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A B S T R A C T

Energy storages introduce many advantages such as balancing generation and demand, power quality im-
provement, smoothing the renewable resource’s intermittency, and enabling ancillary services like frequency
and voltage regulation in microgrid (MG) operation. Hybrid energy storage systems (HESSs) characterized by
coupling of two or more energy storage technologies are emerged as a solution to achieve the desired perfor-
mance by combining the appropriate features of different technologies. A single ESS technology cannot fulfill the
desired operation due to its limited capability and potency in terms of lifespan, cost, energy and power density,
and dynamic response. Hence, different configurations of HESSs considering storage type, interface, control
method, and the provided service have been proposed in the literature. This paper comprehensively reviews the
state of the art of HESSs system for MG applications and presents a general outlook of developing HESS industry.
Important aspects of HESS utilization in MGs including capacity sizing methods, power converter topologies for
HESS interface, architecture, controlling, and energy management of HESS in MGs are reviewed and classified.
An economic analysis along with design methodology is also included to point out the HESS from investor and
distribution systems engineers view. Regarding literature review and available shortcomings, future trends of
HESS in MGs are proposed.

1. Introduction

If there is no change in energy policy, the international energy
agency predicts a 130% increase in CO2 emissions and a 70% increase
in oil consumption by 2050, increasing the global average temperature
by 6 °C [1]. Renewable energy sources (RESs) are the best solution to
deal with these problems. Solar and wind energies are widely used for
electric power generation. The world’s cumulative wind and photo-
voltaic (PV) installed capacity are shown in Fig. 1. The global cumu-
lative wind and PV installed capacity in 2017 were 539 GW and
401 GW respectively [2].

RESs have been extensively used to supply the electrical energy
demands and reduce greenhouse gas emission with an increasing trend.
The intermittency nature of the clean energy sources influences the
power generation adversely, becoming a challenge for the unin-
terrupted and regular supply of power to the consumer and en-
dangering grids operation in terms of different operational and tech-
nical aspects. Microgrid (MG) as a cluster of loads and distributed
generations (DGs) is proposed to take maximum benefits of RES which
can be operated in both islanded and grid-connected modes. An ESS
could contribute to integration of RESs into the MG by flattening the
RESs fluctuations, power quality improvement, contributing in

frequency and other ancillary services [3].
Various storages technologies are used in ESS structure to store

electrical energy [4–6]. Fig.2 depicts the most important storage tech-
nologies in power systems and MGs. The classification of various elec-
trical energy storages and their energy conversion process and also their
efficiency have been studied in [7]. Batteries are accepted as one of the
most important and efficient ways of stabilizing electricity networks
[8]. They are attractive because they are economical, compact, and
easy to deploy. A battery composed of multiple cells connected in
parallel or in series, which uses a chemical reaction to convert the
stored chemical energy into electrical energy and vice versa. Various
battery technologies can be used for MG applications. Fig. 2 shows
power density and energy density capabilities for different battery
technologies. Among the different ESSs, pumped hydro energy storages
and compressed air enable to support large-scale energy storage ap-
plications [9]. However, the pumped hydro energy storage dependence
on specific geographic and environmental conditions, making its de-
velopment quite difficult challenging [10]. Flywheel energy storage
system is electromechanical energy storage [11–13] that consists of a
back-to-back converter, an electrical machine, a massive disk, and a dc
bus capacitor. However, this type of storage system has mechanical
components that can affect efficiency and stability. In order to

https://doi.org/10.1016/j.est.2018.12.017
Received 21 August 2018; Received in revised form 24 November 2018; Accepted 20 December 2018

⁎ Corresponding author at: 2th Floor, Faculty of Electrical Engineering, Shahid Beheshti University, Evin, Tehran, Iran.
E-mail addresses: S_Hajiaghasi@sbu.ac.ir (S. Hajiaghasi), A_Salemnia@sbu.ac.ir (A. Salemnia), Mohsenhamzeh@ut.ac.ir (M. Hamzeh).

Journal of Energy Storage 21 (2019) 543–570

Available online 31 December 2018
2352-152X/ © 2018 Elsevier Ltd. All rights reserved.

T

http://www.sciencedirect.com/science/journal/2352152X
https://www.elsevier.com/locate/est
https://doi.org/10.1016/j.est.2018.12.017
https://doi.org/10.1016/j.est.2018.12.017
mailto:S_Hajiaghasi@sbu.ac.ir
mailto:A_Salemnia@sbu.ac.ir
mailto:Mohsenhamzeh@ut.ac.ir
https://doi.org/10.1016/j.est.2018.12.017
http://crossmark.crossref.org/dialog/?doi=10.1016/j.est.2018.12.017&domain=pdf


overcome some problems with the flywheel, a superconducting thrust
bearing system for flywheel energy storage with low loss and main-
tenance cost is proposed in [14], which has low loss and maintenance
cost. In this structure two bearings are used. The one composed entirely
of permanent magnets provides the levitation force and the other,
which consists of a permanent magnet and a superconductor, provides
the stabilization. Supercapacitors (SCs) are the electrostatic storages,
and the high degree of recyclability and high power density are their
main advantages [15]. Superconducting magnetic energy storage
(SMES) is one of the few direct electric energy storage systems. The
SMES is based on a cooling system, a superconducting coil and an
electrical and control system for the adaptation of currents, and the
optimization of the process [16].

Power density and energy density are two main characteristics of
energy storages technologies. The power and energy density of different
energy storages are shown and compared in Fig. 2. An ESS technology
featured with low power density but high energy density like batteries
and fuel cells (FCs), creates power control challenges as the dynamic
response of these technologies is slow. In contrast, technologies like SCs
and flywheels can supply a high power demand that decreases the
lifespan of the storage system [17]. None of the existing storage tech-
nologies can meet both power and energy density at the same time. Due
to storage technological limitations, it is often necessary to enrich the
transient and steady state performance of storage system called as hy-
brid energy storage system (HESS) [18,19]. Appropriate technologies
with required control schemes should be combined for secure and op-
timum operation of MG. The overall design of a HESS in MG depends on
four coupled factors: the choice of storage technology and rated capa-
city, power converter topology, energy management and the control
strategy where should be dealt carefully.

Various review papers have been presented with the HESS. From the
literature, most of the review papers focus on the HESSs in electrical
vehicle [6,19–22] and some of them focus on HESS in renewable energy
[3,23,24] and MGs [17,25]. The converter topologies, control methods,
and applications are investigated in most of the review papers. How-
ever, none of them addresses the comprehensive review of hybrid

storages in MGs and RESs in detail. In addition, new control methods
are proposed for HESS control in recent research. Classification and
analysis of the HESS capacity sizing methods have not been carried out
in the previous researches, which is fully addressed and categorized in
this paper. The main contributions of the paper are listed below:

• Studies different operational and technical aspects of hybrid
storages in MGs field and presents general outlook and complete
outlook of state of art developments.

• Comprehensive study of HESS for MGs application from the dif-
ferent point of view including HESS sizing, HESS applications in
MGs, HESS configurations and connection, and HESS control
methods.

• Comparison of control methods, capacity sizing methods and power
converter topologies.

• A conceptual flowchart for correlation of different sections of HESS
for implementation in MGs.

• Regarding literature review and available shortcomings, future
trends of HESS and the research gaps technology are proposed.

The remaining of this paper is organized as follows: In Section 2,
hybridization concept and applications are presented. The HESS sizing
methods are summarized in Section 3. HESS topologies classifications
are given in Section 4. HESSs control methods are studied and reviewed
in Section 5. Finally, this paper conclusion is presented in Section 6.

2. Hybridization benefits and applications

As mentioned before, MGs and RESs suffer from problems like the
intermittency nature, poor power quality, stability issues, frequency
control, and unbalanced load. In a typical MGs, the ESS usually ex-
periences irregular and frequent discharging/charging pattern which
truncates the ESS lifespan, therefore the replacement cost of the ESS
increase significantly [26]. HESS is an appropriate solution to overcome
MGs and RESs challenges. Many studies have been done in recent years
with the common goal of demonstrating the positive effects of HESS on
the RESs [27–29]. Depending on the purpose of the hybridization,
different energy storages can be used as a HESS. Generally, the HESS
consists of high-power storage (HPS) and high-energy storage (HES)
where the HPS absorbs or delivers the transient and peak power while
the HES meets the long-term energy demand [30,31]. HESSs provide
many benefits for MGs and RES including improving the total system
efficiency, reducing the system cost, and prolonging the lifespan of the
ESS [32]. Due to the various types of energy storages technologies with
different characteristics, a wide range of energy storage hybridization
can be formed. Fig. 3 shows the combination of different storage
technologies which can be used for various applications [6]. It can be
seen that the SC/battery, SMES/battery, FC/battery, FC/SC, battery/
flywheel, battery/CAES, and FC/flywheel HESS are commonly

Nomenclature

AM Analytical method
ANN Artificial neural network
DBC Droop based controller
DG Distribution generation
FLC Fuzzy logic control
FBC Filtration based control
FC Fuel cell
HES High-energy storage
HESS Hybrid energy storage system
HM Heuristic method
HPS High-power storage
ID Integral droop

MG Microgrid
MOM Mathematical optimization method
MPC Model predictive control
PAM Pinch analysis method
PSO Particle swarm optimization
PV Photovoltaic
RBC Rule based control
RESs Renewable energy sources
RPM Ragone plot method
SBM Search-based method
SC Supercapacitor
SM Statistical method
SMES Superconducting magnetic energy storage
SoC State of charge

Fig. 1. PV and wind installed capacities.
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implemented in RESs application [4,9,11,33]. Selection of appropriate
HESS combinations depends on the variety of items, including storages
hybridization targets, storage costs, geo-location, and storage space
availability.

2.1. Renewable system intermittence improvement

Most researchers have used HESS to improve the fluctuation of wind
and solar power [34–36]. ESS can be integrated to alleviate some of the
challenges associated with a fluctuation power production source such
as solar and wind energy. Wind power has composed from various
frequency components with different amplitudes and since the HESS
includes both low and high speed responses, improved smoothing can

be obtained in comparison to single ESS [37]. In [38] a capacity con-
figuration of HESS based on the wavelet transform algorithm is pre-
sented to flatten short and long-term fluctuations of wind power. A
combination of batteries and SCs is used and dispatched considering the
frequency distribution of RES output power. A similar HESS (containing
battery and SC) is also proposed in [39] for managing the fluctuations
of wind energy in a remote area power supply. Superconducting fly-
wheel energy storages are proposed in [40] to improve the power
fluctuations of the large-scale wind farms. Simulation results show that
instead of only using the battery energy storage system, adequately
mixing of SFES with battery energy storage is a more efficient and ef-
fective solution to stabilize the output regime of wind farms. In [31]
SMES and battery are used for wind power generation connection to the

Fig. 2. Energy storages classification.

Fig. 3. Various methods of storages combination.
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grid, where a double level control method is implemented. The system-
level control performs power allocation between battery and SMES
considering grid power demand. Meanwhile, the device-level control
for converters aims at responding to the power-sharing of the system-
level control and dc bus voltage regulation. A fuzzy logic controller
optimized with the genetic algorithm is used to smooth the wind power
fluctuations to satisfy the grid demand in [31]. The output fluctuations
of a solar power plant are appropriately compensated by the use of
SMES and electrolyzer in [41]. Fig. 4 shows an example of HESS ap-
plication for power smoothing in a grid-integrated wind and PV system.
The HESS includes HPS and HES that compensates both low and high
frequency power fluctuations respectively.

2.2. Storage lifespan improvement

One of the disadvantages of electrochemical energy storages such as
battery and FC is their low lifespan. Avoiding frequent cyclic charging
and discharging of battery, prevents the degradation and improves its
lifespan [42]. Battery lifespan in HESS structure can be increased by
smoothing the battery power profile and preventing fluctuation sup-
plied by battery, i.e. reducing the number of battery involved charge
and discharge actions [43,44]. Authors in [45,46] proposed a power
management strategy that utilizes both lithium battery and SC for
battery life extension where SC provides the high frequency demand.
The results show the battery lifespan is increased by 19%. A control
strategy is proposed in [47] to contribute the instantaneous power
between the battery and SMES. In this control method, the battery
discharges and charges as a function of the SMES current rather than
directly providing the power fluctuations.

FC lifespan is dependent on the fuel consumption of the FC and
power fluctuations [48]. FC lifespan can be improved by combining FC
with high power density storage [49,50]. Most researchers have used
SC/FC hybridization to improve the FC lifespan. The use of SC and FC
with appropriate energy management is presented in [49]. In this
method, instantaneous power is supplied by the SC trying to improve
FC power leveling and consequently its lifespan. Another study used

hybridization of FC with SC to prevent the oxygen starvation and
pressure oscillation of FC, caused by cyclic and frequent charging/dis-
charging of FC [50].

2.3. Power quality improvement

HESSs are used for various power quality purposes, such as fre-
quency regulation, stability improvement, harmonic compensation of
unbalanced loads, supply of pulse loads, and dc bus voltage regulation
in MGs. In this section, power quality benefits of HESSs are in-
vestigated.

2.3.1. Frequency regulation
The use of HESS for frequency control can be divided into two main

parts: frequency control in off-grid systems [51–53] and on-grid sys-
tems [54–56].The high penetration of RESs in power system reduces
system inertia, which could jeopardize the power system frequency and
it may cause blackouts and equipment damage. A new design frame-
work to system frequency regulation using HESS (coupled battery and
SC) is presented in [57]. Moreover, an efficient coordinated operation
strategy in electricity markets is proposed for frequency regulation. In
[58] battery and SC are used to achieve the power management of the
virtual synchronous generator. Particularly, the SC is employed to
emulate the inertia of a virtual synchronous generator, and cope with
high-frequency power fluctuations.

The battery energy storages have good features for regulating fre-
quency in the off-grid MG systems. However, for frequency regulation,
the battery charges and discharges at a high rate, which reduces its
lifespan. Moreover, the battery needs to deal with the sudden power
changes in the primary frequency control, which will also accelerate the
battery degradation process. To solve the mentioned problems, authors
in [51,52] proposed a novel concept of primary frequency control by
combination the SMES with the battery that achieving both the fre-
quency regulating function and the battery life-service extending.

Fig. 4. HESS for RES intermittence improvement.
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2.3.2. Pulse loads
Pulse loads require a high instantaneous power with low average

power [59–61]. Once a single energy source is used to supply pulsed
loads, thermal and power disturbance problems can be created. If a
high power density storage is integrated to the system, various benefits
such as the elimination of thermal issues, less volume and weight of the
system, and reducing voltage deviation and frequency fluctuation can
be achieved [62–64]. Authors in [65] proposed a real-time control
strategy for a standalone dc MG with heavy pulse load and high re-
dundancy. Battery and SC are used as HESS. The SC bank is used to
supplies the pulsed load and supports the grid during transient periods.
The results show that using this control method prevents the frequency
fluctuation of the generator and improves system performance. Pulsed
loads have significantly negative impacts on battery service life. The
impact of pulsed load on battery lifespan is investigated in [66]. Two
scenarios are considered to evaluate battery lifespan. In the first sce-
nario, the pulsed load power is only supplied with battery where in the
latter, battery and SC as a hybrid system supplied the pulsed load. Fi-
nally, a substantial gain of 17.6% in the lifespan cost of the hybrid
system was concluded.

2.3.3. DC bus voltage regulation
For standalone MG, common dc bus is the preferred choice due to

various reasons. DC bus voltage regulation as fast and accurate as
possible is one of the important issues in MGs. In [67,68] battery-SC
storages are used for rapid dc bus voltage restoration and effective
power allocation between the SC and the battery in an isolated system.
In some researches, battery-SC are used for dc bus regulation im-
provement in grid-connected mode [69,70].

2.3.4. Unbalanced load and harmonics
High power quality supply for consumers is one of the important

issues for MGs. Nonlinear and unbalanced load conditions can be dealt
with HESS. Using the negative-sequence voltage control method, the
MG voltage quality can be enhanced. Nevertheless, the unbalanced
current challenges remains unsolved for the majority of converters
[71]. The use of battery/SC combination for MG performance im-
provement under unbalanced load in proposed in [71]. The results
show that HESS utilization leads to fast and accurate voltage regulation
under unbalanced load conditions. Authors in [72] proposed a co-
ordination control strategy that uses HESS to improve the power quality
for MG under unbalanced load conditions. In [73], the power man-
agement of a HESS composed of a lithium battery and a vanadium
redox battery is presented. The four leg three-level neutral point
clamped inverter is used to interface the HESS with the MG, due to its
low total harmonic distortion, its ability to manage unbalanced ac loads
through the fourth leg and high efficiency.

2.4. Stability

The MG stability is generally divided into three categories: stability
of the rotor angle, voltage stability, and frequency stability. The sta-
bility of the rotor angle is due to the stability that generators can keep
their synchronization in the face of turbulence. It’s the stability between
the electromagnetic torque and the mechanical torque of the generator
and rotor. Frequency stability refers to the stability that the power grid

can maintain constant frequency under different conditions. This kind
of stability is an equilibrium between the production and the power
dissipation and loss of loads. Voltage stability rests on the stability that
maintains a constant voltage in all buses after confronting turbulence.
This type of stability is the balance between load demand and power
supply per bus. Stability in the MG can be divided into the stability of
the MG in the grid-connected mode as well as islanded from the grid
[74].

Energy storages can be used for transient stability issues in MG
applications [75–78]. In [79], a new method based on active damping is
proposed to overcome instability problems in dc MG, which is created
by constant power loads. This method is based on existing energy
storages in dc MG. These storage units also have an additional duty,
such as setting the system's damping rate to deal with the problem of
instability caused by constant power loads. Using the proposed method,
known as the energy storage method by the SC, the constant power
loads in the system are reduced virtually and the resistive loads are
increased virtually. Therefore, the undesirable effects of constant power
loads on the stability of the grid are virtually eliminated and MG sta-
bility is improved. In [77], a battery/SMES HESS is employed to im-
prove the transient performance of a PV-based MG under various faults.
The results of this study have shown that the HESS presents a better
performance in comparison HES to the timely handling of transient
fault issues of the MG. The HESS is capable of offering a rapid power
injection for the MG at the initial stage of the fault feeding. About the
articles reviewed, it can be concluded that the use of energy storage
devices increases MGs stability margin, and with the use of HESS, this
improvement is further than conventional storage.

3. HESS capacity sizing

One of the most important issues in HESS applications is to de-
termine the appropriate storages capacity. Various methods have been
proposed for storages capacity sizing. Some methods are developed to
determine the HESS capacity of a particular technology, and some
other, regardless of technology, can be used for sizing all types of
storages. Authors in [80] reviewed battery sizing methods and its ap-
plications in various RESs. In HESS sizing procedure total cost and the
reliability of the system should be considered [81]. The HESS sizing
methods based on the purpose of HESS application may be different.
Storages capacity sizing techniques can be classified into the analytical
methods (AM), statistical methods (SM), search-based methods (SBM),
Pinch analysis method (PAM) and Ragone plot method (RPM) that are
illustrated in Fig. 5. Table 1 shows the various capacity sizing studies
for HESS.

3.1. Analytical method

Analytical methods are most commonly used for HESS sizing.
Analytical methods are based on analyzing a series of power system
configurations with the system elements varied being those that need to
be optimized against performance criteria. Various analytical methods
have been proposed to determine the HESS capacity, but the overall
trend of these methods is similar and in some cases, such as HESS
technology, objective function, constraints, and solution method are
different. The general process of determining the sizing of HESS is

Fig. 5. HESS capacity sizing determining methodologies.
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presented in Fig. 6. The operation of HESS depends on the difference
between the distribution generations (DGs) output power and load
consumption based on (1). If the load power is greater than DGs gen-
erated power, the HESS provides the power to the load by discharging
its energy. Once the DGs output power is greater than the load power,
storages are charged.

= −P P PHESS DG Load (1)

where PHESS is hybrid storages net power (PHESS>0 charging &
PHESS<0 discharging), which consist of the first energy storage power
(Ps1) and second energy storage power (Ps2). PDG is DGs output power,
PLoad is load power. The various parameters can be considered as the
cost function in determining storage sizing. System reliability should be
achieved by all methods. Because of renewable energy intermittency
nature and load profile variation, HESS sizing process period can be
considered 1 day, 1month or 1 year.

Generally, the allocation of power is carried out in such a way that
high energy density storage provides low frequencies power and high
power density storage provides high frequencies power. Hence, the
sizing method can be done in time or frequency domain. In [82], a
Fourier transformation-based method is proposed for sizing SC-battery
HESS to maintain power balance of an isolated system. This strategy
considers the expected lifespan cost of each kind of the ESS as an ob-
jective function. In this method, variations of net power caused by wind
are divided into three components according to the frequency spectrum
of variations, and HPS is used to compensate for fast frequencies of
power variations. In [83] SC and FC are used as HESS where the SCs
power is determined by a high pass filter with different cut-off fre-
quencies. FC and grid power can be obtained by the subtracting the SC
power from PHESS. The cut-off frequency of each filter indicates the
operating interval of each energy storage technology and determines
the required size of the SC. In [37] DFT method is used to decompose
the net power into four components which are very short-term, short-
term, intra-day, and outer-day components. The HESS capacity alloca-
tion is determined based on the spectral analysis method including DFT
and spectral decomposition. Authors in [84] presented a method that
uses the life-cycle cost which considers the operation and maintenance
cost, the capital cost, the efficiency, and an estimated lifespan of 20
years.

A theoretical and analytical method to the minimal set of HESS
capacity sizing is proposed in [85]. Firstly, total capacity of HESS is
determined and in next phase, the net capacity is divided between the
technologies based on operational constraints. This method is in-
dependent of topology, technology, application, and control strategy.
The main drawback to this approach is its theoretical nature that re-
quires an omniscient control strategy and reduces the problem to an
energy balance.

3.2. Statistical method

Compared to analytical methods, statistical methods have more
flexibility to determine the energy storages capacity in some applica-
tions. A statistical method for HESS capacity sizing is suggested in [86].
Moreover, a hysteresis controller and frequency management have been
proposed to control the output power of each storage system. The
storages combination aimed to ensure a more controllable output
power and smooth the variations in solar-wind power generation. A
statistical method using Monte Carlo simulation is proposed in [87] to
determine the battery and SC capacity the in a hybrid system.

3.3. Search-based methods

Search based methods are subdivided into heuristic methods (HM)
and mathematical optimization methods (MOM). Due to the non-
linearity of the objective function in the sizing problem, some re-
searchers have used the heuristic optimization methods. Improved

simulated annealing particle swarm optimization algorithm is proposed
in [88] to solve the HESS optimization problem to reach the minimum
cost. Using genetic algorithm to determine hybrid storages capacity
including battery and SC is proposed in [89]. The objective function
includes 10-years battery replacement and initial cost. The results are
indicated that adding SC to the system will significantly improve bat-
tery lifespan and reduce the total cost of the system. Authors in [90]
presented a new strategy based on DFT analysis for optimizing the size
of a HESS. Moreover, a cost analysis is done using particle swarm op-
timization (PSO) algorithm to optimize the size of various types of ESSs.
The simulation results show that cost of the HESS is decreased. Authors
in [91] proposed a method that returns a Pareto-optimal frontier of the
sizes of the underlying storage technologies. This frontier can be used to
find the optimal operating point of any application with a linear ob-
jective function that is non-decreasing in the vector of storage sizes.

3.4. Pinch analysis method

Pinch analysis is a simple and flexible methodology for the
minimum energy points determination in a utility heat exchanger net-
work. This method is the low burden computational tool which can be
used in renewable MGs. Some researchers used the PAM in HESS ap-
plications [92,93]. A generic HESS sizing method for an islanded MG
based on PAM and design space approach is proposed in [94]. This
method is based on variation in the production and load and discharges
time of energy storages. By applying PAM on the resource and load
information, sizing curves for various time scales are derived. Obtained

Fig. 6. Conventional HESS sizing flowchart.
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curve describes a set of feasible capacities of the storage for the re-
spective time scale.

3.5. Ragone theory method

Ragone plot is used to compare the performance characteristics of
different energy storages. The use of Ragone theory to design HESS is
proposed in [95,96]. In [95], the maximization of the storage life cycle
is considered as the objective function, and the Ragone plots of energy
storages are added to the problem as a constraint. Using this method,
mutual restrictions between the rate capability and storage capacity of
the energy storage is considered. HESS sizing and real-time operation
strategy are different aspects that they have been investigated sepa-
rately until now. However, the storage control method may affect the
sizing results due to objective function and charge/discharge cycles. A
deeper insight into the problem and more exact solution can be reached
with simultaneous consideration of both capacity sizing and real time
operation strategy. Sizing of storage in a wind/HESS system is studied
in [97] considering the employed fuzzy-based control and state of
charge (SoC), reflecting the real time operation of system.

3.6. Comparison of different capacity sizing methods

The advantages and limitations of various sizing methods are
compared in Table 2. The use of appropriate methods depends on the
different parameters such as available data of generation and load, the
linearity or nonlinearity of the problem, taking into account the dy-
namics of generations and load, incorporating dynamic characteristics
of HESS, and different constraints. Depending on the importance of
mentioned factors, different capacity sizing method can be adopted.
SBM methods due to capabilities such as considering different objective
functions and solve nonlinear problems are mostly used.

4. Hybrid energy storages power converter topologies

HESS can be connected to MG through different topologies.
Different topologies can be employed to combine HPS and HES
[105–107]. A comprehensive review of HESS topologies is presented in
[19]. Power converter topologies can be classified as active, semi-ac-
tive, and passive that is shown in Fig. 7.

4.1. Passive topology

In passive topology, two storages with same voltage are simply
connected together, that is efficient, simple, and cost-effective topology
[66,108–110]. Since the terminal voltage of the storages is not

regulated, the power distribution between HPS and the HES units is
mainly determined by internal resistances and their voltage-current
characteristics. As a result, the available energy from the HPS is very
limited and it acts as a low pass filter for the HESS.

4.2. Semi-active topology

In the semi-active topology, a power converter is inserted at the
terminals of one of storages, while the other storage is directly con-
nected to the dc bus [111]. Although the use of a converter requires
extra installation space and increases the cost, this class of topology
offers more controllability and dispatch capability. There are different
semi-active HESSs topologies that are reviewed in [111]. The use of the
extra converters in this topology makes a better working range of the
HESS [112].

4.3. Active topology

Active HESS topologies consist of two or more energy storages
which each energy storage unit is connected to the system by the se-
parate power converter. Although the complexity, losses, and cost of
the system increase, this class of topology has the certain advantages.
The advantage of this configuration is that all powers of storages can be
controlled actively. Sophisticated control schemes can be implemented
in a fully active HESS which is the most commonly used configuration
[113]. The parallel active hybrid topology that is shown in Fig. 7(d)
utilizes two converters for power control of the storage1 and the sto-
rage2. While in the traditional parallel topologies, the energy is ex-
changed via the common dc bus and the two cascaded converters that
negatively affects the overall efficiency of the system. To solve the
mentioned problem in a reconfigurable topology is proposed in [114].
Compared to conventional active topologies, the reconfigurable to-
pology has advantages including reduction in the dc bus capacitor size,
increased efficiency during the energy exchange modes, and the cap-
ability of reconfiguration. In some researches multilevel converters are
used as hybrid storages power converters [115–120]. Using a multilevel
structure, the system reliability, and power quality can also be en-
hanced. Meanwhile, connecting multiple energy storage in one con-
verter reduces costs and coordination control complexity. However, the
number of power electronics switches and capacitors in the multi-level
converters are high and their control is more complicated. Isolated
multiport converters for HESS have been used in [121–123]. Each
structure has its own advantages and disadvantages, but in recent years
the use of the active structure has been considered due to its high
capabilities. For HESS connection to MG, the various class of power
converter can be used [124–126]. To select a power converter, various

Table 2
Advantages and limitations of sizing methods.

Sizing methodology Advantages Limitations

AM ✔ This methods are very straight-forward.
✔ Simple and easy to understand.

✗ This method has a high computational volume.
✗ If data resolution is not sufficient, the optimal global solution may not be reached.
✗ Numerical approximation of system components is required.

SM ✔ More flexible for engineers to choose the optimum
capacity according to the needs of the operation.
✔ Synthetic data can be generated when weather data is
incomplete.

✗ The developed system will be less sensitive to the variation of the parameters.

SBM MOM ✔ The solution can find in a limited number of steps.
✔ Professional software is available for solving optimization
problems, such as GAMS and MATLAB.

✗ When the problem becomes more complex, especially for non-linear programming
cases, these tools face difficulties in converging to an optimum solution.

HM ✔These methods can avoid complicated derivatives,
especially for nonlinear optimization problems.
✔Using reasonable computation time and memory.

✗Unable to represent the dynamic performance of the hybrid energy system.
✗ The optimum solution may not be achieved in some problems.

PAM ✔This method has a low burden computational tool.
✔Simple and flexible.

✗Not optimize the PV module slope angle, PV area, wind turbine swept parameter.

RPM ✔Rigorously defined for any kind of energy storages.
✔Readily display the two parameters with cost impact.

✗ Unable to represent the dynamic performance of the hybrid energy system.
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parameters such as efficiency, cost, reliability, and flexibility should be
considered.

4.4. Comparison of different topologies

The HESS topology directly affects energy management strategy. In
the passive topology, there is no direct control of storages power. In the
semi active topology, the output power one of the storages is un-
controllable and the voltage of the other should be same as the dc bus.
The active structure controls the output or input power of both storages
by a rational control strategy, in cost of lower efficiency. Appropriate
topology should be selected regarding different factors such as costs,
efficiency, controllability, complexity, and flexibility. Fig. 8 compares
the HESS topologies from different operational aspects. The passive
topology is simple and cost-effective but non-controllable. In terms of
controllability and flexibility and taking into account different con-
straints, such as SoC, the active topology exhibits the best performance,
but its cost and complexity is high. The semi-active topology introduces
limited controllability with lower cost.

5. HESS energy management and control

Designing and implementing a proper control system is the most
important issue in HESS. The choice of the appropriate control method
for HESS depends on different parameters: The purpose of the use of
HESS (such as storage life extension, power quality, intermittency

improvement and etc.), the type of system (dc MG, ac MG, grid-con-
nected), the cost of the control method, the control method response
time, the hybridization architecture and etc. To achieve the safe, stable,
and efficient operation of HESS, a reasonable power-sharing strategy is
essential.

Generally, the energy management and control system of HESS can
be classified into two parts: (i) the underlying control unit that controls
the current or power flowing of HESS elements based on the reference
signal generated by energy management control unit (ii) the energy
management unit which performs power allocation between the HESS
storages to enhance system dynamics, reach high overall efficiency,
monitor SoC, reduce the loss and cost of system, minimize operational

Fig. 7. HESS topologies classification. (a) passive topology (b) semi-active topology (c) series active topology (d) parallel active topology (e) isolated active topology
(f) multilevel topology.

Fig. 8. Comparison of different hybrid storages topologies.
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cost of the system, frequency regulation. Fig. 9 shows the classification
of energy management and control methods developed for HESS.

5.1. HESS energy management system

Power allocation is a major concern in HESS. In literature, various
methods have been proposed for allocating power in HESS. In general,
the energy management methods can be categorized into intelligent
control methods and classical control methods. Various HESS control
methods are proposed in literatures, being investigated in Table 3.

5.1.1. Classical energy management control strategies
The classical control methods can be divided into the rules-based

controller (RBC), droop based control (DBC), and filtration based con-
troller (FBC). These control methods are sensitive to changes in para-
meters and the exact mathematical model of the system is required. In
RBC, power allocation of HESS is performed according to the pre-de-
fined rules. RBC can be divided into thermostat, state machine, and
power follower control methods [23]. The RBC controller is simple and
easy to implement and is an effective method for real-time energy
management. Nevertheless, the sensitivity to parameters variation is
the disadvantage of this method.

In FBC, a filter is used to decompose net power to the high and low
frequency. In most MG applications power-sharing between hybrid
storages is based on FBC control. In this method, the storages reference

powers are determined based on the filter parameters. Scheduling the
reference current among ESs is characterized by different ramp rates,
low pass filters, and high pass filters are normally utilized to share
power demand into low/high frequency components. Power-sharing in
energy storages based on dc bus voltage regulation and filtration
method is shown in Fig. 10. Implementing this method is easy and cost-
effective. But in cases where the number of DGs or ESs increases, this
method is not suitable because the power-sharing between the storage
devices is less accurate.

When HESSs are used in MG, the hybrid storages power is de-
termined by active coordination, and this power is divided by the en-
ergy management unit between different storages. Active coordination
can further be classified as centralized, distributed, and decentralized
ones. However, the both distributed and centralized controls are vul-
nerable to system communication failures. In this regard, the decen-
tralized control methods are the most reliable one among the MGs
control strategies. The DBC methods are one of the effective decen-
tralized control methods.

The various types of droop control in MGs applications are reviewed
and compared in [127]. However, the conventional droop control
methods cannot be directly used to HESS control. In recent researches
about HESS control, various types of DBC methods such as: high-pass
filter-based droop control, extended droop control strategy [128],
adaptive droop- based control [129], integral droop (ID) control [122],
virtual capacitance droop [130], virtual resistance droop [131], virtual

Fig. 9. HESS energy management and control classification.
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capacitance droop with SoC recovery [132], adaptive droop [133],
secondary voltage recovery droop [134], and virtual impedance droop
[135] are proposed. The Various droop control methods are shown in
Fig. 11. In [136,137], an ID is used for a group of energy storages with
high ramp rates. Conventional V-P droop control method is shown in
Fig. 11(a). The power split between the hybrid storages with ID is
shown in Fig.11(b). The smooth change of load power components is
supplied by the storages with V-P droop, whereas the storages with ID
respond to high-frequency power demand. Additionally, the coefficient
of ID can be designed based on the nominal ramp rate of the energy
storages with slow response, which leads an improved lifespan of HESS.
Each of the droop control methods has some advantages and dis-
advantages. All droop methods have plug “n” play capability. However,
droop control methods with SoC recovery loop provide better storage
performance. Extended droop can realize SoC of SC automatic recovery
only when the line impedance can be ignored. Virtual capacitance
droop is not suitable for dc MGs with multiple HESSs. If the SC leakage
current is considered, the performance of virtual capacitance droop
with SoC recovery strategy will deteriorate. To solve the problems as-
sociated with droop control, authors in [134] proposed an advanced
secondary voltage recovery strategy using consensus algorithm based
on the primary virtual impedance droop for multiple HESSs. In this
strategy, secondary voltage recovery control for battery restore voltage
deviation which caused by virtual impedance droop control, and sec-
ondary voltage recovery for SC recover the SoC of the SC after dis-
charging and charging in spite of the existence of SC leakage current.

To improve the dynamic response of HESSs, the deadbeat control
method (DCM) is presented in [138]. This strategy generates the op-
timal duty ratio in one control cycle, so that it can respond faster to the
disturbance than various PI-based methods. The fast dynamic response
of SC relieves the stress on the battery to extend its lifetime and the bus
voltage can be maintained around its reference tightly. In addition, it is
implemented with a reduced hardware cost by eliminating extra current
sensors compared to the other model-based control approaches. How-
ever, this method is dependent on the system model, and in cases where
the exact model of the system does not exist and the system parameters
change, it does not respond appropriately.

Hierarchical control is another control method used to HESS control
[139–142]. In comparison with other energy management strategy, the
hierarchical method not only handle the uncertainty of loads and RESs
by embedding the robust /stochastic energy management, but also re-
duce such uncertainty through using the intraday forecast data with
higher precision. To secure and economic operation of MG with HESS
under load and RESs uncertainty a hierarchical energy management
strategy is presented in [139], which consists of real-time scheduling
and hour-ahead scheduling. The results confirm that the control
strategy is effective to provide a safe generation and economic plan.
The calculation speed is sufficiently fast to satisfy online operation re-
quirements. Moreover, the proposed control method of HESSs increases
the lifespan of battery by 10.48%. To enhance dc MG reliability, hier-
archical strategy witch composed of both distributed and centralized
control is proposed in [140]. In this strategy, the traditional HESS

control has been refined with implementations of secondary voltage
regulation, autonomous SoC recovery, and online iteration. Using au-
tonomous SoC recovery the SoC violation of storage is reduced, more-
over, dc link voltage deviation is minimized and power quality im-
proved. However, the accuracy of the system has decreased compared
to the central control methods. A hierarchical control method to man-
agement and control a shipboard power system is presented in [141],
which composed of the diesel generator, HEESs, and loads. To over-
come the limitation controllability of HESS a new inverse droop control
method is presented, which the power sharing is according to DG
characteristic, rather their power rating. The results show that com-
pared with conventional control strategy the method has advancement
in bus voltage regulation and real-time fuel efficiency.

5.1.2. Intelligent energy management control strategies
To control nonlinear and complex systems, optimization based

methods have become more popular. These methods can be categorized
as the artificial neural network (ANN), Fuzzy logic control (FLC), evo-
lutionary algorithms such as genetic algorithm, dynamic programming,
linear programming (if the system is convex and could be mathemati-
cally represented via a set of linear functions), and model predictive
control (MPC). FLC method is one of the effective methods for con-
trolling complex systems. This control method is simple and not re-
quires the exact mathematical model of the system. In some references
such as [97,143–148], FLC has been used for HESS control. A FLC
strategy for power allocation of HESS with three modes is proposed in
[145]. One mode is dedicated to exchange power between SCs and
batteries to prevent over charging and discharging the energy storages.
The results of control implementation show that SoC values of storages
maintain within the acceptable range and power compensation effi-
ciency is improved. To minimize battery peak current, authors in [149]
optimized the membership functions of FLC by PSO algorithm. A HESS
and relevant control strategy for dc bus voltage regulation are proposed
in [150]. The dc bus voltage is controlled according to the principle
described in Fig. 12. FLC and FBC are used for energy storage man-
agement. A low pass filter is applied to the dc bus current to divert
sudden power variation into the SCs. A PI controller is used to calculate
the energy storages reference currents so that the bus voltage main-
tained at the reference value. The main purpose of using the FLC is to
control the power of storage devices considering the limits of battery
and SC charging within acceptable limits. An adaptive fuzzy logic based
energy management strategy to split the power requirement between
the battery and the SC is proposed in [151]. The key issues of this
strategy are to improve the system efficiency, to reduce the battery
current variation, and to minimize SC state of charge difference.

The MPCs provide another alternative to control the HESSs. The
MPC in HESS control can be used either for power allocation in HESS
and reference determination of storages with consideration of different
constraints [152,153] or for direct control of power converter by con-
trolling modulation index [154–156]. Moreover, the combination of the
both mentioned approaches can be incorporated.

In [153], the MPC control is used to power sharing in an MG

Fig. 10. HESS filtration based control.
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containing FC/batteries/SC. The different degradation challenges of
energy storages related to start-up cycles, shut-down cycles and load
fluctuation are investigated and minimized. The block diagram for the
MPC controller is shown in Fig. 13(a). The controller receives as a re-
ference power scheduled by the economic dispatch of the MG for the
batteries, the electrolyzer, and the FC, as well as the energy exchange
with the main grid. In [152], the MPC controller is proposed to solve
the optimization problem in a grid-connected MG that containing var-
ious energy storages. In the control design, various constraints

including degradation issues, operational limitations, and operational
cost associated with HESS is considered. An example of the power
converter modulation index control by MPC is shown in Fig. 13(b). MPC
predicts the modulation indices mcap and mbatt for the SC and the bat-
tery dc/dc converter, respectively, so that the total power matches the
required total power subjected to specified constraints. The purpose of
the control system is to allocate the fast current changes to SC and slow
current changes to the battery [154].

ANN approaches do not require an exact system model and pattern

Fig. 11. Various droop control methods for HESS control in MG.
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recognition capabilities of these methods make them attractive for re-
newable energy and MG applications. In literatures, ANNs have been
used to predict the wind velocity and solar radiation, and few articles
have used the ANN to energy management in HESS. Nevertheless, the
ANN -based control methods require historical data for the tuning and
learning process which makes it difficult to implement.

ANN based control system for investigating the behavior of a grid-
connected hybrid ac/dc MG including PVs modules, a wind turbine
generator, solid oxide FC and a battery energy storage system is pro-
posed in [151]. This strategy tracks the maximum power point of re-
newable energy generators and controls the power exchanged between
the front-end converter and the electrical grid.

A grid connected hybrid MG which consists of a PV system, a battery

energy storage, a wind turbine generator, a FC and the ac and dc loads
is presented in [157]. A feed-forward ANN is used for the dc-bus voltage
regulation. Two Elman neural networks based controllers are designed
to ensure the control of the bidirectional flow of the active power as
well as the compensation of the ac load reactive power. Moreover, a
FLC based power management system is adopted to minimize the en-
ergy purchased from the electrical grid. The performance of the men-
tioned control system has been evaluated for different situations:
variable load demands, perturbed grid, and variable climate conditions.
The results show that it is possible to control complicated nonlinear
systems without the need for a precise model. Furthermore, the men-
tioned methods are adaptable, flexible, and easy to implement in real-
time applications with low computational costs.

Fig. 12. Fuzzy energy management for battery- SC [150].

Fig. 13. MPC control for HESS.
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5.2. Underlying controller

The task of underlying control is to tracking HESS references power
generated by energy management control system. Concerning to the
HESS control, existing control methods can be classified into the
modern control method and the classical control method [158]. This
classification is shown in Fig. 9. In classical control strategies, the
controller based on the linearized system is designed in the frequency
domain. The main problem of the classical methods is that the system
nonlinearities are not considered. Moreover, in some applications
controller performance may not be acceptable. In this regards, some
researchers have used nonlinear control methods to control HESS.
There are various types of nonlinear control methods. In some of the
references, sliding mode control is used to control energy storages
[159,160]. The comparison between the classical PI controller and the
sliding mode controller for a HESS is investigated in [159]. The simu-
lation results of the show that the sliding mode controller has higher
stability and robustness compared to the PI controller. However, the
conventional sliding mode controller has some drawback for ESS con-
verters such as variable and high switching frequency that increases
system complexity and power losses. To solving the mentioned problem
a fixed frequency sliding mode control method is proposed in [160] for
HESS control. In comparison with the traditional method, the SM
controller was able to achieve better output capacitor reference
tracking. Classical control methods are most common to the power or
current reference tracking in HESS. However, due to the nonlinear
properties of HESSs, the use of nonlinear controllers will lead to better
results.

5.3. The comparison of various control methods

Choosing an energy management approach and control strategy do

not have a specific flowchart or a predetermined process. Different
items such as the purpose of the control system, response time, control
system cost, energy storages characteristics and reliability can be con-
sidered. Advantages and limitations of different control methods of
HESS are presented in Table 4. Due to less computational, classical
control methods are more suitable for real-time applications. However,
they need mathematical model of the system makes it difficult to use in
some cases. One of the main disadvantages of intelligent control
methods is the high computational burden of these strategies where in
real-time applications may affect the performance of the system and
requires hardware systems with high computational capabilities. Theses
method are flexible where different cost functions or power quality
parameters can be adopted.

The flowchart of the implementation of HESS in MGs applications is
shown in Fig. 14. The Fig. 14 shows the trend and dependence of the
different sections for the implementation of HESS in MGs. In general,
the use of HESS in MGs and RESs can be divided into four main sections:
1) HESS technologies selection based on application and target 2) HESS
capacity sizing 3) HESS topology and configuration 4) HESS energy
management and control system. Different steps in the use of HESS in
MGs were investigated in detail in different sections of this paper. The
challenges of different sectors and their advantages and disadvantages
have been analyzed.

6. Conclusion and future trends

In this paper, recent researches of HESS implementation in MGs and
RESs are reviewed. HESS accommodates the MGs operation in presence
of different uncertainties and they can beneficiary to satisfy the power
balance and the required dynamic energy. Main format of HESS is the
coupled utilization of limited energy and power resources to cope with
the requirements. Since the battery and SC technologies are reached

Fig. 14. The flowchart of the implementation of HESS in MGs applications.
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relative maturity, prices are quite low and they are commercially
available in a variety sizes. Battery-SC are the mostly used HESS where
the FC-SC, battery-flywheel and battery-SMC are less common and
more work should be done to develop detailed modeling of these
combinations.

The important advantages of HESS in MGs can be summarized as
follows: storage system cost reduction, increasing storage lifespan, re-
sponse time reduction of MG dynamics, increasing MG reliability,
power quality improvement and pulse loads supply. Appropriate design
is an essential to reach out the benefits of HESS.

HESS design procedure is pretty complicated and a specific trend is
not available. The design procedure is highly dependent on the operator
target and it varies according to required ancillary service. The studies
show the sustainability compensation and lifespan improvement of the
storage is received much more attention and the design procedure is
approximately clear. However, HESS design for system stabilization and
power quality improvement is not fully addressed. There is a gap for
multi-objective design method that sizes the HESS considering different
factors. HESS design can be categorized into four main fields: HESS
sizing, power converter topology selection, control method and the
energy management.

Various HESS capacity sizing methods have been presented in lit-
erature. Different objective functions have been used to determine the
energy storage capacity. An important factor in determining the che-
mical and electrochemical storages sizing is the storages lifespan.
Determining HESS capacity in islanded MG, taking into account the
model of the length of the concrete and various parameters such as SoC,
DoD (depth of discharge), reducing generation pollution such as diesel
generator, greenhouse gases, fuel consumption, and costs can be si-
multaneously solved by multi-objective methods. Determining the ca-
pacity of the HESS, considering the mentioned objective functions is
proposed for the future researches.

Various topologies have been used for HESS connection to MGs.
Impedance source converters can be recommended for HESS connection
considering the converter cost and efficiency. The use of Impedance
source converter for HESS connection to MGs has not been reported yet,
although Impedance source converter has been used to connect HESS in
electric vehicles [186,187]. Impedance source converter is capable of
working as a dc/ac or dc/dc converter which is significant advantage in
hybrid dc/ac MGs. Particularly in dc/ac converters, the use of z source
inverters reduces the number of converters, cost, weight, and offers
more controllability.

The hierarchical control is widely used for the coordination of
HESSs in MGs. As the hierarchical control contains the decentralized
and the centralized control levels, the time delays during signal transfer
processes between two control levels may significantly affect HESS
operation and may lead to instability. Effect of control scheme on HESS
operation and its stability regarding realistic circumstances should be
performed as an important future work. In this regard, the authors in-
vestigated the effect of the hierarchical control on the dc MG [188].
This research demonstrated that the time-delay stability of HESS is
more sensitive to energy storage with high response speed than energy
storage with low response speed. Various parameters such as SoC, DoD,
accurate power sharing should be considered in developing an appro-
priate control scheme. However, integrated design of distributed HESS
and local controllers have not done which can be considered as future
work.

For a MG, it is important to provide high quality power to con-
sumers. In practice, various types of loads such as unbalanced, non-
linear loads, pulse loads are supplied by a MG system. If the only HES is
used in MG with the mentioned loads, there will be no suitable dynamic
response to the loads, and the lifespan of the storage devices will be
reduced. The use of HESS in such conditions can provide the proper
dynamic response and increase the lifespan of the storage devices,
which can be studied as one of the future trends.
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