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Abstract

The integration of renewable sources in electric power
systems motivates considerable changes, to many aspects
related with their operation and control. The rate of
change is further accelerated in the case of Photovoltaic
Generation (PV) due to features that this technology
demonstrates. The impacts that PV generation can have, in
the power grid operation, are investigated in this paper.
Further, considering these impacts, management schemes
that will allow the operator to assume the operation of a
virtual PV generator, containing a fleet of PV stations are
investigated. The analysis relies to the power system of
Crete, which is a very interesting case study, considering
the production scheme and the integration of RES.
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1 Introduction

The introduction of renewable sources (RES) in
today’s power systems initiates a fundamental change of
the system operation. The new topology schemes and
especially the change on the position of the generating
nodes, in respect to the loads, can be quite changeling,
both for the coordination of production and the
transmission and distribution networks operation [1, 2].
Considering in addition that during the last two decades
the required supply quality levels have also been
considerably increased, the problem of operating RES
enhanced power systems have become quite complicated
and the introduction of more efficient systems and
techniques is necessary [3, 4]. Such an increase of the
system intelligence can be evident by the development of
Smart Grids, which will be able to determine the
operation of a power grid, incorporating both enhanced
data collection and efficient control techniques [6, 7].
Furthermore, until the establishment of smart grids, a
transition period is required, during which the integration
of RES production is implemented in conventional
systems and must be efficiently operated in order to
satisfy the specifications and the quality and reliability
levels required.

Furthermore, the problems recognized above, can be
further enhanced as the size of the power system is
decreased. In the case of small systems, the operation of
RES and especially sources where the control ability is
limited, can become critical, considering that the amount
of RES generation can be comparable or even in excess of
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the load requirements [8 — 10]. In such case the system
stability and power supply quality can become critical
issues. Therefore, the introduction of RES in small power
systems, should comply with more tight restrictions and
require coordinated actions.

2 Forms of RES in respect to the operation
of power systems

Considering the levels of production, the first step
towards RES oriented power systems, is the incorporation
of hydro generation, is today the RES form of energy with
the larger production levels and installed capacity [11]. In
addition in this case, the supply of the primary source of
energy can be controlled by the operator. Consequently,
hydro generation is a form of RES that can be easily
incorporated in  conventional  power  systems.
Unfortunately the primary source supply, illustrates
limited availability and as a result hydro generation is
possible only in specific geographical areas.

In the contrary, other forms of RES such as wind and
solar power are available in wider geographical areas,
around the world and therefore the exploitation of these
forms is in the interest of more people. Unfortunately,
these two illustrate two important drawbacks. Firstly, the
availability of the primary energy source, i.e. the
availability of wind and sun radiation cannot be controlled
coordinate the energy production with the load demand.
In addition, the energy production efficiency is low,
especially in the case of solar energy. As a result, the
point of installation is determined by the level of energy
availability, regardless of the grid operation and in
addition, in order to ensure notable levels of energy
production, large scale installations are required [12].

Instead of that, the necessary levels of energy
generation, can be achieved by forming fleets of
generating stations, which can assemble a virtual power
station, with installed capacity comparable to the capacity
of conventional stations. This scheme, known as
distributed generation, is quite promising, since it can
efficiently support the integration of RES in power
systems and optimize the energy generation, considering
that the location of the RES station is not limited by the
grid operation. However, as mentioned before, controlling
of the generating fleet is a difficult issue, both due to the
uncertainty of the primary source and the geographical
distribution.

Further, when evaluating the wind and solar electricity
integration, considerable differences can be found.
Probably the most important difference is the levels of
energy distribution per installation surface, which is in

favor of wind generation. Photovoltaics have considerably
lower levels, thus requiring larger installation areas than
wind generation. This difference, combined with the
capability of photovoltaics to be integrated in buildings,
results in a PV generation scheme formed of small scale
installations, capable of supplying power at the levels of
kilowatts. Such installations are then connected to the low
voltage distribution grid.

3 The power system of Crete, an interesting
case study

The power system of Crete is an isolated power
system with increased levels of RES penetration,
including both wind and solar power. With an installed
capacity of 850MW in three conventional power stations
and a peak load exceeding 585MW, the amount of wind
generation installed capacity is 184MW and 116.2MW
the PV generation installed capacity (figure 1). In figure
2, the distribution of the generating stations in respect to
the installed capacity is illustrated.
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Fig. 1 Installed generating capacity of the technologies in use
in the Power System of Crete
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4 Possible impacts of PV generation in
distribution networks

The possible impacts of photovoltaic generation in
distribution networks can be summarized as follows:

4.1 Voltage variation
(b) There are certain obligations that must be fulfilled
regarding the voltage control, within the operation of
20kV and 0.4kV distribution networks. For the European
countries for example, these obligations are included in
EN60150 [14].

The problem that rises, due to the connection of PV
stations in MV and LV networks, is the capability of the

Fig.2 Distribution of RES stations, according to their installed capacitymetwork operator to maintain the voltage, within the

the Power System of Crete

The difference of the unit installed capacity, between
wind and PV generation is evident. The number of wind
generating stations in Crete is 35, where the average wind
power installed capacity, per station is 5.84MW, with the
smaller station found at 0.5MW and the largest at
14.45MW. On the other hand, in the case of PV
generation, 80kW systems and 10kW roof top systems are
the majority of the installations found, forming a fleet of
1044 and 1806 units respectively. The large difference in
the installed capacity results also to different connection
schemes [13]. Wind stations are connected to the 20kV
network, with dedicated distribution lines, thus directly to
the 20kV bus of the corresponding 150kV/20kV
substations, as illustrated in figure 3. On the other hand
the PV stations are connected to the 400V network or the
20kV network, but on commercial and not dedicated

lines.

Fig. 3 Connection schemes of RES stations, in the Power
System of Crete

considered limits, along the grid lines [15, 16]. In the
scheme operating today, the voltage control relies on
measurements at the MV bus of the HV/MV substation
tap changer and the assumption that the voltage along a
distribution line adapts a specific variation pattern [15].
The element implementing this control is the on load tap
changer (OLTC), included in the HV/MV transformer.

Furthermore, considering the connection of PV
stations along a distribution line, the voltage variation
pattern may considerably change, since these stations
supply energy near the loads and alter the energy flow
that would be otherwise experienced. The distribution of
the PV stations along the distribution line, in combination
to the line load are key elements, in order to be able to
operate efficiently the line.

In addition, when moving a step backwards and
evaluating the operation of the OLTC, at the MV bus, it
has to be noticed that the voltage controller of each OLTC
operates on a number of transmission lines, assuming that
all these lines share statistically common operational
features. The penetration of PV generation may alter these
common operational features and consequently the
efficiency of the controller is decreased.

4.2 Fault current levels contribution

The presence of power generation in distribution lines
also influences the anticipated fault current levels [18,
19]. This is an issue both for the endurance of the
installed equipment, which has been selected according to
certain fault current levels and the operation of the system
protection systems. The exact implementation scheme
must consider in addition, the operation of the PV
inverters responsible for the grid connection. The settings
and capabilities of these inverters are usually specified
according to international standards and specifications set
by the operators.
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4.3 Current harmonics

The operation of power electronics converters for the
grid connection of PV stations is correlated also with the
generation of current harmonics [19, 20]. The injection of
these harmonics to the distribution grid may have impacts
to the wvoltage quality and also initiate resonance
phenomena in correlation to power factor correction
capacitors.

4.4 Substation power factor

The contribution of PV generating stations to the
distribution grid, primary concerns the supply of active
power. Considering that the operation is implemented
with a constant power factor, a reduction of the active
power supplied from the high voltage grid, results to a
substation power factor downgrade. This is an issue that
may influence both the MV and HV grids, especially as
the amount of PV penetration increases.

4.5 Energy loss

The energy loss, correlated with the operation of the
distribution grid, can be decreased by the penetration of
the PV generating stations [21, 22]. However it is
important to consider that the degree of energy save
achieved is correlated to the distribution of stations along
a line. A typical scheme that illustrates the possible
improvement, is the comparison in respect to the line
losses of a PV Park connection with a dedicated line or on
a typical distribution line. In the second case, energy
efficiency is increased, since the amount of energy
distributed from the high voltage substation is decreased.

4.6 PV generation management at the
system operator level

Considering the operation of a conventional power
system, the necessary equilibrium, between power
generation and consumption, is managed by the main
dispatch operator, which is responsible both for
generation scheduling and real time management. From
the dispatch operator point of view, PV generation
management is difficult not only because the primary
energy source cannot be controlled, but also because the
installed capacity of each PV station is comparably small.
In Crete for example, there are two levels at 80kW and
10kW.

Furthermore, due to the small capacity, PV stations
are integrated in the grid at the level of low or medium
voltage. Thus, the possible influence to the high voltage
grid, according to the parameters analyzed in the previous
paragraph, is limited mainly to the total generation and

substation power factor. The impact of the other
parameters is limited to the medium and low voltage
grids, due to the presence of the HV/MV transformers.

Consequently, for the main dispatch operator,
estimating the total PV power generation is the primary
concern, and especially the possible short term variation,
since it is a requirement for efficient operation and
generation scheduling. Further, in the case of an isolated
system, in addition to the total generation, the PV
generation for each HV/MV substation is also useful for
the operation of the HV transmission system.

5 Fleet management of PV generation

Fleet management is a new approach within the
operation of power systems, applied for the first time in
PV generation [23, 24]. The need of such approach is
evident both due to the size of the considered PV stations
and their geographical distribution. The later may act in
favour of the equivalent total PV generator, since the
power output variation can be decreased. This is evident,
as the degree of distribution increases, considering that
the reasons of the power output fluctuations, vary in
extent and time between stations.

An empirical model that illustrates this effect is
illustrated by the correlation coefficient p, calculated in
equation 1 [23]. The lower this correlation factor is the
lower is the correlation between two stations and
therefore a possible variation in the first station is not
experienced simultaneously in the second station.
Furthermore, for a fleet of stations, low values of this
coefficient indicates that the total output variations may
be smoothed due to the counterbalancing actions between
stations.

1

= distance
T4t )(Cloud relative speed) (1)

p=

1

A typical example is illustrated in figure 4 where the
PV generation daily curves, for four stations in Crete are
illustrated and the total curve is calculated, where the
smoothing effect is evident. Further, as the number of
stations considered is increased, the smoothing action is
enhanced, and in a total the power generation curve is
optimized. Consequently, fleet operation, where the
installed power capacity is distributed in small generating
units, geographically dispersed, results in an advantage as
far as the power system operation is concerned.
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6 The proposed generation management
model

The scope of the management model, is to be able to
estimate the PV generation capability of a fleet of PV
stations, exploiting available meteorological forecasts.
The first step is predicting the PV generating capacity of a
station, installed in a specific location. This model can be
applied for all the stations connected to a HV/MV
substation or to a number of selected stations. Then, the
generating capacity of the fleet can be calculated, for each
of the HV/MV substations and finally a total generating
capability of the equivalent PV generator can be
extracted.

In order to be able to estimate the daily PV generating
capacity of a station, a model correlating the nominal
power of the array under study, the temperature
coefficient of the modules, the solar irradiance at the
plane of the array, the air temperature and wind speed is
implemented [25, 26]. The results of the model for each
station are then available to be grouped according to the
power system structure and the calculation scope.

Station 1 Stathom 1

Station 3 Station 4

AWERAGE

Fig. 4 Smoothing effect of PV stations production under the scheme
of a virtual generator (power system of Crete)

An issue of investigation, is the methodology to be
applied, in order to select the most representative group of
stations, in case the total number of stations is large and
thus computational heavy. The appropriate methodology
must consider electrical and meteorological parameters in
respect to the geographical location of each station. A
possible implementation is to set the minimum number of

stations to be considered (core stations). Then for each
core station, a group will be formed, containing stations
with correlation factors that exceed a user defined
correlation factor value in respect to the core station. This
model is similar to a cellular network, with the difference
that the cell size is not constant but depends on
parameters such as the stations distance from the core
station, the speed of the clouds movement and the time
interval of evaluation.

7 Conclusions

The integration of photovoltaic generation in power
grids is a critical issue for the grid operators, since they
bring a new aspect, in their operation and control. Due to
reasons that are correlated both on the operation of the PV
systems and the optimum integration in the power grids,
the dispersion of the installed PV power capacity is new
aspect for such systems.

Evaluating the operation of small scale PV stations,
connected to the medium or low voltage grids, it can be
concluded that there are impacts in the operation of these
networks, which however have limited influences to the
operation of the total system. In this case, fleets of PV
stations can be formed, resulting to the concept of a
virtual generator. The critical issue is the procedure to
select the members of the fleet, in order to optimally
demonstrate the PV generation. It can be seen that this
procedure (fleet formation) is a dynamic procedure, which
has to combine many parameters, such as the distance
between stations, the clouds movement, the connection
point etc.

Finally the basic scheme of a PV power prediction
system is proposed, considering the operation of a PV
generation station and the above mentioned parameters.
This system incorporates a PV generation prediction
model and a fleet management algorithm, capable of
predicting the fore coming PV generation, in a power
system.
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