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RESUMEN/ ABSTRACT

Introducing renewable non-dispatchable energy sources such as wind and solar (PV) into a power system can
cause frequency deviation problems in steady-state operation scenarios. These problems are mainly related to
their inherent variability and the characteristics of the grid they are connected to. These problems can be
amplified in isolated power systems. This research consists in calculating the maximum value of wind and solar
PV that can be connected in an isolated power system while maintaining the frequency deviation values within
standard limits. An algorithm based in Monte Carlo simulations was developed to fulfil this objective. The
results obtained using the described algorithm show that, in an isolated power system, renewable power values
increase, frequency deviations also increase, eventually failing to comply with grid code regulations. Results
also show that introducing a properly sized energy storage helps decreasing out-of-limits frequency deviations,
complying with the grid code regulations.

Keywords: wind power, photovoltaic power, frequency deviation, Monte Carlo simulations.

La introduccion de fuentes renovables de energia no despachables como la energia edlica y la energia solar
fotovoltaica puede causar problemas de desviacion de frecuencia en escenarios en estado estacionario. Estos
problemas se deben principalmente a su variabilidad inherente y las caracteristicas de la red a la que se conectan
y pueden empeorar en redes aisladas. Este trabajo consiste en el calculo del valor mdximo de energia edlica y
solar fotovoltaica que se puede conectar en un sistema aislado manteniendo los valores de desviacion de la
frecuencia dentro de los limites establecidos. Para lograr este objetivo se desarrollo un algoritmo basado en
simulaciones Monte Carlo. Los resultados obtenidos con la utilizacion de este algoritmo muestran que en un
sistema aislado un incremento de la penetracion de renovables causa un incremento en las desviaciones de
frecuencia llevando al sistema a no cumplir con los limites establecidos. Los resultados también muestran que la
introduccion de un sistema de almacenamiento, debidamente calculado, ayuda a reducir las desviaciones de

frecuencia y cumplir con las regulaciones.
Palabras clave: energia edlica, energia solar fotovoltaica, desviacion de la frecuencia, simulaciones Monte Carlo.

INTRODUCTION

In order to reduce the use of fossil fuels more renewable energy sources (RES), wind and photovoltaic (PV) power, are
being used. By the end of 2020 up to 29% of the energy consumed in the world was produced using renewable energy
sources. Photovoltaic was the biggest contributor with a growth of over 50%, followed by wind power with a 36%
growth [1]. In order to operate a power system correctly, the grid’s frequency must be maintained at a near-constant
value. To efficiently control the power system’s operation, the demand’s behavior must be studied as, for example,
the load’s peaks and valleys can vary appreciably as seasons change.
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Also, workdays and holidays can have very different demand curves. With this information and knowing the
number of generators capable of frequency regulation, the upper and lower frequency variation limits can be
known. Large frequency deviations can cause stress-producing vibrations in the steam turbines that power electric
generators shortening the time between maintenance periods. They may also affect the efficiency of induction motors [2].
Integrating RES, such as wind and PV power, into power systems can cause frequency stability issues. The main
challenges rely on their intermittency, variability and uncertainty due to their dependency on weather conditions [3]. As
the wind and PV power penetration increases, frequency deviations also increase. If the amount of wind and PV power
generation is above the power system’s penetration limit the grid may lose its stability either partially or totally, affecting
the quality of the end-consumer service and causing blackouts [4]. In some cases, to avoid a system collapse wind power
generation is capped [5, 6]. The integration of RES into power systems are regulated by the grid codes [7].

In order to mitigate frequency stability issues, it is necessary to know the limit of wind and PV generation allowed by the
grid. These limits are defined in [8, 9]. This limit can be increased with the introduction of energy storage systems as they
can participate in primary frequency regulation as stated in [10, 11]. Frequency deviation analysis is vital for the correct
operation of power systems. Several statistic and probabilistic methods, such as Monte Carlo simulations, have been used
to analyze frequency deviations. These methods are used to study the variability of wind [12, 13], load variability [14],
and the integration of wind power in power systems [15, 16]. An islanded power system is prone to have greater frequency
issues than a larger, interconnected power system [17]. Monte Carlo simulations method has also been used to analyze
the integration of wind power in isolated power systems [18, 19]. This paper proposes an algorithm based on Monte
Carlo simulations to calculate an islanded power system’s wind power limit using frequency deviations as the
defining criterion.

METHODS AND MATERIALS

Algorithm used

In order to calculate the maximum wind and PV power penetration allowed by the grid it is necessary to consider
the characteristics of the wind power and solar power generation as well as the conventional generation
characteristics. The algorithm has been divided in subsystems for a better comprehension. First, the system’s load
data within a given time frame is introduced. Then the wind power and solar power output data are introduced,
and the algorithm continues to calculate the parameters necessary to compute the system’s frequency deviations
as well as the maximum solar and wind power penetration allowed by the grid. These parameters include the load-
damping coefficient, load variations, wind and solar power variations, the generation distribution and its equivalent
regulation.

After the frequency deviation data are calculated the results are compared with the limits set by the grid code. The
grid code stablishes that under normal operation conditions frequency values must stay between 59.7 and 60.2 Hz
for 95% of the year and between 59 and 61 Hz for 100% of the year. In case frequency deviation values are outside
the regulated bounds an energy storage system (ESS) supports the system by providing active power support
according to its rated power. If the results comply with the grid code limits, then solar and wind power
contributions to the grid are increased and the algorithm is simulated again. If the end results do not comply with
the grid code limits, then the last complying values for solar and wind power are set as the maximum power
penetration allowed by the power system. The discussed algorithm’s block diagram is depicted in figure 1.
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Fig. 1. Used algorithm's block diagram
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Load model

The load data correspond to hourly measurements within a year’s course and are stored in spreadsheet format.
Loads in power systems are comprised of different types. Some are independent from the system’s frequency value,
such as resistive loads. Others, such as electric motors, vary their active power as frequency varies in time.
According to [20], compound loads can be defined by equation (1):

APmax = AP, + DAf )

Where D is the load-damping constant, expressing a load percentage change with respect to a 1% frequency change;
APy is the frequency-independent load and Afis the frequency change. The maximum load variation is calculated
using equation (2):

AP, =k, [P, )

The maximum random variation (APmax) is calculated using km, which relates the mean power (Pm) with the
maximum power variation for each load value. Values for km relate to the analyzed time of the year and correspond
to values obtained in earlier studies of the analyzed power system [21]. The output of (2) is the maximum load
variation corresponding to a given load value. Using this value as limit a Normal distribution is used to obtain
random values of load variation smaller than APnmax. These values can be positive or negative, corresponding to a
load increase or decrease respectively.

Wind farm model

Wind speed is modeled and calculated using Weibull’s distribution using the scale and form factors that correspond
to the wind farm site wind speed measurements. The calculated wind speed values are introduced in the wind
turbine power curve provided for by the manufacturer resulting in the power output for each wind turbine and
subsequently the wind farm. The maximum wind power variation is calculated using equation (3):

AP, =0,25P 3)

wo

Where AP,, is the maximum wind power variation and P, is the wind power output. Using the output of (3) as
limit a Normal distribution is used to obtain random values of wind power variation smaller than AP,,. These
values can be positive or negative, corresponding to a wind power generation increase or decrease respectively.

Photovoltaic farm model

The PV farm power output is modeled using a Normal distribution with its standard parameters calculated
corresponding to the site measurements. The farm’s output can be calculated using its power curve taking into
account irradiance and cloud cover data at the site. The power curve was built using random values in order to
obtain closer-to-reality values. The maximum wind power variation is calculated using equation (4):

APy, =0,25F,, )

Where APpy is the maximum solar power variation and Ppy, is the solar power output. Using APpy as limit a Normal
distribution is used to obtain random values of solar power variation smaller than APpy These values can be
positive or negative, corresponding to a wind power generation increase or decrease respectively.

Generation

In this subsystem the power system’s generation values are calculated in order to obtain the necessary data needed
to compute the frequency deviation. The calculation method was developed in [22]. The base of the method is the
compliance with the power balance equation shown in equation (5), neglecting power losses and considering the
renewables active power as a negative load due to their non-dispatchable characteristics.

ZPG:ZPd—ZPRe 5)

Where Pg, Psy Pre represent the generated active power, load active power and renewables active power
respectively. A generation dispatch is required to satisfy equation (5). Each generating unit is limited by its
designed maximum and minimum power output. These constraints are defined in equation (6).
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P, <P<P . VieNG (©)

Where P;in is the generating unit / minimum output power, P; .. is the generating unit i maximum output power
y NG is the amount of generating units in the analyzed power system. In order to supply the demand (excluding
renewables) the sum of the operation costs curves is calculated using equations (7) and (8).

NG

min Z c (M
i=1

C(R)=ai+fR+yiE (8)

Where Ci is the operation cost of generating unit i. Variables ai, fi, yi correspond to cost constants for generating
unit i. After obtaining the generation distribution the algorithm calculates the regulation ranges (RR) for the
primary regulation generators. The equivalent regulation (R.,) is also calculated. Equations (9), (10) and (11), are
used to perform these calculations.

RR1= Pi,max - Pz (9)
RR2 = Pl _B,min (10)
1
= 11
Req 1 1 1 (D
—t —+...+—
Rl R2 Rn

Where 7 is the amount of primary regulation generators.
According to [21] each generator’s regulation is calculated using equations (12) and (13):

Changeof frequencyin p.u.

o (12)
P Changeof generated powerin p.u.

__Js
R, = 7 (13)
PB

Where Ry, is the per-unit regulation characteristic, fo is the frequency at no-load, f, is the frequency at rated power
and fg and Pg are the base frequency in Hz and MW respectively"

Frequency deviation calculation
After computing the necessary data, frequency deviation (Af) values are calculated using equations (14) and (15).

A= (14)
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—AP, AP. —RR
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(15)

Where APy corresponds to the total system power variations, including load and renewables.
At this point in the algorithm, if the regulation range covers any power variations, then equation (14) is used. If
power variations are greater than the regulation range, then equation (15) is used instead.

Energy Storage System model
An energy storage system is introduced in the system to support its response to frequency variations in case these
are out of bounds. Equation (16).

—AP. + P,
Af = T1 ESS (16)
Z—+D
R

€q

Where Pggs is the energy storage system power output. If the frequency deviations do not comply with the grid
code limits then the ESS is used to supply the active power needed in order to keep the frequency within its limits.
This operation will be constrained by the ESS rated power. As wind and solar power penetration is increased a
possible outcome is that the use of the ESS is not enough to keep the frequency within its designated bounds. In
this case the last complying wind and solar power penetration values are established as the maximum allowed by
the studied system.

Analysed power system

The studied power system has a radial configuration with five main circuits at 34.5 kV supplying power to the
distribution substations. Base generation is provided by four 3.6 MW and four 3.9 MW diesel generators at
different geographic locations. In order to maintain quality of service at locations situated far from the main
generation sites 1.88 MW generators are installed. These generators also serve as peak power plants at maximum
demand.

Figure 2, shows the system’s typical daily demand curve for the summer and winter. The winter load curve presents
a significant difference between minimum load and maximum load with values of 6.4 MW and 17.8 MW

respectively. This difference is much less significant in the summer load curve having a 10.8 MW minimum load
and 15.6 MW maximum load.
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Fig. 2. Studied system's typical daily demand curve
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Another important difference between the summer and winter demand curves is the load ramping, with much faster
ramping in the winter. However, since the studied system’s generation is diesel-based, it has a fast enough response
so there are no considerable power mismatches between demand and generation. Figure 3, shows how the load is
covered per generator type. The base load is covered by the 3.6 MW and the 3.9 MW diesel generators, with the
1.88 MW generators working only in the demand peaks. This load coverage was calculated using an optimization
algorithm that is based on an economic pre-dispatch.
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Fig. 3. Load coverage per generator type

The frequency deviation is calculated without any renewables connected to the power system. The frequency
deviation histogram is shown in figure 4. The most repeated value was 0 Hz comprising a 21.2% of the total
amount. There are 18 out-of-bounds values, representing the 0.02% of the total, corresponding to a correct system
behavior as the out-of-bounds values are well below the permitted 5%.
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Fig. 4. Frequency deviation histogram without renewables

RESULTS AND DISCUSSION

Among the most important analyzes that must be carried out to verify that the system maintains its frequency within the
regulated limits. Being vital the characterization of the system, its regulation, power reserve, and its behavior with different

scenarios of integration of renewable sources. To achieve the target of 24% of penetration but maintaining the frequency
within the limits established by the Cuban standard.
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Renewables penetration and emission reduction assessment

Four study cases with different combinations of renewables, ESS and conventional generation were analyzed. All the
scenarios include conventional generation. Figure 5, shows the penetration levels per study case. The lowest penetration
values correspond to the wind-only case and the highest value corresponds to the combination of wind, PV and an ESS.
As more renewables are installed in the system the fuel consumption is reduced and therefore CO, emissions are
lower. Figure 6, shows the values for the non-spent fuel and CO, emission reduction per study case.
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Conventional generation and wind power

Figure 7, shows that there are two values outside the established limits, representing a 0.27% of the total. The most
repeated values are within the limits, with 0 Hz representing a 17.43% of the total. This behavior is considered correct
for this system as out of bounds values represent less than 5% of the total.
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Fig. 7. Frequency deviation histogram for 1.65 MW wind power installed capacity
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This scenario deals with the installation a wind power plant in the described power system. The algorithm was run several
times resulting in a 1.65 MW wind power plant as the adequate solution.

Conventional generation and solar power

This scenario deals with the installation a solar power plant in the described power system. The most repeated values are
within the limits, with 0 Hz representing a 36.9% of the total. Out-of-bounds values represent a 0.46% of the total. Hence
the system’s behavior complies with the stablished grid code. This scenario histogram is shown in figure 8.
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Fig. 8. Frequency deviation histogram for 4 MW solar power installed capacity

Conventional generation, wind power and solar power

This scenario deals with the installation a solar power plant and a wind power plant in the described power system. The
algorithm was run several times resulting in a 4.5 MW wind power plant and a 5.5 MW solar power plant. This
scenario histogram is shown in figure 9.
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Fig. 9. Frequency deviation histogram for 4.5 MW wind power and 5.5 MW solar power installed capacity

The percentage of frequency deviation values above 0.2 Hz and below -0.3 Hz was 2.42%, below the stablished
5%.

Conventional generation, wind power, solar power and energy storage system

This scenario deals with the installation a solar power plant and a wind power plant in the described power system. The
algorithm was run several times resulting in a 5 MW wind power plant, a 5.5 MW solar power plant and a 1 MW energy
storage system. The percentage of values within the specified limits is 97.04% with no value above or below 1
Hz. This scenario histogram is shown in figure 10.

Ingenieria Energética, 2022, 43(3): e0711, septiembre/diciembre, ISSN 1815-5901 8



Renewables power limit calculation using Monte Carlo simulation
Moises Ferrer Vallin, Ariel Santos Fuentefria and Pablo Sanchez Yafiez

350 4

300 F

250

200

100

il -

0.6 04 0.2 0 02 04 06 08
Fig. 10. Frequency deviation histogram for 5 MW wind power, 5.5 MW solar power installed capacity and a 1 MW ESS

CONCLUSIONS

A Monte-Carlo-based algorithm was developed to determine the renewable energy sources power limit by calculating the
frequency deviations of an isolated power system. The algorithm was run taking into account several scenarios of an
isolated power system with different wind and solar power installed capacity values. Conventional generation was
considered connected in all scenarios. As expected, frequency deviations increased as the wind and solar power
penetration was increased due to the reduction of the conventional generation’s regulation capacity. It was found that
when wind and solar work simultaneously, frequency deviations decrease due to the net wind and solar power variations
leveling out each other. Also, installing an ESS allowed to increase the system’s renewables power limit due to its capacity
to absorb power variations whether it was generating power or using the excess power in the grid to charge itself.

Future works will consider the use of using active power reserve by wind farms. This reserve will be optimized in order
to maximize the wind farms energy penetration.
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