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Abstract: Nowadays, energy decarbonization due to integrating renewable energy sources presents
important challenges to overcome. The intermittent nature of photovoltaic systems reduces power
quality by producing voltage variations and frequency deviations in electrical system networks,
especially in weak and isolated distribution systems in developing countries. This paper presents a
power smoothing method for improving the low-pass filter and moving average for grid-connected
photovoltaic systems. This novel method includes state-of-charge monitoring control of the super-
capacitor’s energy storage system to reduce the fluctuations of photovoltaic power at the point of
common coupling. A case study for a microgrid in a high-altitude city in Ecuador is presented with
exhaustive laboratory tests using real data. This research aims to improve energy power quality
in electrical distribution systems to cope with the growth of renewable penetration. The results
demonstrate significant power quality and stability improvements achieved through the proposed
method. For instance, the power smoothing method effectively reduced power fluctuations by 16.7%
with the low-pass filter, 14.05% with the ramp-rate filter, and 9.7% with the moving average filter.

Keywords: power smoothing; photovoltaic generation system; low-pass filter; moving average;
monitoring control; microgrid

1. Introduction

Nowadays, the generation of electrical energy with renewable sources is increasingly
widespread, with the aim of decarbonizing the current and future economy [1]. Photo-
voltaics (PV) energy is considered one of the most promising renewable sources. However,
the fluctuating nature of large-scale grid-connected solar PV seriously affects power qual-
ity [2]. The impact of power fluctuations over long distances is further intensified, making
large PV plants a threat to the safe operation of the system. To address grid stability
concerns, some power companies or research studies have imposed ramp-rate restrictions
on PV plants [3]. Therefore, it is necessary to control PV output power that exceeds grid
connection criteria [4]. Integrating fast-response energy storage systems, e.g., supercapaci-
tor energy storage system (SC-ESS), to reduce power fluctuations can significantly improve
the grid penetration rate of PV. High power density storage systems that smooth out PV
power fluctuations can significantly reduce the impact of a solar farm’s power output on
the grid [5]. The feasibility study presented in [5] explores three power smoothing methods
for a PV-hydrokinetic system using a hybrid storage system with SC-ESS and lithium-ion
batteries. The results demonstrate the effectiveness of these methods in reducing power
fluctuations and optimizing the point of common coupling voltage. Sensitivity studies in-
dicate that the capacity of the batteries and SC-ESS can influence the energy exchange with
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the utility grid [5]. There are several power smoothing techniques applied to PV system:s,
e.g., low-pass filtering (LP) [6], moving average (MA) filtering [7], corrective predictive
methods [7,8], heuristic approaches [9], and multiobjective optimization systems [10]. For
example, in [6], a two-stage low-pass filter control strategy with a variable filter time
constant is designed to suppress power fluctuations of the DC bus. This strategy uses
Improved Particle Swarm Optimization (IPSO) and fuzzy control to dynamically adjust
the filtering time constants, improving the load power fluctuation smoothing effect and
preventing battery overcharge and over-discharge, but a critical analysis is needed to eval-
uate their effectiveness in terms of SC-ESS operability control and meeting grid connection
requirements while preserving system lifespan. Another approach presented in [7] com-
bines MA and ramp-rate (RR) techniques with hybrid storage systems (SC-ESS/batteries)
to reduce PV power fluctuations. Experimental results demonstrate the effectiveness of this
method in reducing SC-ESS operations and detecting failures in PV systems [7]. However,
a deeper examination is required to assess the limitations and drawbacks of MA filtering,
particularly regarding SC-ESS operability control and its impact on meeting grid connec-
tion requirements without compromising lifespan. Power smoothing techniques using
SC-ESS and batteries in a renewable grid-connected system are discussed in [8]. The study
analyzes power quality, energy management, and self-consumption, while highlighting
the operability of SC-ESS. The results reveal the advantages of the power smoothing RR
method in reducing SC-ESS operations and the varying requirements of SC-ESS and batter-
ies based on the capacity of renewable sources [8]. However, a critical analysis is necessary
to evaluate their advantages and disadvantages compared with other approaches, specif-
ically regarding SC-ESS operability control and their compatibility with grid connection
requirements. Moreover, Ref. [9] proposes a novel power smoothing method for grid-
connected PV systems using SC-ESS. The method utilizes a predictor—corrector approach
with a k-means algorithm for cycle estimation and RR algorithms for correction. Laboratory
experiments demonstrate the effectiveness of the proposed method in reducing energy
losses and technical violations. A more comprehensive analysis is needed to assess the
effectiveness of these heuristics in terms of SC operability control and their ability to meet
grid connection requirements without compromising the lifespan of the energy storage
system. A coordinated control scheme is developed for a hybrid energy storage system
(HESS) in [10] to mitigate the power variations of a PV plant. A multiobjective optimization
model is established to dispatch the output power of batteries and SC-ESS, considering
overall losses and the state-of-charge (50C) deviation of the SC-ESS. However, a critical
evaluation is required to determine the strengths and limitations of these optimization
systems in terms of SC operability control and their impact on meeting grid connection
requirements while ensuring the longevity of the HESS. To address the gaps found in the
aforementioned references, this paper focuses on providing a specific and innovative power
smoothing method using SC-ESS, aiming to improve energy power quality, minimize
fluctuations, and meet grid connection requirements. The challenge lies in controlling the
operability of the SC-ESS in order to meet the grid connection requirements and make the
storage system operate within certain permitted limits without compromising its lifespan.

In the literature, there are various methods of reducing PV output power fluctuations
using SC-ESSs, e.g., Ref. [11] proposes an SC-ESS-based power smoothing methodology
using a Karlman filter; the results show that the method is effective to smooth the power,
minimizing the stress on the converter. A multiobjective optimization model to limit the
PV energy through SC-ESS and batteries is presented in [12] to prevent the SC-ESS from
operating at its lower limits; the authors propose an SoC correction strategy, and the results
of the simulation indicate that the proposed method is more economical than conventional
methods. Ref. [13] adopts a novel control strategy for an HESS with batteries and SC-ESS;
the LP scheme maintains control in terms of power balance at the output of the fluctuating
renewable system. The application of SC-ESS as a power fluctuation reduction element is
also studied in Ref. [14]; the results of the fuzzy logic algorithm show that SC-ESS achieves a
resulting profile of smoothed voltage and a constant current. Ref. [15] proposes an optimal
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control strategy for an independent PV system with SC-ESS and batteries combining the
LP method and a fuzzy logic controller. The results of the proposed system reduce the
operating current of the battery and reduce the dynamic stress, prolonging the lifespan of
the energy storage system. The authors in [6] present a study on the use of an SC-ESS and
batteries to smooth the output power by adjusting the parameters of the filter time constant
of the system in real time according to the SoC. However, it is not possible to dynamically
control the SoC of the SC-ESS by dynamically effectively stabilizing the operability of
the SC-ESS.

A comparative study of power smoothing control methods has shown that the MA
and RR methods are the most used in this application due to their simplicity and high
accuracy [16]. After performing exhaustive simulations, the authors conclude that the MA
and RR methods are useful to have a comparative frame of reference with new algorithms
proposed by researchers. Ref. [17] presents a PV smoothing control method using the
spline function; the authors carry out comparative simulations with the MA method to
demonstrate the validity of the new method. Researchers have widely chosen low-pass
filter power smoothing and MA methods; in Ref. [18], the authors present a review where
the advantage of applying this algorithm is discussed, and these suggestions will contribute
to decreasing the storage capacity and degradation of energy, causing an increase in the
lifespan of the battery and the SC-ESS. Among other relevant results, an optimization
based on Ref. [19] is proposed to smooth voltage fluctuations due to various intermittent
sources. To increase the lifespan of storage systems, the authors control the minimum SoC
of batteries by applying an improved MA method, which eliminates the lag problem of the
conventional MA algorithm. Moreover, one can be referred to the works conducted in [20],
where the authors present a novel optimization strategy to reduce the power losses in a
wind farm and PV system; a numerical method based on a genetic algorithm is deployed to
smooth the output power using an MA method to generate the reference signal. The results
along with a case study are used to verify the usefulness of the proposed power smoothing
approach. The suppression of PV output fluctuation to smooth the power delivered to the
grid is presented in [21]; the authors proposed a model predictive control to manage the
SoC in batteries. A moving average filter is used to generate the output reference signal;
the simulation results show that the proposed method is able to improve the output power
efficiently. Furthermore, the RR control method has been developed to mitigate power
fluctuations in renewable energy systems with interface converters. The RR method has
been validated in experimental settings and compared with existing approaches, such as
the one proposed in [22], where the authors propose an enhanced RR method in conjunction
with SC-ESS. The results demonstrate a slight improvement in the lifespan of SC-ESS when
utilizing this strategy, but the authors acknowledge the method’s strong dependence on
the capacity of SC-ESS. In another study [9], the authors combine RR and MA techniques
to reduce fluctuations in a PV system employing SC-ESS. Despite promising technical
outcomes, the implementation complexity of RR entails additional costs. The RR method
has been extensively investigated in the literature, alongside the MA and LP methods,
owing to its effective system stabilization and notable enhancement of energy quality [23].
Consequently, RR serves as a suitable benchmark for comparing novel methods.

The available literature predominantly applies the MA, RR, and LP filters for power
smoothing in PV systems. While these methods offer interesting features, such as reducing
PV output power fluctuations, several crucial aspects remain unaddressed, such as the
control of the SoC of the SC-ESS. To fill these gaps and advance the state of the art, this
paper presents a comparative study that evaluates the effectiveness of power smoothing
methods, focusing on a novel approach based on the integration of MA, RR, and LP filters
for a grid-connected PV /SC-ESS system. A key novelty introduced in this research is the
dynamic control feature of the supercapacitor’s SoC, ensuring its safe operation within
designated charge limits and enhancing the overall reliability of the energy storage system.
The primary objective of this study is to enhance power smoothing techniques, particularly
through the effective utilization of the LP method to manage the supercapacitor’s SoC
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and prevent it from operating at its limits. By refining widely employed methods, the
overarching goal is to mitigate power fluctuations in grid-connected PV systems.

To comprehensively investigate this matter, extensive laboratory tests have been
conducted to validate the proposed approach. The experimentation site chosen for this
purpose is the city of Cuenca, Ecuador, which is characterized by sunny days accompanied
by persistent cloud cover, a common scenario in many Andean regions. Additionally, the
presence of the Micro-Grid laboratory at the University of Cuenca adds to the significance
of this location for conducting rigorous experiments.

By bridging the gaps identified in the literature and introducing novel control features,
this research aims to improve energy power quality in electrical distribution systems,
particularly to cope with the challenges posed by the increasing penetration of renewable
energy sources. The extensive experimental results obtained from real-world data provide
valuable insights and contribute to the advancement of power smoothing techniques using
SC-ESSs and control algorithms. In summary, this study not only addresses the limitations
of previous research but also offers practical solutions and insights for enhancing power
smoothing in renewable energy systems.

This paper is structured into five main sections. Section 2 provides a description of
the materials and methods used, including a detailed explanation of the SC-ESS and the
presentation of three power smoothing algorithms. In Section 3, a case study is presented,
highlighting the implementation of the power smoothing system and the types of daily
photovoltaic power curves used. Section 4 showcases the results and discussions, compar-
ing the outcomes of the different power smoothing methods. Finally, Section 5 presents the
conclusions derived from the study.

2. Materials and Methods

Figure 1 shows the methodology proposed to lead this study. The input data are the
real PV output power measured in the laboratory on a conventional day. In the first place,
the methods for power smoothing are as follows: LP filtering, MA, and RR were presented
and defined. From the data logger of the experimental microgrid, the supervisory control
of the energy storage system is studied, and the novel method applied at this stage is used
in each LP, MA, and RR power smoothing method comparatively. In this document, the
energy storage system is proposed to take advantage of the high power density storage of
the SC-ESS to achieve the desired performance. The results are experimentally validated
under several technical and economic criteria. Finally, an analysis of variability and energy
is presented.

2.1. Description of the SC-ESS of the Micro-Grid Laboratory

Supercapacitors are passive electrical devices that store more energy than a conven-
tional capacitor and give it back faster than an electrochemical battery. These characteristics,
combined with their high number of charge/discharge cycles and long-term stability, make
them suitable for implementing energy storage systems (ESS). The Micro-Grid Laboratory
of Universidad de Cuenca has a bank of ten electric double-layer supercapacitors (EDLC)
from the USA manufacturer Maxwell Technologies, BOOSTCAP model BMODO0130, of
130 F and 56 Vpc each. The devices are connected in series, providing 560 VDC in the
bank’s terminals, which in turn are connected to a bidirectional three-phase inverter of
30 kW to constitute an ESS based on SC-ESS. The energy storage capacity of the SC-ESS
is around 0.60 kWh, its maximum efficiency, according to actual measurements, is 92%,
and the energy density is 34 Wh/kg. The rest of the SC-ESS nameplate data are provided
in Appendix A.

Figure 2a provides a picture of the SC-ESS prototype in the laboratory, whose software
hosts the algorithms studied in this survey. In addition, Figure 2b shows an example of
the SC-ESS inverter operation as a current source converter (CSC) under a variable active
power setpoint profile. The results show the correct operation of the inverter in CSC mode
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Figure 1. Representative scheme of the proposed methodology.
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Figure 2. SC-ESS from the Micro-Grid laboratory: (a) the bank of supercapacitors (left) and the
cabinet with the power electronics converter (right) and (b) real-time performance of the inverter
under CSC mode.

2.2. Design of Power Smoothing Algorithm Based on a Low-Pass Filter

Typically, the LP power smoothing method is used in signal processing to remove
high frequency from signals [24], which can be helpful to reduce the power fluctuations
in solar farms. Therefore, this paper constructs a mathematical design of LP to smooth
the power peaks of PV system with 15 kW of capacity. Equation (1) shows the typical
form of the voltage at the terminals of a capacitor in a series RC circuit in the frequency
domain. In this expression, which corresponds to that of a first-order low-pass filter, V,
and V; denote the output and input voltages to the RC circuit, respectively, R and C are the
resistance and capacitance values, respectively, and s is the Laplace operator. Then, this
equation is rearranged to obtain a transfer function G(s) as expressed in (2) the voltage
concerning capacitance and resistance. In order to have an expression that allows the digital
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implementation of the filter, Equations (3)—(6) show the conversion process of the transfer
function G(s) in the discrete space. In order to control the dynamics behavior to the filter
proposed, it is necessary to express Equations (2)—(6) in the time domain by applying the
Z-transform [25].

1
_ G oy =Ly
Vo(s) = R+éVz(S) = 17 RGeS Vi) 1)
_We(s) 1
Gl =35 =TT RrGs @
_ (&)1
_ -1 1 _ (1 ¢ )Z
G(z) = (1-2 )ZL(HRC)] 1— o (R)p1 ©)
T=RC (4)
volk +1] = e r v, k] + (1 —efg)vi[k] (5)
§=e T 6)

Equation (7) expresses the voltage in terms of its time constant, where a can be adjusted
according to the smoothing requirements. By definition (6), this parameter is within the
range0 <o <1(0 < a < 1).

volk + 1] = av,[k] + (1 — a)v;[K] (7)

In this context, the variable v; is substituted with the PV input power Ppy, while the
variable v, is replaced with the filtered power output of the PV system. The disparity
between the filtered power and the input power determines the amount of power to be
injected by the SC-ESS, denoted as Psc. It is important to note that the parameter « governs
the extent of power smoothing to be applied, wherein higher values of o approach unity,
signifying a more pronounced smoothing effect, while lower values tend towards zero,
indicating minimal smoothing. To provide a visual representation of this power smoothing
process and its associated variables, Figure 3 depicts the corresponding flowchart.

- First, the inputs variables are collected from the microgrid (Ppy, Psc, &, SoCgc), then
auxiliary variables are assigned (aux,i). Both SC-ESS overcharged and over-discharged
produce severe effects on the lifespan.

- Then, in order to avoid these issues, the SoC of SC needs to be limited. If during the
smoothing actions provided by the SC-ESS its SoC approaches its lower threshold, the
proposed method will prioritize the SC-ESS load until the SoC is raised to a safe level
to continue the control tasks. Analogous reasoning explains what would happen if the
SoC reaches its upper limit. This feature is achieved by a supervisory control of the
energy storage, which generates the value of the limit constant k shown in the diagram
in Figure 3. Further details of this supervisory control are presented in Section 2.4. The
constraints of SC-ESS depend on «. Therefore, if the SoC of SC-ESS is lower than the
minimum SoC (SoCsc), the energy generation of PV charges the SC-ESS until reaching
the upper limit, as show in Figure 3. Is important to mention that all variables are
stored separately for further analysis.
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START Ppy = Photovoltaic Solar Power
J' Ppyc= Compensated
Connect Modbus Photovoltaic Solar Power
- TCP/IP Psc= Power Supercapacitors
l SoCsc = State of Charge
Supercapacitors
Input data k = Constant to limit the
Ppy[1], Psc[1], i=1, & charge/discharge of the battery
Read data
Ppy, Psc, SoCsc, @
0<a<1
X [l] = Ppy [Z]
Ppyli] yli+1]=ay[i]+(1-a)x[i]
Ppyc[i] Ppyclil=y[i+1]
Pscli] Pscaux=Ppvc[i]-Ppvli]
SoCscli] k[1]1=ESSsc(SoCscli], Psc-aux)
k[Z] PSC[i]=PSC-az4xk [l]

break

no

yes

END

Figure 3. Flowchart to the LP-filter-based power smoothing method implementation.

2.3. Design of Power Smoothing Algorithm Based on MA

The moving average method is a statistical method based on time series analysis [26].
The core idea of the algorithm is to determine the average of a group. Equation (8) represents
the MA filter presented in this paper [27].

Ppyclk] = (;) (Ppy[k] + Ppy[k — 1] + ...+ Ppy[k — N +1]) 8)

where Ppy is the PV output power, Ppy is the output power of the moving average filter,
and N is the samples inside the time windows. After the specified number of iterations, the
variable Ppy is replaced by the smoothing power of the PV (Ppy ). The difference between
the smoothed power and the input power is the result of the Psc power flow sent to the
grid. The specific process shown in Figure 4 is as follows:

- First, the input variables are defined (Ppy, Psc, N, SoCsc ), and similarly to the previ-
ous case, the input variables are assigned their auxiliary variables (aux, i).

- Then, the individual extreme values of each target function corresponding to the
minimum and maximum state of charge in SC are found, where N is defined by
the number of samples in time windows by the power smoothing. The calculations
are performed by obtaining the output value (PT = Ppy + Psc) that can be seen in
the system.
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- Finally, as in the previous case, the SoC of the SC-ESS is maintained at safe levels
thanks to the implementation of a supervisory control of energy storage described in
the following subsection.

START Ppy = Photovoltaic Solar Power
Ppyc= Compensated
Photovoltaic Solar Power

Connect Modbus Psc= Power Supercapacitors

- TCP/IP SoCsc = State of Charge
Supercapacitors
Input data k = Constant to limit the
Pr[1], Psc[1], i=1 charge / discharge of the
window, battery
ma=ones(1,window)Ppy[1]
i=i+1

Read data
Ppy, Psc, SoCsc, window

Ppy[i] vac[i]=movmefm(PpV,‘ma)
Ppvc[i] 'PSCfamepvc[l]—.va[l]
Psc[i] k[l]=ESSS(?(SOCSC[l]/P.SC—aux)
SoCsc[i] Pscli]=Psc-auxkli]
k[i]
break
no
yes
END

Start Subprogram
y=movmean(Ppy,ma)

ma=(2:end)=ma(l:end-1)
ma(l )=P PV
y=mean(ma)

( End Subprogram >

Figure 4. Flowchart to the moving average filter based power smoothing method implementation.
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2.4. Design of Power Smoothing Algorithm Based on RR Method

The ramp rate method is used in power generation systems, such as PV or wind
turbines, to reduce abrupt fluctuations and improve power output stability by applying a
gradual and controlled rate of power change [18].

The main idea behind the RR method is to establish upper and lower limits for the
allowed rate of power change [28] so that any changes in power are carried out gradually
within that range. The rate of power change at time instant i is calculated as the difference
between the current PV output power Ppy (i) and the previous power value Ppy (i — 1),
already smoothed, as expressed in Equation (9) [18].

Ppy (i) — Ppy (i —1) ‘ _ | Pev(i) —sp(i)
) —Hi—1) Fi) —Hi—1)

The control algorithm is performed at equal time intervals of At seconds. In our study,
At = t(i) —t(i—1) = 0.1 s. Equation (10) calculates the rate of power change (roc) by
subtracting the previous smoothed power from the current power value. This variation
activates or deactivates the conditional of the algorithm if it falls within the assigned
variable limit, and it is adjusted accordingly.

RR(i) = ‘d?;"(i)‘ =

©)

roc(i) = Ppy (i) — Ppy (i — 1) (10)

Next, the values are adjusted as, Ppyc(i) = Ppy(i—1) 4+ roc(i) o Ppyc(i)
= Ppy (i — 1) — roc(i).

Figure 5 illustrates the flowchart used for this method. In this case, Ppy represents
the PV input power, and Ppyc is the smoothed output power of the RR filter. After a
specific number of iterations, the variable Ppy is replaced by the smoothed power Ppy.
The difference between the smoothed power and the input power corresponds to the power
Psc delivered by SC-ESS to the grid. The specific process for implementing this method is
shown in Figure 5 and is as follows:

- First, the input variables (Ppy, Psc, sp, SoCsc) are defined similarly to the previous
case, and their auxiliary variables (roc,i) are assigned—the percentage value of the
ramp rate (0 < rr <1) is also assigned.

- The rate of power change (roc) is calculated as the difference between the current
power Ppy (i) and the previous power sp(i).

- The initial rate of power change is stored in roc(i) before applying any limitations.

- If the rate of power change exceeds the ramp limit (rr), it is adjusted by limiting it to
the established limit while maintaining its original di-rection (positive or negative)
using the sign function [28].

- The smoothed power sp for the current sample is calculated by adding the limited rate
of power change to the previous smoothed power. This ensures that the smoothed
power changes gradually and stays within the ramp limits. A variable change is then
made to store the com-pensated power (Ppyc(i) = sp(i)), followed by the calculation
of Psc.

- Finally, as in the previous case, the SoC of the SC-ESS is ensured to be maintained at
safe levels though the implementation of an energy storage supervision control.
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START Ppy = Photovoltaic Solar Power

Ppyc= Compensated

Connect Modbus Photovoltaic Solar PoweF
- TCP/IP Psc= Power Supercapacitors
SoCsc = State of Charge
Supercapacitors
Input data k = Constant to limit the
Ppy[1], sp[1]=Psc[1], charge/discharge of the battery
=2, rr, roc
i=i+1
Read data
Ppy, Psc, sp, SoCsc,
T, TOC
0<rr<1

roc[i]=Ppyli]-sp[i-1]

if (abs(roc[i]))>rr)
roc[i]=sign(roc[i])*rr

end
spli]=sp[i-1]+rocli]
Ppvcli]=spli]
Pscau=Ppvcli]-Ppvli]
K[i]=ESSsc(SoCsclil,Psc-aux)
Psc[i]=Psc-auxk [i]

break

no
yes

END

Figure 5. Flowchart to the RR-filter-based power smoothing method implementation.

2.5. Supervisory Control of SC-ESS

To consider the constraint values in the supervisory control, it is important to monitor
the SoC of the SC-ESS, 50Cgc, and regulate the charge and discharge process through an
auxiliary variable (k) that can be inside the interval (0 < k < 1), which is multiplied by the
power value Ps.—g,x before sending it to the SC-ESS. The proposed control rules under
charging state are shown in Table 1. The rules presented in this section are defined to
improve the performance of the in LP and MA filters while preserving the integrity of
the SC-ESS by forcing it to operate within the safe limits of its SoC. The conditionals for
supervision of the percentage of SOCsc are explained below:

- When the SOCg¢ < 80%, the SC-ESS absorbs a power limited by the constant (k = 0.1);
however, the SC-ESS is able to deliver its maximum power capacity if k = 1.

- If20% < SOCsc < 80%, the SC-ESS operates normally, delivering or absorbing the full
power with k = 1.

- If the percentage of charge of the SC falls below 20%, the storage system is considered
to be in a low range, and priority is given to its charging to maintain its operation.
For power values of the SC (Psc—ax) greater than zero, a minimum value is assigned
to the constant “k” in order to minimize the discharge of the SC (k = 0.1). For power
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values lower than zero (Psc—gx), @ maximum value of the constant “k” equal to 1 is
assigned to ensure its charging and achieve normal operating values (see Figure 6).
These conditions within the algorithms ensure that the SC remains within its safe
operating range, thereby preserving its SoC and extending its lifespan.

Start Subprogram
k=ESSsc(SoCscli], Psc-aux)
m
S0Csc[i]>80% 80%2S0Csc[i]220%

yes yes

no no
PSC-nux[i]>0 < k=1 > PSC-nHX[i]>0 4<E>7
yes yes

End Subprogram >

Figure 6. Flowchart for implementing conditionals to optimize the charging/discharging of an SC-ESS.

Table 1. Rules for output power control and SoCgc in power smoothing.

Condition SOCSC pSCfaux k

SoCgc > 80 and Pscyyx > 0 > 80 >0 1
S0Cgc > 80 and Pscgyx < 0 > 80 <0 0.1
80 > SoCgc > 20 20-80 - 1
S0Csc < 20 and Pscgyx > 0 <20 >0 0.1
SCsoc < 20 and Pscyyux <0 <20 <0 1

3. Case of Study

In this paper, algorithms developed in MATLAB were utilized to carry out tests on a
real-time grid-connected microgrid. The microgrid consisted of polycrystalline solar panels
with an installed capacity of 15 kWp (PV) and a 30 kW SC-ESS. The Micro-Grid laboratory
for microgrids at the University of Cuenca (CCTI-B), Ecuador was used for this specific
case study [29]. The equipment was configured to create a network. Figure 7 illustrates
the presence of a main protection breaker (S1), a transformer connected to CCTI-B with
a capacity of 150 kW, a secondary protection breaker (S2) specific to CCTI-B, a protection
breaker for the PV array (S3), and a protection breaker for the SAE-SC (54), along with its
respective three-phase transformer (T2). It is important to note that the inverter operates
at a different voltage (440 Vac) compared with the main grid (220 Vac). All of these
components are connected to the public distribution grid network (B-01).
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Electric micro grid
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grid (CCTI_B)
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Figure 7. Grid-connected microgrid at the Micro-Grid laboratory (CCTI-B).

3.1. Implementation of the Power Smoothing System in the Experimental Platform (CCTI-B)

The system consists of PV and SC-ESS, designed to store excess energy generated by
PV and compensate for variations in energy generation. This stored energy is utilized to
mitigate fluctuations in energy generation. To achieve efficient and accurate communication
among the equipment, a configuration and MATLAB code were designed for Ethernet
Modbus TCP/IP connection and communication (see Figure 8). The control and monitoring
of the system are carried out from the Micro-Grid Laboratory at CCTI-B, utilizing a SCADA
system with an interface developed in LabVIEW [26].

_ SERIAL TERMINATION RS232/RS485
MODBUS-RTU/ASCII

ETHERNET _ —
COMMUNICATION MODBUS ~N
TCcr/ip TCP/IP - INVERTER

PLCSC RTU - SC sC

SCADA

SERVER SWITCH —
orC o N P

PLC_PV TCP/IP - INVERTER
RTU-PV PV

Figure 8. Architecture of connected equipment at CCTI-B.

3.2. Types of Daily PV Power Curves

It is important to consider that variability in daily PV production can significantly
impact the operation and performance of both grid-connected and off-grid PV systems,
as well as the design and sizing requirements of energy storage or energy management
systems. Depending on the specific conditions and requirements of each project or ap-
plication, analyzing and understanding the daily solar production curve with high and
low fluctuations is of great importance in the planning, operation, and optimization of
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solar energy equipment. For this specific case, two types of randomly generated PV power
curves have been considered throughout the year. Depending on the climatic conditions,
geographic location, and characteristics of the PV system, the PV generation curve can
vary significantly from one day to another. Figures 9 and 10 depict two potential daily
PV power curves with high and low variability, respectively. These two profiles are from
actual records measured on the rooftop of the Micro-Grid laboratory building in the city of
Cuenca, Ecuador (—2.891918819933002, —79.03857439068271 W(GS84 coordinate system).
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Figure 9. Photovoltaic power curve of a Type I day with high variability.

PPV ]

8 10 12 14 16 18
Time [h]

Figure 10. Photovoltaic power curve of a Type Il day with low variability.

The daily PV power curve with high variability (Type I) shown in Figure 9 exhibits
the daily PV behavior, which varies significantly throughout the day due to climatic factors
such as solar radiation variability, the presence of clouds, or shadows from nearby obstacles.
For instance, on cloudy days or during rapid changes in cloud coverage, the power output
of the solar cells will abruptly change within a short period of time, resulting in substantial
fluctuations in the daily electricity generation curve. This curve may display sharp peaks
and drops in generation throughout the day, indicating the presence of power fluctuations.

On the other hand, the daily PV power curve with low variability (Type II) shown
in Figure 10 indicates that the daily PV power production remains relatively constant
throughout the day with minimal changes due to climatic factors. This can occur under
conditions of continuously high solar radiation, clear skies, or no shadows or obstructions
in the solar system. This curve can provide a more stable and uniform PV electricity
production throughout the day with smooth and gradual changes in electricity generation.

For laboratory testing and verification of the proposed methods’ efficiency, approxi-
mately 1.5 h of the Type I curve (see Figure 9) were emulated (See profile highlighted in
red in Figure 11). This specific segment of the Type I curve was chosen for emulation due
to its behavior, which includes an initial power peak, followed by a decrease and then a
plateau with high variability. This selection enables a more appropriate evaluation of the
proposed methods. In Figure 11, the emulated curve is depicted in red, aiming to test the
three methods in real time under the same PV solar power conditions, thereby enabling a
better assessment of the SC-ESS behavior. It should be noted that an energy storage system
based on lithium-ion batteries (Li-lon BESS), available in the laboratory and connected to
the B-01 busbar of the microgrid (Figure 7), is used for the PV-delivered power emulation.
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Figure 11. Emulated photovoltaic solar generation (Ppy,,,) in the laboratory of the Type I curve (Ppy)
for real-time testing.

4. Result and Discussions

In this study, the use and effectiveness of three methods for power smoothing were
evaluated: LP, MA, and RR filters, considering in each case employing three conditions
based on the SoCgc percentage initial state of charge of the SC-ESS:

e Case 1: SC-ESS at the maximum SoC (overcharged condition) Under these circum-
stances, it is mandated that the SC-ESS be charged to a level exceeding 80% of its SoC
prior to performing the power smoothing tasks.

e  Case2: SC-ESS in a medium SoC In this scenario, a requirement is established for the SoC
of the SC-ESS to be maintained within the range of 20% to 80% as an initial condition.

e  Case 3: SC-ESS at the minimum SoC (undercharged condition) Lastly, for this specific
undercharged state, the SC-ESS starts its compensation work with a value below 20%
of its maximum storage capacity.

4.1. Low Pass Filter Based Power Smoothing Method Results

The experimental results are summarized in Figures 12-14 displaying the emulated
profiles of PV power (blue line), SC-ESS power (green, purple, and yellow lines, according
to the case of study), and the smoothed power output to the grid (red line). Figure 15
presents an overview of the SoCgsc percentage behavior for each case study, demonstrating
satisfactory performance as the system maintains its operation within safe values (20-80%),
showcasing the effectiveness of the proposed method in this particular case.
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Figure 12. Results of the response of SC-ESS (Case 1) to input PV solar power fluctuations Ppy with
the LP filter and its compensated PV solar power response Ppyc.
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Figure 13. Results of the response of SC-ESS (Case 2) to input PV solar power fluctuations Ppy with
the LP filter and its compensated PV solar power response Ppyc.
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Figure 14. Results of the response of SC-ESS (Case 3) to input PV power fluctuations Ppy with the LP
filter and its compensated PV solar power response Ppy.
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Figure 15. Response of SC-ESS to the LP filter under its three SoCgc, conditions: Case 1 with SoCg¢
around 90%. Case 2 with SoCg¢ around 50%, and Case 3 with SoCg¢ lower than 20%.

Table 2 shows the results of the LP filter, which aimed to reduce the variability of
renewable energy generation by implementing three conditions based on the initial SoCgc
percentage of the SC-ESS. The first condition threshold was set slightly above 80% of
S0Cgc, the second between 80% and 20%, and the third below 20%. By implementing these
conditions, the LP filter effectively smoothed out the generated energy by delivering more
or less energy depending on the SoCgc percentage within the specified range.
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Table 2. Results of PV power output with and without the LP filter for power smoothing.

Variance PV Energy Delivered Ener
(%) SoCsc . Variance with Variance Delivered Compensated PV . 4
o without . . . Difference
Initial SC-ESS SC-ESS Reduction (%) without Energy with (KWh)
SC-ESS (kWh) SC-ESS (kWh)
SoCgc > 80 2.99 2.65 114 8.24 8.14 0.09
S0Cgc =50 292 2.56 12.3 8.42 8.26 0.15
SoCsc < 20 2.99 2.49 16.7 8.19 7.99 0.19

The results indicate that the LP filter method achieved a variance reduction of 11.4%
for an initial SoCgc greater than 80%. The variance without SC-ESS was 2.99, while
with SC-ESS, it decreased to 2.65. Moreover, the LP filter method resulted in a marginal
improvement in energy delivery, with 0.09 kWh of additional energy injected into the
system compared with the case without SC-ESS.

4.2. Moving-Average-Based Power Smoothing Method Results

The experimental results are summarized in Figures 16-18, depicting the emulated
profiles of PV power (blue line), SC-ESS power (green, black, and orange lines, depending
on the case of study), and the smoothed power output to the grid (red line). Figure 19
presents an overview of the SoCgc percentage behavior for each case study, demonstrat-
ing satisfactory performance by maintaining operation within safe values (20-80%) and
showcasing the effectiveness of the proposed method in this particular case.
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Figure 16. Results of the response of SC-ESS (Case 1) to fluctuations in the input PV power Ppy with
the MA filter and its compensated PV power response Ppy .
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Figure 17. Results of the response of SC-ESS (Case 2) to fluctuations in the input PV power Ppy with
the MA filter and its compensated PV power response Ppyc.
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Figure 18. Results of the response of SC-ESS (Case 3) to fluctuations in the input PV power Ppy with
the MA filter and its compensated PV power response Ppy .
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Figure 19. Response of SC-ESS to the MA filter in its three SoCg¢ conditions: Case 1, greater than
around 90%, Case 2, around 50%, and Case 3, less than 20%.

Table 3 presents the results of the MA filter, which applied the same three conditions
based on the SoCgc percentage. The MA filter exhibited a greater reduction in the variability
of the generated energy compared with the LP filter. For an initial SoCsc greater than
80%, the variance reduction achieved by the MA filter was 4.4%. The variance without
SC-ESS was 2.97, while with SC-ESS it decreased to 2.84. Additionally, the MA filter method
delivered 0.07 kWh more energy to the system compared with the case without SC-ESS.

Table 3. Results of PV solar power output with and without MA filter for power smoothing.

Variance PV Energy Delivered Ener
(%) SoCsc . Variance with Variance Delivered Compensated PV . 8Y
crs without . o . . Difference
Initial SC-ESS SC-ESS Reduction (%) without Energy with (KWh)
SC-ESS (kWh) SC-ESS (kWh)
S0Cgc > 80 297 2.84 44 8.28 8.20 0.07
S0Csc = 50 2.98 2.69 9.7 8.29 8.16 0.13
S0Csc < 20 294 2.68 8.8 8.28 8.11 0.17

4.3. Ramp Rate Filter Based Power Smoothing Method Results

The experimental results are summarized in Figures 20-22, which show the emulated
profiles of PV power (blue line), SC-ESS power (light blue, dark blue, and violet lines, ac-
cording to the case study), and the smoothed power output to the grid (red line). Figure 23
provides an overview of the percentage behavior of SoCgc for each case study, demon-
strating satisfactory performance as the system maintains its operation within safe values
(20-80%), showcasing the effectiveness of the proposed method in this particular case.
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Figure 20. Results of the response of SC-ESS (Case 1) to fluctuations in the input PV power Ppy with
the RR filter and its compensated PV power response Ppy.
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Figure 21. Results of the response of SC-ESS (case 2) to fluctuations in the input PV power Ppy with
the RR filter and its compensated PV power response Ppy.
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Figure 22. Results of the response of SC-ESS (case 3) to fluctuations in the input PV power Ppy with
the RR filter and its compensated PV power response Ppy¢.
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Figure 23. Response of SC-ESS to the RR filter in its three SoCgc conditions: Case 1, around greater
than 90%, Case 2, around 50%, and Case 3, less than 20%.

Table 4 presents the results of the RR filter, which aimed to reduce the variability
of renewable energy generation by implementing three conditions based on the initial
percentage of SoCgc of the SC-ESS. The threshold for the first condition was set slightly
above 80% of SoCgc, the second condition between 80% and 20%, and the third condition
below 20%. By implementing these conditions, the RR filter effectively smoothed the
generated energy by delivering more or less energy depending on the percentage of SoCgc
within the specified range.

Table 4. Results of PV solar power output with and without RR filter for power smoothing.

Variance PV Energy Delivered Ener
(%) SoCsc . Variance with Variance Delivered Compensated PV . 8y
o without . . . Difference
Initial SC-ESS SC-ESS Reduction (%) without Energy with (KWh)
SC-ESS (kWh) SC-ESS (kWh)
SoCgc > 80 2.90 2.61 9.99 8.51 8.41 0.10
SoCgc =50 291 2.50 14.05 8.43 8.30 0.13
SoCgc < 20 291 2.55 12.35 8.51 8.35 0.17

The results indicate that the RR filter method achieved a reduction in variance of 9.99%
for an initial SoCgc above 80%. The variance without SC-ESS was 2.90, while with SC-ESS,
it decreased to 2.61. Furthermore, the RR filter method resulted in a marginal improvement
in energy supply, with an additional 0.1 kWh of energy injected into the system compared
with the case without SC-ESS.

Based on these results, it can be observed that the LP filter method achieved greater
power smoothing when considering the reduction in power variability. Conversely, the MA
and RR methods outperformed the LP filter in terms of energy delivery, delivering more
energy to the system due to the higher energy storage capacity of the SC-ESS. This disparity
in energy delivery can be attributed to the fact that the SC-ESS stores a greater amount of
energy than the MA and RR methods, as evident in Figures 15, 19 and 23. Overall, these
findings highlight the trade-off between power smoothing and energy delivery in the LP,
MA, and RR filter methods. The LP filter excels in power smoothing, while the MA and RR
filters offer a slightly higher energy delivery capability. The choice between these methods
should consider the specific system requirements and priorities regarding power stability
and energy availability.

4.4. Comparison between Methods

In this section, we compare the LP, MA, and RR methods in terms of their performance
for power smoothing in the PV system. The LP filter method demonstrates a higher degree
of power smoothing, effectively reducing power output variability. It achieves a smoother
power profile, resulting in more stable power output to the grid. However, it is worth
noting that the LP filter method delivers less energy to the system at a given time. This is
due to the higher energy storage capacity of the SC-ESS, which results in higher energy
retention than the MA and RR methods. On the other hand, the MA and RR methods
perform better in terms of energy delivery to the system. They provide a higher amount
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of energy, making them more advantageous regarding power availability. However, they
may exhibit slightly lower power smoothing than the LP filter method. The MA and RR
methods are simpler to implement in software because they are based on noncomplex
linear algorithms. This is an advantage over the LP method, in which implementing a
discrete-time transfer function leads to a higher computational burden during its execution.

Overall, the selection between the LP, MA, and RR methods hinges upon the specific
requirements and priorities of the PV system. If the primary goal is to mitigate power
fluctuations and ensure a consistent power output to the grid, the LP filter method is highly
recommended. Conversely, if the emphasis is on maximizing energy delivery, the MA and
RR methods may prove to be more suitable. The latter conclusion applies if a practical
implementation of the methods with less computational effort is also sought. It is essential
to conduct a thorough analysis and consider the system’s requirements in order to make
an informed decision regarding the choice of method. Lastly, Table 5 provides a concise
overview of the advantages and disadvantages associated with the implemented filter
methods based on the findings of this research.

Table 5. Summary of the advantages and disadvantages of the implemented assessed power smooth-

ing filter methods.
Moving Average Filter Low-Pass Filter Rampe Rate Filter
. Preserves the characteristics of the Smooths power variations in a
Easy to implement . .
original power signal controlled and gradual manner
Can reduce random power noise Suppressgs high-variability Avoids abrupt changes in
Advantages power noise generated power
Ehrpmates power peaks and smooths Improves the qgahty of the power Improves power output stability
variable power signals output to the grid
Maintains the SoCsc levels above 50%
Not suitable for power signals with It can overly smooth the power signal =~ Requires additional calculations to limit
rapid changes in its output to the grid the rate of power change
Ineffectw(.e in reducing high-variability Delay in the filtered power signal May hml.t responsiveness to rapid
Disadvantages  POWer noise changes in generated power
8 Prone to be affected by extreme values Requires more complex calculations Requires linear and simple calculations
Less effective in eliminating impulsive Does not eliminate power noise; it

power noise

focuses on smoothing variations

Maintains SoCsc levels below 50% Maintains the SoCsc at medium levels ~ Maintains SoCsc levels below 50%

Finally, it should be noted in all the cases studied that the SC-ESS operates within
safe active power limits, since it remains below its maximum current handling capability
(£30 kW), and that its SoC is outside values that could compromise the reliability of
the equipment.

5. Conclusions

This paper presents an advanced power smoothing method that enhances the effec-
tiveness of the low-pass filter (LP), moving average (MA), and ramp-rate (RR) techniques
for grid-connected photovoltaic systems. By monitoring and controlling the state of charge
(SoC) of the supercapacitor energy storage system (SC-ESS), we effectively mitigate photo-
voltaic power fluctuations.

e The LP and RR filters achieve a variance reduction of 11.4% and 10%, respectively,
for initial SoC percentages above 80%, demonstrating superior power smoothing.
Meanwhile, the MA filter reduces variance by 4.4% for the same initial SoC percentages,
delivering more stable energy output.

e By comparing the results provided in Tables 2—4, it can be seen that each method
studied offers advantages and disadvantages depending on the parameters analyzed.
LP and RR offer the best smoothing effectiveness. However, this performance penal-
izes the energy delivered to the grid. The MA method offers an acceptable level of
smoothing, while sacrificing less PV energy to make it available to the grid.
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e The LP and RR filter excels in power smoothing, adapting energy delivery based on
the SoC percentage. Conversely, the MA filter capitalizes on the SC-ESS’s higher energy
storage capacity, increasing energy delivery.

o  These findings highlight the trade-off between power smoothing and energy delivery. The
LP and RR filters achieve superior power smoothing, while the MA filter offers slightly
higher energy delivery capabilities. Choosing between the methods depends on specific
system requirements and priorities regarding power stability and energy availability.

In conclusion, this study provides valuable insights into enhancing power smoothing
efficiency in renewable energy systems using supercapacitors and control algorithms.
Further research is recommended to quantify the overall benefits in terms of the number
of days with significant variability per year and the extra energy injected into the system,
considering factors such as electricity prices, resale rates, and energy exchange hours.
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Appendix A. Supercapacitor-Based Energy Storage System (SC-ESS) Installed in the
Micro-Grid Laboratory of the Universidad de Cuenca

Table Al. Supercapacitor bank.

Electrical Parameters Value and Units Power and Energy (Array)
Rated Capacitance 130 F -
Maximum ESR DC, initial 8.1 mQ) -
Rated Voltage 56 V -
Absolute Maximum Voltage 62V -
Maximum Peak Current, 1 s 1800 A -
Stanqby Currer}t, maximum 120 mA )
(Passive Balancing)

Maximum Series Voltage 750 V -
Mass, typical 18 kg -
Volume (0.683 x 0.177 x 0.175) 0.021156 m? -
Density 850.83 kg/m3 -
Usable Specific Power, Pd - 28,600 W/kg

Impedance Match Specific ) 59,400 W/kg
Power, Pmax

Specific Energy, Emax - 34.1 Wh/kg
Stored Energy - 622.6 Wh
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Table A2. Three-phase bidirectional inverter of the SC-ESS.

DC Input AC Output Efficiency
SoC voltage range (max. power) 425-800 Vpc - -
Max. input voltage 900 Vpc - -
Max. input current 75 A - -
Nominal AC voltage - 3 x 400 Ve -
Frequency - 50/60 Hz -
Rated AC power @25 oC - 30 kW -
Maximum output current - 52 A -
Total Harmonic Distortion ) <39% )
(THD)

Dynamicall

Power Factor i adjuster)lle PQ n}iode) )
Maximum efficiency - - 96%
Self-consumption standby - - <50 W
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