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Abstract—In recent years, driven by global environmental 

issues, a growing number of renewable energy sources (RESs) 

have been developed. Microgrids have been confirmed as an 

important part in the increasing penetrations of renewable 

energy and the shift from a centralized paradigm to 

decentralized electricity production. The energy storage system 

(ESS) is a critical component that affects the development of 

microgrids. Combining advantages from different energy 

storage technologies, a hybrid energy storage system (HESS) 

can satisfy multiple requirements in microgrids. This paper 

compares the single battery system with the battery-

supercapacitor (SC) HESS and the battery-flywheel HESS in an 

isolated photovoltaic (PV) power microgrid. Results show that 

both the SC and the flywheel distinctly reduce the battery 

charging and discharging powers and the required capacity of 

the battery. Therefore, the stresses and the needed size of the 

battery are reduced and the battery lifetime is extended. 

Keywords— Battery, flywheel, hybrid energy storage system 

(HESS), photovoltaic (PV) power, supercapacitor (SC). 

I. INTRODUCTION  

In recent years, the growing problems of resource 
depletion and environmental deterioration are fueling the need 
for renewable energy sources (RESs). As one of the most 
promising RESs, the globally installed capacity from 
photovoltaic (PV) systems has been increasing rapidly. The 
International Energy Agency’s Renewables market report 
forecasts that the world’s total renewable-based power 
capacity will grow by 50% between 2019 and 2024, where 
solar PV accounts for almost 60% of the expected growth [1]. 
However, because of the stochastic and intermittent behavior 
of RESs, power generations with high PV penetration have a 
great impact on the normal operation of power grids. In order 
to integrate RESs, especially in supporting the electrical 
network in remote sites and rural areas, the concept of 
microgrid was presented [2]. Many studies have shown that 
microgrids are suitable for the integration of distributed 
renewable energy and flexible in operation [3], [4]. 

Due to the low inertia nature of decentralized energy 
systems, microgrids need an energy storage system (ESS) to 
stabilize and balance the system. In islanded mode, ESSs are 
utilized as the buffer to absorb excessive generated power as 
well as supply the demand during insufficient power [5], 
which ensures the supply-demand balance within microgrids. 
Since hybrid energy storage systems (HESSs) incorporate 
respective advantages from both high energy density and high 
power density storage devices, HESSs can offset the weakness 

of single storage devices. Several published papers apply 
different HESSs to microgrids [6]-[8].  

In this paper, the analysis is based on the comparison of 
the single battery system with the battery-supercapacitor (SC) 
HESS and the battery-flywheel HESS in an isolated 
photovoltaic (PV) power microgrid simulation. The 
simulation is based on the SimPowerSystem toolbox in the 
MATLAB-Simulink platform [9]. This paper is organized as 
follows: Section I is the introduction. The topology and the 
control strategy of the HESS are described in Section II. The 
models of the main components are given in Section III. In 
Section IV, the results of the case study comparing the single 
battery system with the battery-SC HESS and battery-
flywheel HESS are given. Finally, the conclusions are 
summarized in Section V.  

II. SYSTEM DESCRIPTION  

In this study, to combine two energy storage devices, each 
energy storage device is connected to a bi-directional dc-dc 
converter, where the converters are connected to the common 
DC bus in parallel. Since each energy storage device is 
controlled individually and operated at its optimal conditions, 
the HESS has a high level of flexibility [10]. 

The bi-directional converters are operated at boost mode 
when the system needs power from the HESS and buck mode 
when the HESS is charged, respectively. The microgrid 
configuration is shown in Fig. 1. The HESS is controlled by a 
first order low-pass filter controller [11]. Since the lithium-ion 
battery has high energy density, low self-discharge loss, and, 
relatively, low cycle lifetime, it is used to handle the low 
frequency part of the power fluctuations in the power demand. 
In addition, the SC/flywheel absorbs and delivers according to 
the high frequency power demand, which reduces the stress of 
the battery.  
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Fig. 1.  Configuration of the microgrid. 
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Since the HESS is used to stabilize and balance the system, 
the power handled by the HESS is the difference between the 
generated power and the consumed power (including the 
various losses in the system): 

 .HESS PV loadP P P   (1) 

The reference power flow of each energy storage device is 
controlled by the low-pass filter controller [12]: 
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where Tf is the time constant of the low-pass filter controller, 
which is set in the range from 0 s to 3600 s. If not otherwise 
state, all the variables are in the time domain except (2). Since 
the energy storage devices are isolated from the common bus 
by the bi-directional converters, the simple filtration-based 
algorithm cannot account for the self-discharge losses in the 
energy storage devices. Therefore, the state of charge (SOC) 
of the energy storage device goes down over time. To prevent 
the complete discharging of the energy storage devices, 
especially for the SC and the flywheel, a compensation value 
for the self-discharge loss is added to the SC/flywheel 
reference power. Because the self-discharge rate of the battery 
is comparatively low in 24 hours, it is neglected in this study. 

III. STORAGE DEVICE MODELING  

Most energy storages with high power density suffer from 
high leakage rates, which gives high self-discharge rates. 
There are three mechanisms that cause the spontaneous 
decline in the charged SCs from high energy state to low 
Gibbs energy [13]: the Faradaic charge transfer reaction, the 
diffusion controlled Faradaic process, and the leakage current 
at the electrolyte. As for flywheels, the self-discharge loss 
mainly includes the bearing friction loss, the windage drag 
loss, the iron core losses, and the copper losses [14]. Although 
the self-discharge mechanisms are complex and difficult to 
apply for an accurate dynamic model, the self-discharge rates 
of SCs and flywheels can be estimated. 

The leakage current and the equivalent parallel resistance 
(EPR) of the SC can be calculated from the self-discharge 
curve [15]:  
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where C is the rated capacitance of the SC, ΔV/Δt is the slope 
of the self-discharge curve. The EPR is determined by the self-
discharge curve from V1 at the initial time t1 to V2 at the end 
time t2. As this represents the long-term self-discharge 
resistance, the time constant τSC of the self-discharge is 
described as: 
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where ESC is the stored energy of the SC. Then the self-

discharge loss power of the SC can be calculated by the stored 

energy change of the SC voltage in the time interval Δt. 
As for the flywheel, the energy stored in the flywheel is 

proportional to the square of the rotational speed: 
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where I is the moment of inertia and ω is the angular velocity 
of the rotor. Since all of the losses in the flywheel are mainly 
a function of the rotational speed in the flywheel, the total self-
discharge can be estimated as proportional to the stored kinetic 
energy. Therefore, by introducing a self-discharge time 
constant, which is assumed to be 24 hours in this study, the 
self-discharge loss of the flywheel can be written as [16]: 
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Ten different 24 hours residential load data are selected 
from the Reference Energy Disaggregation Data Set 
(REDD) [17]. In addition, the PV power data originate from a 
PV array located in the south part of Sweden in July 2019 [18]. 
The rated power of the PV array is 2.4 kW and the weather of 
the selected time period is sunny. It is worth noting that this 
study is based on the solar power with the sunny weather. If 
the power generation is falling far short of need, an additional 
source such as the power grid is needed to supply the system. 
Since different users have different consumption power 
patterns, the results are varying with the different testing load 
profiles. To compare the different ESSs, the PV generation 
energy is separately scaled as the same value of the 
consumption energy for each load. Therefore, in the 24 hours 
testing period, the supplied energy from the PV is equal to the 
load consumption. The basis for this is the notation that the 
user is likely to acquire a PV system capable of supplying the 
daily average energy demand but not much more. 

The size estimation of the ESS/HESS here is based on the 
minimum size of each storage device that meets the power 
demand under the given time constant of the low-pass filter 
controller. The available capacity should satisfy the energy 
demand when the storage devices are operated in the 
acceptable range of the SOC. The energy state and the size of 
the storage device are described as: 

  storage initial storageE E P t dt    (10) 
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where Einitial is the initial energy state of the storage device. In 
addition, SOCmin and SOCmax show the operating range of the 
storage device. For the battery, to avoid over-charging and 
over-discharging, the operating SOC is limited to a range of 
20% to 90%. In addition, the available SOC range for the SC 
is set as 16% to 100%, which is dependent upon the voltage 
restraint of the DC/DC converter. For the flywheel, the typical 
available SOC range is 50% to 100%. 

IV. SIMULATION CASE STUDY  

The maximum charging and discharging powers of the 
battery reflect the operating stress of the battery, which has an 
impact on the lifetime of the battery. Therefore, the objective 
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is to reduce the peaks of charging and discharging powers in 
the battery. In addition, with the additional SC/flywheel, the 
required size of the battery in the HESS is less than in the 
single battery system. 

Fig. 2 shows the generated PV power, the consumed load 
power, and the power flows for the battery and the SC storage 
devices on day 1_7. When the time constant Tf of the low-pass 
filter controller is 3600 s, the curves of the battery and the SC 
power flows show clearly that the SC responds to the peak 
fluctuations, while the battery handles the smooth and basic 
power demand. 

Fig. 3(a) shows an example with data from day 1_7, which 
compares the powers of the batteries in the single battery 
system, the battery-SC HESS, and the battery-flywheel HESS. 
For the single battery system, the battery maximum 
discharging power is distinctly larger than in the other two 
HESSs. For the batteries in the HESSs, the battery power 
curves are smoother, which translates to lower current peaks 
and fewer current polarity reversals in the batteries. In 
addition, Fig. 3(b) shows the energy state curves of the 
batteries in different systems. The difference between the 
maximum point and the minimum point on the energy state 
curve can be calculated as: 

 
max min .E E E    (12) 

The delivered energy ΔE is the energy that needs to be 
delivered by the battery, i.e., the minimal available capacity of 
the battery. In the single battery system, the delivered energy 
of the battery is 5293 Wh. When the time constant of the low-

pass filter controller is 3600 s, the delivered energies ΔE of 
the batteries are 4759 Wh and 4578 Wh in the battery-SC 
HESS and the battery-flywheel HESS, respectively, which 
means the SC and the flywheel reduce the required battery 
capacity by about 10% and 16%. According to the size 
estimation, the sizes of the batteries in the single battery 
system, the battery-SC HESS, and the battery-flywheel HESS 
are 7561 Wh, 6798 Wh, and 6540 Wh, respectively. In 
addition, the energy state initial-point and end-point of each 
curve show the completely charged or discharged energy by 
the battery in the whole 24 hours. The energy state curves of 
the batteries show that, except the losses from the converters, 
the batteries in the two HESSs need to discharge more energy 
to the system to compensate the self-discharge losses from the 
SC or the flywheel. Therefore, the efficiencies of the HESSs 
are actually lower than the single battery system.  

The averages of the peak charging and discharging powers 
of the batteries from 10 different scenarios are plotted in 
Fig. 4(a) and 4(b). For the single battery system (Tf is 0 s), the 
average peak charging and discharging powers of the battery 
are about 800 W and 3300 W, respectively. Using the SC or 
flywheel, when the filter time constant is 3600 s, the averages 
of the maximum charging and discharging powers of the 
batteries are reduced by about 25% and 80%, respectively. 

The average ΔE of the batteries decrease in both the 
battery-SC and the battery-flywheel combinations, as shown 

 

Fig. 2.  Power flows between the components in the microgrid on day 1_7. 

 

 

 

Fig. 3.  Powers and energy states of batteries in single battery ESS, battery-
SC HESS, and battery-flywheel HESS on day 1_7: (a) Battery power. 
(b) Battery energy state. 
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Fig. 4.  Variation of average maximum battery charging power and battery 
discharging power with increasing Tf for individual house loads: (a) Averages 
of the maximum battery charging powers. (b) Averages of the maximum 
battery discharging powers. 

 

 

Fig. 5.  Variation of battery ΔE with increasing Tf for individual house loads. 
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in Fig. 5. In these two HESSs, the SC and the flywheel reduce 
the average battery delivered energy from 3608 Wh to 
3257 Wh and 3222 Wh, respectively. Compared with the 
single battery system, the sizes of the batteries in the battery-
SC HESS and the battery-flywheel HESS are reduced by 
about 10% and 11%, respectively.  

Compared with the single battery system, the delivered 
energies ΔE and the sizes of the storage devices in the battery-
SC HESS and the battery-flywheel HESS are plotted in 
Fig. 6(a) and 6(b). The dash lines show that with increasing Tf 
in the low pass filter controller, the sum of ΔE of the two 
storage devices in the HESS is increased. Therefore, the total 
ΔE of the devices in the HESS is greater than the ΔE in the 
single battery system, which is caused by the self-discharge 
loss of the SC/flywheel that leads more power to be delivered 
by the HESSs. Another reason is that, for some periods, one 
device is charging while the other is discharging (see, e.g., at 
time 15:00 in Fig. 2).  

As shown in the solid lines, the sizes of the storage devices 
are similar to their delivered energies and have the same 
trends. On the one hand, the HESS could reduce the required 
battery capacity and charge/discharge current rates to a certain 
extent, which could extend the battery lifetime. In addition, 
compared with the single battery ESS, the HESS can provide 
higher power quality due to the high power and fast response 
feature. On the other hand, the total size of the HESS is larger 
than the single battery system, which means the initial 
investment cost of the HESS is larger. Furthermore, the 
capacity of the HESS exceeds the needed capacity, which 
means that some of the capacity is wasted and this could be 
interpreted as a lower efficiency. Of course the situation 
would improve with lower self-discharge losses. 

The capacity fading characteristics of the battery and the 
estimation of the battery lifetime have been studied in many 
papers. Both the calendar aging and cycling aging, which have 
different mechanisms, cause the capacity of the lithium-ion 
battery capacity to fade. In addition, the capacity fading 
strongly depends on the operating conditions of the battery. 
There are some key stress factors, such as the temperature, 

storage SOC, and storage time for the calendar aging; the 
depth-of-discharge, the current rates and frequency of 
occurrence, and the temperature for the cycling aging. 
Therefore, the lifetime prediction that considers both calendar 
and cycle aging, including all of these stress factors, is 
complicated. 

The C-rates and the Ah-throughput of the battery are the 
main difference between the different HESS combinations. 
The HESS reduces the charge and discharge currents of the 
battery, which can delay the cycle aging of the battery. In 
addition, in the HESS combinations, the total energy amount 
that goes through the battery is significantly lower than in the 
single battery system, which is due to the decreased C-rates 
and fewer micro-cycles in the HESS implementation. 
Therefore, the lifetime of the battery is extended in the HESS 
implementation.  

The histogram over the distributions of the battery current 
rates in one day is shown in Fig. 7. It shows the distributions 
of the charging and discharging current rates of the battery in 
the single battery ESS, the battery-SC HESS, and the battery-
flywheel HESS. Compared with the single battery system, 
current rates of the batteries in the battery-SC HESS and the 
battery-flywheel HESS are centralized around the low current 
rates (0 C is the interval between ± 0.04 C). As clearly shown, 
both HESS combinations reduce the frequencies of the high 
battery C-rates to 0, which decreases the cycle aging of the 
battery. The change results from the fact that the power flow 
between the ESS and the DC bus is divided by the low pass 
filter controller into two parts. Therefore, some of the power 
was originally charged/discharged by the battery, now is 
charged/discharged by the SC or the flywheel. 

When the battery capacity reaches 80% of the initial 
nominal capacity, the battery is defined at the end-of-life and 
should be replaced [19]. In this paper, the simulated battery is 
based on the Panasonic UR18650E Li(NiMnCo)O2 battery, 
which has a 500 full cycles lifetime in the manufacturer's 
datasheet [20]. The lifetime model of the battery described 
in [21] is used. The empirical model of the capacity loss is 
obtained by curve fitting in [21]: 

 
,%

0.5

[0.0008exp(0.3903 - )]
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where C-rate is the current rate of the battery, t represents the 
operating time of the battery (in days), R is the gas constant 
(8.314 J/(mol∙K)), and T is the temperature in Kelvin 
(293.15 K is used here).  

 

Fig. 7.  Distribution of battery current rate during one day. 

 

 

 

Fig. 6.  Variation of ΔE and sizes of storage devices with increasing Tf in 
battery-SC HESS and battery-flywheel HESS: (a) Battery-SC HESS. 
(b) Battery-flywheel HESS. 
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The Ah-throughput calculates total Ampere-hours that go 
through the battery, which is set by the operating time, battery 
capacity (in Ah) and the C-rate: 

 24 - .throughputAh t Capacity C rate     (14) 

The battery lifetime is estimated and shown in Fig. 8. For 
the single battery system (Tf is 0 s), the 20% fading in the 
battery capacity occurs at about 605 days. For the battery-SC 
and battery-flywheel HESS (Tf is 3600 s), the battery 
capacities decrease by 20% at about 703 and 694 days, 
respectively. Thus, in the HESSs, the lifetimes of the batteries 
increase by about 15%. 

In addition, although the initial costs of the HESSs are 
larger than the single battery ESS, the total costs of the HESSs 
are lower than the single battery ESS for the long-term project 
because the required size of the battery is decreased and the 
lifetime of the battery is increased in the HESSs. Note that this 
conclusion depends on the cost of the components in the 
HESSs. The details of the cost analysis will not be presented 
here due to space limitations. 

V. CONCLUSION 

Through the comparison between the single battery 
system, the battery-SC HESS and the battery-flywheel HESS, 
the results show that, in an isolated PV power microgrid 
application, both the HESSs distinctly reduce the battery 
charging and discharging powers (i.e., charge and discharge 
current rates), which improves the battery lifetime and it is 
here shown that the SC and the flywheel could extend the 
battery lifetime by about 15%. When the time constant of the 
low-pass filter controller is 3600 s, the SC/flywheel is seen to 
reduce the required size of the battery by about 10% in the 
HESSs.  
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Fig. 8.  Variation of estimation battery lifetime with increasing Tf. 
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