commenced subsidizing system for residential PV in the
Tokyo Metropolitan area by a fund from an electric utility,
Tokyo Electricity Power Company (TEPCO). A large
number of houses have introduced PV systems from 1997
through 2000: (The total of 77 houses in FY1997 and 55 in
FY 1998). Subsidy is given 1.5 million yen to PV capacity
of 2.5 kW or larger and 1 million yen to 2-2.5 kW according
to 1998 rule. These experiences are now co-owned by
Renewable Energy Promoting People’'s Forum (REPP), joint
organization among relating citizen’s institutions, and which
have been collecting monitored data for 4 years. In REPP’s
case, each PV systems are monitored by two kinds of
measuring system, i.e., simplified monitoring and precise
monitoring. The simplified monitoring is specified by the
following data for measured every 10 seconds and collected
every 30 minutes: PV system output; energy to utility, and
energy from utility. The precise monitoring consists of data
for every 2 seconds and collected 10 minutes including
irradiation, module temperature, inverter real power,
inverter apparent power, inverter rms voltage, inverter rms
current, inverter reactive power, inverter power factor,
utility real power, utility apparent power, utility rms voltage,
utility rms current, utility reactive power, utility power
factor, inverter power factor, load real power, load apparent
power, load rms voltage, load rms current, load power factor,
load reactive power, inverter output energy, energy from
utility, energy to utility, load energy, and overall efficiency.
Presently, operational data are available from systems, 10
precise sites and 112 simplified sites in 8 prefectures around
Tokyo up to now. Renewable Energy Promoting People's
Forum in West Japan (REPW) plays an active role part in
West Japan and support to establish PV system to their
houses in collaboration with the electric utility company,
Kyushu Electric Power Co., Inc. The monitoring systems are
the same as REPP has two kinds of systems and collect data
using remote communication tool, PHS. The total of 63
systems - 15 precise one and 48 simplified one - have
established from FY 1998 through FY 2001.

3. The evaluation method by using only system output
power as monitoring data item

The authors have developed the available method to

estimate the performance ratio monthly everywhere in Japan

using system output power data with Japanese weather
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observation data such as Automated Meteorological Data
Acquisition System (AMeDAS) and surface weather
observation administered by Japan Meteorological Agency
(JMA) that are obtainable via CD-ROM every month.
Although the monitoring data is available for only system
output power, this method can demonstrate the performance
ratio monthly, which needs irradiation data with system
output data. In this method, the essence is that the irradiation
data is alternated by estimated data from AMeDAS and
actual measuring data from JMA. The estimation model of
irradiation from AMeDAS adopts the Akasaka and
Ninomiya model, which can estimate hourly irradiation data
by using duration of sunshine data. This model facilitates to
obtain extremely precise data under the fine weather
condition, but under the fluctuating weather and clouding
are necessary to improve the model or consider the new
estimation method. On the other hand, JMA observes actual
measuring data of horizontal irradiation every hour, but
there are 64 observation stations for JMA in spite of 860
stations for AMeDAS around Japan. Both of them has
somewhat lack of utility to alternate irradiation data;
however, combining data of each benefit under available
weather conditions can afford to estimate irradiation all over
the site in Japan. For AMeDAS, the rate of possible
sunshine reveals accuracy for estimating irradiation, and
which separated the condition bound 0.4. While the rate of
possible sunshine is under the condition of less than 0.4,
hourly data would rather let actual data in JMA alternate
than estimate by using AMeDAS. Figure 1 shows the flow
chart of estimating irradiation method as mentioned above.
Figure 2 gives the estimation result for certain previous
sites under REPP project, which measure irradiation data
each, so that the result estimated by this method is compared
with actual measuring data of performance ratio. The result
demonstrates that the relative error of performance ratio
between estimation and actual in almost all of the months
are under 10 % intends to be available to estimate it.

4. Resultsand discussion

Figure 3 displaies results of flatulency distribution
for performance ratio, which are estimated in regard to the
simplification measuring systems - REPP (53 sites) in FY
2000 and REPW (34 sites) through 2001/10 t02002/3 - by
the method developed in our lab. The mean of performance
ratio is around 60 - 70%, but certain sites has under 50 % of
it, and seem to be something trouble, which has been
indiscoverable until this point. While those systems collect
only system output power, the result elucidates significant
information about the operational status of PV systems. In
fact, only the performance ratio cannot manifest their
problem; nevertheless, the information is useful for the early
detection of component fault and helpful for improving
system reliability. Once PV systems are established on site,
the performance of them has been unapparent with
observing only system output power due to the fact that
irradiation and temperature influence on PV systems
saliently and are unpredictable factors. According to this
method, PV systems can be observed themselves operating
and intend to be able to drive on for 20 or 30 years
sufficiently.
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‘ Select AMeDAS station ‘

‘ Obtain metrological data ‘

The rate of possible sunshine is No
over 0.4 -
Select JMA sataion
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Estimate hourly
irradiation data

Integrate data monthly

‘ Calculate the performance ratio ‘

Obtain actual
measuring data
|

Figure 1: The flow chart of the estimation method for
monthly performance ratio
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ABSTRACT

An evaluation method which can reveal the performance of operation such as the
performance ratio with a very few kinds of data is important. The authors have developed an
available method to estimate performance ratio monthly using only system output power data item
with Japanese weather observation data. For demonstrating to be availability of this method, in this
paper, we evaluated monitoring data obtain from citizens’ projects for installing PV systems.

KEYWORDS

Photovoltaic, Photovoltaic system, Evaluation, Monitoring, Field Test, The SV method, Losses,
Parameter analysis method, Evaluation method

1. INTRODUCTION

Beside the government subsidizing system to residential PV installation (120,340 houses
by FY 2002), environment-conscious citizens have been introducing renewable energy to their life
under several independent original projects with monitoring performance data. Those activities are
worthwhile projects, and data are necessary to be effective utilization. Most of monitoring systems,
however, are simplified equipments that measure only one parameter, system output power (AC
power), because precise equipments - radiometric sensors - seem to be expensive, and measuring
several data exactly is difficult - especially irradiation data. In this case, evaluations using
monitoring data are restricted, and only observe the fluctuation of system output power under the
natural condition. Consequently, the evaluation method which can reveal the performance of
operation such as the performance ratio with a very few kinds of data intends to be important. The
authors have developed an available method as the part of the sophisticated verification method [1]
[2] to estimate performance ratio monthly using only system output power data item with Japanese
weather observation data. For demonstrating to be availability of this method, in this paper, we
evaluated monitoring data obtain from citizens’ projects for installing PV systems.



2. MOVEMENTS OF CITIZENS FOR INTRODUCIND PV SYSTEMS IN JAPAN

In Japan, green citizens activize diffusing PV systems to their life under their original projects
with monitoring performance data. As one of such movements, in 1997 the Seikatsu Club
Consumers' Cooperative (SCCC) commenced subsidizing system for residential PV in the Tokyo
Metropolitan area by a fund from an electric utility, Tokyo Electricity Power Company (TEPCO).
A large number of houses have introduced PV systems from 1997 through 2000: (The total of 77
houses in FY1997 and 55 in FY 1998). Subsidy is given 1.5 million yen to PV capacity of 2.5 kW
or larger and 1 million yen to 2-2.5 kW according to 1998 rule. These experiences are now
co-owned by Renewable Energy Promoting People’'s Forum (REPP), joint organization among
relating citizen’s institutions, and which have been collecting monitored data for 4 years. In
REPP’s case, each PV systems are monitored by two kinds of measuring system, i.e., simplified
monitoring and precise monitoring. The simplified monitoring is specified by the following data
for measured every 10 seconds and collected every 30 minutes: PV system output; energy to utility,
and energy from utility. The precise monitoring consists of data for every 2 seconds and collected
10 minutes including irradiation, module temperature, inverter real power, inverter apparent power,
inverter rms voltage, inverter rms current, inverter reactive power, inverter power factor, utility
real power, utility apparent power, utility rms voltage, utility rms current, utility reactive power,
utility power factor, inverter power factor, load real power, load apparent power, load rms voltage,
load rms current, load power factor, load reactive power, inverter output energy, energy from
utility, energy to utility, load energy, and overall efficiency. Presently, operational data are
available from systems, 10 precise sites and 112 simplified sites in 8 prefectures around Tokyo up
to now. Renewable Energy Promoting People's Forum in West Japan (REPW) plays an active role
part in West Japan and support to establish PV system to their houses in collaboration with the
electric utility company, Kyushu Electric Power Co., Inc. The monitoring systems are the same as
REPP has two kinds of systems and collect data using remote communication tool, PHS. The total
of 63 systems - 15 precise one and 48 simplified one - have established from FY 1998 through FY
2001.

3. THE EVALUATION METHOD BY USING ONLY SYSTEM OUTPUT POWER AS
MONITORING DATA

The authors have developed the available method to estimate the performance ratio monthly
everywhere in Japan using system output power data with Japanese weather observation data such
as Automated Meteorological Data Acquisition System (AMeDAS) and surface weather
observation administered by Japan Meteorological Agency (JMA). Although the monitoring data is
available for only system output power, this method can demonstrate the performance ratio
monthly, which needs irradiation data with system output data. In this method, it is essence that the
irradiation data is alternated by estimated data from AMeDAS and actual measuring data from
JMA.

3.1 JAPANESE WEATHER OBSERVATION DATA

JMA observes actual measuring data of horizontal irradiation every hour, but there are 64
observation stations in Japan. In contract, AMeDAS has 860 stations around Japan, in which the
duration of sunshine data is measured instead of irradiation data. The measuring data are
obtainable via CD-ROM every month, and AMeDAS data can be obtained on line.

3.2 THE ESTIMATION MODEL FOR IRRADIATION

The estimation model of irradiation from AMeDAS adopts the Akasaka and Ninomiya model
and Itagaki model, which can estimate hourly irradiation data by using duration of sunshine data.

2



For confirmed accuracy of estimation model, measured data at JMA is available since duration of
sunshine and horizontal irradiation is monitored there. Figure 1 is illustrated estimation results
under the clear weather, Figurel (a), and the cloudy day, Figurel (b). Also, Table 1 shows Root
mean square error (RMSE) and absolute error of estimation result under the several weathers,
respectively. This model facilitates to obtain extremely precise data under the fine weather
condition as shown Figure 1. In addition, the accuracy of estimation result is different under the
rate of sunshine (ROS) as shown in Figure 2. This chart is box chart which indicates that the line
on the middle of box is the average value, and the 50% of all data is included in the box. The end
of line value which is connected with boxes includes resultant data of 75%, and plots mean the out
of order in compliance with the statistical law. As a result, the ROS reveals the accuracy for
estimating irradiation, and which is separated the value bound 0.4. Under the less than 0.4 of ROS,
the accuracy is lower than the condition over 0.4 of ROS. Consequently, it is necessary to improve
the model or consider the new estimation method under the fluctuating weather and clouding such
as less than 0.4 of ROS.

Table 1 Estimated error, RMSE and absolute error, each weathers

Weathers Date Sunshine time | Rate of sunshine | RMSE | Absolute error
Clear 2000/1/1 8.7 0.91 0.0096 -0.081
Fine 2000/8/10 8.8 0.65 0.0082 0.217
Cloudy | 2000/7/5 8.0 0.56 0.0105 0.113
Cloudy | 2000/6/10 0 0 0.0187 0.418
Rain 2000/4/5 0 0 0.0149 -0.433
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Figure 1. Comparison between monitoring and estimated data
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On the other hand, JMA observes actual measuring data of horizontal irradiation every
hour, but there are 64 observation stations for JMA in spite of 860 stations for AMeDAS around
Japan. Therefore, measuring data on JMA is different with the target sites by the distance. The
cloudy weather, however, is caused by covered the cloud over certain area, and the influence of the
distance seems to be negligible. In Table 2, the number of date under the condition less than 0.4 of
ROS at Tateno station, one of JMA sites, and AMeDAS sites. Moreover, the accordance ratio of
days is calculated between Tateno and AMeDAS sites. The RMSE of ROS is also calculated at
respective accordance days and discordance days. On the condition the less than 0.4 of ROS, the
resultant is indicated that the difference of irradiation does not depend on the distance of each sites
significantly. While the rate of possible sunshine is under the condition of less than 0.4, hourly
data would rather let actual data in JMA alternate than estimate by using AMeDAS.

Table 2. The accordance ratio of the weather between Tateno and AMeDAS sites

Dist l\(ljumlber o;: date l\éumt%er Iof dart1e SE of ROS SE of ROS
: Istance |under less than 0.4 |under the less than RMSE of R RMSE of R
Sttes of from Tateno of ROS 0.4 of ROS Accgrdf;mce at the at the
AMeDAS [km] (AMeDAS) (Tateno) ratio [%] |accordance day |discordance day
[Days] [Days]
Nagamine 0 162 162 100 0 0
Tsuchiura 8.5 177 159 89.8 0.07 0.27
Tsukubasan 18.9 195 154 79.0 0.10 0.52
Shimozuma 20.4 172 154 89.5 0.09 0.28
Kasama 37.7 159 146 91.8 0.08 0.23
Funabashi 39.2 177 154 87.0 0.09 0.31
Furukawa 40.1 179 148 82.7 0.10 0.38
Koyama 41.0 173 147 85.0 0.10 0.34
Mito 47.2 151 139 92.1 0.08 0.26
Maoka 48.3 160 143 89.4 0.09 0.33
Chiba 50.6 164 146 89.0 0.08 0.37
Tokyo 52.5 169 149 88.2 0.08 0.31
Urawa 52.6 174 151 86.8 0.10 0.32
Tatebayashi 56.8 160 140 87.5 0.10 0.31
Utsunomivya 59.3 164 142 86.6 0.10 0.30
Toriyama 65.8 136 125 91.9 0.10 0.32
Kumagaya 67.9 142 132 93.0 0.09 0.32
Ushiku 73.4 196 154 78.6 0.10 0.41
Hitachi 76.4 172 144 83.7 0.11 0.35
Kisarazu 77.9 171 144 84.2 0.11 0.48
Yokohama 81.0 154 134 87.0 0.09 0.49
Isezaki 91.3 146 122 83.6 0.11 0.42
Chichibu 95.0 155 131 84.5 0.10 0.34
Ebina 96.3 193 148 76.7 0.12 0.43
Tsujido 102.3 180 144 80.0 0.11 0.47
Maebashi 103.1 136 120 88.2 0.11 0.41
Kamitatsuno 119.0 170 140 82.4 0.12 0.41
Konahama 120.1 145 125 86.2 0.12 0.36
Odawara 1255 167 133 79.6 0.12 0.49

Both of them, AMeDAS and JMA, has somewhat lack of utility to alternate irradiation
data; however, combining data of each benefit under available weather conditions can afford to
estimate irradiation all over the site in Japan. Figure 3 shows the flow chart of the new estimating
irradiation method as mentioned above. As usual, irradiation data at the target system are estimated
by using data at neighboring AMeDAS. If ROS is less than 0.4, irradiation of JMA is substituted.
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Figure 3. The flow chart of the estimation method for monthly performance ratio

Estimation results are demonstrated in Figure 4. Monitoring data are obtained at 65 sites
in Japan because the duration of sunshine and irradiation are measured at JMA site. The proposed
method can estimate horizontal irradiation due to fact that the average of error is less than 10%
every month. Figure 5 gives the estimation result for certain previous sites under REPP project,
which measure irradiation data each, so that the result estimated by this method is compared with
actual measuring data of performance ratio. The performance ratio can be evaluated by estimating
in-plain irradiation data with system output data each site. The result demonstrates that the relative
error of performance ratio between estimation and actual are under 10 % in almost all of the
months. It intends to be available to estimate it the same as the average of error on estimating
horizontal irradiation.

| Box: +50% line :+75 % plots: Out of order |
SO T T T T T T

error[%]

P N W s~ 0O N

Month

Figure 4. Estimation result of monitoring data are obtained at 65 sites in Japan
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4. RESULTS AND DISCUSSION

Figure 6 displays results of frequency distribution for performance ratio, which are estimated
in regard to the simplification measuring systems - REPP (53 sites) in FY 2000 and REPW (34
sites) through 2001/10 t02002/3 - by the method developed in our lab. The mean of performance
ratio is around 60 - 70%, but certain sites has under 50 % of it, and seem to be something trouble,
which has been indiscoverable until this point.
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Figure 6: Frequency distribution for estimated performance ratio
for REPP and REPW sites (2001/4 — 2002/3)

5. CONCLUSION

In this paper, the new evaluation method of PV systems has proposed. This method can evaluate
performance ratio at the target site from system output data by estimated irradiation with Japanese
weather observation data. While PV systems collect only system output power, the result
elucidates significant information about the operational status of PV systems by using proposed
method. In fact, only the performance ratio cannot manifest their problem unlike the SV method
[1]; nevertheless, the information is useful for the early detection of component fault and helpful
for improving system reliability. Once PV systems are established on site, the performance of them
has been unapparent with observing only system output power due to the fact that irradiation and
temperature influence on PV systems saliently and are unpredictable factors. According to this
method, PV systems can be observed themselves operating and intend to be able to drive on for 20
or 30 years sufficiently.

REFERENCE
[1] T. OOZEKI, K. KUROKAWA, et al: “An Evaluation result of PV system field test program”,
WCPEC-3rd (2003)
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ABSTRACT

This paper describes a new experiment equipment of PV
inverters. It is composed of the ultra small scaled-down
network simulator with electronic circuits and an active
power interface (API). For the first step, a scaled-down low
voltage distribution system of a single-phase two-wire type
is developed. It has been tested in case that an ideal current
source is connected instead of a PV inverter. As results of
experiments, fundamental operations of proposed equipment
have been verified.

1. Introduction

Recently, a number of the grid-connected PV systems
have been rapidly increasing in Japan. In order to connect
PV systems to the grid, it is necessary to test its functions
such as idanding protection, grid protection, circuit
protection, total harmonic distortion (THD) and so on. The
authors have been developed the equipment to test the PV
inverter as experiments at laboratory ™" It is the ultra small
scaled-down network simulator such a low cost and a small
size. Using a specially developed AP, it is possible to
connect actual-size PV inverters to this ultra small
scaled-down network simulator composed of electronic
circuits.

This paper describes the scaled down distribution
network model in the experimental equipment. For the first
step, the scaled-down low voltage distribution system of
single-phase two-wire type is developed. Fundamental
operations of proposed equipment are tested in case that the
ideal current source is connected instead of the PV inverter,
and it outputs 3W.

2. Composition of experiment equipment

The scaled down distribution network model of this
equipment is shown in Fig. 1. It is modeled on Japanese
standard. High-voltage distribution system is composed of
3,000kVA and 6,600V, three-phase three-wire type, and
low-voltage distribution system is composed of 100/200V,
single-phase three-wire type. Low-voltage distribution
system is connected into high-voltage distribution system
through the pole transformer, the capacity of which is
20kVA. Imitated distribution system is composed of the
distribution transformer, the line impedance of high and low
voltage distribution systems, the high voltage load, domestic

799

loads in the low-voltage distribution system, and pole
transformers. The capacitances to improve the phase factor
are applied for adjustment of reactive power. Their
components consist of the electronic circuit such as the OP
amp circuits. Actua PV inverters are connected through API.
Composition of APl is shown in Fig. 2. Fundamental
functions of APl are to transfer electrical properties. Voltage
and current at terminall are transferred to terminal2 side of
the power source side by multiplying factorsof 1/ nand 1/
m respectively. At the same time, teminal2 side voltage and
current have to be transferred to teminall side by
multiplying n and m, vice versa.

For example, the status where a lot of PV inverters are
connected in the distribution system is substituted by the
circuit which is composed of a lot of ideal current sources
instead of PV inverters. Moreover, high voltage loads and
domestic loads are composed of RLC circuit because the
impedance of circuit is variable between inductivity and
capacitive loads.

e Aot PY sysem

Base factor i

Three-phase three-wire type '
3,000kVA, 6,600V

High-voltage distribution system

i Domestic load - gegjed-down
1 PVinverter
L D@

Domestic load |

Power capacitor

[ "LineImpedance box

Distribution
transformer

(0 h 0skm 71
Line Impedance box
AC power source

() Pole transformer
S

P 1om o
a High-voltage distribution line
g Pole transformer

Actual PV system s.c.a;dn" K

PV inverter

Actud PV system

Domestic load

Fig. 1 Composition of the ultra scaled-down network
simulator

3. Fundamental operationstest of experimental equipment

For the first step, the scaled-down low voltage
digtribution system of single-phase two-wire type is
developed as shown in Fig. 3. This system imitates the pole
transformer, the low voltage distribution line, the drop wire,
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and the domestic load. The capacity of the pole transformer
should be reduced from 20kV A to 10V A, and voltage of
it should be reduced from 100/200V to 2/4V due to API
capacity and voltage level of the electronic circuits. By using
these scaling factors, the line impedance and the domestic
load are transferred. The pole transformer is imitated with
sine wave, 50Hz generated by pulse generator. The line
impedance, 0.150+j0.100 [Q], includes the pole transformer,
low voltage distribution line (100m), and the drop wire
(20m). Those components are transferred with the scaling
factors by p.u. method. As a result of calculations, the line
impedance is converted to 0.13+j0.08 [Q]. Voltages at both
API terminals, Vg and Vs, are always controlled in the ratio
of 3 to 1. Currents, Ig and Is, are aways controlled in the
ratio of 5to 1 by API capacity.

In order to test operations of this equipment, the
experiment is performed in such away that the output of the
ideal current source is set at 3W, and resistance 10[Q] is
connected in the domestic load. In this case, voltages at both
API terminals are measured when switch S is open. The
experimental result is shown in Fig. 4. After power
interruption, V and Vs are reduced. The ideal current source
cannot stop because it doesn't have idanding detection
function, although actual PV inverters stop by islanding
detection function. As shown in Fig. 4, Vg and Vs are dways
controlled in the ratio of 3 to 1 before and after power
interruption. In addition, voltage at simulator side terminal is
changed by power interruption, and the variation of voltage
is increased accurately by the feedback control of API to
voltage at PV inverter side terminal. Those results of
experiments revealed verification of fundamental operations
of the proposed equipment.

4. Conclusion

This paper described the scaled down distribution
network model in proposed equipment, and fundamental
operation of it was demonstrated. For the first step, the
scaled-down low voltage distribution system of single-phase
two-wire type was developed and tested. As a result of the
experiment, ideal current sources can equivalently be
connected to distribution network system with electronic
circuits in spite of difference power size each other.
Moreover, PV inverters intend to be connected to the ultra
small scaled-down network simulator if APl capacity is still
larger.

In our laboratory, the small size PV inverter has been
developed such as MIC!2. For the future, it is indicated that
a number of MICs are connected to the proposed equipment
and can be tested under high-density connection.
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Abstract

The purpose of this study is developing PV modules absorbing electromagnetic waves.

In Japan, a lot of urban high-rise buildings stand in towns, for this reason, ”Picture ghosting” occurs
remarkably, which is generated by electromagnetic waves reflected at walls of buildings. In order to
prevent this issue, the authors suggest that PV modules, which are used as outer walls of the buildings,
have characteristics of absorbing electromagnetic waves. The method of absorbing is PV modules have
characteristics of reciving antennas. In this papar, the authors explain the antenna characteristics of the
PV module, which have a structure of Loop-antenna in itself (CL Module)

By changing the arrangement and wiring cells, the loop length is formed in CL module. The antenna
potential of CL Module was simulated by FDTD method. As a result, the gain was bigger than normal
antennas, and the radiation pattern of the antenna was improved in such a way that the terminal was set at
the center of feeding edge. This radiation pattern is available to solve electromagnetic wavess issues
couse at walls of the buildings.

For the future, the authords will design and analyze the most appropriate wiring cells as regard to
antenna characteristics and electricity generated by the PV module.

Keywords: Picture ghosting, FDTD method, Loop-antenna, CL module

1. Introduction

“Picture ghosting” is one of various TV waves obstacles, which is generated by time gap of direct
waves from a TV waves tower and waves reflected at walls of buildings. In Japan, a lot of urban high-rise
bhildings stand in towns, therefore, various reflective waves are generated and the TV interference occurs
remarkably. The cost of countermeasure for this phenomenon is very high, for example, wave absorbers
are set at walls of the buildings. For this reason, the solution of this issue is delayed. On the other hand,
concerning natural energy, photovoltaic (PV) modules have been spread because of rising international



consciousness to “Warming phenomenon”. Especially, in Japan, PV modules are increasing to use as
outer walls for reason of aesthetic value, durability, easy maintenance, needless to say, and reducing cost.
The authors have attention to these circumstances and suggest the method of preventing “Picture
ghosting” by PV modules. The purpose of this study is designing and developing the PV modules
absorbing TV waves. The Solution of the electromagnetic waves issue by using PV modules is to give
another added values and contributes to spread the PV systems.

Absorption!!

* Reflective wave

Direct wave

Picture ghosting!!
Fig.1 Fundamental principal of “Picture ghosting”.

2. The absorption method by the CL Module

PV modules should have characteristics of receiving antennas due to prevent “Picture ghosting”
itself. As adding the structure of antennas to PV modules, Loop-antenna was adopted considering gain,
radiation pattern and the relation of the target frequency to the size of cells. Loop-antenna shows a good
receiving performance on the condition that the loop length is equal to the wavelength of the target
electromagnetic waves. Therefore, by changing the arrangement and wiring cells, the loop lengh is
formed in the PV modules, and they had characteristics of Loop-antenna (CL Module ; Cell Loop
Module).

In Japan, VHF band is used as TV waves. The frequency band is 100 to 200MHz, changing to
wavelength, 1.5 to 3m. In order to match to the target frequency, additionally considering the dielectric
constant of EVA, CL Module has 1.2m loop length which consists of eight cells (The size of edge is
15cm ; 15cm *8 = 1.2m).

Changing the arrangement and
wiring solar cells

15cm

Loop length is 1.2m
I:I to match to VHF.

Fig.2 CL Module



3. Analysis by FDTD method
3.1 FDTD method

On this present study, FDTD method was used due to analyze CL module.

As a method of computing electromagnetic, Moment method and Finite element method have been
used. Recently, FDTD (Finite Difference Time Domain method) method is used generally, which is
analyzing electromagnetic in time domain by differing Maxwell’s equations.

Maxwell’s equations are shown below.

VxE(r,t)=-B0Y (1)

VxH(rt)= —8D(tr’t)

+J(r,t) (2)

The analysis environment of FDTD method and the flow chart are shown at Fig.3 and Fig.4. First
step, analysis field is prepared surrounding wave sources and scatterers, and divided into a lot of minute
rectangular solids (cell). Second step, some kinds of medium constants are given to each of cell, and
Maxwell’s equations are formulated. Finally, electromagnetic is analyzed by computing the formulated
equation in time domain. Additionally, the analysis environment of FDTD method is closed. Therefore, a
virtual boundary (Absorbing boundary condition) must be set in order not to cause reflected waves at
outer walls of the analysis environment.
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Fig.3 Analysis environment of FDTD method
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Fig.4 Flow chart




3.2 Characteristic of Antenna

Antenna Impedance
Feeding voltage V(t), feeding current I(t), are Fourier transformed, V(w), 1(w). Antenna

impedance is shown below.
Zy(0)= # 3
@)

The impedance seen looking into the terminals of an antenna is an important parameter that needs
to be known in order to design a network that will provide a conjugate impedance match to the
transmission line. The condition that reactance is zero is called resonance, in which case the antenna can
be connected directly to a transmission line with a characteristic impedance equal to radiation resistance.

Additionally, resistance of impedance is called radiation resistance. It is that equivalent resistance
which would dissipate the same amount of power as the antenna radiates when the current in that
resistance equals the input current at the antenna terminals.

Gain and Radiation pattern
Gain is indicative of efficiency of an antenna. Gain is defined as a ratio of the electric power density
of the maximum emission direction of an antenna and isotopic wave source.
: ElectricPowerDensityOfAntenna
Gain = : : . 4)
ElectricPowerDensityOflsotopicWaveSource
Therefore, this antenna radiates electromagnetic waves which is G times electric power than input at the
terminal.

Additionally, Radiation pattern is a map, which enable to confirm directions of radiated
electromagnetic waves. Gain in the radiation pattern is ratios of electric field strength of various direction
and the maximum emission direction. The E-plane pattern of a normal Loop-Antenna is shown in Fig 6.
The antenna receives electromagnetic waves from various directions paralleling groud. Therefore, PV
Modules should have the recieving performance of the normal Loop-antenna, for the solution of
electromagnetic waves issue by setting PV Molules on walls of buildings.
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Fig.5 Antenna impedance of Loop-Antenna. Fig.6 Radiation pattern of Loop-Antenna.

3.3 Analysis of the CL Module

The modeling and analysis environment of CL Module is shown in Fig 7(a). The analysis model
was assumed that solar cells are conductance, and the other components which include the glass, EVA,
the flame, and back sheet, are neglected in order to evaluate the characteristic of the antenna, which
consists of only cells and electrical conducting ribbons. In addition, the model was smaller than really



size of CL Module for reason of a relation of the analysis environment to performance of computer. In
this case, CL Module was designed that the loop length is 50cm; therefore, the prospective resonance
frequency is 600MHz. As s result, the tendency as below was performed.

e The resonance frequency is 636MHz. The resultant wavelength of resonance frequency is equal to the

minimum loop length which consists of cells and the electric conducting ribbons.

e Gain is 7.0dB, which is bigger than the normal Loop-Antenna (2.75dB).
The result of the radiation pattern (E-plane pattern) is shown in Fig 10(a). The electromagnetic waves
from front is not received very well, and the gain of the horizontal direction is lower than the normal
Loop-Antenna. For the solution of this issue, the characteristics is not available in this case. The reason is
that the terminal of the CL module is not set at the center of the feeding edge. Characteristics of radiation
pattern is influenced from standing waves on antennas, therefore, the case of CL Module causes
interference from incident waves and reflected waves.

In summary of simulation results, the wavelength of the resonance frequency should be matched to

the minimum loop length which consists of cells and electrical conducting ribbons, and the terminal
should be set at the center of the feeding edge due to improve the characteristics of radiation pattern.

3.4 Analysis of appropriate wiring cells

Above results are taken into consideration, the authors desinged and analyzed the CL Module with
appropriate wiring cells. The modeling and analysis environment is shown in Fig7(b). In this analysis, the
loop length is 88cm, which consists of 12 cells. It corresponds with 340MHz. Additionally, the terminal is
set at the center of the feeding edge. The results are shown below.
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(a) CL Module (b) CL Module with appropriate wiring cells.
Fig.7 Modeling and analysis environment of CL Module.
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Fig.8 Simulated antenna impedance of CL Module.
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e The resonance frequency is 420MHz as predictably.

e Gain is 4.41dB, which is bigger than the normal Loop-Antenna.

e The result of the radiation pattern is shown in Fig 10(b). The CL Module can absorb electromagnetic
waves from various directions; especially, the gain from front is bigger. In other words, the
characteristic of the radiation pattern is similar with the normal Loop-antenna.

Thus, the CL module is in the resonance condition at the prospective frequency, the wavelength of which
corresponds with the minimum loop length consists of 12 cells and electric conducting ribbons. In
addition, by setting the terminal at the center of the feeding edge, the big standing waves are generated on
the antenna. Therefore, the characteristic of radiation pattern was improved.

3. Conclusions

Regarding the absorption method, the CL Module achieved antenna characteristics by considering
of the size of loop length and the position of the terminal. However, there are unavailable spaces, size of
which is four cells. For the future, the authors will design and analyze the most appropriate wiring cells
which has antenna characteristics and generates electricity sufficiently by filling the unavalable space.
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ABSTRACT

This paper is intended to report the possibility of an LED (Light-Emitting Diode) as a light
source of a solar simulator for measuring solar cells. In our laboratory the LED solar simulator have
made up as the test production, and characteristics of monocrystalline Si solar cell have been
measured by using it. As a result, spectral response (SR) and I-V characteristics of solar cells can be
measured by proposed method even though light intensity of the LED is in the range approximately
up to 10 [mW/cm?]. Moreover, 1-V characteristics under standard test conditions (STC) can be
estimated by compensation.
Keywords: Light-Emitting Diode (LED), Spectral Response, Measuring Method

1. Introduction

For further market deployment of photovoltaic systems (PV systems), solar cells and
modules must maintain sufficient reliability; therefore, technologies of measuring solar cell
performances are very important. At present, the solar cell measurement performance have been
improved, but its cost has been still expensive since Xenon and Halogen lamp, of which the solar
simulator is consisted, are short life and requires a lot of electric power. Meanwhile, it is widely
recognized that LED is energy-saving, budget and small light-source, and recent technical
innovation allows us to be easy to buy the high luminance LED. In a few studies, the solar
simulator using LED as light sources has been proposed. Those simulators are used white light LED
instead of previous lamps. However, their characteristics are not corresponding with characteristics
of natural sunlight because the spectrum of LED is narrower and weaker than the spectrum of
natural sunlight. Therefore, it seems to be required the suitable method in order to use the LED
solar simulator.

This paper is intended to propose that the LED solar simulator is available to obtain the
performance of solar cell, I-V and SR characteristics, by the methodological measurement. As for
SR characteristic, discrete spectral response can be measured in such a way that white and plural
monochromatic light illuminate the solar cell each other due to fact that monochromatic light LED
except white light has bright line spectrum. SR curve can be estimated by using discrete spectral
response and least-squares method with physical model, and photocurrent under STC is obtained
from SR curve. Moreover, the LED solar simulator is able to measure I-V characteristics of STC by
assuming that I-V characteristic of Si solar cells are independent of light intensity.



2. Theory and Experimental
2.1 Measuring method using LED

Figure 1 shows the measurement procedure of SR using LED. A test cell is irradiated by
monochromatic light together with white light as bias light, and its short circuit current (ls) is
measured. Secondly, the cell is only exposed to white light and I is measured in the same way. The
difference of I in two conditions divided by incidence monochromatic irradiance is SR at the
wavelength of the illuminating light. Spectral responses at discrete wavelength are derived by three
monochromatic LED (this time, Blue, Red and Infrared). Experimental discrete spectral responses
are supplemented by a theoretical curve of photocurrent, and then the whole SR curve of the test
cell is calculated [1]. The SR curve multiplied by the reference solar spectral distribution calculates
photocurrent under STC. |-V characteristics are measured under two different irradiation and
calculated those under STC by correction.

2.2 Specification of LED solar simulator
LED solar simulator for a 100%100 [mm?] solar cell is manufactured for trial (Fig. 2). This
equipment has LED in 4 colors (Blue, Red, Infrared and White), and the specification is shown in

Solar cell output [A]

Irradiate  Monochromatic light '
+ White light (as Bias-light) |:> lsc M+w

chromatic light (3 times)

NUMmber of Mono- ‘ Irradiate Only White light | lscw

(Isc,M+W - Isc,W) / IrM*
= Spectral Response (SR) [A/W]

Discrete Spectral Response (DSR) ﬂﬂ]q>/sR Curve fit to DSR

Fig. 1. Measurement procedure of spectral response using monochromatic light

*Ir,,: Incident radiation of
monochromatic light [W]

Fig. 2. Discrete-wavelength LED solar simulator



table 1. Their angle of beam spread is middle (about 30 [deg]), and lamp-type LED is used. Each
LED is arranged equally (7.62 [mm] between each LED, and 15.24 [mm] between same color). Fig.
3 shows schematic illustration of the LED arrangement. 14*14 LED per color are laid out on a grid,
and total number of LED is 784. The total area of light-source is about 205*205 [mm?]. The
distance of irradiation is adjusted with spacers. This time, light source irradiated a measuring object
from a height of 84 [mm], and had illumination unevenness per color of about 5%. The arrangement
has lower illumination unevenness calculated by illuminant simulation [2].

The simulator is electrically designed as follows. LED controlled at each color can be
passed a voluntary current and voluntary light intensity is available. Typical forward current (Ig) of
LED is 20 [mA] (in the case of infrared, I = 50 [mA]) in this SR measurement.

Table 1 Specifications of LED

Col Peak wave- | Spectral half | Typical light |Angle of beam| Typical forward | Typical forward
olor length [nm] | bandwidth [nm]| intensity [cd]| spread [deg] | current: IF [mA]]| voltage: VF [V]
Blue 470 25 1500 30 20 3.6
Red 644 18 800 30 20 1.9
Infrared 950 50 180 [mW/sr] 35 50 1.3
White 470 (570) - 3100 35 20 3.6
14 unit
QA O A) +evrn- O—A \
7.62[mm]
2 2 3
R ——
O A 15.24[mm]
14unit< o > 205 [mm]
oA oA
Y S/

Fig. 3. Schematic illustration of LED arrangement

Blue Infrared

w

Relative Irradiance [%/nm]
N

1100

Wavelength [nm]

Fig. 4. Wavelength characteristics of LED built in solar simulator
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Fig. 6. Comparison of calculated and measured SR curve (* measured by AIST)

3. Results and Discussion
3.1 Measurement of spectral response

The relation between the I and the irradiance of LED light was examined with a
spectroradiometer for grasping the irradiance in measuring (fig. 5). After this, the irradiance of LED
light is derived from each I (It needs to be careful about the irradiance time change of LED.).
Discrete SR measured by 3 LED were compensated with the photocurrent theoretical curve by
least-squares method and the calculated and measured curve is compared (fig. 6). Consequently, the



measured and calculated photocurrent under STC were respectively 3.76 [A] and 3.14 [A], and the
estimation is lower than the measurement one. The current is derived SR multiplied by AM1.5G
standard spectrum.

3.2 Measurement of I-V characteristics

Shown in Figure 7 are the experimental 1-V characteristics illuminated with white LED
light, the calculated and the measured I-V curves under AM1.5G spectrum. I-V characteristic under
STC can be calculated from

vV, =V1(:V3)
|3 — I1
l,=1,+(E, - E,) EE,

Where Ej, V1, |1 and Es, V3, I3 are the irradiance, voltage, and current of the experimentally
known lo,(V), respectively. E,, V and I, are those of the unknown loy(V) [3]. The calculated and
measured value is compared in table 2, the former has smaller curve than the latter. The difference
is caused by the errors including each irradiance under experiment, because the compensation
widens these errors over 10 times. Therefore, the accurate measurement of LED irradiance before
the cell characterization is important. Any way, |-V characteristics can be estimated roughly by
correction.

200 ‘ 4000
|
|
1-Sun (Measured I-V curve) i
150 1 3000
_ 1-Sun (Calculated 1-V curve) 1 — | — White 1.0[mW/cm2]
g l T | 2 Experimental value
ed ! ed -
2 } S | <& Experimental value
jun | jun |
o i O | ——Calcuhted I-V curve
50 White: 1.546 [mW/cm?] i 1 1000 Measured curve *
/ A 1
White:0.996 [mW/cm?] \
0 ! ! ! L L 0
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

Voltage [V]

Fig. 7. Comparison of the results of calculated and measured I-V curve under 1-Sun
(* measured by AIST)

Table 2 Measured and calculated value

Calculated Value| Measured Value
Voc [V] 0.51 0.60
Isc [A] 3.02 3.76
Vmax [V] 0.37 0.46
Imax [A] 2.47 3.37
F.F. [%] 58.59 68.50




4. Conclusion

In the present work, the LED solar simulator used 4 colors LED (include 3
monochromatic) as light source was made and the measuring method of solar cells has been
demonstrated by it. Assuming that SR and I-V characteristics of mono-crystalline Si solar cell do
not depend on light intensity and wavelength, a test cell is measured. As a result, the estimated
value is lower than the nominal one and to examine the dependence will be necessitated in the
future. Nevertheless, it is notable that the low intensity light like LED can estimate the I-V
characteristics under AM1.5G spectrum.
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ABSTRACT

Short time fluctuations in solar irradiance
will become an important issue with regard to future
embedded photovoltaic (PV) systems. However,
when a large number certain area intensively, the
output of the systems will be provide stable by the
equalization of irradiance fluctuation. In this paper,
the estimation method of irradiance fluctuation is

described. By the estimation method, irradiance
frequency characteristics are estimated.

1. Introduction

The output of PV systems has a short-term
fluctuation due to weather fluctuation. It may give
undesirable effects on an individual power System,
and it makes the capacity value (kW value) of the
PV system be low. For resolution of those problems,
authors have studied "the smoothing effect” which is
smooth the area total irradiance. Fluctuation of
output is sensitive as for a few PV systems, but
fluctuation of total output in clustering PV systems
is not remarkable because there is gpatial -
inhomogeneity of irradiance field in certain area
According to the
smoothing effect, the capacity value of PV systems
is indicated to increase, and problems for utility
occurred by fluctuation of PV output power can be
aleviated. Therefore, it is very important to quantity
this effect and to develop the evaluation method.
Several important studies of the smoothing effect
have aready been approached base on using
irradiation data. One of the paper described
definition of the irradiance fluctuation degree by
using original parameter, moving average and
standard deviation of irradiance data, and
demonstrates improvement in kW value [1]. In the
other paper, the magnitude of the fluctuation and
speed of fluctuation are defined, and the forecast of
LFC capacity is evaluated [2]. Both of studies have
developed the simulation method of the smoothing
effect base on irradiation as relation between
smoothing effect and area size and
the value of the number of PV systems in a
distribution network. Furthermore, the evauation
method is prospected to be more mathematical and
to
consider several time scales, and aso it is necessary
to demonstrate accuracy of simulations by using
data obtained in real system. In this study, the

evaluation method of smoothing effect of PV
systems is proposed by frequency analysis. i.e
Fourier Transform and Wavelet Transform [3].

2. Measured Data

Irradiance data has been recorded by one
minute sampling. Irradiance data used in analysis
was obtained by the special monitoring system that
consists of nine synchronized monitoring terminals
Oct 1995 to December-1997 (Fig 1). Those
terminals have been installed on a grid which covers
an area measuring about 4km x 4km at 140 * 05'58"
eastern to 140 "09'05" eastern and 36 °02'58”
northern to 36 * 05' 30" northern. The size of the grid
is decided by considering the size of typical urban
distribution network [1].

Fig.1. Location of 9 terminals of Arealrradiance
Monitoring System

3. Approach

Applying a Fourier Transform and a
Wavelet Transform can derive frequency domain
properties of the recorded fluctuation patterns.
Unlike for Fourier Transform, Wavelet Transform
are localized in time by frequency analyzing. In
other words, Fourier Transform has only frequency
information. Wavelet Transform has time
information and frequency information. However,
Wavelet Transform is difficult to caculate and
theory than Fourier Transform. The flow of the
calculation is showed in Fig.2. Average spectrum
gives degree of fluctuation for the whole one day.
On the other hand, magnitude of the fluctuation
gives degree of fluctuation for alocal time. Both of
them are important in order to understand by
fluctuation characteristics. This method was able to
evaluate irradiance fluctuation quantitatively.
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3.1. Fourier Analysis

Irradiance drops and spikes caused by
passing fast clouds. Irradiance data measured
individual point and the average of al data is
illustrated. Smoothed irradiance sequencein the case
of area averaging operation are certified in Fig 3
which shows the analyze results of Fourier
Transform for measured irradiation data. The
horizontal axis serves as frequency, and the
maximum frequency is 1/120 [Hz] base on the
sampling theorem.

N P
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Power spectrums are calculated from the sgquare of

the coefficients of Fourier spectrum (F(k)).
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In order to evaluate the frequency band in relation to

LFC capacity, power spectrum of 1 mHz and

moreare averaged.
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Fig 2. Flow chart of the evaluation process
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Fig 3. Result of Fourier Transform; one-site
irradiance measurements and averages of nine-sites

measurements (19 August 1997)

3.2. Wavelet Analysis
Wavelet Transform W of a signal f(n) is
calculate as the inner product of f(n) and the scaled
and shiftedwavelet base ¢ jk(n) :
-1

Wi(j.k)= z_.f"l:-'-’:'w:-* (7

a=0

i3

I :
W) :Tﬁw':ﬂ;i.l (4)

954

Daubechies 4 has been chosen as a wavelet function
(¢ ik(n)). Wavelet periodograms are calculated from
the square of the coefficients of wavelet spectrum

(W(@ k).
l'ln'(_.l.h - |H L -"I.' "rl- :Il- (3)
The maximum of spectrum is looked for from this

periodogram. It istargeted at fluctuation period for 1
to 16 minutes. Because they influence LFC capacity.

4. Resultsand Discussion

Result of the flow chart is showed in Fig.4.
As for average of nine-site irradiance, magnitude of
the fluctuation and average spectrum became small.
This is the effect of “the smoothing effect”. In this
time, the authors evaluated irradiance fluctuation of
one certain day, analysis of various pattern will
evaluate characteristic of fluctuation clearly.

-7 " * e
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=
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Magnitude of the Muctuation [KW, |11:|

Fig.4. Classification of fluctuation characteristic;

relation of Average Spectrum and Magnitude of the

fluctuation.

5. Conclusion

The smoothing effect can be quantified
every fluctuations frequency by using frequency
analysis, Fourier Transform and Wavelet Transform.
Furthermore, the author will evaluate the relation
between with the fluctuation and area size, the
distance of station, and introduced density of the PV
system.
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Abstract

Short time fluctuations in solar irradiance will become an important issue with regard to future embedded
photovoltaic (PV) systems. From the viewpoint of considering an intensive PV installation on the certain area, the
output of the systems will be provide stable by the equalization of irradiance fluctuation. In this paper, a new
estimation method of irradiance fluctuation, which based on the combination of the Fourier transform and the
Wavelet transform methods, is described.

Keywords

PV system, the smoothing effect, fluctuation characteristic, Fourier transform, Wavelet transform

1. Introduction

The output of PV systems has a short-term fluctuation due to weather fluctuation. It may give
undesirable effects on an individual power system, and it makes the capacity value (kW value) of
the PV system be low. To clarify these phenomena, authors have studied "the smoothing effect”
which is smooth the area total irradiance. Fluctuation of PV output is sensitive as for a few PV
systems, however fluctuation of total output in clustering PV systems is not remarkable because
there is spatial-inhomogeneity of irradiance field in certain area. According to the smoothing effect,
the capacity value of PV systems is indicated to increase, and problems for utility occurred by
fluctuation of PV output power can be alleviated. Therefore, it is very important to quantitative this
effect and to develop a new evaluation method.

Several important studies of the smoothing effect have already been approached based on
irradiation data. One of the papers describes a definition of the irradiance fluctuation degree by
using original parameter, moving average and standard deviation of irradiance data, and
demonstrates improvement in kW value [1]. In another paper, the magnitude of the fluctuation and
speed of fluctuation are defined, and the forecast of Load Frequency Control (LFC) capacity is
evaluated [2]. Both studies have developed simulation methods of the smoothing effect based on
irradiation as relation between smoothing effect, area size and the value of the number of PV
systems in a distribution network. Furthermore, the evaluation method is prospected to be more
mathematical and to consider several time scales, and also it is necessary to demonstrate accuracy
of simulations by using data obtained in real system. However, both studies are not used a real
measurement data of the distribution network.

Purpose of this paper is to develop a new evaluation method for smoothing effect. The evaluation
method uses Fourier transform and Wavelet transform [3] for frequency analysis. Measured data
will be able to obtain from February 2004. This study is a part of “Demonstrative Research on
Clustered PV Systems”, funded by New Energy and Industrial Technology Development
Organization (NEDO).
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2. Measured Data

Irradiance data has been recorded by one minute sampling. Irradiance data used in analysis was
obtained by the special monitoring system that consists of nine synchronized monitoring terminals
Oct 1995 to December-1997 (Fig 1). Those terminals have been installed on a grid which covers an
area measuring about 4km x 4km at 140~ 05°58” eastern to 140 ~ 09°05” eastern and 36 = 02°58”
northern to 36 ~ 05’30 northern. The size of the grid is decided by considering the size of typical
urban distribution network [1].

Tsukuba City
36°5'N, 140°7'E

Tsukuba Uni
\45“ °
Ir\s

Em ily

3.9 km

Flova

Electrote h calLab. @
Catherine
Anne

[
Brenda ?),L\(\((\

0 2k
—

Fig 1. Location of 9 terminals of Area Irradiance Monitoring System

3. Approach

Irradiance Data
(Anne ~ Iris and 9-site average)

Applying the Fourier transform and the Wavelet
transform can derive frequency domain properties of

the recorded fluctuation patterns. Unlike for Fourier
transform, Wavelet transform is localized in time by
frequency analyzing. In other words, Fourier transform
has only frequency information, and Wavelet transform
has time information and frequency information.
However, if either of them is chosen, authors think that
the fluctuation characteristic cannot be grasped
correctly. Because Fourier transform gives fluctuation
for the whole one day, and Wavelet transform gives
fluctuation for a local time. Both of them are important
in order to understand by fluctuation characteristics.
The flow of the calculation is shown in Fig.2.

3.1. Fourier analysis

Fourier Transform Wavelet Transform
F(k) W(j k)
v
Power Spectrum Wavelet Periodogram
Trw )
v
Average Spectrum Magnitude of the fluctuation
(1[mHz] and more) (Level 1-4)

| Classification of fluctuation characteristics

Fig 2.

The Fourier transform of discrete data is given by the following formula.

—j2nkn

FO =3 f(e o)

Power spectrums (lrx)) are calculated from the square of the coefficients of Fourier spectrum

(F(K)).

F(k) B

|F<k)| )

Flow chart of the evaluation process
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The maximum frequency is 1/120 [Hz] (= 8.33x107 [Hz]) base on the sampling theorem, because
irradiance data has been recorded by one minute sampling. This time, the power spectrum more
than 1x10-3[Hz] was averaged that is as an example. This is defined as “Average spectrum”. This
corresponds to the frequency domain of LFC (Load Frequency Control). Average spectrum can
know the degree of a distribution of the fluctuation speed in one day. There is so much fluctuation
that this value is large.

3.2. Wavelet analysis

Wavelet transform W of a signal f(n) is calculated as
the inner product of f(n) and the scaled and shifted
wavelet base ¢ jk(n):

2 3 4
N-1
W(jlk):zf(n)l//j,k(n) 3)
n=0
=]
Vi) = (e @
‘ 2! Fig.3. Daubechies 4 (Wavelet function)

Daubechies 4 (Fig.3.) has been chosen as a wavelet
function ( ¢ jk(n)). Wavelet periodograms are
calculated from the square of the coefficients of () Irradiance

wavelet spectrum (W(j,k)). M

I w ( J 'k) = Ml ( j f k)| 2 (5) o OO{LOO 6:00 8:00 10:00 12:00 14:.00 16:00 18:00

.. . . b) Level-1
This time, the fluctuation cycle for 1 - 16 minutes ) Love
was observed as an example. This corresponds to a O il MHM
level 4 from a level 1. Furthermore, this corresponds
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1
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to the frequency domain of LFC. The maximum of £ | ©Lever2

spectrum is looked for from these periodogram % m M\JLL N
(Fig.4.). The maximum of a periodogram is detected = & o — =i
and the width of irradiance fluctuation of this time is (@) Level-3

calculated. This is defined as “Magnitude of JMM
fluctuation”. The magnitude of fluctuation is not , MMM
necessarily max of the day, because frequency band is

limited. The greatest magnitude of fluctuation can be (€] Level-4
calculated for the target frequency. J/\ A

Fig.4. Wavelet Periodogram;
average of nine-sites measurements
(19 August 1997).

4[min]<T<8[min]

8[min]<T<16[min]

4. Results and Discussion

Result of the flow chart is shown in Fig.5. ( (a)-3, (b)-3, (c)-3, (d)-3 ) and Table.1. The horizontal
axis serves as Magnitude of the fluctuation, and the vertical axis serves as Average spectrum in
Fig.5. Four patterns of a clear weather day (97/8/10), a cloudy after fine weather day (97/8/19), a
slightly clouded sky day (97/7/4), and a rainy weather day (97/7/10) performed analysis.
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(1) Clear day

The real measured data of 10" July (see Fig. 5-a) has been set for evaluation standards as a clear
day. Average spectrum and Magnitude of the fluctuation is respectively distributed over the range
about 0.005 x10° and about 0.05 [kW/m?] on this pattern. As a result, these fluctuations of
irradiance are the smallest among four patterns. But as for three points of Brenda, Helen, and Iris,
Magnitude of the fluctuation is larger than other points, according to influence of the shade by the
building. Influence of the shade by the building is contained on irradiation of 9-site average,
according to the smoothing effect.

(2) Slightly cloudy day

There is fast and small fluctuation on each point in area. Average spectrum is distributed over the
range about 1.0 x10°® to 1.4*10°°, Magnitude of the fluctuation is distributed over the range about
0.2 to 0.4 [kKW/m?]. As compared with clear day, Average spectrum is 200 or more times, and the
Magnitude of fluctuation is 10 or more times. Therefore, irradiance of each point had a sharper
fluctuation. Irradiance of 9-site average is the waveform that removed fluctuation as if LPF pass to
irradiance of each point. Compared irradiance of 9-site average of this day with irradiance of clear
day, Average spectrum is about 30 times, and the Magnitude of fluctuation is the about the same.
Average spectrum decreases to about 1/10 and this means that short and fast fluctuation is contained,
according to the smoothing effect.

(3) Cloudy, fine later day

Irradiance of this day has much quick and big fluctuation. Irradiance fluctuation of each point in
area is intense. Average spectrum is distributed over the range about 5 to 9 X103, magnitude of
fluctuation is distributed over the range about 0.2 to 0.6 [KW/m?]. As compared with clear day,
Average spectrum is 1400 or more times, and the Magnitude of the fluctuation is 30 or more times.
Therefore, irradiance of each point had a very sharp fluctuation. Compared irradiance of 9-site
average of this day with irradiance of clear day, Average spectrum is about 130 times, and the
Magnitude of fluctuation is the about 3 times. Average spectrum decreases to about 1/12 and the
Magnitude of the fluctuation decreases to about 1/4, according to the smoothing effect. This means
that the smoothing effect is acquired well.

(4) Rainy day

On the whole, irradiance is small on this day. Therefore, since the absolute value of fluctuation
becomes small, an average spectrum and the range of fluctuation become small inevitably: Average
spectrum is distributed over the range about 0.02 x10° to 0.07 x10°, Magnitude of the fluctuation is
distributed over the range about 0.02 to 0.07 [KW/m?]. As compared with clear day, Average
spectrum is 1400 times, and the Magnitude of the fluctuation is 30 times. Therefore, irradiance of
each point didn't have very sharp fluctuation. Compared irradiance of 9-site average of this day with
irradiance of clear day, Average spectrum is about 2 times, and the Magnitude of fluctuation is the
about 1/2. The smoothing effect is not obtained on this pattern.

Table.1l. Relation of Average Spectrum and Magnitude of the fluctuation
Clear Slightly cloudy Cloudy, fine later Rainy
1 site 9 site 1 site 9 site 1 site 9 site 1 site 9 site
individual | average | individual | average | individual | average | individual | average
Average
Spectrum 0.00465 | 0.00448 1.021 0.129 7.22 0.572 0.0508 0.00891
(x 10%)
Magnitude of
the fluctuation 0.0170 0.0565 0.221 0.212 0.615 0.175 0.0605 0.0352
[KW/m?]

* 1 site individual: Anne
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(5) Summary of results

Figure 5 (b) and (c) are influenced by the short time moving cloud, because irradiance drops and
spikes caused by passing fast clouds. (c) was deadened by the smoothing effect to level of (b). This
is the effect of “the smoothing effect”. Scarcely (a) and (d) are influenced by the short time moving
cloud, this fluctuation characteristic is very small value. Author arranges the fluctuation patterns
according to intensity: (c) > (b) > (d) > (a) This turn is the same as the turn that the smoothing effect
is obtained. The smoothing effect can be quantified every fluctuations frequency by using frequency
analysis of Fourier transform and Wavelet transform.

5. Conclusion

In this study, authors verified the smoothing effect using frequency analysis of Fourier transform
and Wavelet transform base on using irradiation data. From results, authors obtained the smoothing
effect; c>b>d>a (in order of effect) This turn is equal to the irradiance fluctuation. Because of
them, it is confirmed that the more irradiance fluctuates, the more the smoothing effect is effective.
Moreover, the smoothing effect can be quantified by this evaluation method. In the future, authors
will model the simulation to consider the smoothing effect in actual grid including area size, the
distance of station, and number of PV system.
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ABSTRACT

Hybrid systems based on renewable energy are an effective option to solve electrification for isolated
areas from the national grids. This paper presents techno-economic analysis of hybrid systems for rural
villages in Mongolia. Various type of hybrid systems are compared quantitatively on the basis of net present
cost and cost of electricity by each case of load pattern in Gobi region villages. As a result, existing diesel
generation system is top-ranked even in high fuel cost in all cases load pattern. But, the great increase of
diesel fuel consumption lead to fuel transfer and storage problems. The electricity cost of optimum hybrid
systems decreases with increasing of power demand. The PV module cost is indicated approximately 50% of
the optimized total hybrid system cost. It is necessary an additional allocation budget for deficit covering the
electricity cost in the village, due to current hybrid system cost more than doubled diesel generation
electricity cost.

Keywords: Techno-Economic analysis, Hybrid system, Rural village, Renewable energy;
1. Introduction

Mongolia has 314 villages known as soum center (sub-administrative unit, sub-district) and
148 soum centers are not connected to a centralized power grid. Most of the soums have not
technical potentiality for connection to centralized power grid and located at remote distance
and, they provide the demand for energy by isolated diesel generator. For the reason that fuel
price is high in distant soums due to high fuel transportation cost, electricity production cost is
around four-fold high in comparison to centralized power production cost [1].

Following that money sum spending for electricity consumption is limited owing to that
rural area consumers’ average income level is lower the price difference is compensated by
state subsidy. Depending on consumer’s weak solvency, state subsidy, fuel transportation
volume, the power supply service is limited to 3-5 hours in most of soums. Stable fuel supply
is also difficult because all kinds of liquid fuels are imported from Russia and China [2].

Stable power supply is important for living condition improvement of soum’s residents and
alleviation of migration to urban areas. It is required for the generator which has fitted to
soum’s consumption volume, simply constructed, required for easy service and maintenance
and not harmful to environment.

Renewable power resource, especially solar energy resource is high in Mongolia. It is
connected to that there is dry climate, and around 257 days are sunny and serene in a year, and
direct beam of irradiation is very high. There is opportunity for introduction and appliance of
photovoltaic generator and solar heating collector and, it is required for detailed economic and
technical analysis.

The purpose of this survey is formulation of suitable type of electrification in a way of
conducting an analysis on opportunity for distant soum center electrification with renewable
energy technology and photovoltaic generator having compared it with hybrid system and
other technology type for energy generation. Our objective is the Mandakh soum center of the
Dornogobi province, which total population: 1903 and 452 families, soum center population:



443, average household income: 128.2 US$/month[2] (1US$=1150Tg; 147,264 Tg, Tugrug
(Tg) is national currency). Expenditure for electricity consumption: appx. US$6-7/month, it’s
indicate 5% of household income. The Mandakh soum equipped by 60kWx2 diesel generator
and local mini-grid. Main electricity consumers are 120 households, 5 public facilities and
others.

2. Techno-Economic Analysis

Doing the detailed economical analysis, we will conduct a comparison by net present cost
(lifecycle cost) methodology, which accounts all expenses such as initial capital and routine
service.

C . i+
Coe = o (1) CRF(i,N) =D (5)
CRF(i,R ) @+n"-1

Cnpc: Net Present Cost; CRF: Capital Recovery Factor; Canntor: total annualized cost [$/yr],
sum of annualized capital cost, annualized replacement cost, annual O&M cost, annual fuel
cost; i: interest rate [%]; R proj: project lifetime[yr]; N: number of years;

We have used the simulation tools that the HOMER /the optimization model for distributed
power/ developed by NREL [3]. The HOMER simulates the operation of a system by making
energy balance calculations for each hour in a year. In this analysis, we focused at villages of
the Gobi region, which has rich renewable energy resources. The optimum combination of a
hybrid system calculated from the meteorological data, estimated demand load and system
component cost in the Mandakh soum center of the Gobi desert region. The system component

configuration shows in figure 1.
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Fig.1: Hybrid System and Local Grid Network configburations for a rural village in Mongolia

The following local data and conditions used: Diesel fuel cost: 0.5 US$/L; Yearly average
horizontal irradiation: 4.62 kWh/m?/day; average wind speed: 4.52 m/s; project life time: 25
years, Real interest rate: 8%. The system component costs shows in Table 1.

Table 1: System component cost (Fixed capital cost, replacement cost, annual O&M cost)

Power Size Capital Replace O&M [$/h], Lifetime

source [kw] [$] ment [$]  [$/y] [y], [h]
PV 10 66,000 66000 0 25
Wind Turbine 20 47000 46000 300 [$/y] 15
Diesel Gen 60 48000 45000 0.3 [$/h] 15000 h
Converter 10 12500 12500 100 [$/v] 20
Battery 6V, 1156Ah 1200 1100 50 [$/y] 12

The power load profile estimated from the local survey data in the Mandakh soum. The
system optimization simulated by next 4 cases as shown Fig.2, case-1: Current 5h limited
supply; case-2: 12h supply BHN Public & Household demand; case-3: 24h supply (demand
potential); case-4: Shifted load to daytime by the DSM,;
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Fig.2: Power load profile for 4 cases (Current 5h limited, 12h supply BHN, 24h supply, Shifted
load to daytime by the DSM)

3. Results and Discussions

The results of simulations sorted by net present cost and cost of electricity are shown in table
2-4. From the ranking simulation results of the case-1, considering the current power supply
situation for soum centers, net present cost (NPC) of diesel generation system is a third of the
PV/Dsl/Bat and WT/Dsl/Bat hybrid system’s NPC (see Table-2). The PV/WT/Dsl/Bat system
is the most diesel fuel economy system for that yearly fuel consumption is 7049 litter less than
a fourth of the diesel only system fuel consumption.

Table 2: The Net Present Cost (NPC) ranking simulation results for the case-1 load profile.

-Z: PV \'1'\/11':3 Diesel Baetsry Converter Total Ne';lr::rteaslent Elcégts:igifty Renew  Capacity c?)zlszbrﬁ:J
é (kw) 20KW (kW) 1156Ah (kw) capital Cost (US$) ($/KWh) fraction shortage )

1 60 $54,000 $254,698 0.292 0 0 29,200
2 60 $139,000 $353,153 0.405 0.45 0 26,925
3 60 80 80 $411,000 $701,206 0.803 0.68 0 20,960
41 40 2 40 80 60 $558,000 $716,334 0.821 0.87 0 7,049
5| 40 60 100 60 $513,000 $769,633 0.882 0.58 0 21,080
6| 80 4 120 80 $939,000 $1,123,514 1.305 1 0.02

Table 3: The NPCost ranking simulation results for the shifted load profile to daytime case by
the ideal Demand Side Management

i PV \'1'\/1:?3 Diesel Ba(itsw Conv Total capital NetP;(S)GtBilt Cost El(;gts:ig:ty Rengw Capacity c?)i:llsrjl:s:) r?diigts)tn co';:Srlnp
Sl W) sokw W) 1156an KW (US$) ($llwhy  Traction shortage ) [%]  reduction
1 2 60 $139,000 $342,529 0.392 0.48 0 24,935 3.0 7.4
2 2 40 40 40  $221,000 $407,548 0.467 0.54 0 17,232 419 17.8
3] 40 2 40 20 60  $486,000 $592,187 0.679 0.87 0 7,513 17.3 -6.6
41 40 40 80 60 $473,000 $627,232 0.719 0.76 0 9,404 18.5 55.4
5] 60 4 30 60 $674,000 $764,042 0.898 1 0.05 - 32.0 -

The Table-3 shows the ranking simulation result for shifted load to daytime for matching
to PV output characteristics by the ideal DSM (demand side management). The NP Cost of
WT/Dsl/Bat, PV/WT/Dsl/Bat and PV/Dsl/Bat hybrid systems reduced by 41.9%, 17.3%,



18.5% respectively. Also, during the increase of energy flow without pass by a battery storage,
the battery capacity reduced than the case-1.

Table 4: The NPCost ranking simulation results for the load profile case-2 (at 12hour supply,
for Basic Human Needs)

% PV \'1'\/11'?3 Diesel Begtsry Converter Total capital Nel’?&fslent Eligf:i((:)ifty Rem_aw Capacity cI(D)iIs];L:EL
gl MW ook W) p156an KW Cost (US§)  ($/kwhy raction shortage =
1 60 $54,000 $510,043 0.312 0 0 59,261
2 4 60 $215,000 $651,643 0.399 0.5 0 48,895
3 4 60 100 100 $460,000 $919,293 0.563 0.53 0 39,586
41 100 4 60 80 100 $1,096,000 $1,266,176 0.776 0.96 0 5,206
5| 100 60 100 160 $1,034,000 $1,304,251 0.799 0.78 0 19,875
6| 100 4 120 100 $1,096,000 $1,285,275 0.811 1 0.04

Converter Other
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16.3%
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Fig. 3: Cost Breakdown of Hybrid System Component for the fourth system of Table 3.

The average load size of this case-2 is (420kwWh/day) double fold larger than case-1, so
the size of hybrid systems and NPC increase two times as case-1. The electricity cost is
downward trend from case-1, except diesel only system. The fuel consumption quantity of
diesel main system indicate doubled value from case-1. The PV module cost is indicated
approximately 50%(Fig.3) of the total system cost for the fourth system of Table-4. Therefore,
it can be expected that the system NPC cut down by reduction of PV module price in the future.

Table 4: The ranking simulation results for the load profile case-3 (at 24h supply)

% PV \'/I'VL:rr]t()j Diesel Bagsry Converter Total capital Ne;ll-:’orteilent El(gt?f:isrty Renc_aw Capacity clzrilszl:’i:a
gl "W oo W) qi5gan (KW Cost (US$)  (3/kwh) maction shortage =
1 10 60 200 200 $933,000 $2,089,574 0.371 0.47 0.04 113,230
2 160 $134,000 $2,423,403 0.383 0 0 276,590
3 10 160 $523,000 $2,643,893 0.417 0.36 0 236,507
41 200 100 100 200 $1,776,000 $2,888,784 0.463 0.55 0.03 123,304
5] 200 10 100 100 200 $2,165,000 $3,003,376 0.476 0.77 0.01 77,087
6| 400 20 400 200 $4,145,000 $4,799,266 0.788 1 0.05

71 600 800 200 $5,176,000 $6,021,047 0.962 1 0.01

The electricity cost of diesel only system tends to remain constant at the range 0.25-0.38
US$/kWh. But, it’s required nine-fold larger quantity of diesel fuel than the case-1. But, the
great increase of diesel fuel consumption, lead to fuel transfer and storage problems. The



simulation result shows that is the electricity cost of optimum hybrid systems decreases with
increasing of power demand.

The electricity cost of optimum hybrid systems shows tendency to decline on increasing
of power demand (see Fig.5). It should be understood that the system size and total cost
increase in a large power demand.
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Fig.5: The relationship of the demand size and the total NPC and COE of optimized systems

5. Conclusions

In conclusions, various type hybrid systems are compared quantitatively on the basis of net
present cost and energy cost by each case of load pattern in Gobi regions’ village.

Existing diesel generation system is top-ranked even in high fuel cost in all cases load
pattern. The electricity cost of diesel only system tends to remain constant at the range 0.25-
0.35 US$/kWh. But, the great increase of diesel fuel consumption lead to a fuel transfer,
storage and energy security problems. The simulation result shows that is the electricity cost of
optimum hybrid systems decreases with increasing of power demand. Total hybrid system cost
can be reduced at maximum 20% by the demand side management. The PV module cost is
indicated approximately 50% of the optimized total hybrid system cost. It is necessary an
additional allocation budget for deficit covering the electricity cost in the soum center, due to
current hybrid system cost more than doubled diesel generation electricity cost.
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ABSTRACT

The characteristic of a Photovoltaic (PV) depends on
fluctuations of the array temperature and irradiation. The
Maximum Power Point Tracking (MPPT) is installed in a
PV inverter to obtain maximum power from a PV array
despite of those fluctuations. This paper is intended to
develop a MPPT algorithm for a digital controlled inverter,
output of which is about 100W, because a digital controlled
system can reconstitute an algorithm easier than an analog
controlled system. The proposed MPPT program consists of
two portions one of them which calculates Pyax point
voltage by Incremental Conductance™  (IncCond)
algorithm is named “calculating optimum voltage loop”, and
the other one the “adjusting k loop” adjusts the output AC
current by parameter k. The experiment for the basic
response and MPPT performance has been carried out by
use of I-V curve simulator. The availability of the program
has been demonstrated by experimental results.

1. Introduction

Recently, grid-connected PV power generation
systems have been spreading in residential area. The MPPT
function is installed in a PV inverter to obtain maximum
power from PV array in spite of the temperature and
irradiation fluctuation. Therefore, the MPPT function is
important in the performance of the PV system. If a system
is not an analog controlled but a digital controlled, there is
an advantage that renewal of a program or an algorithm is
easier than the analog controlled system. The advantage
shows that if the high-performance program or the algorithm
is developed, it can be easily installed in the PV inverter, and
it enables the performance of the PV system to improve.
Consequently, this paper is intended to develop the MPPT
algorithm for a digital controlled inverter of which output is
about 100W.

2. Proposed MPPT Program

The inputs of the proposed MPPT program are Vpc
and Ipc that are average values of PV array voltage and
current. The program can calculate the Pyax point voltage by
using Vpc and Ipc. The output of the program is parameter k

Input
Sense Voc,lbc

Calculating of
average values
of Voc and loc

Controlled
Constant Voltage

Compere
Vref to VDC
Nearly?

Calculating —
optimum Voltage Adjustimg
loop parameter k loop

4

Output
parameter k

Fig. 1 The flow chart of proposed MPPT Program.

that can control the output AC current of the inverter.
Inverter’s output AC current i is given by the following
equation (1):
iac=lacmax*K 1)

where K is the Parameter k (0 < k < 1), and iacuax is the rated
output AC current of an inverter. From the equation (1),
adjusting parameter k changes the iac, therefore Vpc and Ipc
are controlled by the adjusting parameter k.

The flow chart of proposed MPPT program is shown
in Fig. 1B This program consists of two portions one of
them which calculates Pyax point voltage by Incremental
Conductance™™ (IncCond) algorithm is named “calculating
optimum voltage loop”, and the other one the “adjusting k
loop” adjusts output AC current by parameter k. The
program calculates average values of Vpc and Ipc that are
obtain from the inverter every 20ms. On the condition that
Vpc is smaller than the V, (about 14V in our case), the
Constant \oltage (CV) operation is chosen a stable control.
While the CV loop is not chosen, the deviation of the aim
voltage (Vi) and Vpc is calculated. If the deviation is larger
than E (ex. 0.05V), “adjusting k loop” was chosen, in order
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to decrease the deviation, by adjusting parameter k. When
the deviation is smaller than E, the program calculates the
optimum voltage (aim voltage) at “calculating optimum
voltage loop”. The IncCond algorithm gives Pyax point
voltage with the following equation (2):™

)

(ANV)*dP/dV=I/V+dl/dV

3. Experimental of Proposed MPPT Algorithm

Experiments of the basic response and the MPPT
performance have been carried out with the proposed MPPT
program. The configuration of the experimental system is
shown in Fig. 2. The experimental system was constructed
using an 1-V curve simulator as the input for the system. The
output of the inverter was connected to an AC power source
of single-phase 100Vgrms and 50Hz. Between the inverter
and the AC power source, the load resistance of 60 Q was
connected in parallel as the load for the system. The
observed waveforms at rapid irradiance fluctuation are
shown in Fig.3. In this experiment, irradiance was stepped
up and down between 1.0kW/m? to 0.8kW/m? In spite of
rapid irradiance fluctuation corresponds to 20W, the
program kept MPPT operation by the optimal adjusted
parameter k. The measured response time to search for the
Maximum Power Point (MPP) was 63 sec and 6 sec for
stepping down and stepping up of irradiance. The results of
tests confirm that the program can track the MPP at rapid
irradiance fluctuation. The measured operating points on the
P-V curve at the fill factor (FF) of 0.85, are shown in Fig. 4.
The average values of MPPT efficiency for proposed MPPT
program are summarized in Table I. As a result, the inverter
can track the MPP on P-V (I-V) curve between 0.4 and 0.9
of the FF by proposed program.

4. Conclusion

An MPPT algorithm for a digital controlled inverter
has been proposed in this paper. The series of experimental
results confirm that the program can be applied to the MPPT
operation at static characteristic and at rapid irradiance
fluctuation. The program is able to seek Pyax point, in the
range of fill factor from 0.4 to 0.9. The availability of the
program has been confirmed by experimental results.
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Fig. 2 Configuration of experimental system.

Fig.3 Observed waveforms at rapid irradiance fluctuation.
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Fig. 4 Measured operating points on P-V curve at FF 0.85.

Table I: Measured MPPT efficiencies in different FF and
Pumax conditions.

Fill Factor
04|05| 06 0.7 0.8 0.85 0.9
10 83%|86%|54~67% | 56~75% | 65~77% | 60~75% | 46~75%
20 |84%|85%| 84% | 85% | 83% |70~86%|75~86%
30 |949%[92%| 93% | 88% | 87% | 88% | 81%
40 |97%[95%| 95% | 92% | 90% | 88% | 87%
Pumax[W] | 50 [94%|95%| 95% | 94% | 95% | 93% | 92%
60 |949%[95%| 93% | 95% | 95% | 95% |87~95%
70 |96%[96%| 96% | 95% | 96% | 96% |89~96%
80 |959%[96%| 96% | 97% | 97% | 96% *
90 97%| 97% | 98% | 97% | 97% *
100 97%| 98% | 98% | 98% | 97% *

902

(*: Unstable)
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ABSTRACT

The characteristic of a Photovoltaic (PV) depends on fluctuations of the array temperature
and irradiation. The Maximum Power Point Tracking (MPPT) is installed in a PV inverter to obtain
maximum power from a PV array despite of those fluctuations. This paper is intended to develop a
MPPT algorithm for a digital controlled inverter, output of which is about 100W, because an
algorithm of a digital controlled system can be reconstituted more easily than an analog controlled
system. The proposed MPPT program consists of two portions, one of them which calculates
Maximum Power Point (Pwax) Voltage by Incremental Conductance™® (IncCond) algorithm is
named “calculating optimum voltage loop”, and the other one the “adjusting k loop” adjusts the
output AC current by parameter k. The experiment for the basic response and MPPT performance
has been carried out by use of PV array I-V curve simulator. The availability of the program has
been demonstrated by experimental results.

Keywords: MPPT Algorithm, Constant Voltage control, parameter k, current control type inverter

1. Introduction

Recently, grid-connected PV power generation systems have been spreading in
residential area. The MPPT function is installed in a PV inverter to obtain maximum
power from PV array in spite of the temperature and irradiation fluctuation. Therefore,
the MPPT function is important in the performance of the PV system. If a system is not
an analog controlled but a digital controlled, there is an advantage that renewal of a
program or an algorithm is easier than the analog controlled system. The advantage
shows that if the high-performance program or the algorithm is developed, it can be
easily installed in the PV inverter, and it enables the PV system to improve the
performance. Consequently, this paper is intended to develop the MPPT algorithm for a
digital controlled inverter of which output is about 100W.

2. Proposed MPPT Program

The inputs of the proposed MPPT program are respectively average values of
PV array voltage Vpc and current Ipc. The program can calculate the Pyax Vvoltage
which gives Pyax by using Vpc and Ipc. The output of the program is a parameter k that
can control the output AC current of the inverter. Inverter’s output AC current iac is
given by the following equation (1):

Iac=lacmax-K (1)

where Kk is the parameter k (0<k<1), and Iacmax is the rms value of the rated output AC
current of an inverter. From the equation (1), adjusting parameter k changes the iac,
therefore Vpc and Ipc are controlled by adjusting the parameter k.
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The flow chart of proposed MPPT program is shown in Fig. 1%/ This program
consists of two portions. One of them which calculates Pyax point voltage by
Incremental Conductance™® (IncCond) algorithm is named “calculating optimum
voltage loop”, and the other one the *“adjusting k loop” adjusts output AC current by
parameter k. The program calculates average values of Vpc and Ipc that are obtained
from the inverter every 20ms. On the condition that Vpc is smaller than the V; (about
14V in our case), the Constant Voltage (CV) operation is chosen as a stable control.
While the CV loop is not chosen, the deviation of the aim voltage (Vi) and Vpc is
calculated. If the deviation is larger than E (ex. 0.05V), “adjusting k loop” is chosen in
order to decrease the deviation by adjusting parameter k. When the deviation is smaller
than E, the program calculates the optimum voltage (aim voltage) at “calculating
optimum voltage loop”. The IncCond algorithm gives Pwax point voltage with the
following equation (2):™

(1/V)-dP/dV=I/V+dl/dV @)

Input
Sense Vbc,lbc

Calculating of
average values
of Voc and Ioc

v
No Yes
A

Compere Controlled

Vref to VDC No Constant Voltage
Nearly?

Yes

Qalculatmg Adjustimg
optimum Voltage
loop parameter k loop

y

Output
parameter k

Fig. 1 Flow chart of the proposed MPPT Program.

3. Experiments with The Proposed MPPT Algorithm
3.1 The basic response and the MPPT performance

Experiments of the basic response and the MPPT performance have been carried
out with the proposed MPPT program. The configuration of the experimental system is
shown in Fig. 2. The experimental system was constructed using an PV array |-V curve
simulatort! as the input for the system. The output of the inverter was connected to an
AC power source of single-phase 100Vms and 50Hz. Between the inverter and the AC
power source, the load resistance of 60 2 was connected in parallel as the load for the
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system.

i @

Inverter AC power

PV array |-V Source

Simulater

‘ .
VDC VAc

Fig. 2 Configuration of experimental system.

The observed waveforms at rapid irradiance fluctuation are shown in Fig.3. In
this experiment, irradiance was stepped up and down between 1.0kW/m? to 0.8kW/m?.
In spite of rapid irradiance fluctuation corresponds to 20W, the program kept MPPT
operation by the optimal adjusted parameter k. The measured response time to search
for the Maximum Power Point (MPP) was 63 sec and 6 sec for stepping down and
stepping up of irradiance. The results of tests confirm that the program can track the
MPP at rapid irradiance fluctuation. The measured operating points on the P-V curve at
the fill factor (FF) of 0.9, are shown in Fig. 4 and on the 1-V curve are shown in Fig 5.
The average values of MPPT efficiency for proposed MPPT program are summarized in
Table I. As a result, the inverter can track the MPP on P-V (I-V) curve between 0.4 and
0.9 of the FF by proposed program. The efficiency fall in the low output range is caused
by not any problem of the software but by the hardware.

= W L 15 WUE S5

- . S | 5.00 Ui
cmm i CH T Parameter B S Py o . Y
[ S SIS SRS : i |[o) CHE AC
— : T TR @._eaky
PR -t - - T : T - = ekl div
chis =0 v Stepped down | Stepped up A H'E
H an v = - - -

ot s . . : 50, D00 ;I 5.88 UaAdiv
Stopped [] HiiH

Fig. 3 Observed waveforms at rapid irradiance fluctuation.
(As regards the currents, vertical axis V/div means A/div)
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Fig. 4 Measured operating points on Fig. 5 Measured operating points on
P-V curve at FF 0.9. I-V curve at FF 0.9.

Table I: Measured MPPT efficiencies in different FF and Pyax conditions.
Fill Factor
04|05| 06 0.7 0.8 0.85 0.9
10 83%|86%|54~67% | 56~75% | 65~77% | 60~75% | 46~75%
20 [84%|85%| 84% | 85% | 83% |70~86%75~86%
30 |94%[92%| 93% | 88% | 87% | 88% | 81%
40 |97%|95%| 95% | 92% | 90% | 88% | 87%
Pwax[W] | 50 |94%|95%| 95% | 94% | 95% [ 93% | 92%
60 [949%(95%| 93% | 95% | 95% | 95% | 95%
70 [96%[96%| 96% | 95% | 96% | 96% | 96%
80 [950%(96%| 96% | 97% | 97% | 9%6% | 97%
9| * [97%| 97% | 98% | 97% | 97% | 98%
100| * [97%| 98% | 98% | 98% | 97% | 98%

(*: This condition cannot be simulated with the PV array I-V curve simulator.)

3.2 The Constant Voltage Control Function

The irradiance stepping down condition is considered about a current control
type inverter for PV system. Sometimes, the I-V curve is changed by rapid decrease of
irradiance. This change may occur mismatch between the inverter output power and the
generation power from PV. Assuming that the operating point is at the maximum power
point before the irradiance stepping down, then mismatch is caused by a stepping down,
and PV array output current before the stepping down is larger than short circuit current
after the stepping down. In this case, the parameter k requires the inverter to supply
more output power than the maximum output power from the PV. Consequently, the
operating point jumps and stagnates at the I point. As a result the inverter stops and
can not obtain gain from the PV.

In the proposed MPPT program, when such a phenomenon arises, its operation
is switched to the Constant Voltage (CV) function during a fixed period, then MPPT
control starts after the period. It can be achieved by the CV function that to avoid the
stagnation at the Isc point and to recover the Puax point. In case when such phenomena
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happen, the Vpc becomes smaller than Vi, which is detected and processed following
the flow chart as shown in Fig. 1.

Experiments for checking the effectiveness of CV function have been carried out
by using the proposed CV function program. The configuration of the experimental
system is shown in Fig. 2. The experiments have been carried out with two kinds of
programs one of them in which the proposed CV function is installed (named Type A),
and the other one is not (named Type B). The aim voltage of CV function (Vies) iS
given by the following equation (3):

Vieter=VocKev (3)

where V. is the open circuit voltage, and k., is a parameter which determines the ratio
of Voc and Vyere. The range of ke, is 0 to 1. In our case, k., was set to 0.88. First, the
experiment against stepping down of irradiance was carried out. The measured PV
output power of Type A and Type B are shown in Fig. 6. The theoretical output power
means the indicated Puax of PV array I-V curve simulator. Figure 6 shows Type A is
more stable than from Type B. The total amount of the output power and the normalized
one by the theoretical output power are summarized in Table Il. The results show that
the electric power of Type A is larger than that of Type B.

‘ —— Theoretical output power —— Type A —— Type B ‘

100

Theoritical output power

80

60

Power[W]

40

20

0
0 20 40 60 80 100 120
Time[s]

Fig. 6 The measured output powers of PV array I-V curve simulator with Type A and Type B.

Table II: The total amount of output power and the normalized output power
by the theoretical output power.

Theoretical output power | Type A Type B
Total output power [Wh] 7898 5648 5309
Normalized output power 1.00 0.72 0.67

Next, the experiment about the continuation of the operating point jumps and
stagnates at the I point was carried out. The measured PV output values of Type A are
shown in Fig. 7. The measured PV output values of Type B are shown in Fig. 8. From
Fig. 7, when the term of CV control ends, the operating point occurs stagnation at the Iy
point. Comparing Fig. 7 with Fig. 8, it is confirmed that the operating point stagnation is
more difficult to occur in Type A than Type B. The total amount of output power and the
normalized one by theoretical output power are summarized in Table Ill. The results
show that the electric power of Type A is larger than that of Type B.
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Fig.7 The measured output values Fig. 8 The measured output values
PV array I-V curve simulator with Type A. PV array I-V curve simulator with Type B.

Table 111: The total amount of output power and the normalized output power
by the theoretical output power.

Theoretical output power | Type A Type B
Total output power [Wh] 37697 25041 19621
Normalized output power 1.00 0.67 0.52

4. Conclusion

An MPPT algorithm for a digital controlled inverter has been proposed in this
paper. The series of experimental results confirm that the program can be applied to the
MPPT operation at static characteristic and at rapid irradiance fluctuation. The program
is able to seek Puax point, in the range of fill factor from 0.4 to 0.9. The Constant
\oltage function program was proposed for the operating point occurs stagnation at the
Isc point, and the effectiveness of this function has been demonstrated by experimental
results. The availability of the program has been confirmed by experimental results.
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ABSTRACT

However PV array temperature and ambient
temperature changes every seconds, previous
irradiation and temperature influence the current
array temperature. However many paper described
the model which estimate PV module temperature is
static and hourly value. We have established an
experimental equipment and monitor to the
temperature on the second time interval scale. This
paper presents to estimate fluctuation of PV module
temperature using the heat transfer model and
demonstrate that PV module temperature influence
the output voltage at the short time interval.

1. Introduction

The temperature of PV module, which
installed in outdoor is fluctuate at all time, affect to
the thermal radiation from the sun, ambient
temperature, wind velocity and so on. Generally
speaking, output voltage of PV module depends on
the variation of PV cells temperature. We had ever
presented that maximum power point tracking
(MPPT) control capability decreases when the output
voltage fluctuates greatly™. This paper presents to
estimate fluctuation of PV module temperature using
the heat transfer model and demonstrate that PV
module temperature influence the output voltage at
the short time interval.

Many paper describing the estimation method
of PV module temperature rise or PV thermal
model¥. However, these models analyze 1 minute
or more long time period sampling or no
consideration about dynamic time movement.
Maximum power point tracking (MPPT) of PV
inverter is faster control than that of time period.
Output voltage of PV module depends on the
variation of PV cells temperature. Fluctuation of
output voltage exerts a strong influence on MPPT
control. So there are needs to demonstrate the heat
transfer analysis of short timeinterval.

2. Experimental setup

Figure 1 shows the measuring system and
Table 1 shows measurement parameter. For
comparative experiments two identical single-

crystalline PV modules (Siemens SP-75) are prepared.

Thermocouples are installed on the back surface of
both PV modules. Each PV module measured two
points of temperature using thermocouples, peeling
the back sheet (PV cell temperature) and on the back
sheet on the back sheet. The ambient temperature
measured in the shade near PV modules using
thermocouple.  The irradiance is measured the
current of reference PV cell. This experiment need to
measure the high-speed variation of irradiance,
therefore we didn't use thermopile type pyranometer
which have long time constant. Wind velocity and
wind direction are measured by anemometer and
anemoscope.

One-second sampled data have been obtained
with the measurement facilities installed on the top of

abuilding in our University (35° 41'N, 139° 31'E).

Table 1 Measurement parameter

Measurement parameter Measurement place

Cell temperature (peeling the back

sheet) (T type thermocouple) PV module A and B

Module temperature (on the back

sheet) (T type thermocouple) PVmodule A and B

Open circuit voltage PV module A and B

Current (for irradiation monitoring) Reference PV cell

Wind direction Anemoscope

Wind velocity Anemometer

Near the PV module

Ambient temperature

V,
Temperature (Thermocouple Type T) oc

Anemometer and anemoscope

N3

Module A [Thermocouple Type TJ
Voc

Module B [Thermocouple Type TJ Es
Voc

Reference cell

Reference cell (Is¢)
(for irradiance monitoring)

PV module

DC12v 0.5Q5wW g

Signal converter|

Monitoring PC
Fig.1 Outline of measuring system

use Date logger
(10ch) AC100V
1
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3. Experimental Results

PV module temperature is mainly concerned
with irradiance and ambient temperature (wind
velocity), i.e. depends on the thermal radiation and
heat transfer by convection. Therefore relation
between PV module temperature and irradiance or
ambient temperature is examined.

Fig. 2 PV module temperaturé and V. response to rapid
fluctuation in irradiance (data from Oct. 9 / 2003
10:11)

Figure 2 shows the PV module temperature and
open circuit voltage (V,) response to the case of a
very rapid fluctuation in the irradiance level over a
short period of time, aincrease of about 0.6kW/m? in
3sec, and decrease of about 0.6kW/m? in 4sec. Open
circuit voltage rises coupled with irradiance increase.
After that time, open circuit voltage ratchet down
with increase of PV cell temperature. Open circuit
voltage depends on the fluctuation of irradiance at
short time period.

Fluctuation of Irradiance, Voc, Wind velocity, Cell temperature
T
|

2 gl
g g

E) 6] 0 w20 0w

Fig. 2 PV module temperature and Voc response to
fluctuation in wind velocity (data from Dec. 17 /
2002 10:11)

Figure 2 shows the PV module temperature
response and V. to fluctuation in wind velocity. The
PV module temperature decrease to influence the
wind velocity. This case is dower temperature
fluctuation than the case of rapid step change in
irradiance. But it's difficult to evaluate the effect of
wind at outside experiment. Therefore indoor
experiment was conducted in parallel.

Energy was provided for the PV module using
current power supply, with the object of analyzing

heat transfer. Flush bulb was blinked at fixed
interval for measurement to the open circuit voltage.
PV module temperature was measured using thermo-
couple. The heat transfer by forced convection was
evoked using air blower. In order to avoid the
influence of thermal radiation, indoors experiment
conducted in the darkroom. Results of these
experiments are shown in Fig. 4 and 5.

“voltage

temperature

4 2
0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000
riod s)

Fig. 4 Result of indoor experiment (no air blower)

voltage

voltage [V

ondis]

Fig. 5 Result of indoor experiment (with air blower)

Time constant was calculated from results of
heat transfer experiment as shown in Table 2. The
time constant is apparently short according to the
heat transfer by forced convection

Table 2 time constant of PV module

Time constant [sec]

Phase of rise in Phase of drop in
temperature temperature
No air blower 756.82 860.63
With air blower 256.91 304.72

4, Conclusions

Therma anaysis for PV system was become
apparent by conducting outdoor or indoor experiment.
For the future, ssimulation will be leverage for more
depth evaluation of PV heat transmission.
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Estimation of obstacles for PV systems by using photogrammetry

Satsuki lke, Kosuke Kurokawa (Tokyo University of Agriculture and Technology)
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Development of a dual sensor type pyranometer
Yoshinori Inoue, kosuke kurokawa (Tokyo University of Agriculture and technology)
Yukiharu Miyake, Kouzou Nakamura, Tadashi Kato (EKO Instruments TradingCo.,Ltd.)
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2 |WCPEC-3 Exhibition / Visitors 14-20 May 15,471
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Experiment and Evaluation of L oop Power Flow Control for Distribution Systems Adaptableto
A Large Number of Distributed PV Systems

Naotaka Okada*, Masahide Ichikawa** and K osuke Kurokawa**

*Central Research Institute of Electric Power Industry, 2-11-1, Iwadokita, Komae, Tokyo, Japan
** Tokyo University of Agriculture and Technology, 2-24-16 Naka-cho Koganei-city Tokyo, Japan

E-mail : okada@criepi.denken.or.jp ; http://criepi.denken.or jp

ABSTRACT

When distributed generation (e.g., PV) isinstalled for
feeder imbalance, it is difficult to maintain a proper voltage
range. In such cases, a loop distribution system has an
advantage at voltage fluctuation. A loop power flow
controller (LPC) may be expected to control loop
distribution systems without any increase in short-circuit
current. In this paper, we describe relation between loop
power flow control and voltage -characteristics for
distributed generation, and propose a simple control method
using local voltage information. Experimental results show
the loop power control is advantageous in respect of voltage
stability to the radial distribution systems. And experimental
results are congruous with simulations. The result of our
simulation shows that the proposed control method for the
L PC balances the power flow and regulates the voltage with
stable operation.

1. Introduction

Renewable energy such as the PV system and the
utilization of co-generation systems are expected to improve
the efficiency of energy applications. Therefore a lot of
distributed generations (DG) will be connected to
distribution systems. When the DGs are installed for feeder
imbalance, it is difficult to maintain a proper voltage range.
In such cases, it is known that loop or mesh distribution
systems balance the power flow and regulate the voltage.
However, the short-circuit current in the distribution system
will increase, and a method for detecting the location of
faults in loop distribution systems has not yet been
established.

A loop power flow controller (LPC) using a back to
back (BTB) should control loop distribution systems without
any increase in short-circuit current. Therefore, we
anticipated applying a LPC to radia distribution systems
with the present protection method. In order to apply LPC to
the actual distribution system, the operation method and
evaluation are required.

In this paper, we tested a simple control method
using local voltage information. And evauation of the
proposed control method for loop power flow was estimated
by power flow calculation based on the Monte-Carlo
method.

2. Basic Concept of Loop Distribution System

6.6kV overhead distribution systems are currently
constructed in Japan as radial networks. Fig. 1 shows a
radial distribution line route from a distribution substation.

853

A feeder is broken into sections by circuit breakers, closed

switches and open switches. The open switches give

flexibility at fault condition. Under stable conditions,
distribution systems are operated as the radial network.

A loop system can be easily constructed by closing
an open switch. Therefore, we considered the installation
points of the LPC (loop power flow controller) to be the
open switches shown in Fig. 1.

The basic concept of the loop distribution system
using the LPC we proposeis as follows.

A) Aimisfree access to the distributed power supply.

B) System responds flexibly to unbalanced load between
feeders, and makes effective use of equipment.

C) To enable this, the system is constructed in the shape of
loop from radial.

D) Loop distribution system is provided without altering
existing systems such as the protection system, except
for loop points.

In achieve dl this, we used the BTB shown in Fig. 1

asthe LPC.
© ©
| —)
AC-DC-AC converter
V‘\ ﬁ /VZ Feeder 2
Do
@
OE;

() substation [ circuit breaker @ closed switch O open switch
Fig.l Loop distribution system with Loop Power Flow
Controller (LPC)

3. Proposed Control for Loop Power Flow Control
Power Flow Control using Local Voltage

Oneideaisto use local voltage for loop power flow
control and voltage regulation. Theoretically, the voltage of
the power system is controlled by reactive power. Here
however we would like to focus on the line resistance (R)
close to the line inductive reactance (X) in Japanese 6.6kV
distribution lines.

Fig. 1 shows the termina voltage of the LPC and
controlled power flow direction. A simple rule of power
flow control by termina voltages is shown by the following

[1]:

P=G,(\,-V,) @D
where, V; and V, are the terminal voltages shown in Fig. 1.
G, isthe loop power flow gain by the voltage difference.
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Power Flow Control using Line Voltage Drop

In equation (1) the feeders connected at the same
bank transformer. In this case, we consider the voltage drops
of two feeders, as shown in Fig. 2.

Feeder 1 AV, L
AV,

Feeder 2
Fig. 2 Voltage drops of two feeders
This assumes that the sending voltage of the two feeders is
the same. Equation (1) is shown as follows using voltage
drops AV; and AV,
P=G,(AV,-AV,) 2

where, 4V; and 4V, are the voltage drops of feeder 1 and
feeder 2 in Fig. 2. The relation between G, and voltage
characteristics was shown in reference [2].

However, when the feeders are connected to two
different bank transformers, the sending voltages of the
feeders differ. When using voltage drops, measurements are
needed for the sending voltage of feeders.

Reactive Power Control using Line Voltage Drop
We use the following simple rule of reactive power

flow control by line voltage drop:

Q =G, AV, 3)

Q,=G,-AV,
where, AV; and 4V, are the voltage drops of feeder 1 and
feeder 2 in Fig. 2. Q; and Q, are injected reactive power at
node 1 and 2, respectively. G is injected reactive power
gain by line voltage drops.

4. Experiment on 6.6kV Distribution System

The proposed operation was tested in 6.6kV
examination circuit shown in Fig. 3. LPC was installed in
the end of two feeders (3km). Fluctuation of voltage is
carried out by the load and DG which were installed in the
right-hand side feeder.

The voltage characteristic in which load and DG of
0.5pu was changed to the capacity of the feeder is shown in
Fig. 4. In this test, G, and Gy were set to 80 pu. LPC is
advantageous at the stability of voltage. The experimental
results are congruous with simulations.

5. Evaluation by Simulation

We evaluated the operation method using distribution
system model with four feeders (Fig. 5). G, and G4 were set
to 40 pu, in this simulation.

Fig. 3 Experimental Distribution System

—&— Experiment without LPC
104 ---©-- Simulation without LPC
) —=<— Experiment with LPC
---x-- Simulation with LPC /@

Distribution line voltage pu
—

098 \@/ f
096

Before Increase ofload  Increase of DG
fluctuation

Condiations

Fig. 4 Voltage stability for power fluctuations

Fig. 5 Distribution System model for Evaluation

0.05

0.04

PQ control

003

002

001

36 of fluctuation at v3 pu

0

0 0.5 1 15
EV of total DG power on feeder 1 pu

Fig. 6 3o of voltage fluctuation at the end of feeder 1 for DG
connections

Fig. 6 shows 3o of voltage fluctuation at node 3 for
DG connections. Dashed line (30=0.024) indicate 3c of
radial system without DG. Therefore, in the area below this
level, it is thought that there are very few problems of
voltage.

6. Conclusions

We propose a simple operation method using local
voltage. Experimental results of proposed operation show
the loop power control is advantageous in respect of voltage
stability to the radial distribution systems. The evaluation of
simulation shows LPC balances the power flow and
regulates the voltage with stable operation.
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