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H I G H L I G H T S

• Introducing an energy management
system with a dynamic rate limiter
control.

• Exemplified by using a wave energy-
park as an input power source.

• Battery and controller losses are re-
duced with improved state-of-charge
control.

• Analysis and verification of adequate
control for power-sharing over the
hybrid energy storage.

• A steady and improved power quality
is ensured.
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A B S T R A C T

The concern for climate change and energy consumption has increased the demand for renewable energy pro-
duction considerably. Marine energy sources attract attention because of their high energy density. Wave energy
is an attractive renewable energy source with large potential. Due to the nature of the ocean waves, a linear wave
energy converter generates intermittent power. It is therefore crucial to regularize the power before connecting
to the grid. Energy storage systems present effective ways to minimize the power fluctuations and deliver a
steady power to the grid. In this paper, we present an energy management control system with a dynamic rate
limiter. The method is applied to control a hybrid energy storage system, combining battery and supercapacitor,
with a fully active topology controlled by the power converters. The results show that the method is able to
control the charging and discharging states of the battery and the supercapacitor, and minimize the power
fluctuation to the grid. The algorithm ensures low losses by shifting the required power and the stored power
smoothly over the energy storage system.

1. Introduction

Sustainable energy sources are increasingly recognized as a cost-
effective renewable energy sources to satisfy the growing energy

demand [1]. Using renewable sources can reduce the system cost con-
siderably and could make a significant contribution to the demand in
energy [2]. Appino et al. studied a hierarchical scheduling and control
scheme for a grid connected system [3], where a dispatch schedule is
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computed through an optimization problem depending on probabilistic
forecasts of the power and energy profiles. Adefarati and Bansal re-
searched the environmental and economic benefits of using the diesel
generator, the wind turbine generation system, the photo-voltaic
system and the battery storage system in a microgrid system by using
meteorological data [4]. Esther et al. [5] advocated the advantages of
decentralized microgrid energy markets through a critical review of
blockchain-based microgrid energy markets. An assessment of the po-
tential wave energy is carried out based on a 30 year wind hindcast in
[6]. The European Marine Energy Centre assessed the possible wave
energy available around the globe [7]. Wave Energy Converters (WECs)
are designed to extract the wave energy from the waves at a particular
location [8,9]. A linear WEC has an effective and attractive technology,
due to its reduced complexity. It enables the system to harvest energy
directly from a buoy or a floater by ocean waves [10]. Thorburn et al.
presented energy conversion from ocean waves to electricity with a
focus on the transmission system in [11], and use case studies to in-
vestigate the various configurations. Leijon et al. [12,13] investigated
the different renewable energy technologies in terms of economy and
engineering solutions, by presenting the Degree of Utilization and de-
fining how the concept is crucial for economic and design optimization.
A grid-oriented approach for electricity production from ocean waves is
reported in [14]. Due to the contrast between the load demand and the
variable nature of the energy source, renewable energy generation

alone is not sufficient to supply the load demand. To ensure a controlled
power supply to the grid with an intermittent power source such as
waves, standalone power systems rely on Energy Storage Systems
(ESSs). At present, battery storage systems seem to provide a promising
way of mitigating the issues of load demand and power generation
fluctuations in most applications. However, they could increase the cost
of the overall system because the batteries are short-lived because of the
frequent charge and discharge cycles. Batteries have a high energy
density but a low power density, i.e. low charge/discharge rates [15].
Supercapacitors (SCs) are a versatile form of energy storage, storing
energy by means of static charge. Various effective ESS-based ways of
controlling and power sharing have been proposed in [16].

1.1. Previous work on energy storage and control

Aneke et al. [17] gave a detailed analysis of different EES technol-
ogies, real-life application and performance of various EESs. Hassan
et al. [18] reviewed the use of different energy storage technologies for
wind energy systems, and Pires et al. [19] reviewed the various power
converter interfaces for electrochemical energy sources. Literature re-
views and studies provide an insight in using an EES to mitigate the
inconsistency of renewable energy sources [20–22]. A rule-based con-
trol of a battery was proposed by Teleke et al. [23]. Zeng et al. and
Hredzak et al. propose a simulation model for a battery energy storage

Nomenclature

Abbreviations

BW bandwidth
C capacitance (F)
dbatt allowed power fluctuation for the battery for the con-

sidered time period T
d duty ratio for the supercapacitor controller
db duty ratio for the battery controller
DRL dynamic rate limiter
EHESS energy in the HESS (Wh)
EMCS energy management control system
ESS energy storage system
fc crossover frequency (kHz)
fcb crossover frequency of the battery (kHz)
fsw switching frequency (kHz)
HESS hybrid energy storage system
IDC DC-grid current (A)
iref dem_ referenced demand current (A)
iref batt_ referenced current for the battery (A)
iref t_ total reference current (A)
Isc,IL supercapacitor inductor current (A)
Kp sc, proportional gain for the PI-controller of SC
Kp b, proportional gain for the PI-controller of the battery
Ki b, integral gain for the PI-controller of the battery
Ki sc, integral gain for the PI-controller of SC
L SC connected DC/DC converter inductance (mH)
Lb battery connected DC/DC converter inductance (mH)
Li-ion lithium-ion
LPF low pass filter
P t( )average average power component (kW)
P t( )Batt battery power (kW)
P t(Δ )Batt

r updated power demand for the battery (kW)
P t( )grid grid power (kW)
P t( )HESS HESS power (kW)
PHESS max, maximum power of the HESS (kW)
P t( )HESS

new new power demand for the HESS (kW)
P t( )HESS filtered variable of power component (kW)

P t( )inv inverter output power (kW)
P t(Δ )SC

r updated power demand for the SC
P t( )WEC wave energy park power output (kW)
PCC point of common coupling
PI proportional and integral
PM phase margin (°)
PWM pulse width modulator
r t( )batt rate of power change for the battery
Rlp inductor parasitic resistance (mΩ)
Ron turn-on resistance (mΩ)
rp parasitic resistance (mΩ)
rib battery internal resistance (mΩ)
R resistance (Ω)
SC supercapacitor
SISO single input single output
SOC state-of-charge
SOCm measured value of the SOC (%)
SOCmax maximum value of the SOC of the battery
SOCmin minimum value of the SOC of the battery
SOCref referenced value of the battery SOC (%)
SOCref

SC referenced value of the SC SOC (%)
T considered time period for the battery fluctuations (s)
t time (s)
Tw observed time interval (s)
vBatt voltage of the battery (V)
VDC DC-link voltage (V)
Vref referenced DC-link voltage (V)
VSI voltage source inverter
WEC wave energy converter
WEP wave energy park

tΔ change in each time iteration (s)
PΔ Batt DRL power output (kW)

αbatt
rise rising rate limiter

αbatt
fall falling rate limiter

δi SOC based function for the DRL
ρi the variable accelerator
τ time constant for the low pass filters
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