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ABSTRACT - Performance of photovoltaic systems with electrochemical storage is affected by the adopted battery charge
regulator and the problem of an optimum charge regulation in small PV plants is still an open question. To determine the
optimum regulation type a monitoring activity has been carried out by ENEL and Conphocbus. Photovoltaic systems, with
identical electrical characteristics but using different types of charge regulators, have been compared for a long time, at
Conphocbus test facilities, in order to evaluate performance of each charge regulation strategy under identical
meteorological conditions, initial battery state-of-charge and electrical load. Furthermorc different types of charge
regulators, presently available on the market, are adopted in PV plants run by ENEL in order to assess their efficiency and
reliability: performance data of different systems have been evaluated.
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1. INTRODUCTION

Battery charge regulators are included in most photovoltaic
systems to protect the batteries from overcharge and excessive
discharge, extend battery life and maintain battery voltage within
a range acceptable for the load operation. Moreover regulators are b) FROM PV
used to transfer energy from the PV array to the battery and
towards the load with the maximum efficiency. A good regulator
must carry out the aforementioned tasks offering also :
- reliability;
- simplicity of manufacture;
- low cost. R
The most utilized kinds of charge reguiation in PV systems ¢) FROM PY T
with electrochernical storage are: g ¢
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- direct connectjon regulation, between PV generator and
storage (see Fig. 1a) using the.self-regulating capacity of
properly designed PV modules when they are connected to the
electrochemical storage: increasing the battery voltage increa-
ses PV array voltage and, thercfore, decreascs PV array . c
current; this regulation is convenient when the PY system is b4
placed in locations where the ambient temperature docs not d) FROM PV Ca
vary dramaticatly {so the PV maximum-power voltage remains
fairly constant) and when the electric load doesn't require a fair
constant input voltage;

- ON-QFF regulation, which consists of a complete connection
or disconnection of PV generator from storage when the
battery voltage gets the preset levels; the PV gencrator can be CHOPPER
left in open circuit condition (ON-OFF series regulation, see rm—————— 1
Fig. 1b) or shunted to a power dissipation device (ON-OFF

I | poy
shunt regulation, see Fig. 1c); Y RoM | =,
- multi-step regulation, which prevents batiery overcharging by l I __l_

¥

4

a partial connection or disconnection of PV generator from L2222 J
storage when the battery voltage reaches the preset limits; the
regulation can be realized by mcans of a partial connection or WPPT
complete disconnection of whele strings (see Fig. 1d) or part
of a string;

- chopper regulation, which maintains a fairly constant output ) FROM PV-e—
voltage, by means of electronic devices that modulaie the v l
charge current according to the battery voltage level (sec Fig. I
le);

- MPPT regulation, in which a Maximum Power Point Tracker
forces the PV array to always work at its maximum power
point even if the irradiance and temperaturc change (sec Fig.

1)

Regulators, which present simpler manufacture (like direct Fig. 1 Battery charge regulation for stand-alone PV 515"‘;‘3
connection and series types), are less expensive and more relia- with electrochemical storzge: a) direct connecnons b) -
ble. On the other hand, more complex regulators, like chopper OFF series regulation; ¢) ON-OFF shunt regulatois
and MPPT types, present higher charging efficiency, extend bat- multi-step regulation; ) chopper regulauon: f i
tery life, but make the overall systemn more expensive and less regulation

reliable, because of the added circuitry.
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In order to determine the optimum regulation type the perfor-
mances of stand-alone PV systems, having identical electrical
characteristics but different types of charge regulatio:., have been
evaluated under identical meteorological conditions, initial battery
siate-of-charge and electrical load. The work has been conducted
at Conphocbus test facilities on behalf of ENEL-DSR-CREL,
which has adopted different types of charge regulators for the
installations in Alpine Huts /1/ and in Stromboli Island in the
frame of the Scattered Dwelling Project /2/. The research has then
peen aimed at assessing the efficiency and reliability of various
types of regulators presently available on the market

2. COMPARISON BETWEEN 3 DIFFERENT CHARGE
REGULATORS UNDER IDENTICAL TEST CONDITIONS

In order to analyze the performance of different charge
regulators, during actual operations, three photovoltaic systems
with identical electrical characteristics (24 Vdc rated voltage, 4
meodule pv generator, appropriate load and battery) have been set
up in Conphoebus test facilites.

1 ipti m
The three photovoltaic systems adopt different types of

charge regulators (see Tab. 1):

- ON-OFF serics charge regulation is adopted in system 1; it
controls the battery by means of a complete connection or
disconnection of PV generator from storage when the battery
voltage reaches the preset levels;

- (wo- i r lation is adopted in system 2; it
controls the battery connecting or disconnecting half PV gene-
rator from storage when the battery voltage reaches the preset
leveis; the second half is disconnected if the voltage reaches
again the threshold,

i i is adopted in system 3; to obtain

an optimal self-regulation PV modules must be chosen taking

into account battery nominal voltage and average ambient
temperature of installation site; Fig. 2 shows different self-

regulation characteristics adopting PV modules with 36, 30

and 27 cells in series. A module configuration with 30 cells in

series was chosen, because several test runs, conducted during
some seasons, have actually indicated that this kind of module,
connected with a 12 V battery, presents an optimal self-
regulation capacity in the Mediterranean climate. One year
operation of a PV system, using this Tegilation type, resulted
in the PV generator presenting a conversion efficiency variable
between 8.1% (during July ) and 11.9% (during December
and January) (see Fig. 3). The system has always charged the

battery regularly and deficit occurred only in January (125

hours) and in December (59 hours); the maximum values of

the battery got 31.8 V {in February), while its daily average
value varied between 24.7 V and 26.2 V; in any case, during
the same period, no evident electrolyte gassing was observed.

Tab. 1 - Main characteristics of tested systems

SYSTEM 1 2 3

PV GENERATOR

Cells in series 36 36 30
Medules in series 2 2 2
Total modules 4, 4 4
Total Voc V] 40.0 40.0 35.5
Total power [Wp] 190 190 160
BATTERY

Elernents in series 12 12 12
Nominal Voltage [V] 24 24 24
Capacity C10 _[Ah] 150 150 150
CHARGE ON-OFF | Two-step Direct
REGULATION series series couplin
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seem to offer more advantages than the others when used in
stand-alone PV systems. In particular system 3, which adopts the
reguiation by means of direct coupling between PV generator and
battery, for its simplicity seems the best solution for PV systems
installed in remote areas, where difficulties in systermn maintenance
could limit systern operation.
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operation, a data acquisition equipment was used to monitor the
main electrical and meteorological parameters. Mcasurements
were taken every 20 seconds and their average recorded every 15
minutes. Finally the data were processed to prepare the output.

2.2 Comparison ameong different charge regulators during a

Fig. 4 shows the different profiles of charge current in
system 2 and system 3, on a sunny day: generator-battery direct
coupling allows the battery to be charged more regularly, thus
avoiding high voltage fluctuations and frequent inversions of
battery current, which reduces efficiency in transferring energy
between PV generator, battery and load. System 3 has presented
fewer battery current inversions (BCI) and has produced 36%
more energy per-unit of installed power than the system 2. On the
same day, the maximum voltage level reached in the system 3 (31
V) is higher than that got by the system 1 and 2 (29 V), but this
high value does not damage for the battery, because when the
maximum value is reached the PV generator works near open
circuit condition and the charge current is very low (no apprecia-
ble gas development was observed). Moreover such a voliage is
affordable by the usual 24 Vdc appliances.

2.3 Onc month comparison ameng different charge regulators in
Y o

For one month, in two different periods, the systems were
operated without load, in order to test systern limits in the high
charge current / low load demand condition.

Before starting the tests, the battery of each system was
_discharged until electrolyte density reached the value 1.18 g/cm?
(Vb = 23V). During the tests the main electrical and meteorologi-
cal parameters were monitored.

Fig. 5, Fig. 6 and Tab. 2 account for the fact that the direct
coupling allows higher charging efficiency than the other reguia-
tion strategies: more energy was generated and a higher state of
charge was reached (see electrolyte density profile), still maintai-
ning the battery maximumn voltage within acceptable value.
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Fig. 3 One year operation of a PV system adopting direct
connecton regulaton

The systems under test have been compared during normal
operzation 1n different seasons. .

During operation in summer period the system 3 produced,
per unit of installed power, 18% more energy than the systems |
and 2 which produced the same energy (sec Fig. 7). The battery
current inversion per day (BCI) were c_quals 55 for the first
system, 21 for the second one, 6 for the third one.
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Fig. 4 - Comparison among different charge regulators during &
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During operation in winter period the system 3 produced, per
unit of installed power, 10% more energy than the systems 1 and
2 which produced almost the same energy (see Fig. 8). The
battery current inversion per day (BCI) were equals 14 for the
first system, 8 for the second and the third ones.

3. PERFORMANCE OF DIFFERENT CHARGE
REGULATORS ADOPTED IN ENEL'S PV PLANTS

Different types of bautery charge regulators have been adopted
by ENEL for stand - alone PV plants, namely in 7 mountain huts
and in 30 houses in the island of Stromboli, near Sicily.

The plants for the huts equipped with ON-OFF regulators
have shown that the battery is not allowed to reach the inital
5.0.C., thus reducing in practice the available battery capacity
/.

At Stromboli, ten of the plants are equipped with electrome-
chanical two-step series charge regulators, eleven plants adopt a
four-step regulation by means of a programmable logical contrel-
ler (PLC) and nine plants use chopper regulation.” During two
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year operation, all the adopted regulators have presented a good
reliability. The conversion efficiency of the systems which adopt
PLC and chopper was quite similar and about 10% higher of the
systems adopting two-step regulator (see Fig. 9). Anyway, the
systemn cfficiency is strongly affected by the user, depending
upon the balance of produced and consumed energy.

4. CONCLUSIONS

According to the performance of several small stand-alone PV
Systems operated by ENEL, the use of simple battery charge
regulators is recommended, since chopper regulators does not
show drastic advantages as compared with step regulators.
Furthermore the test activity carried out by Conphoebus shows
that the charge regulation obtained by means of direct coupiing
between properly designed PV generator and battery offers
reliability and efficiency. This regulation could thercfore be
considered the best solution for small PV systems especially if
they are installed in remote areas, where difficulties in system
maintenance could limit plant operation.
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Fig. 6 One month comparison among different charge regula-
tors in no-load conditions {June - July 1990)
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ENEL's 3-MW PV POWER STATION PRELIMINARY DESIGN

C.Corvi*, R.Vigotti*, A.Iliceto** and A.Previ**

* ENEL - DSR - Roma, Italy
++ ENEL - DSR - CRE1l - Cologno Monzese (Milano), Italy

ABSTRACT. In the context of the Italian National Energy Plan, ENEL, the Electricity
Authority, is developing a first utility scale PV generation plant, to be located in

the region of Naples.

This paper presents the main

preliminary design phase, and the available

1. INTRODUCTION

The design of a grid-connected photovoltaic
power plant is basically quite simple. It involves
setting up a d.c. generator of a given size and
power, coupled to a d.c. - a.c. static converter.
However, the transition from the theoretical
design to its implementation in practice invelves
a series of technical problems that are not always
solve and are not catered for by

plant
the weakest point in
the low degree of

eagy to
engineering. The salient

photovoltalc

conventional
feature and
conversion is, as it is known,
conversion efficiency of present-day photoveltaic
modules. This aspect, which has only a slight
bearing on the designing of small photoveltaic
plants, becomes decisive when it comes to setting
up power plants of MW dimensions.

The considerable amount of land required for such
plants means the designer has some new and unusual
structural and- architectural problems to deal
with, The possible sclutions are many, but their
effect on the cost of the system is significant.
low conversion efficiency also affects
of the project, inasmuch as
generataors

Moreover,
the electrical design
setting wup large

handling, assembling, and wiring tens of thousands
which obviously high labour

power involves

of modules, means
costs.

By setting up this photoveltaic power plant, ENEL
aims above all to ascertain the present coSts of
implementation and tc improve design criteria, as
well as the costs of future projects, so as ta
make them as competitive as possible compared to
conventional power plants.
tet us now take a closer

criteria applied.

look at the design

2. DESIGN PARAMETERS

The designing of a grid-connected plant calls
for knowledge of the main meteorclogical data in
respect of the site under consideration (1. e.,
temperature, wind speed). The system
it will guarantee a

solar energy,
has to be so designed that

given annual production of electric energy and

technical

1277

characteristics of the plant at its
information of the principal components.

peak power throught the year.

The design parameters to be defined are:
- The tilt angle

- The system's conversion efficiency.

Both the above quantities have to be laid down so
as to ensure that the maximum energy is produced
for a given amount of installed generating power.
Various more or less sophisticated methcds can be
used to calculate the optimal tilt angle. In the
case of the plant in question, use has been made
of the methodology . indicated in (1}.

The chosen value of 20° 1s based not only on
energy, but alsc on practical considerations, as
follows:

~ Module self-washability

— Reduction of the area taken up by the plant

- The possibility of supplying only slightly below
rated installed peak power in winter time.

As regards the electrical efficiency of the
system, (ratio between the DC and the AC rating}
the aim has been to obtain the best, compatible

with a number of constraints, imposed both by the

current state of the art in respect of
photovoltaic modules and by Ttalian safety
regulations. The first step to reduce the ohmic

losses of the array, given the same power output,
it's to fix the rated voltage as high as passible,
In the case of photovoltaic plants, there are
practical limitations on the use of high voltages
for the following reasons:

- The output veltage from the plant depends on the
number of modules arranged it has
been estimated that when the number of modules
connected in exceeds a hundred, the
reliability of the system begins to diminuish
(2).

- If the plant's voltage exceeds 600 V, steps have
to be taken, italian safety

in series;

series

in accordance with

regulations, to isolate the plant from the
public and also from maintenance staff.
For =all the reascons mentioned, the operating
valtage of ENEL's plant has been fixed at 330V
(i.e., about 400 V no-load), thus allowing



d.c. generater within bounds, it has been decided
that all wiring be designed nc- to exceed a
current density of about l1A/mm , at peak power.

In addition to chmic losses, phatovoltaic
generators suffer internal losses due to the lack
of homogeneity in the electrical characteristics
of the numerous photovoltaic modules of which they
are made up. More or less complicated criteria to
optimize the matching of modules in series and in
parallel can be adapted (3). The basic principle
is to connect in series the modules that supply
very similar currents, and in parallel the modules
or strings of modules that have very similar
voltages. In this case, tco, practical
congiderations have meant that modules are
classified and subdivided as little as possible,
in order to complicate on-site assembly as little
as possible. In the case of the ENEL plant, the
modules will be subdivided inte two current and
voltage classes balancing cost of installation and
array efficiency.

3. ELECTRICAL DIAGRAM OF THE PLANT

Particular attention has been paid to the
electrical layout., First of all, the 3-MW power
plant has been subdivided into 10 sub-field, each
with a gross power of 330 kW peak. Each sub-fields
is electrically independent of the next, since it
is connected to the 20-kV netwark by -means of its
own converter. All the sub-arrays therefore
operate electrically jin parallel on a buried 20-
kV loop running throughout the area of the
photovoltaic plant.

Each sub~array is broken down into two
galvanically separate sections; and is connected
to the converter in accordance with the diagram
in Fig.l.b.

This 4-wire layout is functiconally identical to
the -3-wire system with the center tapped to
ground, as described in Fig.la.

Of the two alternatives, the chocice fell on that
in Fig. 1k, which offers the advantage of
operating as a floating photovoltaic plant,
isclated from the ground. The main plus point here
conaists in the fact that ground fault causes the
circulation of only very weak fault current.
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Fig. 1. 3MWp PV power plant - Possible siectric lay-outs
of one sub-fleld {330 kWp )

The ENEL photovoltaic plant will be equipped

with polycristalline silicon modules. During 1990,
both Italian and non-Italian manufacturers were
invited to submit tenders for the supply of the 10
sub-arrays into which the plant is subdivided.
The electrical diagram proposed by ENEL provides
for a 72 cell module with a power of about 904100
Wp and a voltage at maximum power of about 17 V
d.c. The diagram s pgiven in Fig. 2b. The module
is twice the size of the 36—cell type available on
the market. Obviously, the 72-cell module has the
following advantages over the smaller kind:

- Higher power density (W/mz). given the same cell
output.

- Baving in material

- Only half the amount of work required for
assembly and wiring of the modules.

Some of the manufactures approached stated they
were prepared to supply medules with the
characteristics indicated by ENEL, while others
were prepared to provide either 36-—cell or 72-cell
modules, but with twice the output voltage
required (i.e., 35 V d.c.}.

Consequently, assuming all the sub-arrays operate
at the same voltage of 330 V d.c., there will be
sub-arrays with source circuits consisting of 20
or 10 modules connected in series of the large
type, and sub-arrays with 20 module strings in
series of the small type.
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Fig. 2. 3MWp PV power plant - Electric lay-outs
of the pv modules to be installed
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The energy generated by each sub-array will be

converted into a.c. and stepped up to medium
voltage (20 kV) by means of a line-commutated
inverter and a step-up transformer. The inverter
censists of two three-phase bridges connected to
the two secondary windings of the step—up
trasformer, as show in Fig. 3. The tfargetted
efficiency of each converter is 92% at full load.

Each bridge
This lecgic,

is equipped with MPPT contrel
developed by ENEL {4)

icgic,
makes possible

prototype.

6. INTERFACE QF THE SUB-ARRAY WITH THE
MEDIUM-VOLTAGE NETWORK
All the sub-arrays will be supplying the

energy produced in the 20-kV ne“work.

A special, buried therefore
linking in parallel

the primary windings of the step-up transformers

loop-line
throughout the central area,

runs

maximum feed into the . network of the power of the static converters (see Fig, 4). At the
generated by the sub-arrays. In gone of the interface with the network, suitable filters to
sub-arrays, it is planned to install a further compensate for the harmonics and banks of
forced-commuted inverter, to operate alternately capacitors for power factor control will be
with the line-commuted one. This unit, which will installed,
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Fig. 3. 3MWp PV power plant - Lay-out of the converters
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The ENEL 3-MW photovoltaic power plant will be
set up during the period 1991-%3. Three sub-arrays

are expected to come on stream by the end of '92,
and the remainder thereafter. The plant will be
located in the Province of Salerno {Italy). The

design c¢riteria adopted for the plant are aimed at
cost optimization. It is considered that, given
the experience gained in such a project, it should
be possible toc modify or confirm the validity of
such criteria with a view toc setting up other

multi-MW power plants in the future.
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ENEL'S TEN YEARS' EXPERIENCE IN THE USE OF PHOTOVOLTAIC
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ABSTRACT: In 1982 ENEL launched a technological development program for the nationwide
gapplication of photovoltaic systems, with the aim of supplying small loads to conisumers and tradesmen
in isolated areas not yet covered by the national electricity service.

This Report describes the main project data of the systems built by ENEL (about 250 installations)

and the performance figures, where available.

1. INTRODUCTION

In 1982 ENEL launched a technological
development program for the nationwide application of
photovoltaic systems, with the aim of supplying small
loads to consumcrs and tradesmen in isolated areas not
yet covered by the national elec ricity service.

The program was structured to enable
investigation of feasibility, cost, production, reliability
and the level of satisfaction of users’ needs. These
parameters applied both to very small photovoltaic
plants (able to supply not more than 1000 kWh/year),
and larger plants able to produce up to 6000 kWh/year.
This subdivision was made because of the necessity to
provide two types of plant:

1) Plants for users requiring only modest loads, making
it possible to supply electricity at 24 or 48 V de.
2)Plants for more demanding users, requiring mono- of
tri-phase AC supplies at 220-380 Vac

From 1982 to 1992, both types of system were
developed to meet a number of practical applications,
some of which are now in the process of being installed.

2. INSTALLATIONS

In the period 1984-1992, the (following
installations were completed:

- Seven plants for supplying Alpine refuges [1]

- Eight plants for supplying WWF field bases |2]

- One for the Ministry of Agriculture.

- Thirty plants for supplying homes situated in the
Ginostra area of the Island of Stromboi (Sicily) [3]

- Sixteen plants for supplying homes sitvated in the
Bazzina area of the Island of Alicudi (Sicily).

In the period 1992-1993, the following plants will
be completed:

- One hundred and forty plants for supplying small
tradesmen in the Southern lItalian regions of
Abruzzo, Molise, Pugtia, Campania, Basilicata,
Calabria and Sardinia (Valoren Project}.

- Seven plants for supplying business users in the
Ginostra area on Stromboli, Sicily.

- Eighteen planis for supplying Alpine huts.

The above plants have a peak power between

03 kW and 6 kW, with nominal operating voltages of

24 dec or 220 ac.
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3. DESIGN CRITERIA

The plant are designed on the basis of a constant
guarantee to users of a high degree of reliability in
power supplies. From the quantity point of view, this is
expressed as a total maximum number of hours per
year for which power supplies cannot be guaranteed.

ENEL. plants are normaily designed to allow
between zero and 100 hours per year in which supplies
are not available; the exact figure in this range is
dictated by users’ individual requirements [4].

Non-availability depends also from random
interruptions in supply due to breakdowns occurring in
the plant, and failures caused by users.

To keep the levels of non-availability within the
project’s designed range requires extremely high plant
reliability. To guarantee this, it is necessary that:

- The basic electrical design of the plant is simple and
correct.

- The protections with which the plant is fitted are
calibrated in accordance with the plant’s general
criteria.

- Both the reliability and life of the components are the
highest possible.

As well as the technical criteria involved, the
design of the plant is also influenced by the total
implementation cost. The final design criteria thus
derive from an acceptable compromise between cost
and reliability.

To gain experience the ENEL demonstration
program in this sector thercfore varies from case to
case, with the result that plant designs differ as regards
the instailed power, the technical solutions adopted in
the basic layout, and the ways in which battery charge is
controlied.

The following sections cover the main
components of the stand-alone plants, and briefly
describes ENEL’s experiences.

4, SUBSYSTEMS: ACQUIRED EXPERIENCE

41  Photovoltaic Modules

Ten years' experience in the use of crystal
modules (single and muiti) has produced very positive
results, in the sense that these components can without
doubt be regarded as the most reliable of all those used
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in the plant. They need practically no maintenance. The
photoveltaic fields used have a power of between 350
Wp and 6000 Wp depending on user requirements.

42  Bateries

The stationary Pb accumulators are of the type
normally used in ENEL piants. The cells used have a
capacity of between 300 Ah and 1500 Ah, depending on
the power of the plant. The reliability of this
component has been satisfactory in all the applications
described in this Report.

Controlling the state of the accumulator is still a
problem as regards both estimation of the state of
charge and estimation of the life remaining after
installation.

The above information can be obtained
(approximately) by monitoring systems which, although
certainly available on the market, are too sophisticated
to be applied to the small systems described here.

One practical problem, but relevant also from
the economic point of view, concerns the “housing" of
the accumulators in the open air. The containers
designed by ENEL are certainly adequate in resolving
the technical problems connected with the installation
of the accumulators (safety, maintenance, etc.). The
cost is still very high and can only be reduced by
standardization. Maintenance of the plants has not
been particularly demanding, although it has always
been necessary to assign ENEL technicians for the
periodic site checks.

43  Charging Regulators of the Batteries

In the plants developed by ENEL, a number of
devices have been tested for battery charging (see
Fig.1), including directly connecting the photovoltaic
field with the battery. All the methods used proved
successful, but obviously the self-regulating system was
preferred, which offers reliability at low cost [5].

What choice to make from among the various
types of regulators, apart from the cost, depends on the
particular conditions in which the accumulator has to
work (continuous or discontinuous charge, the
temperature of the environment, accumulator type,
whether the capacity is high or low relative to the
power of the photovoltaic field).

A good compromise between the various types
of regulators is shown in Fig. 1 bis, for the following
reasons:

- high reliability

- high charging capacity
- low self-consumption
- low cost.

44  Power conversion

As described below, ENEL has carried out
experiments in supplying power to users by means of
both Direct Current and Alternating Current.

In some cases it has been shown convenient to
install small converters dedicated only to feeding a part
of the equipment used, leaving the remaining in Direct
Current.

In the more powerful plants ENEL has made a
total conversion of the power, by means of autonomous
converters designed ad hoc for photovoliaic systems.

The converters have a high performance leve!
also at low charge, an extremely low self-consumption
(a load sensor enables the machine to be kept on
standby when the load applied is practically null), and a
high level of overloading.

This equipment has been installed recently, and
no data are available yet regarding reliability over time.
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FROM PV ——f = I P TO LOAD
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| T _L
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Figure 1:  Battery charge regulation for stand-alone PV
sysiems with electrochemical storage: a) direct
connection; b) ON-OFF series regulation;
c) ON-OFF shunt regulation; d) multi-step
regulation; e) chopper regulation; f) MPPT
regulation

TO LOAD
—

Figure 1 bis: ON-OFF shunt regulation of one PV module
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The scheduled maintenance of this equipment must
always be carried out by specialist technicians, either
from ENEL or the manufacturer.

45  Monitoring

All the systems installed by ENEL are fitted
with power meters (for Altemating and Direct
Current), for the calculation of the power consumed by
USers.

ENEL has also designed and developed a
special data acquisition system, which provides more
detailed information on the behaviour of the plant and
the reliability of the supply. This system, which is
known as GMF, provides a complete energy balance
report on the plant, i.e.: {6]

- The solar energy acting on the photovoltaic field

- The electrical power preduced by the photovoltaic
field

- The power consumed by the user

- The number and duration of the periods when the
user is not supplied

The design of the GMF systermn required
considerable care, particularly as regards reliability and
the reduction of selfconsumption. These measuring
systems, installed for long periods in certain ENEL
installations, have made it possible to characterise their
behaviour completely, as described below.

In some cases, commercial data loggers have
been used, integrated in the GMF systems in order to
make the energy balance calculations through the
continuous recording of the voltages and currents in the
various sections of the plant.

5. SOME OPERATING RESULTS

The most interesting aspect, clearly confirmed
by the operating results of ENEL plants, is that the
stand-alene plants must almost always be designed to
supply more than the actual needs of the load,
particularly when the latter is for consumers. The
intake of power by this type of user, as is well-known, is
rarely the same on any given day, and is linked to the
particular lifestyle of the people involved, to periods of
absence and to the number of occupants of the
premises being supplied, and so on.

The random nature of the load inevitably means
that the photovoltaic plant is often larger than strictly
necessary, as it must be designed to supply power to the
user "in the worst case" both as regards the
consumption by wusers and the meteorological
conditions.

The above situation is well-documented by the
records of the energy balances of the thirty plants
instalied in the Ginostra area of Stromboli. All the
plants are identical (they have an installed power of
350 Wp), supply power to the user at 24 V dc, and
benefit from the same levels of insolation, as they are
all located in a relatively small area (about 2 sq km).

The bar chart (see Fig. 2) shows users’
consumption (average daily value of the power
consumed and produced over two years). It is evident
that only a few users fully exploit the potential of the
plant, while the majority consumes only a small part of
the electrical power available.

Plants in order of increasing Load Energy

4
Plant powered with 10 more modu:.s
—_—
3.5
Plant powered with 6 more modules i
3 S 83 =
Maximum
preducible
2.5 energy

14 16 8 119 27 3 2 28 7 102624 5 1 23 21 22 4 18 12 30 6 20 29 25 17 19 13 15 Ave

r
‘B Lead energy

1

System losses B3 Surplus nct used '

Figure 2: Energy balance in the first 2 years operation period of the 30 Ginostra PV plants
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6, CONCLUSIONS

The production of decentralized electrical power
at the rural premises of consumers or tradesmen is
feasible even with stand-alone photovoltaic plants.

ENEL’s ten years’ expericnce in the field

conlinms this.
Choice of the way the power is supplied (traditional
means or photovoltaic) depends on environmental
and/or economic considerations. It is clear that the
photovoltaic plant replaces, in this application, the
traditional means of supplying electrical energy current
(overhead lines or underground cables), or the Diesel
generator. The "avoided" cost of the photovoltaic
installation may therefore be that of the line or cable or
the least quantifiable facet of reduced environmental
impact, visually or acoustically.

The current cost of the plants described here is
about 20 - 30 ML/kWp, and this will probably be
slightly reduced by ENEL in the immediate future as
the components used are further standardized.

ENEL will subject the operational costs of these
plants to further analysis, particularly as regards the
plants equipped with the static converter developed as
part of the VALOREN project.

In the near future, ENEL will therefore also be
able to count on photovoltaic systems to resolve
particular problems in supplying power (o users facing
high connection costs, and to users located in areas that
are subject to environmental controls, where the use of
overhead cables is to be avoided
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RWE Energie AG has been conducnng 2 | MW Photovoltaics Project since 1986 1n the course of which three large-
scale grid-integrated photovoitaic power generation plants have beenfare being planned, constructed and
commissioned. The first facility, which is located in Kobem-Gondorf on the Moselle Ruver, has been in operation
since October of 1988 The design capacity of this plant with its peak power output of 340 kWp was selected so as
to enable a comparison of vanous technologies on an international scale. The results obtained during operaucn of
the first plant were incorporated in the planning of the second power plant, which 15 located on Lake Neurath and
was commissioned as a pitot facility in September of 1991 The objective of this 360 kWp facility is to demonstrate
the cost reduction potential of large-scale photovoltaic power plants. The findings of the studies and analyses
conducted are discussed in the article below. In summary 1t can be said that in the long term photoveltaic technology
can be an interesting as well as viable option for future power generation. The performance antd reliability of power
plant components have been proven in continuous operation, however further technical development and continued
substantial cost saving are required before this technology can be employed cn a commercial scale. The deveiopment
potential is present, however intensive work 1n al] systems engineering areas 1s required in order to achieve the above

objectives

1. Role of Lai ze-Scale Photoveltaic Facilities in Power
Generation

In Germany in 1990, approximately 18 8 biltien kWh of power
has benn hamessed from the regemerative power gencranon
sources of power generation companies and private and
municipal power generators into the public power grid. This
quantity corresponds o 4.3 % of total consumption in Germany.
The greatest portion thereof, i.e. 3.6 %, came from hydroelectric
power generation. Amounting 1o only 0.0002 %, photovoltaic
power generation accounted for a neplipble portion of total
power generation. Yet 37 utility-operated solar generators and
another 100 privately operated facilities providing for a cam-
bined capacity of approximately 1.6 MW fed ca 650,000 kWh
into the public power grid. Consequently, in 1990 eight times as
much power originated from solar energy than in 1988. By 1993,
the installed photovoltaic capacity s estimated to reach
8 MW (1).

A land-use analysis conducted in Germany's western states clear-
ly shows the enormous potential of photevoltaic technology. If,
for example, only one third of the areas presently classified as
marginal-yield and fallow tracts were used for the construct:on
of commercial-scale photovoltaic plants, these facilities would
cover ca 25 % of total German power generation, i.e eight
imes the amount presently provided by hydroelectnic facilities
Yet icreasing the proportion of photovoltaic power generauon
of total power requirements comparable to that presently
provided bv hydroelectric facitines would mean that ca. 1,000
MWp photovoltale generators would have 1o be constructed an-
nually A comparison with Germany's present annual production
capacity, which amounts to ¢ca 10 MWp, shows just how long-
term such an objective would be

[t 13 probably too early to strive for such magnitudes We simply
want 1o express that we should make every effort 1o premote the
continued development and mprovement of this technology
New concepts have to be developed and corresponding standards
are required before the technology can be introduced further In
the Yast analysis. ecological, economic and poliucal exigencies
will determine the contribution of photovoitaic technology 1o
Power generation tn the future

2. Results of the 1 MW Phetoveltaics Project

Two of the facilities planned in the t MW photovoltaics project
are operational and have already produced a number of interest-
ing results.

2.1 Plant Design

Both facilities are directly grid-integrated. Whereas the first
facility in Kobemn-Gondorf features a rated power range of | to
100 kW for the purpose of comparison of components on an
international scale, the second facility located on Lake Neurath
was designed to demenstrate the cost reduction potential of such
facilities. The differing objectves of the two facilities become
appearent when comparing the block diagrams (cf. Fig. 1 and
Fig. 2) and specifications fcf Table 1). A detailed facility
description is presented in the references (2; 3)
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Fig. 2. Block Diagram of the Lake Neurath Facility
Kobern-Gondorf Lake Neurath
Peak power output L=+0 kWp 160 kWp
VYoltage level 42 -400 V 800 V
Solar modules
Number 7,740 17172
Power output 12 - 80 Wp 50 - 280 Wp
Conversion efliciency 4-13% 13- 12 %
Size 03-06m 04-23m
Support structure
Size 10 - 30 m? 300 m?
Number 8 210 12
Inverters
Number 9 1
Rated power outpul 13- BG kW 380 kW

Table 1| Companson of Specifications

2.2 Solar Modules

Continued development of the solar module 15 of paramount
tmportance for the future, as reducing 11s costs, improving its
conversion efficiency, and enhancing us rebability are
prerequisite for the economical operation of photovoltaic
facilities Comprenhensive studies are being conducted of solar
modules in order to evaluate various technologies under practical
conditions. The aralyses and operatng results 1o date point to
three essential unresoived problems

- poor insulation resistance

insufficient power output and insufficient reliable system vol-
tage 1n connectien with amorphous silicon modules and

- nadequate module sizing
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In the operation of large-scale photovoltaic facilit_ic;, 10 set up
the highest practicable system voltage aims at mimimizing as-
sociated costs and losses. Many of the ca. 7,700 solar modules
implemented in Kobermn-Gondorf showed considerable insulation
deficiencies when the facility was inspected for the first time
These deficiencies were due to manufacturing defects, i.e. con-
ductors routed toc close to the frame, and design errors, i . solar
cells placed too close to the edge, in combination with improper-
ly sealed edge covering. In extreme cases, several of these
deficiencies resulted in electric arcs between the solar cells and
the grounded frame in generators with a higher voltage. The arcs
caused the glass melting, as a consequence destroying the
madules.

Apart from reliability, the power output or solar-to-electricity
conversion efficiency or utilization ratio is the second essential
criterion for evaluating a solar module. Table 2 shows the range
of theoretical efficiencies, the actual efficiencies measured by us,
both indicated for solar radiation of 1,000 W/m? and a solar cell
temperature of 25 °C, and the utilization ratio of a single solar
module versus an entire generator.

Solar module Solar- —l
generator
theoretical nf measured n | ulilization | utilizetien
factor factor ratio ratio
ol crystalline 8%-107 15-96 70-88 12-88
Fnono-cry stalline 101 -93.3 ) 90-122 | 93-1i4 | B2-1138
emarphous 41-56 2.1-43 19-43 19 -36

Table 2. Conversion Efficiency and Utilization Ratio of Solar
Modules and Generators

A comparison of values for mono-crystal and polycrystalline
silicon shows that the conversion efficiencies actually measured
deviate from the manufacturer’s values by 1 to 1.5 percentage
points. This differential generally corresponds to the maximum
deviation from the manufacturet’s rated power output. The yearly
utilization ratio of solar modules, i.e. the ratio of power output
te incident solar radiation amounts to 0.5 to 1.0 percentage
points less. This is explainad by thermal influences and pollu-
tion By contrast, the utilization ratios of the solar generators
rated (in perfect running order) deviate only marginally from
those of the individual module. In summary it can be said that
the actual yearly utilization ratio of single-crystal and polycrys-
talline solar modules is ca. 2 percentage points below those
values indicated by the manufacturer.

This applies to solar modules made of amorphous silicon In
absolute terms as well, however the relative deviations are
naturally greater on account of the generally lower conversion
efficiency of these modules. Consequently, the measured module
efficiency and utilization ratio of some amorphous technologies
amount 1o only half of the manufacturer's valuaes. According 10
results obtained to date, current figures pertaining to the perior
mance and insulation resistance of solar modules made of amof-
phous silicon cannot be considered to constitute an adequar®
planming basis for facility design (4)

The third critenion for evaluating a solar madule, apart from
conversion efficiency and rehability, is absolute power outpaf 0f
size. Table 1 above shows that by employing large-area modules
developed by NUKEM GmbH in the Lake Neurath facihity. th¢
aumber of solar modules could be reduced by half, with powe’
output remaining approximately the same. Power output amount




1o 240 1o 270 Wp for an area of 2.3 m’. Table 3 shows that, as
a result, construction costs (including matenal and personnel) are
reduced considerably as compared with conventional solar
modules

Large-area Standard module
module
pet per kW per per kW
module module
MNumber of modules 4 - 20
Mounting screws 4-6 18-24 2-4 40-76
Emg cabling (m) 2-1 812 ¢3-05 6-10
Platform cabling (m} 1-2 5-7 07-125 14-25
Mechanical installation(h) t 4.7 ¢35 ki
Elecincal wnstatlation (h} | 3 0.3-0% 6-10

Table 3- Comparnson of Large-Area Modules and Standard

Modules

2.3  Inverters

[n the | MW Photovoltaics Project, a total of 10 inverters in
both facilities within a rated power range of between 1.3 and 360
kW are being investigated. Three different concepts are being
compared with regard to conversion efficiency, MPP control
precision, harmonic behavior, fundamental reactive power and
simplicity of electric circuitry, The results obtained during the
first years of operation are detailed in (5); consequently only a
summary is given below:

- The efficiency of large inverters is better than that of small
inverters on account of their lower relative stand-by losses.

- The utilization ratios of large inverters are ca. 10 percentage
potnts higher than those of small ones on account of better
partial-load behavior.

- All large inverters achieve efficiencies higher than 90 % when
power output exceeds 20 % of the rated power output.

- In commercial-scale facilities the line-commutated inverter is
presently the best trade-off between price and performance.

- In smali-scale facilities, self-commutated inverters with pulse-
width modulation and pulse repetition frequencies of a few
kHz appear 10 be the best solution.

5 kW 100 kW 380 kW
Eiliciency at 20 % 70 - 87 % 90 - 95 % > 95 %
ol rated output
i tficiency au rated 87 % 92 % 97 %
sutput
"lizatien rahw - 80 % Y3 % 95 - 97 %

Table 4 Companson of Inverters
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2.4 Structural Engineering

Four different support structures are being investigated in the
two test facilities. Whereas suppont members measuring (0 to 30
m® are emploved 1n Kobern-Gondorf, considerably larger struc-
tures measuring over 300 m’ have been constructed for the
facility on Lake Neurath on account of the slope there, which
correspends to the optimal orientation of the solar surfaces. An
analysis (cf. Table 5} of the specific matenal and persennel costs
associated with the various structures shows that enfarging the
moduie area to 300 m’ resuits in a savings in foundation costs,
however not with respect to the amount of steel required. Satis-
factory values are obtained for the large-area module only,
Large-area support structures can be used only in combination
with a particular slope, consequently the optimal solytion is con-
sidered to lie in a standard setup consisting of ca. 30 m® supports
equipped with large-area solar modules.

[Large area)
Standard modules modules
10 m* 30 m* 300 m' | 300 m'
Steel kg/m? 31 23 25 -35 22
Foundauons | ne./m’ 0.1 0.067 0.033 0013
Concrete mim? 007 0.06 0.03 0.03
Erection time him? 7-9 7-9 7-6 1-4

Table 5 Support Structures

One essential criterion in the design of the suppont structures are
the wind and snow design {oad factors as specified in the build-
ing code. The values would have to be reconsidered for commer-
cial-scale facilities as facilities of this type generally do not pose
a hazard to humans. These facts might enable the reduction of
safety factors or conservative design loads.

The second essential criterion in the design of the support struc-
tures 1s the safe deflection of the individual support members.
Relatively exacting standards have to be met here so as to
prevent damage to the solar modules. As a rule, this results in
structures which are costly. If solar module costs could be
reduced, then increased risk of potential damage to them could
be accepted so as to case deflection requirements.

3. Cost Analysis

A detailed cost analysis was conducted in parallel to the techni-
cal studies. Greatly varying technologies were employed, par-
ticularly in the facility in Kobemn-Gondorf, consequently the
itvestment costs associated with the individual systems vary
greatly. Table 6 shows a comparison of a Kobern-Gondorf-type
100 kW system with an optimized 350 kW facility on the basis
of the rechnology employed at Lake Neurath. The additional
development and planning costs required to implement the in-
dividual technical innovations are not taken into consideration,
neither are the additionai costs for the scientific monitoring and
evaluation of the facility. Con ‘Zerabls savings were achieved in
connection with erection \nd cabling/wiring costs. The decisive
factor for these savings is the compact design of the facility and
the advantages of installing large-area modules The cost savings
associated with power conditioning are a result of increasing the
inverter unit rating by a factor of three. By employing the
processes developed at Lake Neurath, savings of ca. 30 % of the
Investment costs in future facilities can be achieved as compared
with those required for the Kobemn-Gondorf facility
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100 kW system 350 kW aysiem

DM/AW % MKW Y
ISalar modules 12500 558 10,000 613
linstallaten (mech ) 1,570 70 1.250 77
ICabling/wiring 1,900 RS 1,000 6.}
Power conditioning 2.06Q 92 1,100 67
IGrounding 140 15 150 09
[Support structures 2,030 9.1 1,800 11.0
Infrastructure 2,000 &% | - 1.000 6.1
[Tolal 22,400 1000 16,300 100.0
Table 6; Investment Costs Associated with Photovoltaic

Systems

4.  Outlook

During the planning, construction and operation of the two
photovoliaic facilities at Kobern-Gondorf and Lake Neurath,
valuable findings have been obtained for the project plannirg of
other photovoltaie facilities. Apart from the ongoing reduction of
the manufacturing costs of solar modules, the findings of our
studies indicate cost reduction potentials in the following areas.
In the mechanical and electrical installation of solar modules
through the prefabricanon of large-size umits and by replacing
screwed connections with adhesive connections, in inverters
through the continued improvement of the inverter unit rating,
and in the support structures by easing design toad and deflec-
tion requirements.

Together with the Spanish electric power company Union
Elecirica Fenosa, RWE Energie AG is presently planning a
photovoltaic facility with a power output of 1,000 kW, to be
located in the vicinity of Toledo, Spain. Plans have been made
1o demonstrate the potentials indicated above in this facility.
Construction is ptanned to commence in September of 1992.
Commissioning is planned for the end of 1993

(1)

(2)

(3

(4)

(5)
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ABSTRACT: Plans for a 3.3 MWp PV plant at Serre were finalized by ENEL in 1991. The plant is
presently under construction and will be completed by mid 1994. [t consists of ten indipendent sub-
arrays of 330 kWp each, equipped with semi-crystalline modules, connected in parallel to the MYV grid
by means of linecommunitated MPPT inverters. The main features of the plant, procurement crieria,
current situation and cost analysis are presented in the paper.

1. INTRODUCTION

ENEL’s decision to build the photovoltaic power
station at Serre was taken in 1990 mainly with the aim
of checking the technical-economic feasibility of
photovoltaic power plants designed for use by electric
utilities.

The project also had the aim of providing a
boost te the national photovoltaic industry, as well as
enabling technical know-how to be acquired in an
energy sector in a phase of expansion.

The general project for the plant was completed
during 1991, when also the technical specifications
required for the acquisition of the components were
defined, and orders for the equipment and assemblies
were placed,

2. GENERAL DESCRIPTION OF THE PLANT

The main feature of the power stations’s
architecture (see Fig.1) is the subdivision of the plant in
ten clectrically independent subfields of 330 kWp each,
linked to a MV ting terminating at a central cabinet [1].

e Y, -

Figure 1: Artistic View of ENEL’s 33 MWp PV Plant

]
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Each photovoltaic subfield is firted with an
autonomous MPPT inverter with step-up transformer,
housed in a small cabinet barycentric to the subfield
concerned.

A ceptral building houses the cquipment for
interfacing with the electrical network, tpe supervision
and data acquisition system and the auxiliary services.

2.1 Modules .
The photovoltaic modules are made of semi-
crystailine silicon, with 36 or 72 4" or 5 cells per
module.
The total number of modules is about 60,000,
corresponding to over 2,600,000 cells.

2.2 Photovoltaic Subfields

The ten 330 kWp subfields are mounted on fixed
metal supporting structures, with an angle of inclination
of 20 degrees [2] (see Fig. 2). )

The structures are in the form of lattice
frameworks, they require, for the overall plant, over 7Q0
tons of steel (210 kg/kWp), and are anchored u;
foundations requiring about 2600 cubic metres (0.79 m
JkW) of reinforced concrete (35 kg Fe/m%) per
subfield.

ok i e
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Steet : about 700 tons

"~

e
Concrete : about 2600 m!

Figure 2: Sketch of the supporting structures

N2 10 PHOTOVOLTAIC SUB FIELDS

MODULES

WIRING CABLES
45000 m

PARALLEL STRAMNGS
BOARDS
N* 256

DIRECT GURRENT
BOARDS
N° 10

CABLE DUCTS
5000 m

Figure 3: DC electrical system

23  DC Electrical System

The DC electrical system (see Fig. 3) is made up
of connections between the modules, in series of 10 or
20, with a string voltage of about 330 Vn (440 Voc).
Groups of 80 or 160 modules terminate at peripheral
small cabinets for paraliel connections (about 35 per
subfield).

From these cabinets, a number of cables laid in
cable-ducts reach an electric board housed in a small
cabin, positioned barycentrically in each subfield. This
board supplies the adjacent subfield inverter.

The DC electrical system is insulated from
ground.

The total length of the DC cables is about 5000

1218

m per subfield (500 of which laid in buried cable ducts).

24  lInverters

The ten inverters are of the line communtated
type, with a nominal power of 550 kVA.

Each inverter comprises two galvanically
insulated power units (see Fig, 4) fitted with tyristors
conniected to the LV side of the step-up transformer.

‘The inverters are fitted with a control system
that enables them 10 function in MPPT or at impressed
voltage, and allows the sweeping of the IV
characteristics.

The efficiency is 95% at Pn and above 90% at
25% Pn.

/
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Each inverter consists of two galvanically
insulated tyristor bridges, connected to a
transformer

Figure 4:

25  AC Electrical System

Each subfield inverter is connected to a double
secondary transformer D-Y, with a primary D, 550 kVA
rated. This is connected, via a MV switch, to a buried
20 kV cable ring of about 2500 m, which terminates at
the MV cabin for interfacing with the electrical
distribution network.

This cabin also contains the system for filtering
the harmonics and compensating the reactive power,
and the auxiliary AC and DC services (see Fig. 5).

26  Centralized Supervision and Data Acqui-
sition System

For experimentat and demonstration purposes,
the power station is equipped with a centralized
supervising, monitoring and data acquisition system,
which makes it possible to observe, online, the
functioning of the plant, execution of electrical
manoeuvres, and the acquisition and processing of both
electrical and meteorological data (see Fig. 6).

[ Y
s
&) ()
& & &
1 +
SuB FiELD 4 SUMFIELD 3 SUB FIELD 2

R 0w

5B FIELD 19 B FIELG Y U FIELD B

Figure 5: AC electrical system (n° 10 step-up
transformers connected to a 20 kV cable;
central filtering and power factor
compensation; grid interface)

2.7  Civil Construction Work

Preparation of the site involves the removal of
10,000 m? of earth in order to create three flat areas,
which cover a totai of 70,000 m? . The cover coefficient
is about 0.45. The perimeter fencing extends for about
1,500 m. The asphalted roads inside the area, which are
4 m wide, extend for about 1,200 m. Suitable drainage
work will be provided. The ground network will require
5,000 kg of copper.

The buildings provided comprise a prefabricated
cabin for each subfield, which houses the DC electrical
subficld and the inverter, and a central building that
houses the interfacing with the network and the
auxiliary services and, for demonstration purposes, the
supervision and a meeting room.

The buildings occupy a total of about 1,000 m?
for the electrical systems, 400 for working areas, and
about 900 for research and demonstration activities.
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3. PROCUREMENT CRITERIA

Supplies for the 33 MW power station are

subdivided in three items: modules, inverters and BOS.

. It has been decided that the modules, following
an international technical-economic survey, be supptied
by five Italian and foreign manufacturers of multi-
crystalline silicon modules.

A sample shipment of these modules, which are
manufactured according to ENEL specifications, has
been made for type testing (CEC-JRC 503 certification
and additional insulation tests).

The acceptance tests are effected at the factories
of the suppliers: they are carried out on samples,
selected according to standard sampling tecniques, and
are based on a predefined classification of defects that
involves the acceptance, reworking or rejection of the
lot being examined.

The final testing is performed during the
preassembly of the modules in panels, with 100% in situ
checks of the electrical characteristics, prior to
mounting on the supporting structures.

The inverters are manufactured in accordance
with 2 detailed ENEL design and are supplied
follgwing a tender. A prototype is subjected to type
testing, and the ten units supplied are checked at
acceptance trials.

_'ﬂxe balance of system, which comprises the
executive project, all the components supplies, all the
site work and the start-up phase, has been awarded
following a tender based on a general ENEL plan.

__ Type and acceptance testing are provided for all
qualifying components, along with periodic checks of
the site works, up to the final testing and plant start-up
phases.

4. CURRENT SITUATION AND SCHEDULE

During September 1992 type testing was in prog-
ress on a number of photovoltaic modules, while other
lots of modules were undergoing acceptance trials.

6.14% 5.46%

10.01% R , 4 80%
s . ()

59.14%

It is expected that half the total number of
modules will be supplied by mid 1993,

As regards the power conditioning, type tests are
in progress on the prototype inverter, and the ten units
ordered for the piant will be available by mid 1993.

As regards the BOS, to date, the plant executive
project has been completed and approved, and the on-
site work was begun in September 1992; the plant will
come on stram gradually: 1300 kWp will be connected
to the grid by August 1993, 1000 kWp by December and
the remaining 1000 kWp by mid 1994.

5. COST ANALYSIS

The total cost of the plant is estimated at a value
of about 7000 ECU/kWp, of which about 5% covers
equipment and systemns concerning research or
demonstration.

The breakdown of the total capital cost into the
various components is shown in Fig.7: the modules
contribute for about 60% of the total.
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MAXIMUM POWER POINT TRACKER FOR PHOTOVOLTAIC POWER PLANTS
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ABSTRACT

The paper describes two different closed-loop
control criteria for the maximum power point
tracking of the voltage-current characteristic of a
photovoltaic  generator. The two criteria are
discussed and compared, inter alla, with regard to
the serting-up problems that they pose.

Although 2 detajiled analysis is. not embarked
upon, the paper also provides some quantitative
jaformation on the energy advantages obtafned by
using electronic maxizum power point tracking
systemg, as compared with the sitvatioa in which
the paint of operation of the photovoltaic
generator {s not controlled at all.

Lastly, the paper presents o high-
efficlency MPPT  converters for experimental
photovoltafe plants of the stand-alone and the
grid-i{nterconnected type.

INTRODUCTION

When designing photovoltaic plancs, it 1s
fmportant, both for financial reasons and plant
compactness, to obtain maxioum conversion of solar
energy to meet the load requirement. To this end,
it is of interest to:

- pafine contrnl criteria for maxi{mum power point
tracking of rhe V-I characteristic of the
photovoltaic generator.

~ Develop electronic devices that will apply these
eriteria and provide high-efficiency maximum
power point tracking {MPPT).

« Evaluate the energy advantages obtained by using
MPPT.

Photovoltalc power plants can be subdivided
into grid-intercoanected and stand-alone. The
former obnsists of an array connected to the grid
via @ dc/ac coaverter. In this case, since the
transfer of cnergy to the grid has to take place
via the converter, it is obviously advisable to
cuntrol the converter in such a way as to extract
the maximum power of the PV generator undert all
operating conditions. Stand-alone plants, on the
other hand, generally consist of aa array, a
¢torage System (battery), and an inverter ({f the
load 48 a.e.). For plants of this kind, the
coupling botween the array and the battery may be
rchieved by ys| z an electronic pover—conditioning
{(*PPT) of, mure simply, by connzcting the array to
the batl=ry direstly fn parallel. If MPPT is used,
it ®Way cariy out, besides the maximum power polnt
trackiug,  alse the 1limitatfion of the battery
charging viltage to prevent damage. In the case of

! direct coupling,

however, the only function
controlling the transfer of power from the acray to
the battery consists in avoiding battery over-
charging. For this reason, gemerator sub~arrays may
be connected to the battery through shedding
switches that, when the bactery reaches the
charging limits, are gradually opened sutomatically
by & suitable control logic.

Coupling in parallel of tha PV array at the
battery offers ths advantage rhat ft 1ls very
reliable, easy to set up, and in~xpea:ive. On the
othar hand, {t has been found that, even with #«a
optimized rated voltage for tha bactery, thete will
generally be a nismatch batwesn the actual battery
voltage and the corresponding voltage at tte
waximum power point. This mismacch which s
equivalent to a loss of efficiency {n the PV
generator, depends on the batrary chatrge etats, the

. strength and flow directiom of che battery curreat,
' and the photocell junction temperature; obviously,

i {t also depends on how clean tta panels are, on

drift over a period of time due to aging, on faults
in PV and battery cells, etc. -

Should the Lnterface batween the array and the
bactery consist of an MPPT, this mismatch can be
avoided: but there are other problems, such as

, conversion efficlency, monufacturing costs, and

plant reliabilicy.

Io the case of stand-alane plants, the cholce
of either a direct coupling or an electronic
{aterface (MPET) between the array and the battcry.
is not easy to deacide on, since {t involves complex
evaluations connected with:

- Conversion effictency, (rcluding the total plant
outage time due to an {nsufffcieant battery charses

- Plant design (peak array power, batier¥ capf:‘l?-
average load, erc.) and tha costs tnvolved. .

- Srress of the battery due to continual charglog
and digscharging. -

As regardasthe energy balances in PV "““d“
alone plants, there {8 still little litscature ©
the subject — although studies are 16 proprees :
and the few works published regarding experimcnts

evaluations (1) aad computer stmula:lq?l (i;:;;:
refer to & speclfic case. Probably, “;e“ ﬁn the
studies on energy balances and Chii :c plants
tovolla
advisability of using MPPT in photov ached -tilt

have been compleced, the conclusions T€
differ, depending on the particular
examined. Having a large number of ¢

applicatton
age nlegorice

tu
available will therefore make ix pos:::::lonn.
produce a breakdown of photovoltalc #PF %7 n?

and to identify the specific characterls;;§f
those applcations thac call for use of aa MFHE.
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In thie conneetlon, tnls paper btrilel.¥y
prcsents gsome parctial results of studies stilt (n
progress on comparison of the performances of
plants with or without MPI'T.These results have been
obtained with a simulatfon program that
reconstructs, in sufficient detail, the behaviour
of stand-alone PV plants supplying small isolated
consumers.

The hope for greater clatvity on this lmportant
gubject of energy balances 1s not, however,
confined to fauterest in studfes on the definlition
of control criteria for maximum power point
tvacking,and thelr practical application in high-
efficiancy converters.

In this connection this paper proposes two
different contrel eviteria, both in closed-loop
spatation,for max.power point tracking, and in
presenting two high—efficiercy MPPT protoatypes for
smallstzud-aloneandgrid=-interconnectedPV plants

Generally speaking, to {mplement maximun pover
point tracking, Lt is necessary to have a ~onverter
(de/de for stand-alone plants, 6r de/ac for grid--
fniercounected plants), in which the input/outp.:t
voliage :ransformation ratio is vavied ty means uf
a sultable control,which operates either in closed~
loop or in open-loop. ' ’

The closed-loop control eriteria check,
fnstaat by instant, _hat the power extracted
actually is the maximum, thus making it possible to
deal not only with varfa:fons in solar {llumination
and tempevature, but alse with drift over a peticd
of time, due to aging, ta: state of cleanliness of
the panels, etc.. With open~loop control, on the
other hand, the generator operating polnt is fixed
on tha basis of its theoretical rated performance.

The criteria applying to ojen-loop operation
can immediately be understood, since they genmerally
rafer ¢ a table that holds the meximum power
po.nts relating to giver insolation and temperature
values: the PV generator operating point is fixed
t¢ rorrespond to the held data of insolation and
ambicent temperature nearest to the measurements of
these two quantities (5).

As regards criteria jor closed-loop operation,
differen: strategles can generally be pursued to
tdentify the maximum power operating point.

" A first stratoegy searches for the maximum
pover pofint with a suitzble logic based omn the
measurement of the power time—derivative, and with
appropriate regulation circuitsechat allow self=
osc’llation of a given amplitude and frequency
around the general maximum power pofnt (6).
Criteria based on this strategy may be called auto-
oscfllation criterfa.

A second strategy is based, on the other hand,
on measurement of the slope of the PV generator
power—-voltage characteristic, a measurement
obtained by fuposing a small-amplitude oscillation
on the operatling voltage. Criteria using this
strategy may be called forced-oscillation criteria.

Whichever the conttol criterion chosen, its
practical application involves setting up an
electronic system te control the coaverter
transformation ratio.

In the case of a grid-interconnected FV plant,
one of the simplest, most relfabiec and highest-
efficlency soluticn is a lire—commutated thyristor
tnserter. This solution, however, may present pro-=
blems of grid reactive pover absorption and of cur-

ent A4l UV 1Lbh2 ke vlvvihe we - uwe w
case of stand-alone PV plant,the dc/dc converter. i
a chopper that may be of the up~converter or 'down
converter type,
(3,6). In this case, as long as the voltage and
current levels make it possible, 1t is advisable to
use 3 transistor technology, possibly of the MOS-

FET type.

= L alke

STAND-ALONE COMPUTER SIMULATION

With reference to stand-alone plants, in order
to evaluate the cnergy advantages offered by the
use of an MPPT compared with the simplest case of
divect coupling be“ween the array and the battery,
research 1is under way to compare the behaviour,
with or without MPPT, of autonomous photovoltaic
plante for supplving Isclated consumers. .

The study of this problem called for the
development of a computer program that, for’ pre-
estapblished 1insol .tion, temperature, and klba#
trends, reconstructs in sufficlent detafl. the
behaviers of wvzrious plant compunents in the two
cases of presencc or absence of MPPT, the resulting
outpu: ' giving the twend: of the more significant
varfables and the energy balznces. The computer
program takes into conslderation hourly insolation,
ambfent tamperature, and load trends, and carries
out euergy balances, updating the state of the
plant ¢ rery 10 minutes. '

I the case of direct coupling between the
array and *he bartery (absence of MPPT), account is.
taken cf a logic disconnecting photovoltaic sub-
arrays, tc limf{c the battery charging voltage.:In
the case of presence of MPPT, account is taken of
the two alternative ways of regulationm, one of
which carvies out tracking of the maximum pover
point, while the other limits the battery voltage
to the o»x{mum charging value. Furthermore, account
1s taken of a iogic that limits battery diacharge
by disconnecting the load when the battery voltage
reaches the minfimum value. . . b

For fixed ratios between PV generator peak
power, battery rated power, and annual load energy,
the comput :r program supplies, at pre—established
time fatervals, the state of the plant, eapecinlly
voltage and battery charge state, load demands not
met, and the photovoltaic energy not utillzed. '

Since this study is scill in progress, we only
give here, briefly,
resuits relating to a flat-pane} photovoltaic plant

for supplying small domestic communities (Sicilyi -
tilt angle=38.5%). These results concern a full.

year of plant operation. Table I gives, In respect
of a few values for the {peak array power/annual
load enérgy] ratfo and in respect of two values for
the[battery capaclity/annual load energy] ratlo, the
days of plant outage (discharged battery), in beth
cases of presence or absence of MPPT.

Examining the table, we see that, except io
cases fin which the photovoltaic array is marckedly
too small {cases a) and d) ), use of MPPT
considerably reduces total outage. In particulac,
we see that, given the same number of days of
outage,
photoveltalc array by about 35%Z {n the case of
small battery capaclty (cf. cases b) and ¢) ), oF
else by about 15% {n the case of medlum bartery
capaclty (ef. cases e} and f) )

23

some partial comparative

I Ele o

of else a combination of botﬁ;'

use of MPPT reduces the size of the




| t (kwp)field | {kWh)batrery | cutage days |

[Case| | | with (without]
{ |(KWh/year)load | (KWh/year)load| MPPT | MPPT |
ta)y 8x107% | 8x10"3 | 79 | 80
] b)Y 1 16 x 10-% | ' 1 33 431
[ e) 1 26 x 107% " P20 | 34
L dY 1 8x107% 1 16x107 | 77 | 718 |
[ eyt 16x 107% " [ 18 | 24 |
| £ 1 18 x 104 | " P13 17 1

Table 1. Si{imulation results for stand-alone plants
of the domes'tic type.

MPPT CONTROL CRITERIA

Ag already mentioned in the {ntroduction, Lt
is possible to obtain maximum power point tracking
of the voltage-current characteristi{c of a PV
generator using controllable~transformation-ratio
electronic converters.

As regards closed-loop tracking criteria, It
is above all i{mportant to nate that the power (P)-
voltage (VG) characteristic . the PY generator,
cotresponding to given Insglation and temperature
values, generally presents just one maximum point
(see Flg.l).

In searching ftor the raximum point, {t is
therefore ncecessary to:
trcrease Vo {f dP/dVe>0 or reduce Vg if dP/dV;<0,

It should be pointed out chat, once the
transforaation ratio between the gutput voltage
Vout and the input voltage %; of the converter has
been indfcated with I/d (Vom av, ,. i @ being the
control varfable), the sizn of dech coincides
with the sign of dP/da . Indeed, since the output
voltage Vg, ¢ of rthe converter is almost constant as
¢ varies ?the output voltage s fixed by the
battery in the case of a stand~alone gplant, and by
the grid in the case of a grid-interconnected
one), it can be seen that dV;/da >G and therefore:

sign{dP/dV;}=sign{(dP/da ) (da /dVg)}=sign{dP/da }

As regards the search for the maxinm polnt,
this also corresponds to:
inerease O I1f dP/da > 0 or reduce a if dB/da < O.

Bearing i{n mind that the slope of the P-4
characterist{c (equivalent to the P-V, charac-
tertstic) cannot be measured directly without
introducing variations in the operating point, the
problem of tracking comsists, generally speaking,
in establishing the converter transformatlon ratlo
control criteria, which, based on small operating
point varfations, reconstructs the value or the
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Flg.l - W gencrator electrical oitmat characreristics at three
different Ulmiration levels; a):Iﬁ—J!G curve., b}:P—VG curmes

sign of the slope dP/da . -
Hereunder we present two different control

criterta that solve this problem. ",

Auto-oscillation criterion

Wicth reference to Flg. 2}, In the autp=
oscillation criterion considered control of the
photoveltalc generator voltage 1s based on an

"appropriate loglc that compares the signs of the

der{vatives with respect to the time of voltage and

of the power delivered.
This logic demands that the Iincrease or

reduction fin the operating voltage be continued un=~
ti1l1 such an fncrease or reduction corresponds to am
increase {n the power delivered. The logic also de=~
mands operating in the apposite direction, as soon
as there 1s a reduction in the power delivered. As
will be made clear later on, based on this logic
and using sultable regulating circuits, an auto-
oscillacion of given amplitude and frequency is
obtained arcund any maximum power point.

For a dynamic analysis of the control loop,
and partifcularly in order to evaluate how the
systam parameters and transfer function G(s)
(s=Laplace varfable) of the regulation circuit
{nfluence the amplitude and frequency of the auto~
osctllation, the following considerations may be
advanced. The converter, on the assumption that it
has negligible losses, 1is described by the
following equatiocns:

P =VoIg*Vout lout (1
Vo= Qv o= @lg  (2);(3)

out ¢ tout

in which, apart from the quantities already defin~
ed, I ., {s the direect current fed Into the battery
in the case of a stand—-alone plant, or the active
component of the alternating current fed into the
grid {n the case of a grid-intercounnected plant.

As regards the PV generaior, the non-linear

"voltage-current dependence Vo=f(Is) can be

expressed, for small variations around any
operating point {V@ 12},by the equation:
Ve-vg = - R(15-12) (45

{n uhfch R 2 (dV/dI)® is the differential output
resistance of the generator (R§ > 0).
Equatfons (1) (2) (3) and (4) glve us:

- 0,40 /o0 . 2 250 s
_ P=V,  (IE+VR/Ra - v o a”/R] &)
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Fig. 2 ~ Busle diagram of the autooscillation criterfon
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consldcred that V,,, = constant (as alrcady stated,

v ts fixed elther by the battery or the grid},

ve obtain from (5) the following:

- 04y n0 2 po
dR/de=((I2+V/RV . - 2 av 5/R1da /dt

and therefore

(dP/dt)/(d a /dt) = K; - K,d {6)
having defined Ky 2 (I2+v2/RIV,,, and K,22 v 1/R3.
It should be polnted out that sklgn{(dP/ t}/(daL} tg}
> 0, on condition that the sign of the two
derivatives dP/dt and d@ /dt agree; moreover, sign
{(dP/dt)/(da /dt)} < 0, on condition that the signs
of the two derivatives do not agree. Taking this
into account, and based om equation (6), 1t is
recognized that the control logic in Fig. 2
requires application to the regulation circuit
input of the constant signal +Vref or - Vref, _
respe~tively, depending on whether sign{K;-K,a} >0
or sign {K;~K,a } < 0.

Following the aforementioned considerations, the
control loop is described by the block diagram In
F{», 3. This block diagram shows that the
equilibrivm point of the system controlled occurs
at the a° value of the countrol variale, such that
(K{ - X,0% = 0, that fs,when R§ = VZ/13. As fs
known, this condition of equality between
differential and apparent generator resistance
Jdndicates operacion at the maximum power point. Asg
regards chofce of the regulator transfer function
G{s),it s necessary to ensure the existence of a
stable "limit cyele"” around the poeint of
equilibrium (which is the maximum power point). In
this connectifon, on the assumption that the
transfer function (G(s)/s) is of the "low-pass"
type, racourse may be had to well-known analysis
criteria for non-linear contreol systems,. based on
the "descriptive functioun" of the non-linear block..
In the case in question, these criteria Indicate
that the existence of a percanent oscillation of
the variabtle ¢ , with an amplitude dy and a
frequency W, is expressed by the following eq.s:

Glit)= GHT[U)/(!& Vref)-vmn-w/(é Vref Vout)
arg{G(iw)} = n/2

L3 can be seen, while the auto-oscillation
frequency depends exclusively on the choice of
tegulator trpausfer function G(s), the amplitude Vou
of the generator voltage oscillatfon around the
maxizum power point depends both on G{s) and on the
output voltage level V

outr’
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Flg.2-Mledk dieqec! tle autoosclllationrcriterion control loop

the forced-oscillation criterion proposed Ls based:

With reference to tne bH.ocCcd c.dgram .o rig., &4,

on measurement of the PY generator power-voltage -

. characteristic slope. This slope is measured by

superimposing a small-amplitude oscillation on the
working voltage. The diagram indicates the
triangular waveshape Ad , having an oscillation
period T, superimposed on the converter control
variable around any value Q. The positive
measurement +F of the generator power during the
positive semi-wave of Aad and the opposlite
measurement ~P durfng the negative semi-wave of
AQ are sent,alternately, to the integrator inmput.
A sample-and-hold circuit samples the integrator
output corresponding to the zero-crossing (with
positive slope) of Ad . In this way, at every. T,
the increase (positive or negative) fn the output
signal of the sample-and-hold circuit {is
proporticnal to the difference between the areas Ap
and A, subtended by the characteristic P=P(a):these
areas correspond tbo the positive semi-wave and the
negative semi-wave of Ad, raspectively.

The sample-and~hold circuit output added to
the oscillation Aa gives, Lnstant by ilnstant, the
control varifable value. Due to the integrator, the
generator operating pg}nt gshiftr In the direction
of increase of 0 {f Ay > AE, or in the direction of

decrease of & if A; <hAE.
The equilibrium point of the control loop occurs
when AL = AE-

I% we ignore the asymmetry of characteristic
P=P(0) around the maximum power point (which is
legitimate {f the oseillation amplitude+i(
suf flciently small), the condition of halance A,
A> corresponds to the reaching of that maxicun
power point..

For a dynamic analysis of the control loop,
and in particular in order te evaludte how the
various system parameters affeet the response time
the following consideration may be advanced.

The characteristic P=P(Q) can be approximated,
around any value Py = P( dy), with the expression?

PP +[dP/da Joy (- ) + [a2p/da 2] (a= 0y )2/2

If we call ¢y the peak amplitude of Aa(r), the
difference between the areas A: and A, indicated in
Fig. A -is expressed by:
+ - : z
Ay - A = [dP/dQ law ©
o L anzunroul
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Fig.S'-Block dlag. of forced—vscllliaticmcriterion contool loop

Taking Into account the piecewise linear dependence
between the varfable Aa and the time t,{ Aa(t) is a
triangular wave) the d{fference ( Uper= @) between
the successive samples of the integrator output s
nproportional to the dlfferencc(A{—AE) with the pro-
portionality coefficlent expressed by: U= T/(2a,T)
in which T {s the sampling time equal to the
oscillation perfod) and T {s the “{ntegrator time
constant”. We therefore have:

CQyep = Oy + (dP/dA lgy 0uT/(2T)

This relationship between samples of the variables
a and dP/dd wmay be interpreted as a "finite-
difference' equation (af the lst order) assoclated
with the continuous equation

da /dt = (dP/da ) Gu/(271)

Taking this into account, the continuous system
equivalent to the discreet system, for slow
dynamics In relatfon to the sawpling *ime T, can be
reprasented by the block diagram {r Fig. 5.

.A3 can be seen, the control loop is of the lst
order and converges towards the value of a at which
it {8 dP/da = 0., The convergence towards the
vaximum pouwer peint £s thus confirmed. Lastly, it
fs pointed ocut fhat Ehe loop "time constant”" is
given by 2T /[(d<“P/d Yemax Swmle

COMPARISON BETWEEN THE CONTROL CRITERIA

The criteria previously described, although
equivalent theoretically, in practice present
different problems when being set up. To be more
precise, the forced-oscillatlon criterfon is more
advantageous than the auto-oscillation one for the
following reasons. . _

The . asuto-oscillation eriterion calls for
measurements of the derivative dP/dt, a measurement
that poses disturbance problems. Again with regard
to - the problem of disturbances superimposed on the
derivative measurement, the auto~oscillation crite-—
rion requires that the oscifllation amplitude around
the maximum power polnt be sufficfently high, so as
to have an adequate signal/dlsturbance ratio.

Ags against this, the forced-oscillation
criterion makes ft possible to operate with a very
saall oscillation amplitude around the maximum
power polint, thus making negligible the differences
between the instantaneous power delfvered during
oscillation and maximum power.

The control logic of the auto=-cscillatfion
criterfon {s, in practice, core complex than {s
shown {n the baslc layout i{n Flg. 4, because Lt
Involves dealing with fndeterminate s{tuations that
occur when dPfdt and dg /dt slaultancously taka on
values around zero(these uncertain situarlons occur
periodlcally at the auto-oscillat{on frequency).

Aonin, taking tato ;éé&h&l %ﬁe problems of di{sturb=
-ace superimposed on the derfvative meagurement,
operation of this logic wmay become critical,

MPPT PROTOTYPES

The main characteristics required for setting
up MPPT equipment are not only high relfability and
low manufacturing costs, but also particularly high
conversion-efficlency,

As regards the dc/dc converter for atand-alone
plants, the technology most sultable at present
seems to be the one that uses power-switchiog
transistors. In fact, this technology, since it
does not require heavy power circuits for forced
commutation, wmakes it possible to obtain much
higher converslon efflecfency than can be obtained
by the more conventional thyristor technology; in
addition, transistor technology makes possible wery
high commutation frequenctes (of the order of tens
of kHz), which is an advantage for purposes of
limiting the size of filters. Furthermore, {n the
case of photovoltaic plants of moderate power
{e.g., up to 10 kWp), it is possible to use field~
effect transistors (MOS5~FET) which, by calling for
very low gate control power, make It possible
further to enhance conversfun efficiency and to
simplify the design of the driving circuits.

If we pass on to consfder the case of dc/fac
converters for grid-interconnected plants, one of
the simplest, most reliable, and highest-effi{ciency
sclutions appears to be a lfine-commutated
thyristor-inverter. This polution may, however,
present problems of grid reactive power absorption
and of current harmonics fmtroduced into rhe grid.

Two MPPT prototypes, based on the forced
oscillation criterion, have been made at ENEL’s
Automatica Research Center. Une of the prototypes
has been fn operation for more than a year at the
SOLE-1 stand-alons experf{mental plant (in Siciiy).
The second prototype is destined fot the ADRANO
(European €ommunity) PROJECT (7), for direct on-
site testing and comparfson of different grid-
Interconnected PV generators.

Fig. 6 shows the schematic diagram of the
prototype used at the stand-alone plant. The up~
convertetr system was preferred to the down-—
converter one, since the former makes it possible
to explore the whole V-I charactecistic under all
insolat{on conditions. The device was bullt using
fie{d-effedt povwer transistors. Painstaking clrcuit
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design has made {t possible to obtalir high
conversion efficfency, at the same time limiting
panufacturing costs. The use of a high commutation
frequency (40 kHz) nas enabled a light filter to be
used, thus limiting both dimensions and weight (sae
Fig. 7). When the battery charge state approaches
100Z, the device automatically shifts from maximum
pover point tracking to a control that limits the
battery voltage to maximum Tharge voltage, this
value being made to vary depending on the
temperature c¢f the electrolyte. The main
characteristics and performance features of this
device are the followingr

- Max{imum power point tracking virtually guaranteed
throughout the insolation range.

-~ Battdry veoltage iimited to the maximum charge
yalue {this limitatfon takes into account the
dependence of the voltage on the temperature of
the electrolyte by means of a speci:l thermo=-
resistive probe); the automatic commutation
betwean the battery voltage limitation and the
MPP tracking has an hysteresis of % 0.2%.

- Transformatfion ratio with wmanual control for
recording the whole V-1 characteristic.

- Converter rated power: 5 kW.

Maximum PV generator current:25 A.

Battery rated voltage Vgy* 48 - 220 V.

- Ripplé introduced into the PV generator: peak-to-
peak voltage amplitude <0.5%Vgy» peak-to-peak
current amplitude < 1X Iny,

~ Bfficlency » 95% for a 10 ~ 100% power ramnge.

Passing on to consider the o

prototype for  grid-inter-

connected applicatfons, this
has been set up accordieg to
the basie layout fn Fig.8. As
can be geen, a classic line
commutated thyristor Inverter
with a three-phase bridge has
been uvsed. In this case, the
relatively low commutation
frequency (300 Hz) made (it
necessary te use a much
heavier filter than that en-
ployed In the dc/dc converter,
and this fact, together with
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the presence of the output
transformer, considerably
fncreased both the

Flg.9 - SkﬂpbW?T
prototype for grid-
{nterconnected PV
plants

dlmensions and the weight of

the device (see Fig. %). The

nala characteristics aad

performance features of this

device are as foll s:

- Maxfmum pover polnt tracking virtually guaranteed
throughout the insclation range.

- Transformatlion ratio with manual control for
recording the whole V-1 characteristic; local and

AERU L LYl e e W e EEEE R T T RIS
~ Rated converter power: 5 kW.
Maximum PV generator current: 50 A.
Three-phase grid voltage: 380 ¥V  15%. L e
Ripple introduced into the PV-genarator: peak-tg=
peak voltage amplitude < 0.5% Vgy+ Peak-to-peak
curreat amplitude < 1X IGN'

Efficiency > 95% over a power rtange of 20-100%,

1

CONCLUSIONS

With reference to the case of stand-zlone PV
plant, the results of the simulation studies
indicate that, at least in some significant cases,
the use of MPPT considerably reduces the total time .
of plant outage due to Insufficlent battery charge,”

Closed-loop maximum power point tracking
critetia are more advantageous than open;loop
eriteria, inasmuch. as they make it possible to deal
not only with variations in insolatfon, but also
with drift, over a period of time, due to aging
and/or dirt of the panels, and to fluctuations in
ambient temperaturs and battery vcltage, etci..

Of the closed—loop criteria, forced—-oscillation
iz more advantageous ﬁhqn auto—oscillation, inasmuch
as, on the one haad, it does not call for
derivative measureménts whigh{ generally speaking,
present disturbance problems, and, an the other
hand, 1t makes ft possible to operate wi.h an
oscillation of very small amplitude around the
maximum power point, thus rendering negligible the
differences betweea the inztant power delivered
during oscillation and maximum power. .

The development of MPFT prototypes for Stlnd- 
alone and grid-interconnected plants has, on the
one hand, shown the recl effectiveness of the
forced-oscillation criterion, and; on the other
hand, has confirmed the possibility of making high-
efficiency and relfability converters. 3

As regards MPPT developed fot grid-
interconneeted PV genevators, this device is
particularly useful for dircct orn-site testing and
comparison of dtffetent PV generators.
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