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Abstract—In recent years, power systems have experimented 
a great development as a consequence of the apparition of the 
distributed generation. Renewable energy sources, active users 
and electric vehicles play a fundamental role in power systems, 
which has supposed a new topic research. In this scenario, the 
figure of prosumer has gained relevance due to the multiple 
advantages that they can contribute to improve the behavior of 
power systems and to achieve energy and cost savings. In 
particular, special attention is focus on photovoltaic (PV) arrays 
integrated in residential buildings with energy storage systems 
(ESSs), such as batteries or ultracapacitors (UCs) or even a 
combination of both in a hybrid energy storage system (HESS). 
This paper presents an energy management strategy to exchange 
energy between the batteries and the UCs that form a HESS 
installed with a PV array in a prosumer dwell in order to 
maintain its UC bank available to support the energy 
requirements during the most time possible.   

Keywords—prosumer; battery; ultracapacitor; hybrid energy 
storage system; energy management strategy 

I.  INTRODUCTION 

In last years, the proliferation of distributed generation has 
caused power systems have to face multiple challenges [1] in 
order to integrate renewable energy sources, electric and hybrid 
vehicles and active users into the grid. Distributed generation 
needs to solve several technical issues associated with it, such 
as electromagnetic interference, harmonic distortion, problems 
in voltage and frequency regulation or islanding [2]. As a 
possible solution to mitigate the problems exposed below, a 
new concept about the role of end users has appeared recently: 
end users have been called to become prosumers, instead of 
being considered only as consumers. 

A prosumer can be defined as a combination of a producer 
and a consumer. It means that a prosumer is able both to extract 
power from the grid (like a conventional consumer) and to 
deliver power into the grid (like a producer) [3]. At 
installations of prosumers, loads and energy sources coexist, in 
a way that the energy sources provide energy to feed their own 
loads or to inject power to the electric grid according to 
economic decisions. For this reason, a large number of 
prosumers can contribute to smooth the energy demand curve, 
and, therefore, to reduce the required power generation. In 

addition, prosumers which are equipped with control and 
communication systems can provide services to the power 
system, such as the increase of the penetration of intermittent 
renewable energy sources (like photovoltaic and wind sources) 
into the grid, the load/generation shifting, ancillary services 
and grid system applications [3], [4]. Thus, it is possible to 
decrease both the required peak power generation and the 
charge on the electric grid, and therefore a reduction of the 
usage of fossil fuels [5]; moreover, it allows that end users 
achieve lower electricity bills and to optimize the utilization of 
renewable energy sources [4].  

The renewable energy source which has experimented de 
greatest development in the last years has been the PV 
generation [6], especially in residential and commercial 
installations connected to low voltage distribution networks 
[2], [7]. The growth of small PV plants has been considerably 
high in urban areas, where they use to be integrated to the roofs 
of buildings [8], instead of occupy large land areas, and allow 
users can benefit from electricity cost savings [2]. 

In spite of the multiple advantages that PV systems offer, 
they also present some issues. In residential applications, the 
peak power consumption is usually produced in the evening; 
however, the peak power generation is usually produced at 
noon; hence, a mismatch between peak PV power generation 
and peak power consumption times occurs [5]. At this 
disadvantage, we have to add the intermittent and 
unpredictable character of PV generation as a result of its 
dependence of the solar irradiance. These problems can be 
mitigated incorporating an ESS associated to the PV 
installations, whose main purpose is to store the excess of 
power produced by the PV system in order to deliver the 
necessary energy to satisfy the user demand when PV power is 
insufficient [7]. ESS can be designed using different 
technologies and even combining up to one of them to 
compose a hybrid energy storage system (HESS) [9]. 

This paper focuses on simulating by Simulink/Matlab 
software the operation of a residential prosumer installation 
with a PV array and a HESS based on batteries and 
ultracapacitors, as shown in Fig. 1. A brief explanation about 
ESS technologies and HESS configurations that can be 
integrated in PV systems is offered in Section II. In Section III, 



the analyzed case study is described, showing the typical power 
generation and consumption curves of the prosumer. In 
addition, in Section IV an energy management system (EMS) 
is proposed in order to maintain UCs voltage in a desired level 
within the HESS by means of exchanging energy between the 
batteries and the UCs. Simulation results obtained for the case 
study are discussed in Section V in order to evaluate if the 
proposed control strategy is valid. Finally, in Section VI, the 
main conclusions which have been obtained in this work 
are exposed. 

 

Fig. 1.   Case study scenario. 

II. ESSS INTEGRATED IN PV SYSTEMS 

ESSs have become in an interesting topic to move forward 
in research in recent years. In the case of residential PV 
systems, ESSs are destined to store the surplus of power from 
the PV system during noon time and hence reducing the energy 
loss associated with the excess power from the solar PV array 
[7] and decreasing the injection in the grid from the PV system 
[1], due to an uncontrolled power supply to the grid could 
cause issues. This stored energy could be used later to feed the 
load when PV supply is not sufficient, serving as support to the 
grid and reducing the electric consumption of the user. 
Therefore, ESSs allow the displacement of the energy 
consumption of customers, in a way that they only inject when 
the energy is needed most and charge their ESSs when there is 
an excess of generation or the price of the energy are cheaper 
than in other periods [1]. Hence, ESSs contribute to smooth the 
load consumption curve and to improve the energy 
management [1]. 

Multiple technologies can be used in a ESS. Some of them 
are the next [10]: pumped hydroelectric storage (PHS), 
compressed air energy storage (CAES), batteries, fuel cells, 
flow batteries, solar fuels, superconducting magnetic energy 
storage (SMES), flywheels, UCs or thermal energy storage 
(TES). Each one of them presents different characteristics 
regarding technical maturity, power and energy density, power 
rating and discharge time, storage duration, capital cost, cycle 
efficiency, life time and life cycle, influence on environment 
and size. Because of this, it is essential to decide what 
technology is the most suitable for the application in question 
[11]. For example, PHS is a mature technology with large 
volume, long storage period, high efficiency and relatively low 
capital cost per unit of energy [10], but it is unfeasible to 

integrate a PHS based ESS with a residential PV installation. 
The most common technologies which have been proposed to 
be combined with PV systems are batteries, UCs or fuel 
cells [12].  

In the design of a ESS associated to a PV system it is 
important to take account that PV power is composed by a low-
frequency component and high-frequency oscillations 
associated to the intermittency of the solar irradiance. Thus, in 
order to smooth the low-frequency oscillations, a ESS with 
high energy density is required, while ESS with high power 
density is also required to provide or absorb the high-power 
transients [13]. 

Batteries are the most employed ESS with PV systems, and 
they are able to store acceptable amounts of energy, although 
they can not deliver large amount of energy in a very short time 
[14]. On the other hand, UCs can supply high peaks of energy 
and can be charged and discharged without missing of 
efficiency for thousands of cycles, but their storage capacity is 
low [14]. Both technologies can be combined to add the high 
energy density of batteries to the high power density of UCs 
[9], [11], [13], [14]. This combination provides another 
advantage, because the inclusion of UCs can contribute to 
improve the batteries lifetime due to they are responsible for 
provide high power demands [9]. This combination of ESS 
technologies makes up a hybrid energy storage system 
(HESS) [9]. Hence, a HESS based on batteries and UCs is 
characterized by a fast response and a large energy 
capacity [15]. 

Different topologies of HESSs exist. In [16] and [17], a 
review of the most widely used HESS topologies is given, 
which are classified in passive and active configurations with 
different possibilities concerning the number of power 
converters and the position of the used storage devices. 
However, one of the most used HESS topologies is the parallel 
configuration of the battery/ultracapacitor HESS with 
bidirectional converters (multiple converter configuration). The 
use of bidirectional converters allows managing each ESS 
independently and even exchanging the energy between the 
ESSs [9], for example, the batteries can charge and discharge 
the UCs, which is very useful to guarantee that UCs are 
available to support batteries at all times. In addition, this 
topology allows to maintain both the battery and the UC 
voltage lower than the dc-link voltage, which avoids balancing 
problems; also, the UC voltage can vary in a wide range, 
therefore, the capacitor is fully used, but two converters are 
required [16]. 

III. CASE STUDY 

The proposed case study has been represented in Fig. 1. It 
consists on a residential prosumer installation connected to a 
low distribution network. It has a small PV array whose peak 
PV power is equal to 3 kWp. This prosumer is able to store 
energy in a HESS based on the combination of lead-acid 
batteries and UCs. The HESS has been dimensioned in order to 
batteries have three days of autonomy [18]. The characteristics 
of the PV array and the HESS are collected in Table I. The 
typical diary PV generation and load consumption profiles of 
the analyzed prosumer are shown in Fig. 2. These curves have 



been obtained through the simulation of provided data using 
Simulink/Matlab software.  

TABLE I.  SIMULATION PARAMETERS  

Parameter Value 

Peak PV power 3 kWp 

Battery bank capacity 2000 Ah 

Ultracapacitor bank capacity 600 F 

HESS devices voltage 48 V 
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Fig. 2.   PV generation and load consumption curves of the prosumer. 

IV. PROPOSED ENERGY MANAGEMENT STRATEGY 

In order to the devices of a HESS could interact properly 
with the PV system and even between themselves, an EMS is 
required. As we mentioned in Section II, batteries are suitable 
to provide the bulk of energy during large intervals of time, but 
its response is slow, and, because of this, UCs are responsible 
for supplying the power peak demands and absorbing the PV 
peak power excess, due to their fast response. For this reason, it 
is needed to separate the low-frequency component of the 
power assumed by the HESS, which is destined to the battery, 
and the high-frequency component, which is took on the UC. 

This objective can be reached using a conventional low-
pass filter [13], that distribute the power among the storage 
devices depending on their response times: the low frequency 
power part is assigned to the long-term storage device 
(batteries in this case), and the rest is absorbed/supplied by the 
short-term storage device (UCs in this case) [17]. This power 
sharing is represented by (1), (2) and (3), where the power that 
have to be provided by the HESS (Pref,sto) is calculated as the 
difference between the demanded power (Pload) and the PV 
generated power (PPV), whereas Pbat and PUC are the power 
assigned to the batteries bank and the UCs bank respectively. 
Fig. 3 shows the block diagram used in Simulink in order to 
model the previous equations, and it has been designed using 
the guidelines of [19].  

As it is mentioned in [17], the explained power distribution 
method is not enough to coordinate the HESS, but it can be 
used as a first power distribution procedure. Also, an EMS 
must have into account the state of charge (SOC) of the storage 
devices that form the ESS or the HESS.  

In the case of batteries, their capacity is defined as the 
quantity of electrical charge in the cell from the fully charged 

state to the discharged state [20]. Thus, the SOC of a battery 
(SOCbat) means the ratio between the remaining capacity (Q) 
and the full charge or nominal charge (Qnom), as it is shown in 
(4). Hence, a SOC equal to 100% implies that the battery is 
fully charged, whereas a SOC equal to 0% indicates that the 
battery is fully discharged [20]. However, the SOC of a battery 
is usually calculated following (5), where SOCbat,0 and i are the 
initial SOC and the output current of the battery respectively, 
and it is expressed in Ampere-hour (Ah).  

 bat
nom

QSOC
Q

=  (4) 

 ,0bat bat
idtSOC SOC
Q

= −   (5) 

Moreover, the lifespan of a battery can be damaged if it 
works out of a certain working range [21]. Because of this, a 
limitation of the SOC of the batteries has been considered in 
this paper. In this way, batteries are able to work only within a 
range whose upper limit has been established in a value of 
100% and the lower limit is equal to 20%, according to lead-
acid batteries characteristics [18]. Thus, it is possible to avoid 
the over-charging and the over-discharging of the batteries. 

On the other hand, the stored energy in an UC (EUC) can be 
calculated using (6), where V is the voltage of the UC in a 
certain instant and C is the UC capacity [22]. As we can see in 
(6), an UC stores energy proportionally to the square of its 
voltage [23]. UCs are usually interfaced with the rest of the 
installation by a power converter, which needs a minimum 
operating voltage and, therefore, a minimum energy [24]. Thus, 
the SOC of an UC (SOCUC) can be expressed as it is shown in 
(7), where E is the stored energy in the UC at a certain 
moment, whereas Emax and Emin are the maximum and the 

,ref sto load PVP P P= −  (1)

 ( ),bat ref stoP LPF P=  (2)

 ,UC ref sto batP P P= −  (3)

 

Fig. 3.   Simulink diagram used to calculate Pbat and PUC. 



minimum energy that the UC is able to store. In this way, 
SOCUC is the ratio between the available energy in a 
determined instant and the total energy that the UC is able 
to provide. 

 21

2UCE C V= ⋅ ⋅  (6) 

 min
UC

max min

E E
SOC

E E
−

=
−

 (7) 

Using (7), when the UC voltage reaches the 50% of its 
nominal value, SOCUC is equal to 0%. It means that an UC is 
considered as fully discharged when its voltage is the half of its 
nominal value (Vnom), in order to maintain a minimum energy 
equal to 25% of the total energy that the UC could store (8) and 
ensure the minimum operating voltage required by the 
power converter.  

    ( )
2

21 1 1
0.25

2 2 4 2
nom

min nom max
V

E C C V E   = ⋅ ⋅ = ⋅ ⋅ ⋅ =     
 (8) 

With the aim of guaranteeing that the UC bank is always 
available to provide or absorb the required power, it is 
necessary to maintain SOCUC in a certain level [13]. In this 
paper, we have established the desired SOCUC equal to 50%. 
As a consequence, we need to calculate the corresponding 
reference voltage (Vref) to a SOCUC equal to 50%. This can be 
achieved using (9), which relates SOCUC with V and Vnom and is 

the result of combining (6), (7) and (8). Thus, in the analyzed 
case study, Vref must be around 37.95 V. Fig. 4 depicts the 
relation between SOCUC and V in a general case. 
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Fig. 4.   Evolution of SOCUC with V. 

In order to achieve this purpose, the HESS batteries can 
cooperate with the UC bank thanks to a coordination realized 
by the EMS [9]. In this way, when the UC voltage falls below 
Vref, the EMS generates a current reference through a PI 
controller to charge the UC from the battery until the UC 
reaches Vref again and vice versa. With this control action, the 
UC remains at every moment able to provide energy (positive 
or negative), avoiding that it suffers high charge fluctuations. 

Fig. 5 shows the model built in Simulink in order to 
simulate the HESS and its energy management to exchange 
energy between batteries and UCs. As we can see in this figure, 
we have used the battery and UC models that Simulink 

Vnom/2 Vref Vnom 

 
Fig. 5.   Simulink model used to simulate the battery and UC banks work with the proposed control. 



provides in SimPowerSystems Blockset. Both blocks receive 
their corresponding reference current signals through 
controlled current sources. The PI controller has been tuned 
using the PID Tuner tool, using KP=10 and KI=200.  

V. SIMULATION RESULTS 

The proposed energy management strategy has been tested 
by simulation in the HESS of the studied prosumer to 
coordinate the energy flow between the battery and the UC 
systems that compose the HESS, with SOCbat=65% and V=40 
V as initial values. As we can see in Fig. 6, the control strategy 
accomplishes the requirement of avoiding UCs suffer 
saturation when their SOC reaches 100% and a fully discharge. 
Instead of this, the voltage of the UC bank is maintained in the 
calculated value (Fig. 6(a)), and, as a consequence, SOCUC is 
approximately equal to 50% along the simulation time 
(Fig. 6(b)). This has been achieved through the exchange of 
energy between the battery and the UC banks. Thus, the SOC 
of the battery has been affected in the way shown in Fig. 6(c), 
which compares the SOC of the battery when the proposed 
EMS is used with the case in that it is not applied. In this 
figure, it can be observed how the battery provides and absorbs 

energy to the UC when it is necessary in order to SOCUC 
remains in the desired value. However, the difference between 
both SOC curves is small.   

In the other hand, Fig. 7 shows the current that the battery 
and the UC supply respectively during the period contained 
between 7:00 a.m. and 4:00 p.m. As it can be observed, the 
batteries system delivers the low-frequency component of the 
required current, whereas the UCs system provides the required 
high-frequency component of the current to operate properly 
with the PV system. In order to understand the figure, it is 
important to take into account that we have consider positive 
currents imply discharge in the ESSs and negative currents 
mean charge.  

7 8 9 10 11 12 13 14 15 16
Time (h)

-60

-40

-20

0

20

40

60

C
ur

re
nt

 (
A

)

UC
Battery

 

Fig. 7.   Comparison of the currents provided by the battery and the UC 
systems since 7:00 a.m. to 4:00 p.m.  

VI. CONCLUSIONS 

This paper exposes the relevance that prosumers have 
reached as a result of the new scenario that the development of 
distributed generation has caused in recent years. Besides, a 
brief discussion about ESSs is given. Namely, the case of a 
prosumer dwell with a small PV array combined with a HESS 
based on lead-acid batteries and UCs has been simulated. 
Moreover, a comprehensive control strategy has been proposed 
in order to optimize the energy management and it has been 
validated by simulation.  

The implemented EMS allows maintaining the SOC of the 
UC bank in the half of their maximum value, which is useful to 
UCs remain available at all times and even to take advantage of 
the surplus of the energy stored in UCs to charge batteries.  

As further works, it would be interesting to continue 
analyzing the proposed EMS with different PV conditions and 
load characteristics in order to evaluate its operation in other 
possible cases. In addition, this work could be complemented 
with an economical study which considers the variable energy 
prices and allows to determine the economic impact that a 
HESS and a EMS can cause in a residential installation.  
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