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Abstract. Over the next five-ten years, the use of
renewable electric sources such as solar photovoltaic (PV) would
be dramatically climbed in Israel power industry. Similar
tendencies exist in the entire industrial world get the trend to
decline energy costs, improving electricity quality and
sustainability of power supply [1]-[4]. Even so, massive
introduction of renewables sources, especially PV can cause
deterioration energy supply quality. Presented work submits
method for estimation maximum allowable level of PV power
can be integrated into existing grid without damaging electricity
quality that must meet the requirements of standards. Quality
estimation was carried out by simulation approach based on
simplified dynamic modeling of existing power plants and
stochastic replication of PV output.

Obtained results demonstrate restricted ability of PV power
penetration into contemporary Israeli grid that limited today by
~9-10%. It was shown that further spread of renewable sources
could be provided by either the climbing of system inertia or
through introduction of electrical storage having adequate
capacitance and able to react on quick power deviances.

Key words
PV solar electricity, penetration into grid, power quality

1. Introduction

Under the term “conventional energy plants” are meant
fully controllable generating facilities capable to regulate
an output power in the wide range in accordance with the
requirements of a control system. Power plants having
steam or gas turbines, diesels and similar energy
equipment represent conventional power plants. In
contrast, generating facilities based renewable sources
such as solar, wind or tidal energies are non-conventional
power plants since their output power is principally
uncontrollable and depend on weather, climate and others
stochastically changing factors. Penetration of renewable
sources into existing grids having conventional power
plants can provide upcoming advantages such as
diminishing energy costs, significant restraint of carbon
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and other harmful pollutions, as well as political and
economic independence. On the other hand, a wide
application of solar plants can adversely affect quality
and reliability of electricity supply [2], [3], [5]-[9].
Therefore, the possibility of reliable usage of renewable
energies in traditional power systems as well as a request
to find appropriate methods and solutions for raising their
portion in a total energy balance are investigated in a lot
of research works.

Conventional energy plants, being, in principle, well
controllable, have restricted dynamic response able to
regulate output frequency with required accuracy during
quick power variations. This is a result of a sluggish
steam turbines speed control and of a limited rotational
inertia, which represents the ability to maintain constant
speed under suddenly wvariations of load power.
Consequently, can be eliminated the influence of very
short power disturbances only, those which impact is
diminished by rotational inertia of turbine-generators. At
the same time regularly happening significant and
prolonged sharp climbs and recessions of PV power
taking place in the real grid could change frequency
beyond permissible limits. The higher is introducing of
PV power the bigger is a frequency swing. Therefore, the
quality of electricity supply may become significantly
worst. Moreover, power system can lose stability. Then,
such supply of electricity becomes unacceptable.

In accordance with the mentioned above maximum
allowable PV usage can be determined by such a level of
solar plants nominal power, which doesn't cause
inacceptable frequency swing that are limited by existing
standards.

The assessment of electrical frequency oscillations is a
primary requirement for estimation permissible PV
electricity penetration into the grid. This study in this
article was evaluated by stochastic modelling of
generating and consumers processes. Stochastic
deviations of a frequency are analyzed based of average
values, standard deviations and underlying distribution
histogram. Analysis of AC frequency oscillations enables
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to determine maximum allowable value of solar electricity
production in the Israeli power system.

Due to a complex and ramified structure of electric
power system involving numerous conventional power
plants and various renewable sources such the analysis can
be carried out by the simulation approach only. It is
together with the research approach are represented in the
following sections.

2. Methodology of research approach

Simulation model and analysis of grid performance were
evaluated by the simplified dynamic model of
conventional power stations that together with solar
facilities are working to the grid (Fig.1). Input signals in
the model were stochastic power flows of consumed and
renewable energies, which influencing dynamic response
of an entire power system.
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Fig.1. Principle diagram of a power system with conventional
generating facilities and renewable sources.

A. Modelling of conventional generation facilities

The description of conventional power facilities was
based on the simplified representation by the equivalent
single synchronous generator is described by the following
shortened differential equation:

d’é. dw
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eq dt2 eq dt m e a ( )

Where: J.-is equivalent moment of inertia of all
conventional generators in the power system, kg-m?; 0,
o, — are generator rotation angle and velocity with respect
to a fixed coordinate system or stator position, rad, rad/s;
T, T. and T, — mechanical driving, electromagnetic and
resulting torques, Nm, correspondingly.

Further eq.(1) was transformed (taking into account a
coefficient of damping (Kp) to p.u. form as:
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Synchronous generators are driven by steam turbines
having individual regulating systems, which control
generator velocity in accordance with its electromagnetic
torque and a current frequency that is a result of a load
value and generator dynamic processes. Mentioned
generator dynamic processes are sufficiently described by
Park equations, for example [10]. This approach is
introduced in corresponding Simulink (MATLAB)
simulation block. Hereinafter Simulink was the base tool
for creating entire system model. Fig.2 and Fig.3 show
blocks of generator-turbine and generator control
respectively, whereas Fig.4 represents three-phase load
modeling.

'T .? - relative torque, p.u.
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Fig.2. Simulink generator-turbine blocks.
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Fig.3. Block of generator control.
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Fig.4. Block of three-phase load modelling.

During simulation the following nominal parameters that
are equivalent to the Israeli grid were taken into account:
nominal generator power -12 GVA; nominal voltage — 20
kV, frequency-50 Hz, kinetic inertia of generator — 5.5 s,
transferring high voltage line - 220 kV (length-10 km).

B. Modelling of solar electricity generation and
decision-making technique

Firstly, it was assumed that all solar stations should be
PV that corresponds the authority policy and in the Israeli
conditions represent the cheapest solution. This
assumption suggests electric power generation is as
proportional to the solar irradiation value without any time
delay since PV facilities are, as a rule non inertial. In
addition, a scattering of solar plants over a large territory
was recommended as for decreasing deviation of
equivalent solar irradiation over its average value and as
for stabilization of electricity production. Scattering solar
plants able to reduce summarized deviations of solar
irradiation over average value. This circumstance is a
result of stochastic character of meteorological conditions
owing due to clouds and their speed: the correlation
between solar irradiations is diminishing significantly with
the distance. The lower is a correlation between stochastic
variables the lower is a deviation of their summarized over
average value.

The decision regarding maximum permissible value of
solar installations of nominal power was determined
through the requirement to keep AC frequency stable. It
was decided AC frequency due to standard requirements
has to remain inside allowable values (49.9-50.1 Hz) not
less than 99.3%- 99.5% of each hour time. Following this
decision the most changeable examples of solar
irradiations during one typical year data were chosen for
simulations. These situations cause the most unstable
deviations of a grid frequency and therefore determine
allowable limits of renewable penetration to the system.

Without any doubt voltage constancy and additional
harmonic's absence (instead of a fundamental 50 Hz
frequency) characterize important parameters determining
electricity quality. However, voltage regulation in the
entire electrical system (apart of local voltage's control) is
a much easier than a frequency control task and is
provided nowadays with sufficient accuracy. Secondly,
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currently existing DC-AC inverters can supply solar
electricity with total harmonic distortion (THD) not more
than ~1.0% that is considerably better of any standard
requirements. Thus, harmonic distortion being introduced
by contemporary PV power stations is negligibly small
and, therefore, wasn’t taken into consideration.

Solar irradiation data in a daytime for two typical
locations are shown in the Fig.5. The time particularly
was chosen when solar intensity has significant
fluctuations, = which, in  principle,  determine
corresponding oscillations of electric power if solar
power plants would be located in the pointed above
(Fig.5) sites.
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Fig.5. Two examples of solar irradiation data taken for two
places distanced by ~50 km.

The following simulation procedure of electrical
production was adopted. The data of current solar
irradiation (W,, W/m?) were translated to the electrical
power in accordance with the following expression:

“4)

2= (o 01T -25)

Where: (Pg),om — nominal (maximum) power of PV
plant, MW; vy —coefficient of PV panels power decrease
owing rising temperature over 25 °C, p.u.; T-current
temperature of PV panels, °C that was estimeted as [11]:

WS
at+bv,

wind

Te = Tamb + (5)
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Where: T, — environmental temperature, °C; Vying —
wind temperature, m/s; a, b-coefficients depending on PV
panels type. They values could be found in [11].

Sometimes consumption of specific loads depends on a
frequency. However ordinal loads (instead of big electric
drives) don’t influenced by supplied frequency. Therefore,
the relation between load power and a frequency was
neglected in the present work. In addition, load power
during simulation procedures was assuming as having a
constant value since solar irradiation and, therefore, solar
electricity has much more significant fluctuations.

Due to mention previously, into account were taken the
most problematic periods of time, and they were, as a rule,
presenting in spring-autumn seasons.

Nineteen the most potential conjectural sites, which
locations are suitable due to technical and economic
reasons were chosen for simulating solar electricity
production. Owing geographical reasons solar plants in
these places are able to install each ~100-200 MW of
nominal power that totally can provide ~2.5-3.5 GW.
Therefore, PV stations can provide in this investigation up
to ~25% of aggregated Israeli electricity production.

Total assumable combined power in each simulation
procedure was equally widespread between hypothetical
stations. Corresponding solar irradiation was taken for
each site separately. Nevertheless, all data of solar
irradiation and a result of solar electricity production were
synchronized in time. Total PV output was calculated as a
sum of individual solar plants at the same moments of
time. The one-minute resolution was admitted for
simulation.

We supposed represented above assumptions are enough
for reliable conclusions regarding maximum allowable
possibility to generate PV solar electricity in the existing
power system.

3. Results of simulation approach

Multiple model running was evaluated for 2-13%% of
penetration rates. Typical histograms of frequency
deviations are shown in Fig.6 showing the increasing
dispersion of frequency deviations following the growing
value of solar electricity production.
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Fig.6. Grid frequency dispersion for penetration rate 5% and
11% correspondingly.

Table I. — Results of PV production and penetration into the
grid versus nominal PV power

Photovoltaic Generation
PV nom Average PV nom Average
PV . PV
power, [penetration, .
GW power, % production
GW per day, %
0.00 0.00 0% 0%
0.75 0.47 5% 2%
1.50 091 10% 4%
2.25 1.30 15% 5%
3.00 1.77 20% 7%
3.75 2.33 26% 9%
4.50 2.81 31% 11%
5.25 3.28 36% 13%
6.00 3.74 41% 14%

Table II. — Results of frequency deviations over average value
versus nominal PV power

PV nom Average, " Ofilgcated % over

power, Hz STD, Hz permissible penplgs1ble
GW limits limits
0.00 49.999 0.003376 99.98% 0.02%
0.75 49.999 0.006584 100.00% 0.00%
1.50 49.999 0.010944 100.00% 0.00%
2.25 49.999 0.016737 99.45% 0.55%
3.00 49.998 0.021611 96.44% 3.56%
3.75 49.998 0.027938 92.17% 7.83%
4.50 49.998 0.034423 87.73% 12.27%
5.25 49.999 0.040189 83.62% 16.38%
6.00 49.998 0.047899 79.87% 20.13%

As it seems the increase of PV penetration into the grid
causes growth of a frequency deviation over its average
value. Only restricted introducing of PV plants can
provide sufficient electricity quality. Supplemental
growth of PV penetration should be accompanied with
corresponding technological solutions such as enlarge of
generator's kinetic inertia or increase of PV power plant's
number with their further scattering across bigger
territory, or introduction of electrical storage able to
compensate local irradiation variability.
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4. Conclusion

This article represents methodology and results of PV
penetration into conventional Israeli grid regarding
electricity quality determined by the deviation for a system
frequency.

Methodology of research is founded on simulation
approach using dynamic modelling of conventional
generator's units working together to the grid with solar
PV stations having probabilistic and uncontrollable
characteristics.

Simulation model is based on Simulink (MATLAB)
software. Generator as well as turbine are represented by a
set of differential equations are modelling dynamic
behaviour of generating facility.

Simulation of solar electricity production was carried out
on the base of a truly statistical data with one-minute time
resolution. Total and equivalent solar irradiation was
estimated as a sum of timely synchronized values from
nineteen dispersed locations. These sites have been
promising potential to be used for creating future PV
plants.

Obtained results showed a restricted possibility of
elementary (without electric storage) solar PV stations use
for producing electricity in the existing power system.
Average daily PV electricity generation over 9-10%%
cause inacceptable diminishing of frequency quality.

The major reason of a moderately low level of acceptable
solar electricity production in Israel can be explained by
the islanding of a power system outspread on relatively
small territory and having no possibility for power
exchange with neighbor’s countries.

Intensive growth of PV facilities should be accompanied
with corresponding technological and macro-economic
solutions preventing negative outcomes of stochastic
electricity production. As for example, it could be as an
increase of generator's kinetic inertia or extend of a PV
power plant's number with further scattering across a
bigger territory, or introduction of electrical storage able to
compensate irradiation changeability. In the future seems
to be essential to connect local energy system with the
system of European neighbours over Mediterranean Sea.
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