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Abstract: The power generated by photovoltaic solar systems is exposed to high variability of
irradiance mainly due to weather conditions, which cause instability in the electrical networks
connected to these systems. This study shows the typical behavior of solar irradiance in an Andean
city, which presents considerable variations that can reach up to 63% of the nominal power of the
photovoltaic system, at time intervals in the order of seconds. The study covers the application
of 3 techniques to reduce power fluctuations at the point of common coupling (PCC), with the
incorporation of energy storage systems, under the same irradiance conditions. Supercapacitors were
used as the storage system, which were selected for their high efficiency and useful life. A state of
charge control is also applied by means of a hysteresis band. The three algorithms studied show
similar behaviors; however, the ramp control technique has the best performance. The storage system
was dimensioned based on the photovoltaic system’s nominal power and the desired rate of change
in the PCC, whose capacity can be estimated from Ppom/12 [kWh] and a maximum power that can
reach up to 0.63 Prom. The study determines that based on the storage capacity and the irradiance
characteristics under study, the storage system could use at least 5.76 daily charge/discharge cycles.
In the study, it is possible to reduce the rate of change of the photovoltaic energy injected into the
PCC about 6.66 times with the use of the proposed energy storage system.

Keywords: Photovoltaic solar system; power fluctuations; supercapacitors; ramp control; low pass
filter; moving average

1. Introduction

Energy plays a fundamental role in the development of countries and regions. However, at
the same time, it is one of the most polluting sectors. In the last decade, society’s energy needs
and environmental pollution have increased steadily. Global primary energy consumption went
from 11,540 x 10° toe in 2009 to 13,865 x 10° toe in 2018 [1], with a fossil fuel contribution (oil,
natural gas, and coal) higher than 85%. In that same period, CO, emissions went from 31,532 Mt
to 36,573 Mt. At least 30% of these emissions correspond to electricity generation [2]. This fact
has prompted many countries to make use of renewable energy as sources of electricity generation,
reducing the use of fossil fuels. Among the most important renewable sources of electricity generation,
in terms of capacity, is hydroelectricity, with 54% of total renewable sources and a growth rate of
2.4% per year [3]. However, the lead of hydropower could change soon due to the high growth rates
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of non-conventional renewable energy sources, such as wind power and solar photovoltaic energy.
The latter has experienced the highest sustained growth in the last 5 years with a rate of approximately
25% per year [4]. In the last decade, these unconventional renewable energies have taken a leading role
in the generation of electrical energy in the world, not only for their environmental benefits, but also
for the marked reduction in electricity generation costs, improving their competitiveness compared to
other conventional sources [5].

Photovoltaic (PV) energy has experienced sustained growth since a high number of photovoltaic
solar farms are being installed to provide energy to both local and remote loads in several high energy
consumption countries, such as China, the USA, Spain, and Germany [6]. The size of these systems can
vary according to the generation capacity, from a few Kilowatts to tens of Megawatts [7]. Additionally,
the development of distributed PV systems for residences, commercial buildings, and industries has
been notorious, tripling its capacity since 2014 [8].

Despite the benefits of PV generation regarding its renewable origin and fully scalable character,
considerable penetration can cause different kinds of problems in the electricity grid [9]. In this
sense, dynamic and impact studies are necessary at specific time intervals that allow us to know the
incidence of fluctuations of PV power in the network [7] since, without the typical mechanical inertia
of conventional electromechanical generators, variations in voltage and frequency can occur in the
system. Case studies indicate that the optimal level of penetration of a PV system at a node, defined
as the ratio between the generation of photovoltaic energy connected to a node over the energy load
capacity at the node, could be close to 40% in order to avoid stability problems in the system [10].
Although most of the studies are related to high-capacity systems, also in the case of small PV systems
connected to low-voltage networks, power quality problems can occur depending on various factors,
such as atmospheric conditions of radiation and cloudiness, as well as the location of PV systems
within the low-voltage network [11].

This problem of PV systems’ power quality arises mainly from the non-deterministic nature of
solar radiation, which can show variations in the order of hours, minutes, and even drastic changes in
seconds, causing fluctuations in the output power of the photovoltaic systems [6]. The problem of
power fluctuations in photovoltaic systems can be addressed from various points of view, such as:
control techniques that make the power converters operate in a certain way, incorporation of more
effective meteorological prediction techniques, or the incorporation of temporary energy storage
systems that help reduce power variations at the point of common coupling (PCC) [12]. In the case
of the use of control techniques on DC/AC converters, it is possible to establish energy management
algorithms that prioritize the rate of change of output power, making the variations of the energy
injected into the grid to have a lower slope. These algorithms would replace the commonly used
maximum power point tracking (MPPT) algorithms, but the overall efficiency of the system would
be reduced.

Recent studies reveal that the efficiency of photovoltaic solar systems can be improved by various
methods. For example, with the incorporation of solar concentration systems such as those studied
in [13] or solar-tracking systems with bifacial panels that can increase efficiency by up to 35% [14] and
achieve a lower energy price in most of the world. However, it is important to note that if systems
with greater efficiency are available, they are also subject to fluctuations in solar irradiance. To reduce
power fluctuations in the PCC these systems could sacrifice their overall efficiency. This efficiency
issue, which is outside the scope of this paper, requires a rigorous techno-economic study that justifies
the investment.

In the case of real-time irradiance prediction systems, studies such as [15] allow the determination
of the behavior of cloud cover near the sun, and thus anticipate its impact by reducing fluctuations in
power generation. Finally, the most studied solutions incorporate energy storage systems that allow
fluctuations to be reduced without a significant decrease in the efficiency of generating PV solar energy.
However, this solution has disadvantages that must be evaluated from the economic point of view as it
incorporates equipment that has considerable costs and affects efficiency in the energy storage process.
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From a regulatory point of view, fluctuations in the energy of a PV solar system can cause instability
in the grid, and several countries have established policies that limit the technical aspects of the use
of these systems. One of the measures considers setting limits to the rate of power variation when
solar systems are connected to the interconnected power system. These variations, commonly called
ramp-rate, can be defined as a percentage of the PV plant nominal capacity, or power limits in minute
or second intervals can also be set. For example, the Irish Electric Company (EirGrid) sets a ramp of up
to 30 MW/min, the Hawaii Electric Company (HECO) sets a ramp of + 2 MW/min, and the Puerto
Rico Electric Power Authority (PREPA) considers a maximum ramp of 10%/min of the nominal power
of the plant. Other regulations limit variations in the order of seconds; this is the case of Denmark,
which allows a maximum power of 100 kW/s [12,16]. Taking into account the case of Puerto Rico,
for example, the power variations present a time base of 1 min. However, the control actions must be
carried out at smaller intervals in order to meet the desired rate of change.

Regardless of how fluctuations are to be reduced, stationary energy storage systems will
increasingly play a leading role. In fact, energy storage is a dominant factor in the integration
of renewable sources, which plays an important role in maintaining a robust and reliable modern
electrical system [17]. In this sense, the storage systems may play different roles. For example, time
shift energy storage systems, which store energy in periods of excess generation of renewable energy to
be used in times of increased demand, will be able to fulfill system stability functions simultaneously.

Some research has been carried out to reduce fluctuations in the energy delivered to the grid with
electrochemical-type energy storage systems, for example: lead-acid and lithium-ion batteries, as in [18]
for their cost advantage. Recently, the integration of lithium-ion types electrochemical batteries with
supercapacitors (SC) has also been studied, due to the life cycle characteristics and efficiency the latter
present [6].

Other studies related to the improvement of energy quality due to the fluctuation of solar irradiance
suggest the use of hybrid systems with photovoltaic solar systems and concentrated solar systems,
which allow the generation of heat and then electricity, reducing fluctuations in power injected into the
PCC [19]. Although these systems allow for considerable improvement in power quality, they belong
to a currently emerging technology and have been tested in non-compact applications in the hundreds
of megawatt range, so that they are economically profitable, in addition to having mobile parts for
pumping systems. These systems could have a shorter useful life, which could still be at a disadvantage
compared to solutions based on supercapacitors with a longer useful life. The solution proposed in this
study allows for smaller scale systems within the framework of a distributed generation with greater
scalability and considerable economic benefits.

This study presents an evaluation of the dynamic behavior of the energy produced by a solar PV
system in the face of changes in irradiation caused by the typical cloudiness of the Andean mountains.
For this, the application of techniques to reduce power fluctuations in the PCC is shown with the
incorporation of an SC energy storage system, in which 3 control techniques to the power converters of
the energy storage system are studied. The unique contributions of this paper are:

(a) Study of the dynamic behavior of solar irradiance in the Andean city.

(b) Determination of the energy storage capacity with the algorithms proposed for Ecuador’s
case study.

(c) Application of a slow control system to control the state of charge (SOC) of the Supercapacitors.

2. Photovoltaic Power Fluctuations

PV systems transform solar radiation into electricity. These systems present a correlation between
the radiation incident on the surface of the solar panels and the power generated by them. The main
factor that causes fluctuations in the output power is related to the atmospheric conditions, mainly the
density of the cloudiness present between the surface of the panel and the sun [7].
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The energy that can be extracted from a photovoltaic solar energy system depends on multiple
factors, among which the point of operation of the solar panels within the characteristic curve I-V
stands out. To extract the maximum power from the array (PV Module + DC/AC Converter), it is
necessary to use maximum power point tracking (MPPT) techniques. This method seeks to extract the
maximum energy from the system in the face of variations in weather conditions [20].

There are different MPPT algorithms, such as: perturb and observe (P&O), incremental
conductance, fractional open circuit voltage, fractional short circuit current, fuzzy logic control,
among others. Although these methods are implemented for the same purpose, they differ markedly
in complexity, speed of convergence, steady-state oscillations, cost, effectiveness, and flexibility [20].

Today, the most widely used MPPT algorithms are P&O and incremental conductance due to
their simplicity and effectiveness. In practice, these algorithms can achieve an efficiency higher
than 98% [20]. The dynamic behavior of the irradiance on the collection surface can fluctuate with
periods in the order of hours, minutes, or seconds. This depends fundamentally on the opacity, size,
and speed of the clouds, with non-typical behaviors such as those shown in Figure 1. Herein, the daily
behavior of the irradiance in the interval between 6:00 and 18:00 during 28 days of study is observed.
These data come from the weather station available at the University of Cuenca’s microgrid laboratory
(Campus Balzay) [21], located in the city of Cuenca, Ecuador, in the Andean mountain range at an
altitude of 2625 m.a.s.l. with coordinates (—2.892009, —79.038481).
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Figure 1. Daily solar irradiance, November 2018, Campus Balzay, Cuenca.

The typical meteorological behavior of Cuenca, as an Andean city, presents considerable weather
changes with two rainy seasons (March—April, and October-November), and the dry season between
June and July, which influence the behavior of irradiation and temperature [22]. From the point of
view of variation in cloudiness and wind speed, August presents the highest proportion of partially
cloudy conditions and the highest wind speed [23], an aspect that significantly affects irradiance
variations. Figure 2 shows the behavior of the photovoltaic solar generation of the system under study,
which has a nominal capacity of 15 kWp. The behavior shown presents a wide range of continuous
variations throughout the day due to the high cloudiness typical of the Ecuadorian Andean zone.
This information has been chosen to apply fluctuation reduction techniques.
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Figure 2. Typical behavior of power generation in the photovoltaic (PV) system under study
(13 November 2018).

Studies regarding the dynamic behavior of daily solar irradiance indicate that the high-frequency
spectrum can be between (0.001 Hz < f < 0.05 Hz) [24], an aspect of special interest since these high
frequency dynamics are responsible for the abrupt energy variations injected into electrical networks.
These studies have been carried out with classical frequency analysis techniques such as Fourier
series, wavelet series, and wavelet transform [25]. Figure 3a shows the spectral behavior of the energy
of the photovoltaic solar system shown in Figure 2, where the spectral component reflects that the
highest energy is found for frequencies less than f. < 0.0002 Hz, a value considerably lower than that
studied in [24]. However, the spectral behavior of the present study shows similarities to the spectrum
found under real conditions in [26]. Figure 3b shows the rate of change of the dynamics under study,
which can reach up to 9.5 kW, which constitute considerably high variations in intervals less than 15 s.
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Figure 3. (a) Spectral behavior of power generation and (b) dynamic behavior of power generation of
the PV system under study.

3. Methodology

This research is based on the modeling and simulation of a PV energy generation system and a
bank of supercapacitors available at [21], integrated by an algorithm that reduces the power fluctuations
of the system in the face of the dynamic behavior of solar irradiance in the study area. In the present
work, 3 control techniques studied in [27,28] are compared and they are applied to the power converters
of the storage system, in order to reduce the variation of power fluctuations within pre-established
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limits. The techniques studied are: (1) the Ramp Speed Control algorithm, (2) the reference technique
based on the Low Pass Filter (LPF), and (3) the fluctuation reduction based on the Moving Average
algorithm. To make the comparison, the algorithms were tested against the typical behavior of solar
irradiation of the study area. The modeling was developed using the software Psim®, from actual
behavior of available equipment.

Description of the System under Study

In relation to the photovoltaic solar generation system under study, the equipment used is that
which is available in the University of Cuenca’s microgrid laboratory [21]. The PV system has 4 strings
of 15 panels in series of the poly-Si type, each panel with a nominal power of 250 Wp, model A250P
from manufacturer Atersa, to reach a nominal power of 15 kW for the system. The array is driven by a
3-phase, 2-level DC/AC converter with pulse-width modulation (PWM). Figure 4 shows the system’s
operating diagram, which delivers power to the PCC.

Power
Generation |+

—— DC/AC
ﬂf\c _
1
v v Vev'lley
m

Vil

Figure 4. Block diagram of PV generation with the maximum power point tracking (MPPT) technique.

In relation to the storage system to be used, the present study applies the techniques for reducing
energy fluctuations in the PCC with the use of electric-type storage systems with supercapacitors.
Among the most important characteristics of supercapacitors are a superior useful life and higher
efficiency than electrochemical batteries, an aspect that in this application is of special interest due to
the continuous power variations of the PV system in the PCC. In comparative terms, supercapacitors
have a useful life of more than 1 million charge-discharge cycles [29], representing a value considerably
higher than that offered with lead acid battery systems, which can reach about 1500 cycles or LiFePO4
batteries between 3000 and 5000 cycles also used in this type of application [30].

The bank of supercapacitors used has a capacity of 39 F and is sized in Section 4.4.1. It is built
with 3 parallel strings, and each string has 10 supercapacitor modules connected in a series of 130 F of
the Maxwell model BMODO0130. In the bank, the maximum operating voltage is 650 V and the usable
energy is limited by a range of voltages managed by the DC/AC converter, whichis 440 V < Vgc < 600 V.
The lower limit is subject to the amplitude modulation index of the converter to operate in a linear
regime and the upper limit governed by the maximum voltage allowed by the set of supercapacitors.
In this operating range, a useful energy of 901 Wh is obtained, out of the 1.95 kWh that in theory
can be used if working in the range 0 V < Vgc < 650 V. The energy storage system (Supercapacitor
Bank + DC/AC Converter) has a capacity of 30 kW and an energy processing performance of over
90% [31]. Regarding operation dynamics, the control system presents a response time close to 0.5 s,
subject to the typical delay of communication and information processing in the available control
system. In this case, if the solar generation capacity is 15 kWp, the maximum rate of change used in
this study reaches |[RR| < 1.5 kW/min.

This study compares the 3 algorithms indicated above that seek to mitigate the rate of change.
The algorithms have been adjusted so that the power variations do not exceed the desired limits under
the premise of avoiding a change greater than 10%/min of the system’s nominal power. This criterion is



Energies 2020, 13, 3755 7 of 15

in accordance with the regulations adopted by PREPA, since the Republic of Ecuador has no regulations
in this regard. To the system previously described and shown in Figure 4, the supercapacitors storage
system has been incorporated, which has the function of absorbing or supplying the energy necessary
to reduce instantaneous variations in the energy injected into the network. All the methods studied
supply a reference signal to the storage system, as represented by the scheme shown in Figure 5.
Reference power (Pscrf) manages the power injected by the storage system; the power of the SC (Psc)
is related to the power generated by the photovoltaic system (Ppy) using Equation (1), obtaining the
power injected into the network (Pj).

Py = Ppy + Psc 1

Control
- x PCC }[—b@
P, '
rASC | ' SOC

Figure 5. Photovoltaic solar system and supercapacitors connection diagram.

4. Algorithms of Power Fluctuation Reduction in the PCC for PV Systems

4.1. Strategy Based on a Power Ramp Control Algorithm

The ramp speed algorithm, which is used to control fluctuations in power output in a photovoltaic
plant, consists of sensing the power generated by the PV solar system (Ppy) and from this value
estimating the dynamic variations of the injected power based on the desired rate of change (0.1P;;o,,/min).
If the fluctuations are less than the maximum allowed, the storage system does not take any action;
otherwise, it injects or absorbs the energy necessary to meet the desired rate of change. The technique
limits the rate of change or slope of the power injected when the previously established limit is
exceeded. The algorithm is used in [28,32], which applies a Py sc = 0 if the rate of change of power Ppy
is within the desired limits. Otherwise, the algorithm generates a Py, sc such that Psc + Ppy present a
rate of change within the desired range. In the case of this study, since the sampling frequency of the
control system is 1 s, the algorithm has been designed so that the power reference is updated every 5 s,
so a ramp limiting constant of 125 W/5 s is used.

4.2. Control Strategy Based on a First Order Low Pass Filter (LPF)

The Low Pass Filter (LPF) method is used to determine the high frequency components that must
be mitigated by the energy storage system. In this technique, the filter with unit gain and a time
constant are parameters that allow the establishment of the reference Psc ,er. [27]. Equation (2) presents
the transfer function of a first order LPF filter.

1

H(s) = m,

@

where Ty is the filter time constant and is essential in determining the reduction in power variations.
If the T value is high, the smoothing effect will be more evident [33]. This study uses a Ty = 10 min.
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The algorithm filters solar photovoltaic generation Ppy by the LPFE, and its output is the reference
signal Py, which is limited by a dead band function in order to avoid tracking small variations in the
Pyef, which are considered insignificant. This procedure improves the robustness of the control system
to the parameters of the bank of supercapacitors [34].

4.3. Control Strategy based on a Moving Average Algorithm

The Moving Average (MA) strategy is one of the most common smoothing methods. Its operation
is based on the calculation of the moving average of the current and previous photovoltaic power for a
given time window T, as observed in Equation (3) [32].

t
Ppa(t) = % f Ppy (t)dt ®)
=T

Depending on the size of the time window T, the filtering of power variations Ppy will be more
or less significant. Several studies with this strategy have verified that the time window is independent
of the section of the photovoltaic plant, and that it only depends on the maximum limits allowed
according to current regulations [32].

The algorithm applies Equation (4) to the photovoltaic power Ppy, which will be processed for a
time window T. Ppy is subtracted from the control module output signal and the P, follows the same
procedure explained in the LPF method [28]. In this strategy, once the moving average is determined,
it is necessary to subtract the Ppy, resulting in Psc ,,r. The time used in the moving average in this
study is T = 5 min.

4.4. State of Charge Control (SOC) in the Bank of Supercapacitors

Regardless of the fluctuation reduction technique to be used, it is necessary to control the state
of charge (SOC) of the storage system, since the techniques studied presuppose that this system has
the necessary energy to feed the PCC or, failing that, it can absorb all the energy necessary to meet
Pyersc. In this sense, in cases where the SCs have to deliver energy into the PCC and are discharged
or the SCs have to absorb energy from the PCC and are fully charged, the storage system will not be
able to provide/absorb energy, respectively. Hence the need to have control of the SOC that allows the
algorithm to work, optimizing the storage system. In the case of supercapacitors, the normalized SOC
is directly and exclusively related to the equipment voltage, and it is estimated using Equation (4).

VSC - Vmin

S50C = ,
Vmax - Vmin

4)
where V .y represents the maximum voltage (600 V), V,,;, the minimum voltage (440 V), and Vgc is
the instantaneous operating voltage of the SC. These values are subject to the technical conditions of
the bank of supercapacitors and the associated power converter.

In order to operate the storage system at a point that allows meeting the need of mitigating power
fluctuations, a control loop called “slow control” is proposed that operates when power fluctuations
are within the allowed limits. Figure 6 shows the fluctuation control system with the incorporation
of the SOC control. This control operates in parallel to known algorithms and has a reference SOC,,¢
based on an hourly range, which is defined according to the typical variations of daily irradiance.
The SOC,ef can be close to SOC;sx for the hour range where commonly there is higher irradiance, since
only a decrease in radiation could be present. Then the SC would deliver enough energy to reduce the
variation of Ppy. On the other hand, the SOC,,s may be near the SOC,;, in the hour range where there
is commonly less irradiance. Since only an increase in irradiance can occur, then the SC absorbs the
excess PV power. In this study, the reference SOC has been set to SOC,,s = 0.5 and controlled under a
hysteresis band control with a constant power of Psc soc =250 W if SOC > 0.55y Psc soc = —250 W
if SOC < 0.45. This power Psc soc allows an oscillation around the desired operating point with a
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frequency of Fosc soc = 3.5 X 1073 Hz, frequency less than the desired rate of change at the output of
the PV system.

DC/AC
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%Da-
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Pref sC
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Voot s s P - DC/AC
) \ S0C |g--- V
! 501
|

LPF -

Figure 6. Diagram of state of charge (SOC) control + fluctuations Ppy.
4.4.1. Sizing of the Storage System

The energy storage system is one of the most important aspects to reduce fluctuations in
grid-connected solar energy. The capabilities of this type of system depend exclusively on the degree
of attenuation required to inject power into the PCC.

Studies such as [35] determine the capacity of the storage system from the nominal power of the
PV system, the efficiency of the storage system, the time constant of cloudy days, and the desired rate
of change in [%/min]. Under this procedure, the storage capacity for the case study is in the order of
2.13 kWh; however, the worst case analysis can be studied from Figure 7, where a sudden variation is
observed from Py, up to 0 kW. Under this circumstance the storage system must supply the energy
Ejjax, to meet the desired slope (0.1P;,,,/min). In this sense, under a linear approximation, the power
P(t) can be determined by Equation (5).

P(t) = at+B, ®)

where a is the slope of the line and its value is given by Equation (5), and f represents the instantaneous
power at the origin; as worst case it is the maximum power Py;gy.

P kW]

A

=P

LA »
T =t (s

Figure 7. Behavior of the worst scenario of the PV solar system.

In the case of a = 0.1 Pyyy/min, then P(t) is represented by Equation (6).
P(t) = g1 Dmax, Pruax,s (6)
min

where the time in which P(t) = 0 is t = 1/6 h and the maximum energy required in the event of a sudden
change in generation is Ejax = Puax/y, Where y represents the storage coefficient, and in this case it
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is y = 12 kW/kWh. In the case study, with a generation system with a nominal capacity of 15 kWp,
and a = 1.5 kW/min with the consideration indicated above, the storage system under the worst case
must be greater than 1.25 kWh. According to the behavior present in the study area, the typical
variations on days with high cloudiness, in a window of 10 min, ranges lower than AP < 9.5 kW
according to what was observed in Figure 3b. This variation represents AP < 0.63 Pj;y and to meet the
desired rate of change, and considering an SOC,, = 0.5, energy is given by E, 5o = %, which for the
case study represents E,;,; = 1 kWh. In this study, the energy used in the simulation is 901 Wh for the
3 parallel chain circuits of 10 series capacitors.

5. Results

For the analysis of the 3 control strategies, a day with high power variations was considered.
Figure 8 shows the power of the PV solar system (Ppy) and the power injected into the grid with
compensation with the ramp control (Prr), Low Pass Filter (PLPF), and Moving Average (PMA)
algorithms. In the figure, three different areas are enlarged in which the comparison of the smoothing
methods can be better appreciated. A similar behavior is observed in the three cases; however, the ramp
control technique is the one that presents more fixed slopes with greater frequency, due to the fact that
this technique imposes a known rate of change. Figure 8 emphasizes the most critical cases of the day
under study. To quantify the performance of the algorithms under study, Figure 9 shows the rate of
change of the generation of the PV system, which far exceeds the desired rate of change by almost
6.6 times, reaching 10 kW/min. In Figure 9 it is observed that the techniques applied present similar
behaviors; however, the ramp control technique is the one with the lowest rate of change, whose limit
is 1.5 kW/min.

Power (kW)

i | i i | i i I
1.6 165 1.7 1.7 1.8 118 1.9 1.95 12
Time (h)
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=2
§
5
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065 5 M8 18
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Figure 8. Photovoltaic power and injected power applying the three strategies under study during the
most critical day.
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Figure 9. Rate of change of the energy injected into the point of common coupling (PCC), most
critical day.

In relation to the energy storage system, Figure 10 shows the SOC of the bank of supercapacitors
in each algorithm used, where it is observed that no algorithm takes full advantage of the storage
capacity, although the ramp control algorithm is the one that used it the most. Regarding SOC
control, in all cases hysteresis control maintains the SOC around the SOC = 0.5. In the case
under study, the storage system managed a total capacity of E,, = 11.25 kWh, E;pr = 10.31 kWh,
and Ep4 = 10.26 kWh, representing charge/discharge cycles 5.76, 5.28, 5.26, respectively for a day
with high variation in irradiance. Given this rate of charge and discharge cycles for supercapacitor
technology, the impact on its long service life can be considered negligible.
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Figure 10. State of charge (SOC) of the storage system, the most critical day.

Similar behaviors are observed in the study with other two profiles of solar irradiance. In both
cases the PV energy fluctuations injected to the PCC is considerably reduced. November 23 and 24
have been used as the days with intermediate and low fluctuation in solar irradiance. In Figure 11a,b,
the behavior of Ppy is observed during November 23 and 24, respectively.
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Power (kW)
Power (kW)
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Figure 11. Photovoltaic power and injected power applying the three strategies under study: (a) the
intermediate fluctuation day (23 November 2018) and (b) the day with less fluctuation irradiance
(24 November 2018).

In Figure 12a the rate of change is observed on 23 November, where its peak amplitude is the
lowest of all days studied, while Figure 12b shows the behavior during 24 November, presenting a
lower degree of variations in its irradiance, that is, the day where the least energy storage capacity
is necessary. However, between 12:00 and 14:00 a change is observed in Figure 12a that reaches
10 kW/min, an abrupt change, such as those observed in Figure 9. Regarding the energy managed
by the supercapacitors system, this is in the order of 5.7 kWh and 3.45 kWh for November 23 and
24, respectively, representing 2.92 and 1.76 charge/discharge cycles for a day of intermediate and low
fluctuation of solar irradiance. In all cases, the charge status control of the storage system allows the
SOC to be close to the SOC,f as shown in Figure 13a. In cases of high fluctuations, it is possible to
effectively reduce power fluctuations in the PCC, as is the case observed in Figure 11b, between 12:00
and 14:00. In this situation, the discharge from the storage system reached 6%, a critical situation if
before this disturbance the SOC of the supercapacitor had not been close to SOC,.

Ramp rate (kW/min)
Ramp rate (KW/min)

6 8 10 12 14 16 1

Figure 12. Rate of change of the energy injected into the PCC: (a) the intermediate fluctuation day
(23 November 2018) and (b) day with less fluctuation irradiance (24 November 2018).
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Figure 13. State of charge (SOC) of the storage system, the most critical day: (a) the intermediate
fluctuation day (23 November 2018), and (b) day with less fluctuation irradiance (24 November 2018).

6. Conclusions

The study shows the typical behavior of solar irradiance in an Andean city, which presents
considerable variations that can reach up to 63% of the system’s nominal power in time intervals in the
order of seconds. From the irradiance behavior with high fluctuations that affect the production of
the PV system, the need to incorporate systems that reduce these fluctuations is observed. The paper
presents an analysis of the most common methods to reduce these fluctuations in the PCC using the
ramp control, Moving Average, and Low Pass Filter algorithms. The study incorporates an energy
storage system from supercapacitors, and the algorithms are compared under the same irradiance
conditions and random behavior of the PV system. In the study, a state of charge control is applied by
means of a hysteresis band that allows operating around SOC,s = 0.5. The algorithms studied present
similar behaviors; however, the ramp control technique presents the best performance. The storage
system was dimensioned based on the nominal power of the PV system and the desired rate of change
in the PCC. Based on the maximum power of the PV system, the study allows the determination
of power and capacity of the storage system in a simple way. As a result, it is determined that the
capacity can be estimated at Py,,,,/12 [kWh]. Additionally, it is determined that based on the storage
capacity and irradiance characteristics in the study area, the storage system could use at least 5.76 daily
charge/discharge cycles. In the study, it is possible to reduce the rate of change of the energy injected
into the PCC about 6.66 times with the use of an energy storage system based on SC.
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