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• Photovoltaic and hydrokinetic systems 
in electrical distribution systems. 

• Problems of power fluctuations due to 
the intermittence of renewable sources. 

• Stability and quality of the power grid. 
• A hybrid storage system with super

capacitors and lithium-ion batteries. 
• Enhanced Linear Exponential Smooth

ing Method.  
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A B S T R A C T   

Photovoltaic and hydrokinetic systems are increasing their penetration in electrical distribution systems. This 
leads to problems of power fluctuations due to the intermittence of renewable sources that could compromise the 
stability and quality of the power grid. To address this issue, this paper presents a feasibility study of three power 
smoothing methods for a photovoltaic-hydrokinetic system using laboratory equipment to optimally replicate the 
real behavior of this type of hybrid system. The proposed algorithms are based on a hybrid storage system with 
supercapacitors and lithium-ion batteries, several analyzes are presented based on technical and economic 
parameters. 

The results demonstrate the feasibility of power smoothing methods for real systems, the comparison between 
the algorithms highlights the characteristics of the Enhanced Linear Exponential Smoothing Method, reducing 
the energy cost and regulating the point of common coupling voltage. Moreover, the sensitivity studies show that 
the energy exchange with the utility grid is affected according to the variations in the capacity of the batteries 
and the response to power smoothing can decrease or improve depending on the size of the supercapacitors.   
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Acronyms 

SC Supercapacitor 
HKT Hydrokinetic turbine 
RES Renewable energy sources 
ESS Energy storage system 
BAT Battery 
HESS Hybrid energy storage system 
HRS Hybrid renewable system 
BSS Battery storage system 
DOD Depth of discharge 
WT Wind turbine 
PV Photovoltaic 
GA Genetic algorithm 
PSO Particle swarm optimization 
PCC Point of common coupling 
SOC State of charge 
Sets Indexes and Functions 
PS Index of power smoothing method 
Ξ Set of the several power smoothing method 
t Index for time 
ps Index of the several power smoothing method 
MAE Mean absolute error 
RMSE Root mean squared error 
MAPE Mean absolute percentage error 

Parameters and decisions variables 
T Number of time intervals 
PPV

ps,t Electrical output power of PV for each power smoothing 
method and time t 

λPV Photovoltaic derating factor (%) 
αPV

pw Temperature coefficient of power (%/◦C) 
TPV

PS Cell temperature in the photovoltaic array (◦C) 
TPV

S Cell temperature under standard test conditions (◦C) 
IPV
T,ps,t Photovoltaic current generated by the incident radiation in 

the cell at power smoothing method ps and time t (A) 
IPV
S,ps,t Reverse saturation diode current at power smoothing 

method ps and time t (A) 
γPV

ps,t Rated capacity of the photovoltaic at power smoothing 
method ps and time t (kW) 

PHKT
ps,t Electrical power output of hydrokinetic turbine 

ρω Water density (kg/m3) 
AHKT Hydrokinetic turbine sweep surface (m2) 
αps,t River speed at configuration c and time t 
ζHKT

p Hydrokinetic turbine power coefficient 
ηHKT Hydrokinetic turbine efficiency 
ESC

ps,t Output energy of supercapacitor at power smoothing 
method ps and time t (kWh) 

CSC Capacitance of SC (F) 
VSC

ps,t Voltage of SC at power smoothing method ps and time t (V) 
ηSC

ps,t Supercapacitor at power smoothing method ps and time t 
Vmin

ps,t SC voltage lower limit at power smoothing method ps and 
time t (V) 

Vmax
ps,t SC voltage upper limit at power smoothing method ps and 

time t (V) 
ICh,max
ps,t Maximum charge current allowed in SC at power 

smoothing method ps and time t (A) 
IDis,max
ps,t Maximum discharge current allowed in SC at power 

smoothing method ps and time t (A) 
PSC

ps,t Power delivered by the SC at power smoothing method ps 
and time t (kW) 

PSC
W,ps,t Power wasted internally by the SC at power smoothing 

method ps and time t (kW) 
PBSS+

ps,t Output power of battery bank at power smoothing method 
ps and time t (kW) during charge process 

PBSS−
ps,t Output power of battery bank at power smoothing method 

ps and time t (kW) during discharge process 
SOCBSS

ps,t (k + 1) State of charge of battery storage system at k + 1 
process in power smoothing method ps and time t 

SOCBSS
ps,t (k) State of charge of battery storage system at k process in 

power smoothing method ps and time t 
ηinv Inverter efficiency 
ηps

BSS Battery efficiency at power smoothing method ps 
PBSS+

ps,t (k + 1) Output power of battery bank at power smoothing 
method ps and time t (kW) during charge process in at k+ 1 

PBSS−
ps,t (k + 1) Output power of battery bank at power smoothing 

method ps and time t (kW) during discharge process in at 
k+ 1 

ΔT Time interval 
SOCBSS

ps,t Lower bound state of charge in BSS at power smoothing 
method ps and time t, in k process 

SOCBSS
ps,t Upper bound state of charge in BSS at power smoothing 

method ps and time t, in k process 
Pch

BSS Upper bound power operate during charge BSS 

Pdisch
BSS Upper bound power operate during discharge BSS 

SOCSC
sdc,t State of charge in SC at power smoothing method ps and 

time t 
SOCSC

sdc min,t Minimum state of charge in SC at power smoothing 
method ps and time t 

pHKT
c,t Power delivered by the HKT at power smoothing method ps 

and time t 
ESC

c,t Energy delivered by the SC at power smoothing method ps 
and time t 

Pg
ps,t Total power flow between grid an HRS at power smoothing 

method ps and time t 
Pg,b

ps,t Grid power to prosumers at power smoothing method ps 
and time t 

Pg,s
ps,t Prosumers to grid at power smoothing method ps and time 

t 
Pg,max

ps,t The thermal capacity of the power link between the HRS 
and the grid at power smoothing method ps and time t 

Psmooth
ps,t Smoothed reference power grid at power smoothing 

method ps and time t 
PHRES

ps,t Electric power generated by the hybrid system at power 
smoothing method ps and time t 

PHESS
ps,t Power (absorbed) or discharged (injected) by the HESS at 

power smoothing method ps and time t 
w Averaging window 
PLoad

t Electrical power of demand 
n Time in seconds of testing 
Xs Simulated Value 
Xl Laboratory Value  
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1. Introduction 

1.1. Motivation and incitement 

Renewable energy in residential systems is increasingly promising, 
the price of energy from the utility grid can reach high costs depending 
on some variables, e.g. availability of resources, climate, etc., especially 
in peak demand. Photovoltaic (PV) and hydrokinetic (HKT) systems can 
help reduce the cost of electricity by being located close to customers, 
complementary an energy storage system decreases consumption from 
the grid during peak hours where energy costs are generally higher. This 
alternative could be feasible, however, the energy sent to the grid could 
not meet the quality standards of the electricity distribution companies, 
since PV and HKT present power fluctuations. The stability of the elec
trical system can be compromised if the number of users is large enough. 
It is because of that, an efficient method of power smoothing from 
renewable sources and the load is necessary, in this way, the indexes of 
energy quality and stability in the power system can be improved. It is 
important to point out that, with the purpose of determine the efficiency 
of method. In this paper, exhaustive analyzes must be done comparing 
the several methods, within the computational and experimental field. 

1.2. Literature review 

The battery storage system (BSS) has gained wide applicability in 
residential renewable systems connected to the grid especially in 
developing countries [1]. The most widely used technologies today are 
lead acid and lithium ion. These first ones have improved with VRLA 
technology with a life expectancy of 5–8 years, a depth of discharge 
(DOD) of up to 20% and a maximum expected cycles of 3000 cycles [2]. 
Lithium ion batteries, having a longer life expectancy (approximately 10 
years) than lead acid and a higher energy density, have expanded in the 
market for residential photovoltaic applications [3]. The BSS in power 
smoothing applications play an important role, during cloudy days the 
PV systems produce power peaks that can harm the stability of the utility 
grid. Formerly, power smoothing methods included resistors that dissi
pated the surplus electricity of PV avoiding rising peaks, the disadvan
tage of these techniques lies in the inability to smooth out the 
descending power peaks [4]. Rayee Ahmad et al. proposes a framework 
for optimizing the integration of BSS to a grid-connected PV system, the 
BSS model provides an annual energy loss reduction of 25.69% [5]. 
Similarly, in Ref. [6], the authors present a predictive control of neural 
networks to smooth solar energy fluctuations with BSS based on genetic 
algorithm (GA) and particle swarm optimization (PSO). The results 
show that the power smoothing methods reduce the flicker at the point 
of common coupling (PCC). The articles cited above are based on 
computational simulations and lack experimental evidence to refute or 
verify their operation. 

To troubleshoot power smoothing in PV systems, several authors 
have proposed various techniques using BSS and supercapacitors (SC). 
Indeed, Ref. [7], the author shows a control strategy of BSS and SC, 
creating a hybrid energy storage system (HESS) to diminish photovoltaic 
power oscillations considering the reduction of PV output, the results 
show that the technique presented extends the lifespan of lithium ion 
batteries by reducing their charge/discharge cycles. Likewise, Ma. Wei 
et al. [8] has considered the reduction of the HESS capacity through 
coordinated control that smoothest the power peaks by correcting the 
state of charge (SOC) of BSS, the results show the cost reduction of the 
PV plant and BSS. In similar way, these studies are based on a single 
method without considering laboratory tests or real data, which may not 
adhere to the real behavior of the systems. In this sense, Mukalu Sandro 
et al. [9], use real solar irradiance data in a South African community to 
model a power smoothing technique in a renewable hybrid PV/BSS 
system integrated in the utility grid with a predictive control method, in 
order to eliminate fast variations of energy absorbed by the BSS and 
injected into the grid. Simulations performed a large PV plant 

maintaining the electrical parameters within the norms of the electric 
power company and improved the quality of energy generated by 
intermittent renewable energy sources (IRES), and extension of BSS life. 
However, to ensure the viability of this technique, it is necessary to 
compare with respect to various power smoothing methods, considering 
several technical and economic aspects that demonstrate their viability. 
Additionally, there are several types of BSS that can be used in power 
smoothing techniques, the most used technologies are lead acid and 
lithium ion, this way, in Ref. [10] the authors present an energy leveling 
strategy for a connected PV plant to the grid using vanadium redox flow 
batteries, the effectiveness of the control lies in operating the battery at 
high levels. Similarly, Ref. [11] presents a novel method of reducing 
power fluctuations based on dynamic control strategies with BSS and SC. 

Some of the most used methods in the literature to smooth power 
peaks are based on Moving Average (MA), to apply this technique it is 
recommended to use lithium ion batteries to achieve the ramp speed 
limit [12]. Likewise, the Exponential Moving Average (EMA) and 
Enhanced Linear Exponential Smoothing Method (ELES) are techniques 
that are not widely used by scientists currently; however, the results of 
related studies are promising. Nevertheless, few authors have studied 
this technique from a laboratory and compared it with other methods 
[13]. 

On the other hand, hydrokinetic turbines (HKT) have been promoted 
for residential use in areas with ideal river speeds, the random behavior 
of this resource means that the output power is not constant and must be 
corrected to a lesser extent than PV. From a review of the extensive 
literature available, few studies of HKT fluctuations have been found, 
mainly applied to ocean currents, where the behavior of a unidirectional 
river flow is different [14,15]. In this way, the investigation of the 
current literature on methods to power smoothing of a renewable hybrid 
system have yielded the following research questions:  

− ¿What makes a power smoothing method of hybrid renewable PV/ 
HKT grid-connected system based on BSS/SC feasible?  

− ¿Are laboratory tests like simulations?  
− ¿What type of power smoothing method is recommended?  
− ¿What is the advantage of monitoring the state of charge of the BSS/ 

SC during power smoothing?  
− ¿What is the response of the BSS life expectancy when implementing 

a SC in power smoothing?  
− ¿ Does the voltage at PCC with a power smoothing method improve?  
− What happens to the daily energy cost of consumers with respect to 

the utility grid? 

1.3. Contribution and paper organization 

To answer the research questions raised in this paper, a compre
hensive analysis of various power smoothing methods for PV/HKT/BSS/ 
SC connected to grid is proposed. 

Three algorithms studied in the literature are presented, such as MA, 
EMA and ELES. This comparison aims to prove or refute the results 
obtained with the classical methods. This paper goes further as it com
pares the simulated results in Matlab - Simulink with respect to labo
ratory systems. In addition, a control of the SOC of the BSS/SC is 
presented. In summary, the main contributions of this paper are:  

− Comparative feasibility study of three power smoothing methods for 
PV/HKT/BSS/SC/Grid system.  

− Laboratory tests of the methods considering the respective 
restrictions. 

− Sensitivity analysis regarding the capacity of batteries and super
capacitors are presented.  

− Application of the algorithms: MA, EMA and ELES for intermittent 
renewable sources.  

− Voltage response at PCC is analyzed.  
− SC charge/discharge cycles are studied. 
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2. Methodology 

The methodology used in this study is illustrated in Fig. 1. 
Input data is used to perform the mathematical modeling that serves 

as the basis for the simulation in Matlab - Simulink. Subsequently, power 
smoothing is done using three algorithms and compared with the lab
oratory results. Finally, several sensitivity analyzes are presented. 

2.1. Input data and background 

Solar irradiance and ambient temperature have been obtained by a 
meteorological station of the University of Cuenca. The river speed has 
been measured for a hydrological station. Then, the electricity demand 
corresponds from a group of common residential houses located in the 
south of Ecuador, in the city of Cuenca [16,17]. The input data can be 
seen in Fig. 2. 

On the other hand, with the purpose of study the power smoothing 
methods in more detail, it is necessary to represent the input variables in 
intervals of seconds as shown in Fig. 3. 

Therefore, Fig. 4 expresses the input data for three randomly selected 
days during a year. 

The input data includes technical parameters of the sources and 
storage system, which are shown in Table 1 [16]. These are mathe
matically modeled below. 

2.2. Mathematical modeling 

2.2.1. Photovoltaic system 
The PV power output is expressed in Eq. (1) [18]. 

PPV
ps,t = γPV

ps,t.λ
PV .

(
IPV

T,ps,t

IPV
S,ps,t

)

.
[
1+ αPV

pw .
(
TPV

PS − TPV
S

)]
; ∀t ∈T, ∀ps ∈PS ∪ Ξ (1)  

2.2.1.1. Constraints. If TPV
PS < TPV

S , the PV system produces electrical 
energy due to the term αPV

pw generally is < 0. To avoid indeterminacy, 
IPV
S,ps,t ∕= 0. 

2.2.2. Hydrokinetic turbine 
The electrical power output of HKT is expressed in Eq. (2) [19]. 

PHKT
ps,t =

(
1
2
.ρω.AHKT .α3

ps,t.ζ
HKT
p .ηHKT

)

; ∀t ∈T, ∀ps ∈PS ∪ Ξ (2)  

2.2.2.1. Constraints. The starting speed is 1 m/s and the cutting speed is 
3 m/s, therefore: 1 ≤ α3

ps,t ≤ 3.

2.2.3. Supercapacitor modeling 
The output energy of SC is calculated with the Eq. (3) [20]. 

ESC
ps,t =

1
2
.CSC.

(
Vmax

ps,t − Vmin
ps,t

)2
; ∀t ∈ T, ∀ps ∈ PS ∪ Ξ (3) 

The efficiency of the SC is expressed in Eq. (4). 

ηSC
ps,t =

PSC
ps,t

PSC
ps,t + PSC

W,ps,t
; ∀t ∈ T, ∀ps ∈ PS ∪ Ξ (4) 

The state of charge (SOC) is calculated through Eq. (5). 

SOCSC
ps,t =

VSC
ps,t − Vmin

ps,t

Vmax
ps,t − Vmin

ps,t
; ∀t ∈ T, ∀ps ∈ PS ∪ Ξ (5)  

2.2.3.1. Constraints. The values of maximum and minimum voltages of 
the SC depend on the inverter. The Eqs. (6) and (7) express the re
strictions of the SC. 

Vmin
ps,t <VSC

ps,t < Vmax
ps,t ; ∀t ∈ T, ∀ps ∈ PS ∪ Ξ (6)  

ICh,max
ps,t < ISC

ps,t < IDis,max
ps,t ; ∀t ∈ T, ∀ps ∈ PS ∪ Ξ (7) 

The test carried out shows the supercapacitors with a power of 15 
kW, at a capacity of 13 F, the inverter voltage is between 640 V and 440 
V. 

2.2.4. Battery modeling 
The power of the battery bank can be expressed as PBSS+

ps,t (charge) and 
PBSS−

ps,t (discharge). The variation of SOC of BSS during charge and dis
charging is expressed by Eq. (8) [9]. 

SOCBSS
c,t (k+ 1)= SOCBSS

ps,t (k)+ ηinv.η
ps
BSS. PBSS+

ps,t (k+ 1).ΔT

−
1

ηinv.ηd
BSS

PBSS−
ps,t (k+ 1) (8)  

2.2.4.1. Constraints. The state of charge (SOC) of the battery for any 
time is limited by Eq. (9-11): 

SOCBSS
ps,t < SOCBSS

ps,t (k)< SOCBSS
ps,t ,∀t ∈ T, ∀ps ∈PS ∪ Ξ (9)  

0≤PBSS+
ps,t (k)<Pch

BSS

/
ηinv, ∀t ∈ T, ∀ps ∈PS ∪ Ξ (10)  

0≤PBSS−
ps,t (k)< ηinv

/
Pdisch

BSS , ∀t ∈ T, ∀ps ∈PS ∪ Ξ (11) 

The following constraint (Eq. 12 and (13) prevents simultaneous 
charging and discharging of batteries: 

PBSS+
ps,t (k).PBSS−

ps,t = 0∀t ∈ T, ∀ps ∈ PS ∪ Ξ (12) 

Therefore; 

PBSS
ps,t =PBSS−

ps,t − (k).PBSS+
ps,t = 0; ∀t ∈ T, ∀ps ∈ PS ∪ Ξ (13) 

The lithium ion batteries used for this experiment have a power of 88 
kW with a capacity of 436.56 kWh (680 Ah y 642 V). 

2.2.5. Utility grid modeling 
If renewable sources deliver electricity to the utility grid, it is 

expressed by Pg,s
ps,t , On the contrary, if the electricity flows from the utility 

grid to the load it is expressed by Pg,b
ps,t . The maximum limit of energy 

transmission is expressed by Pg,max
ps,t , this boundary conditions are 

expressed in Eq. 14 and 15 [20]: 

Pg,s
ps,t ≤Pg,max

ps,t , ∀t ∈T, ∀ps ∈PS ∪ Ξ (14)  

Pg,b
ps,t ≤Pg,max

ps,t , ∀t ∈T, ∀ps ∈PS ∪ Ξ (15) 

Constraint bidirectional flow es shown by Eq. (16); 

Pg,s
ps,t.P

g,b
ps,t = 0, ∀t ∈ T, ∀ps ∈ PS ∪ Ξ (16) 

The net flow of energy is expressed by Eq. (17) 

Pg
ps,t =Pg,b

ps,t − Pg,b
ps,t = 0, ∀t ∈ T, ∀ps ∈ PS ∪ Ξ (17)  

2.3. Setting laboratory tests and simulation 

Based on the equipment installed in the microgrid laboratory of the 
University of Cuenca (Table 1). The simulations have been developed in 
Matlab - Simulink with the following results shown in Fig. 5 [16]. 

As can be seen, the computational model adjusts precisely to the real 
behavior of the components. 

2.4. Power smoothing methodology 

The power sent to the utility grid must be adjusted to the reference 
value of the controller, the power smoothing algorithm is able to mea
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sure the power generated and coordinate the HESS storage system with 
the HRES renewable sources to obtain the new smoothed power. Thus, 
the power sent to the utility grid is expressed with Eq. (18): 

Psmooth
ps,t =PHRES

ps,t ∓ PHESS
ps,t , ∀t ∈ T, ∀ps ∈ PS ∪ Ξ (18) 

Therefore, based on the analyzed renewable sources (PV/HKT), 
several power smoothing methods are analyzed. Generally, the litera
ture discusses algorithms with filters or moving averages (MA). More
over, details of other less well-known and efficient smoothing methods 

Fig. 1. Schematic representation of the proposed computational and experimental analysis.  

Fig. 2. Annual input data; (a) electricity demand, (b) solar irradiance (c) river speed and (d) ambient temperature.  
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are presented, i.e., exponential moving average (EMA), enhanced linear 
exponential smoothing (ELES). In this regard. Fig. 6 shows the control 
diagram of the proposed comparison of power smoothing methods [21, 
22]. 

2.4.1. Moving average method 
The MA algorithm uses average values in a given time series. For the 

control, PHESS
ps,t at a certain instant kth depends on the previous values of 

PHRES
ps,t within the averaging window (w). It can be expressed by Eq. (19) 

[23]: 

PHESS
ps,t (k)=

∑w− 1
i=0 PHRES(k − i)

w
− PHRES(k) (19)  

2.4.2. Exponencial moving average method 
If an exponential weighting is performed on the MA algorithm, a 

higher prioritization of recent samples is obtained, this method is called 
exponential moving average (EMA), and is calculated with Eq. (20) [24]: 

PHESS
ps,t (k) =

∑w− 1

n=0
α[(1 − α)nPHRES(k − n)] − PHRES(k) (20)  

where n = {0, 1, 2, …, w - 1} and the factor α is the smoothing coeffi
cient, which is between 0 and 1. The weight terms (1- α) are reduced 
exponentially so that the current data is more significant than previous 
data. 

2.4.3. Enhanced Linear Exponential Smoothing Method 
In order to obtain greater precision with respect to MA and EMA, 

Enhanced Linear Exponential Smoothing Method are performed, this 
increases the mathematical complexity of the algorithm, Eq. (21) 
mathematically expresses the ELES method [25]: 

P′

HRES(k) = ϱP
′

HRES(k) + (1 − ϱ)P
′

HRES(k − 1)

Fig. 3. Time window and chronology of the temporal analysis of 
power smoothing. 

Fig. 4. Daily input data; (a) electricity demand, (b) solar irradiance (c) river speed (d) ambient temperature.  

Table 1 
Main parameters of the proposed HRES.  

Component HKT SC Converter PV BSS 

Origin Smart 
hydro 

Maxwell MG5KTL Artesa Samsung 

Specification 5 kW 56 V 130 F 50 kW 250 Wp 436 kWh 
Size each unit variable each unit each 

unit 
Battery 
bank  

A. Cano et al.                                                                                                                                                                                                                                    
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P′′
HRES(k)= ϱP′

HRES(k) + (1 − ϱ)P′′
HRES(k − 1)

PESS(k)= 2P′

HRES(k) − P′′
HRES(k − 1) − PHRES(k) (21)  

where P′

HRES and P′′
HRES are auxiliary variables to calculate the double 

complementary filter. The smoothing factor (ϱ) has a value between 
0 and 1. 

2.5. Energy management 

This section presents the mathematical representations of power 
flows considering the technical and boundary conditions. 

The energy produced by HRES supplies the load, and the surplus 
electricity is sent to the grid, if there is not enough renewable power, the 
energy to supply the demand is taken from the utility grid. This energy 
management is expressed in the Eq (22). 

PLoad
t =

⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

PPV
ps,t + PHKT

ps,t + Pg,s
ps,t, PPV

ps,t + PHKT
ps,t ≥ PLoad

t

PPV
ps,t + PHKT

ps,t + PBSS−
ps,t , PPV

ps,t + PHKT
ps,t < PLoad

t and SOCBSS
ps,t ≥ SOCBSS

ps,t

PPV
ps,t + PHKT

ps,t + Pg,b
ps,t, PPV

ps,t + PHKT
ps,t < PLoad

t and SOCBSS
ps,t < SOCBSS

ps,t

(22)  

3. Results and discussions 

The results of the simulations and laboratory test according to the 
proposed mathematical representation are discussed in this section. 
Fig. 7 shows the photographic representation of the laboratory 
equipment. 

Fig. 5. Setting between computational models and real models: (a) HKT, (b) BSS, (c) SC voltage and (d) SC power output.  

Fig. 6. Control diagram of power smoothing methods.  
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3.1. Power smoothing results 

The results of the power smoothing have been analyzed for different 
days of the year chosen randomly. Fig. 8 shows the comparison of each 
method for the chosen days. The power flow sent to the grid has rising 
and falling peaks which are corrected by the algorithms. 

The power fluctuations also depend on the peaks of the electrical 
load, which can mean a high variation combined with the power output 
of the renewable sources. Fig. 9 shows the PV/HKT load and power 
profiles for three days. 

3.2. Power smoothing comparison 

The equipment shown in Table 1 belongs to the microgrid laboratory 
of the University of Cuenca. In this section, a comparison between the 
results of the laboratory and the simulations in Matlab - Simulink is 
presented. The objective of this analogy is to demonstrate the feasibility 
of working with simulated models, since it is more efficient and faster. 
Fig. 10 shows the results of the computational model with respect to the 
laboratory tests. It is logical that the results do not coincide perfectly, 
since the model does not consider aspects such as the dirtiness of the 

Fig. 7. Equipment used for power smoothing tests in the microgrid laboratory of the University of Cuenca.  

Fig. 8. Power smoothing results (a), (b) and (c) days 1, 2 and 3 respectively.  
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Fig. 9. Electric power flow for the HRES and load; (a), (b) and (c) for days 1, 2 and 3 respectively.  

Fig. 10. Laboratory model accuracy relative to computer simulations; (a), (b), (c) day 1, 2 and 3 respectively.  
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solar panels, the losses in the wires, the time constants and the efficiency 
of the equipment; the results approximate real conditions. 

Based on the extensive literature reviewed, three ways of measuring 
the precision of the experiment and computer simulation have been 
chosen, the mean absolute error (MAE) [26], root mean square error 
(RMSE) [27] and mean absolute percentage error. (MAPE) [26], in this 
way it is possible to quantitatively calculate the precision of the model 
made in Matlab. 

The errors of the prediction are determined by Eq. (23 – 25): 

MAE =
1
n

∑n

1
|Xs − Xl| (23)  

RMSE =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1
n
∑n

1
(Xs − Xl)

2

√

(24)  

MAPE (%)=
1
n
∑n

1

|Xs − Xl|

Xl
× 100 (25)  

where: n is the time in seconds of testing, Xs and Xl are respectively the 
simulated (SIM) value and the laboratory (LAB) value. As expected, the 
absolute errors in terms of percentage are apparently high, when 

referring the errors to electrical power MAE (W), the values are of the 
order of 400 W referred to 25,000 W, in the case of EMA (W) the results 
are based on the square root of the square of the absolute errors, 850 W 
also referred to 25,000 W. The results are not high values. Finally, the 
relative MAPE error (W) is the smallest in the order of 3%. This result is 
shown in Table 2. It can be concluded that the laboratory tests fit the 
simulations in Matlab-Simulink. 

3.3. Sensitivity análisis 

3.3.1. SC charge/discharge cycles 
The power smoothing methods proposed in this paper have been 

shown to reduce power oscillations successfully. However, the behavior 
of the SC under each of them has not yet been studied. In this section, a 
sensitivity analysis of the SC charge/discharge cycles under each pro
posed method is presented. Table 3 shows the results for the proposed 
days (see Fig. 4). 

The useful life of an SC can be measured indirectly according to the 
number of charge/discharge cycles. In this sense, under the ELES 
method, the SC presents a greater number of charge/discharge cycles 
with respect to MA and EMA, respectively. Being the opposite behavior 
with respect to the number of discharge cycles, where under the EMA 
method the greatest number of events arise. To clarify this point, 
considering the number of charge/discharge cycles during the four days 
presented in Table 3, the highest number of cycles results from the ELES 
method with 5756 times, then under the MA method with 5748 times 
and finally the method that produces fewer charge/discharge cycles is 
EMA with 5740 times. 

3.3.2. Battery and SC response to depth of discharge 
The response of the SC to each power smoothing method is different, 

its SOC will vary depending on the algorithm, the measurement of the 
depth of discharge and the number of charges/discharges of the SC is 
useful if considering hybrid storage systems, since the response of BSS is 
usually slow, the graphical representation of the SOC for each proposed 
power smoothing method is shown in Fig. 11. 

Despite the fact that the days of the experiment were consecutive and 
under the same conditions (completely clear sky). It is evident that the 
ELES method produces shallower charges/discharges, while the EMA 
method has a greater depth of discharge than the rest of the methods and 
the MA method has greater depths of charge. These results serve to 
determine the lifespan of the SC with respect to PV and HKT 

Table 2 
Determination of the accuracy of the computational model with laboratory tests.  

Methods MAE (W) RMSE (W) MAPE (%) 

MA 443.57 918.08 3.15 
EMA 402.69 831.24 2.82 
ELES 487.94 830.47 2.40  

Table 3 
SC charge/discharge cycles under the proposed power smoothing methods, 24 h 
time window.  

Day Index MA EMA ELES 

Day #1 Charge 740 711 746 
Discharge 699 729 693 

Day #2 Charge 714 718 732 
Discharge 720 715 707 

Day #3 Charge 737 715 762 
Discharge 701 719 677  

Fig. 11. State of charge (SOC) of supercapacitors: (a) Day 1, (b) Day 2 and (c) Day 3.  
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fluctuations. Therefore, the SC helps to reduce the charge/discharge 
oscillations in the BSS. Fig. 12 shows the SOC (%) of BSS for day 1 as an 
example. 

3.3.3. Cost of energy 
In this section, daily economic analysis to study the impact of BSS in 

residential system is performed. Day 1 is taken as an example, where 
through Eq. (22) the energy flow between the customers load (electricity 
demand) and the utility grid has been calculated, these results are shown 
in Table 4. 

To calculate the energy cost, it is necessary to know the price of 
electricity (kWh) for sale and purchase with the utility grid. In Ecuador, 
there is currently no well-defined regulation for the price of renewable 
energies. Therefore, the price of mini-hydroelectric plants (less than 5 
MW) is considered as a reference to HKT 0.0658 USD/kWh, for solar 

energy a rate has not been considered since it does not exist in Ecuador 
[28]. The Feed in Tariff (FIT) (Regulation No. CONELEC 001/13) did not 
contemplate any price for PV/HKT. Besides, according to Ref. [29], the 
cost of energy for the residential sector in Ecuador is considered 0.095 
USD/kWh. Therefore, the results of cost of energy (USD/kWh-day) are 
shown in Table 5. 

It is evident that the BSS avoids buying energy from the utility grid 
for this day under study, the surplus electricity represents a net profit for 
the consumer. If BSS is not considered, high energy is sold to the grid, 
however the energy purchased is greater and more expensive. Therefore, 
this system is economically less feasible. 

3.3.4. Effect of the size of BSS and SC 
Sizing variations of the HESS would affect the amount of energy to/ 

from the utility grid and the SOC of BSS. Due to the configuration and 
energy control of the HRES, the size of the SC should not affect the 
energy and economic results (only the capital cost), since the primary 
objective of the SC is to reduce energy fluctuations and not to store 
energy in the long term as BSS. To determine this premise, this section 
presents a sensitivity analysis of HESS capacity with respect to SOC and 
associated energy costs. Considering the nominal capacity of BSS is 
436.56 kWh. Table 6 shows the energy result of different BSS capacities. 
For this analysis, day 1 and the ELES power smoothing method have 
been used. 

It is evident that the BSS prevents energy from being purchased from 
the utility grid for day 1, which is analyzed in this case. It is apparent 
that by increasing the BSS capacity, the energy sent to the grid is greater. 
When calculating the energy cost of the energy sent to the grid, the curve 
shown in Fig. 13 is obtained. 

Fig. 13 shows that the increase in net profit to consumers is greater 
for the first two steps (30 kWh and 50 kWh) since the capacity of BSS 
with respect to renewable production is considerable. However, for 
subsequent increases in BSS capacity, the cost does not vary significantly 
because renewable production is constant PV/HKT. This reflects that if 

Fig. 12. SOC of BSS in day 1.  

Table 4 
Energy flow between customers load and the utility grid for one day, hourly 
average data.  

Time 
(h) 

To Grid HKT/ 
SC/BAT/Grid 
(Wh) 

From Grid 
HKT/SC/BAT/ 
Grid (Wh) 

To Grid HKT/ 
SC/Grid (Wh) 

From Grid 
HKT/SC/Grid 
(Wh) 

0–1 0.00 0.00 0.00 2859.0 
1–2 0.00 0.00 0.00 2848.0 
2–3 0.00 0.00 0.00 2221.0 
3–4 0.00 0.00 0.00 1632.0 
4–5 0.00 0.00 0.00 2196.0 
5–6 0.00 0.00 2.812 e− 3 2267.0 
6–7 0.00 0.00 0.00 7746.0 
7–8 0.00 0.00 5.30 2724.0 
8–9 0.00 0.00 3673.0 2.17 
9–10 0.00 0.00 5622.0 0.895 
10–11 0.00 0.00 6988.0 135 
11–12 0.00 0.00 5990.0 0,00 
12–13 0.00 0.00 1747.0 2856.0 
13–14 0.00 0.00 1001.0 3487.0 
14–15 1376.0 0.00 3922.0 54.2 
15–16 1015.2 0.00 3498.0 73.2 
16–17 0.00 0.00 1120.0 1377.00 
17–18 0.00 0.00 0.00 3468.00 
18–19 0.00 0.00 0.00 8827.00 
19–20 0.00 0.00 0.00 14,720.0 
20–21 0.00 0.00 0.00 10,450.0 
21–22 0.00 0.00 0.00 6438.00 
22–23 0.00 0.00 0.00 4587.00 
23–24 0.00 0.00 0.00 4712.00 
Total 2391.20 0.00 33,566.30 85,680.46  

Table 5 
Daily energy cost for systems with and without BSS respectively.  

Flow HKT/SC/BAT/Grid HKT/SC/Grid 

To grid 15.73 cUSD/kWh 2.20 USD/kWh 
Fom grid – 8.14 USD/kWh  

Table 6 
Energy balance of the utility grid with respect to the variation of BSS capacity.  

BSS Capacity (kWh) To Grid HKT/SC/BSS/Grid (Wh-day) 

30 2145.56 
50 2210.03 
100 2380.89 
200 2382.54 
300 2385.23 
400 2387.50 
436.56 2389.20 
500 2392.35  

Fig. 13. Cost of energy sent to the grid for day 1. Values for different 
BSS capacities. 
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the BSS is oversized, the energy cost is not exactly higher. Therefore, it 
would not represent significant profits for consumers. On the other 
hand, if the BSS is undersized, the depth of discharge (DOD) could be 
very low and shorten the lifespan of the batteries. Fig. 14 shows the SOC 
for different BSS capacities during day 1. 

The BSS response for relatively low capacities (30 kWh and 50 kWh) 
is a deep DOD, less than 20% of the SOC for the first case. As the BSS 
capacity increases, the SOC is flatter. It is important to mention that if 
the BSS work in a higher SOC band, their lifespan increases and it is not 
recommended to operate with SOC less than 20% for lithium ion bat
teries [30–33]. To avoid the oversizing of the BSS, in this paper the 
lowest capacity of the BSS has been chosen for a minimum SOC of 20% 
for a whole year, this capacity is 436.56 kWh. The annual SOC in BSS 

with this capacity is shown in Fig. 15. The annual SOC in BSS with this 
capacity is shown in Fig. 15. It is evident that when analyzing the annual 
SOC, the behavior is different with respect to daily SOC, this result is 
analyzed in an hourly time interval, where the power smoothing is not 
evident since there are power fluctuations that last seconds. 

When analyzing the annual energy exchange with the utility grid, the 
results show the response of the system with respect to variations in BSS 
capacities. The result clearly shows a reduction in power from the grid if 
the BSS capacity is increased. Likewise, at higher energy storage ca
pacities, the energy sent to the grid increases. It is important to mention 
that the rate of change in both cases is different, as shown in Fig. 16. 

The annual net profit for different BSS capacities is shown in Fig. 17 
it is evident that while the storage capacity is greater, the cost tends to 
remain constant. 

On the other hand, in this paper the optimal capacity of SC has been 
calculated using Eq. (3) (130 F) considering the duration and maximum 
value of the largest power fluctuation according to the annual data in 
Fig. 2. If the SC capacity increases, the stored energy will be the same 
due to the energy management presented in Eq. (22). The objective of SC 
is to flatten the rise and fall peaks and not increase self-consumption. But 

Fig. 16. Rate of change of the annual energy exchange with respect to the 
increase in the capacity of BSS. 

Fig. 18. Variation of SC capacity with respect to SOC. Power smoothing 
method used (ELES) values for day 1. 

Fig. 14. State of load (SOC) for different BSS capacities during day 1.  

Fig. 15. Annual State of Charge of BSS with a capacity of 436.56 kWh  Fig. 17. Annual net profit of consumers with respect to the increase in 
BSS capacity. 
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if the SC capacity is reduced, the response of the power smoothing 
system could show different patterns. In this context, simulations have 
been performed varying the SC capacity as shown in Fig. 18. For this 
section, data from day 1 with the ELES power smoothing method have 
been used. Therefore, the SOC for a 125 F rated SC has a lower power 
smoothing band. On the contrary, by increasing the capacity to 135 F, 
the power smoothing band remains constant. In summary, increasing SC 
capacity does not produce greater energy exchanges with the grid. 

The reduction of the power smoothing band by decreasing the SC 

capacity causes a lower response to power fluctuations. Fig. 19 dem
onstrates this hypothesis, the SC of 125 F has less capacity to reduce 
power peaks than SC of 130 F, while the supercapacitor of 135 F has the 
same power smoothing capacity with respect to SC 130 F. The results of 
day 1 (12:00–12:40 p.m.) using the ELES power smoothing algorithm 
have been using. 

3.3.5. Voltage profiles at PCC 
The stability of the voltage in the electrical grid is considered a key 

parameter for renewable systems, since it has high PV/HKT fluctuations, 
it is necessary to reduce the voltage profile avoiding compromising the 
utility grid in the event of possible tension fall. In this case, the power 
smoothing algorithms regulate the voltage at the PCC point as shown in 
Fig. 20. 

In order to measure the efficiency of voltage regulation, it has been 
proposed to analyze the flicker index. The flicker (Pst) is analyzed ac
cording to the IEC 61000-4-15 standard [26] and is calculated with Eq. 
(26) and must be less than unity [34]. 

Pst =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
0.0314P0.1 + 0.0525P1 + 0.0657P3 + 0.028P10 + 0.08P50

√
(26)  

where: 
Pst, short duration flicker severity index. 
P0.1, P1,P3, P10,P50 are the index levels greater than 0.1%, 1%, 3%, 

10%, 50% of the total time of the measurement time window. Thus, 
when considering a HESS system formed by batteries and super
capacitors, the value of the flicker index is below unity, this complies 
with the values according to the IEC standard IEC 61000-4-15. 

Fig. 20. Voltage in PCC, values taken in phase A in alternating current.  

Fig. 19. SC output power smoothing for different energy storage capacities.  
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4. Conclusion 

A feasibility analysis of three power smoothing methods for a 
renewable PV/HKT system has been done through laboratory tests. The 
algorithms are based on a hybrid energy storage system (SC/BSS), for 
which various studies have been carried out based on technical and 
economic indices, the time interval studied is 1 s and three days have 
been chosen randomly. 

The ELES method shows a better behavior against PV/HKT power 
fluctuations, reducing the rising and falling peaks, the EMA method 
effectively reduces the falling peaks. However, the rising peaks are 
higher than the ELES method. On the other hand, the MA method shows 
an inverse behavior to the EMA, since it is effective in reducing the rising 
peaks, nevertheless, in the falling peaks it shows lower performance 
with respect to ELES. 

If the simulation models are compared with the laboratory tests, the 
lowest relative error is shown by the ELES method and the highest error 
is presented by the MA method with 3.15%. These results show the 
importance of working with computational models based on laboratory 
parameters, since the results are numerically similar. 

When analyzing the number of charge/discharge cycles in the SCs for 
the three proposed days, the highest number of cycles results from the 
ELES method with 5756 times, then under the MA method with 5748 
times and finally the method that produces fewer charge/discharge 
cycles is EMA with 5740 times. Additionally, when analyzing the SOC of 
the SC under the proposed power smoothing methods, the ELES method 
presents shallower charges/discharges. These results serve to determine 
the lifespan of the SCs in the face of photovoltaic and hydrokinetic 
fluctuations. 

From the economic point of view, it is feasible to use BSS/SC rather 
than just SC, since the net profit for the consumer is 15.73 cUSD/kWh- 
day and without BSS it has a consumption of 5.21 USD/kWh-day, these 
analyzes do not consider capital cost. 

The sensitivity study with respect to BSS capacity showed that the 
minimum state of charge is an important factor in determining the 
optimal size of the batteries. If the capacity of BSS is increased, the net 
profits from the energy exchange with the grid are not feasible. Likewise, 
the optimal capacity of the SC is determined with respect to the 
maximum power peaks throughout the year and their time interval. By 
reducing the SC capacity, the response to power fluctuations is affected, 
on the other hand, by increasing the SC capacity, the energy exchange 
with the grid and the response to power smoothing is the same. 

Finally, the voltage response in PCC has been studied, when using the 
power smoothing algorithms with SC, the flicker is under the unit ac
cording to IEC standard IEC 61000-4-15. 
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[32] W. Li, Y. Fan, F. Ringbeck, D. Jöst, X. Han, M. Ouyang, D.U. Sauer, Electrochemical 
model-based state estimation for lithium-ion batteries with adaptive unscented 
Kalman filter, J. Power Sources 476 (2020), https://doi.org/10.1016/J. 
JPOWSOUR.2020.228534. 

[33] S.G. Tesfahunegn, Ulleberg, P.J.S. Vie, T.M. Undeland, Optimal shifting of 
Photovoltaic and load fluctuations from fuel cell and electrolyzer to lead acid 
battery in a Photovoltaic/hydrogen standalone power system for improved 
performance and life time, J. Power Sources 196 (2011) 10401–10414, https://doi. 
org/10.1016/J.JPOWSOUR.2011.06.037. 
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