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ABSTRACT    

Output power in a hybrid power system is constant while the input power 
with variable characteristics that is generated by different sources. Using 
Hybrid Electric Energy Storage (HEES) systems, is growing rapidly since 
there is an obvious need for clean energy. This paper introduces different 
parts of a HEES system and then proposes HEES systems which employ 
battery, ultracapacitor and flywheel as main energy storage devices. The 
behavior of a hybrid electric energy storage including battery as the main 
energy storage device and a diesel generator as auxiliary energy source, also 
battery/flywheel and battery/ultracapacitor hybrid energy storage system 
with purpose of supplying load with constant power is analyzed. Results of 
the simulation show how well ultracapacitor and flywheel can replace 
battery in maintaining the load with continuous power. 
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1. Introduction 

Continuous and reliable power supply 
situations are vital for power systems. 
Sometimes, unwanted outages or using an 
energy source with low reliability can be 
harmful for consumer's power quality. Due to 
incremental fuel cost, shortage of reliability in 
power sources, increasing demand and harmful 
effects of fossil fuels on environment, 
renewable energy has found a better place in 
industry [1], [2]. Wind farms and photovoltaic 
arrays power generated is a function of 
different parameters such as radiation intensity, 
temperature and wind speed that makes the 
system to be variable in nature [3]. Combining 
renewable energy sources with fossil fuels can 
lower this variable nature of renewable 
resources to achieve a controllable power 
supply [4]. 
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Main parts of an HEES system are energy 
storage devices and energy sources. For 
example ref [5] introduces a system consisting 
of energy devices such as Engine–
Generator/Battery/Ultracapacitor and 
concentrates on energy management of the 
system. Many researches have used fuel cells 
along with other storage devices [6]–[9]. Most 
of the efforts have been done on the control 
and energy management of such systems.  

HEES benefits from economic properties as 
well as energy saving characteristics. Many 
researchers have gone into these aspects of 
HEES systems and investigated the economic 
side of using such system [10], [11]. In this 
paper modelling and operation of HEES are 
carried out. The paper is organized as follows: 
In section 2 main purposes and scientific 
justification of using HEES systems are 
investigated. In section 3 different sections of a 
HEES are introduced and advantages and 
deficits of them are analyzed. This section is 
based on main renewable energy sources such 
as solar cells and wind turbines and also 
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devices for saving energy including battery, 
ultracapacitor and flywheel and also their 
characteristics are compared in order to use a 
proper device for any specific application. In 
section 4 principals of hybridization of energy 
devices are investigated and trending models 
are introduced. Finally in section 5 simulation 
of two HEES systems, including 
battery/ultracapacitor and battery/flywheel 
systems validates the proposed designs for 
such systems. 

 
2. Purposes of hybrid electric energy systems 

(HEES)  
 
The main purpose of a HEES system is to 
achieve a controlled output power while input 
energy sources happen to be variable in nature. 
To increase the availability of hybrid energy 
sources, using auxiliary power sources such as 
diesel generator and fuel cell would be 
possible. Figure 1 shows a hybrid system in 
which a renewable energy source works with 
energy storage to supply the load. Power 
electronic interface (such as DC-DC 
converters) must control the current between 
load and energy source and output power [12]. 
This type of converters is designed to work in 
maximum ranges of power that lead to high 
cost and complexity of the system. 

HEES is a system that consists of multiple 
energy sources or different devices for storing 
energy. For example the main source can be 
made of a wind turbine, photovoltaic or a DC 
electric source where storage devices can be 
battery, flywheel or ultracapacitor. Using a 
HEES can decrease the cost of consumed 
energy; also increase the reliability and 
controllability of the system. For example, a 
wind/photovoltaic hybrid energy system can be 
a good option for isolated places [13] however 
sometimes supplying the power from main 
network is more economic due to high costs of 
required equipment or administrative costs 
[14].  

A number of studies and simulations have 
been carried out that show the comparative 
costs of renewable energy systems as well as 
their competitiveness with conventional energy 
options, including diesel based power systems 
and the extension to the grid, as shown in Figs. 
2 and 3 [15]. It can be observed that total cost 
for a hybrid system is less than diesel systems 
for more than 5 years and 4 years in Tanzania 
and India respectively; meaning using hybrid 
systems is more economically for long terms. It 
also can be seen that investment cost is 
decreased if PV panels are used instead of 
public grids for short distances.
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Fig. 1. Outlook of a hybrid electric energy system 

 

Fig.1. Economical comparison of diesel vs. hybrid systems in Tanzania and India (life cycle costs) 
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Fig.2. Economical comparison of grid extension vs. hybrid systems (investment costs) 

Hybrid energy sources can play an important 
role in power systems with advantages like: 

 Spinning reserve, for instant support of 
the generation unit, unifies load profile 
and avoids the system from effects 
caused by dynamic responses of the 
generation unit. 

 Voltage regulation for generation units 
which are off-grid 

 Frequency stability 
 Procrastination capacity of an 

installing generation unit 
 
3.Hybrid electric energy storage system parts  
 

3.1. Renewable energy sources 
 
Renewable energy resources are the main 
sources of clean energy which can be utilized 
in hybrid energy systems. Continuous energy 
can be supplied by a renewable energy source 
and also stored in an energy storage device 
such as battery and ultracapacitor. The role of 
renewable energy source is to provide the 

system with clean energy to supply the load or 
to be stored in storage system. 
 
  3.1.1. Wind energy 
 
In 2010, global rated capacity of electric power 
generated by wind turbines was 197 GW. 
Nowadays, this capacity is 430 TW that is 
equal to 2.5% of the total global energy 
consumed by people [16]. Power generation 
capacity of the wind turbines in the world is 
73904 MW where European Union generates 
65% of the total generated energy in the world. 
Generated wind power had the most 
development among all other technologies in 
21th century that generation of power by wind 
has grown four times between the years of 
2000 and 2006 [17]. In a system based on wind 
power, there must be an appropriate energy 
storage device. Flywheels are the best options 
in most cases to absorb the wind power. Figure 
4 shows a wind turbine utilizing an energy 
storage device [18].

 
Fig.3. A wind turbine utilizing energy storage device 
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3.1.2. Photovoltaic energy 
 
According to international standards, using solar 
energy is one the best ways of generating power 
and transferring it to isolated places and villages 
compared to other current technologies. If the 
average value of solar energy radiation is higher 
than 3.5 kWh/m2, using solar energy modules 
such as photovoltaic systems will be economic 
to supply the system's energy [19]. Photovoltaic 
arrays can also be used along with wind turbines 
[20]. Figure 5 shows a hybrid system utilizing 
photovoltaic arrays and wind farm to supply the 
load [21]. In this system both AC and DC loads 
are supplied via wind and photovoltaic arrays 
and also these energy resources are able to help 
each other. 

 
3.2 Energy storage devices 

 
Thermal energy, compressed air energy, hydro 
pump, chemical battery, ultracapacitor, 
magnetic super conductor, flywheel and fuel 
cell are the most important technologies for 
storing energy. Performance indexes of an 
energy storage system are including main costs, 
cycle efficiency, life cycle, self-discharging rate, 
power density and energy density [22]. The role 
of these systems in HEES is to store the energy 
provided either by a renewable energy source or 
by any other kind of fossil fuel. 

 
3.2.1. Chemical Battery 

 
Batteries possess some preponderance such as 
high energy density, low rate of self-
discharging, low cost, long lifetime and some 

deficiencies including low power density and 
high relativity to temperature. A vital parameter 
that can affect the lifetime of batteries is the way 
that they are charged [22]. Figure 6 shows 
equivalent circuits for a battery that are 
proposed in literature.  

Table 1 compares four different models for 
chemical battery presented in Fig. 6. The 
dynamic model has the best overall performance 
over other models. This model [23] is capable of 
forecasting voltage-current characteristics of 
battery under transient conditions. 

The model shown in Fig. 6d is fully dynamic 
and its conditions are based on SOC that is 
calculated according to Eq. (1): 

1
( )initialSOC SOC i t

C
  

  
 (1) 

In which SOCinitial is battery's initial SOC, 
C is battery nominal capacity and i(t) indicates 
battery charging current. Other parameters of 
battery are based on SOC and for a Polymer 
Lithium-Ion type battery calculated according to 
Eqs. (2) – (7). 
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Fig.4. A photovoltaic array system along with wind farm 
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Fig. 5. Equivalent circuit of battery: a) Thévenin model, b) Impedance based model, c) Runtime-based model d) 

Dynamic model 
 

Table 1. Comparison of three model of chemical battery 
Prediction 

Capability 

Thavnan 

model 

Impdance 

based model 

Runtime based 

model 

Dynamic 

model 

DC No No Yes Yes 

AC Limited Yes No Yes 

Transients Yes Limited Limited Yes 

Runtime No No Yes Yes 

 

3.2.2. Flywheel 
 
Flywheels are unique among the energy 
storage devices because of their ability to 
supply very high power. In fact, the rate at 
which energy can be recharged into or drawn 
out of the flywheels is limited only by the 
motor-generator design that can be very high 
[24]. The main advantage of a flywheel is that 
it can store a high mass of energy in a very 
short period of time, an aspect which batteries 
lack. Therefore if flywheel is taken into 
account in a HEES along with battery, system's 
efficiency and performance can be dramatically 
increased. Figure 7 shows an electromagnetic 
relationship model of flywheel [25].  

Flywheel has to work as a device that 
response quickly. Flywheel is able to work 2 to 
5 times of its rated power in short operations. 
Since there is a need that there must be an 
acceleration and deceleration in a short period, 

controlling the torque and minimizing the 
losses and axial-force stress are very important. 
The rotational energy stored in the flywheel is 
defined as:  

2

( )

1

2
rotE I

 

(8) 

where I is the moment of inertia that is directly 
proportional to the mass of the rotor as a constant 
that depends on the shape factor of the device. ω 
is the angular velocity. For a cylinder flywheel, 
the moment of inertia is dominated by: 

4 4

0

1
( )

2
iI h r r  

 

(9) 

 
where the outer diameter and inner diameter 
are represented by ro and ri, respectively. h is 
length and ρ is mass density. Thus: 

2 4 4

0

1
( )

4
iE h r r  

 

(10) 
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Fig.6. Electromagnetic relationship model of flywheel 

 

According to Eq. (10), a flywheel with a larger 
angular velocity (ω) is able to save much more 
energy. 

Flywheel's applications can differ 
depending on the load and its needs. For 
example flywheel can be used as energy 
storage for a static var compensator (SVC) 
system. In a SVC, flywheel must supply the 
critical load and compensate voltage sudden 
drops. Figure 8 shows SVC system utilizing 
flywheel [26]. 

 
3.2.3. Ultracapacitor 

 
Capacitors are devices that store energy in the 
most direct and literal way. The speed of 
charging and discharging in capacitors are 
faster rather than batteries and they also are 
able to work tens of thousands times cycles 
with a better efficiency. However the main 
problem considering capacitors is low energy 
density. Therefore when there is a need for 
large capacity, dielectric area should be large. 
This fact makes the use of large capacitors 

uneconomical and often cumbersome. This is 
particularly true in stationary HEES 
applications [27]. Ultracapacitor behavior is 
something between battery and flywheel. Fig 9 
shows three different model of an 
ultracapacitor. 

 

 

Fig.7. Eqvivalant circuits of a ultracapacitor: a) 
Classical model, b) Dynamic model and c) Multi-

stage ladder model 
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Fig.8. Application of flywheel in static var compensator 
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Table 2 shows the comparison of models 
shown in Fig. 9. From this table it can be 
concluded that classical model has better 
overall performance over other models. 

In all of these models SOC of ultracapacitor 
is calculated as [28]: 

_

UC

UC nom

V
SOC

V


 

(11) 

 
3.2.4. Comparison of different energy 

storage devices 
 
Table 3 compares three energy storage devices 
used in hybrid energy systems [29]. In a hybrid 
application an energy storage with high energy 
density and another energy storage with high 
power density can be used, therefore 
battery/ultracapacitor and battery/flywheel are 
good examples of a hybrid energy storage 
system. 

 
4.Modelling and technologies of hybrid energy 

storage  
 
The main purpose of a hybrid energy system is  

to achieve a power source having both high 
power density and high energy density. With 
hybridization of different energy storage 
devices, one can have all advantages and 
increase the system's reliability and 
optimization. Figure 10 shows the simplified 
structure of a ultracapacitor/battery hybrid 
energy storage system [30]. 

An HEES system should be carried out for 
some special applications such as operating in 
regenerative braking energy in electric vehicles 
since an energy storage source with high power 
density and high energy density is required. 
Table 4 compares these parameters for 
different energy saving devices [31]. 

 
4.1. Load's states 

 
Electric loads are required to have either high 
power, or low power. As it is shown in Fig. 11 
when load needs low power, the source with 
high energy density is on top of priorities. 
When load needs high power, both sources 
supply the load together. In some special 
applications such as absorbing regenerative 
braking energy in electric vehicles,

 
Table 2. Comparison of different models of ultracapacitor 

Model Accuracy Complexity 
Classical model Good Good 
Dynamic model Good Normal 
Multi-stage ladder model Normal Normal 

 
Table 3. Comparison of four energy storage devices in hybrid energy systems 

Characteristics Battery Flywheel Ultracapacitor 

Power density (w/kg) To 400 1-200 1-10 

Energy Density (wh/kg) To 650 100-900 1-5 

Lifetime (cycle) To 1000 10000 10000 

Self-Discharging rate Up to 30% in month Low 50% in month 

 

Ultracapacitor
DC-DC

Inverter
Battery

Measure and Control System

 

Fig.9. Structure of a ultracapacitor/battery energy system 
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regenerative braking first is stored in the 
storage device with high power density and 
then it is delivered to storage devices with high 
energy density [27], [31]. 
 

4.2. Battery / Ultracapacitor Hybrid System 
 
Battery has high energy density whereas 
ultracapacitor has high power density. 
Combining battery and ultracapacitor will give 
a source with high power density and high 
energy density. Connections of battery and 
ultracapacitor are including non-active 
connection or direct connection and active 
connection or controlled connection. Non-
active connection as shown in Fig. 12 is when 
battery and ultracapacitor have parallel 
connection without any interface of control 
block. In non-active connection, ultracapacitors 
limit the highest value of drawn current from 
the battery. In this structure, when the load is 
connected to hybrid source, initial response to 
load's current is carried out by capacitors and 
then due to their voltage drop, load's current.  
To stop power flow between sources and 
causes capacitor's power to become usable 
completely DC-DC converters can be used. In 
active or controlled connection, according to 

control circuits, the control unit sets how 
sources supply the loads [32]. 
 

4.3. Flywheel / Battery Hybrid System 
 
Battery has high energy density and flywheel 
has high power density as shown in Table 4 
and one can use them together as a hybrid 
system. The advantage of using flywheel in a 
hybrid system is fast dynamic response of the 
device. For building the flywheel energy 
storage system (FESS) an electrical machine is 
required that converts electrical energy into 
mechanical and mechanical to electrical 
whenever required. The best choice is a 
permanent magnet synchronous machine [33], 
[34]. 
 

4.4. Flywheel / Ultracapacitor Hybrid 
System 

 
As shown in Fig.13 since flywheel's behavior 
is similar to battery, one can replace it with 
battery in previous structure to achieve a 
flywheel/ultracapacitor hybrid source [35]. 
Similar to previous structure, a 
flywheel/ultracapacitor hybrid

 
Table 4. Qualitative values of energy storage devices 

Device Specific energy Specific power 

Chemical battery high low 
Ultra-capacitor low high 
Flywheel low High 
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Fig.10. Configuration of a hybrid system when load requires low power 
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Fig. 11. Non-active connection of battery / ultracapacitor 
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Fig.12. Active connection of flywheel / ultracapacitor hybrid system 
 

system includes two kinds of active and non-
active energy storage. The main advantages of 
this system are high temperature capability and 
low maintenance. These characteristics are 
very important for military vehicles [36]. 

 
4.5. Connection to Grid Capability 

 
Hybrid power systems are divided into two 
categories as off-grid and grid-connected 
systems.  
 

4.5.1. Off-Grid Hybrid Power System 
 
Due to hardships in installation of a new 
electric line in mountainous environments, 
using off-grid systems is a good option for 
isolated areas. In addition, high investment 
costs of installation new lines can be another 
reason to use these systems as shown in Fig.14 
[16]. 

In a hybrid system, different sources supply 
the load in parallel. Power sharing between 
these sources is an important factor that can 
effect on system design [16]. 
 

4.5.2. Grid-Connected Hybrid Power 
System (GCHPS) 

 

Many of the systems utilizing wind as main 
energy source works connected to grid. Figure 
15 shows an example of these systems. An 
inverter has been used to connect solar arrays 
to the grid. Also since output voltage generated 
by photovoltaic cell is low, using a step-up 
transformer is inevitable. Another application 
of this transformer is that with changing its tap 
level, output voltage can be set on required 
amplitude [37]. In Fig. 15 due to variability of 
frequency, generated power by wind turbine is 
converted to DC by the rectifier and then 
turned into a specific power to be delivered to 
the grid. 
 
5.Simulation of hybrid electric energy storage  

 
5.1. Battery/Ultracapacitor System 

 
Battery has high energy density whereas 
ultracapacitor has high power density. A 
hybrid system consisting battery and 
ultracapacitor is an energy storage system that 
includes both high power density and high 
energy density simultaneously. This hybrid 
system is a proper option for storing 
regenerative braking energy in electric vehicles 
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Fig.13. A hybrid system including a wind turbine and diesel generator 
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Fig.14. A sample of GCHPS 

[38], [39]. There is a high amount of energy in 
a braking process in this case a storage device 
with a high power density must be utilized. 
Ultracapacitors have this capability, but have a 
high rate a self-discharging that deficit can be 
solved by using batteries along with 
ultracapacitors. Thus ultracapacitor charges the 
batteries after absorbing energy from the 
braking operation. The main purpose of this 
simulation is analysis of dynamic behavior of 
battery and ultracapacitor in an energy 
delivering cycle. In this system battery and 
ultracapacitor can be arranged in different 
ways which are shown in Fig. 16. 

In this paper double converters in parallel 
configuration as Fig. 16d is chosen as case 
study. This system is designed to absorb 
regenerative braking energy and then deliver it 
to a constant load, the system strategy is: 
 When load's current is negative (energy 

is flowing into system) battery is 
disconnected from the load and also 
battery and ultracapacitor must be 
separated. In this situation only 
ultracapacitor remains in the system to 
absorb regenerative braking energy. 

 When load's current is zero or higher 
than zero, ultracapacitor is disconnected 
from the load and its energy charges the 
battery.  

The simulation results are shown in Fig. 17. 
Load's current is zero until 15 seconds 
meanwhile ultracapacitor's energy discharges 
in battery with a very little current. From 15 to 
19 seconds (4 seconds) load's current is -15 A 
that must be supplied mostly by ultracapacitor. 
From 19 to 22 seconds load's current is 0 again 
and ultracapacitor and battery current slowly 
attend to 0. After the second of 22, a constant 3 
A load stands on the load and voltage is 
supplied by the energy stored in battery. 

 
5.2. Battery / Flywheel system 

The hybrid system including battery and 
flywheel is connected to a common DC bus. 
The main supply for this bus is an unidentified 
temporary renewable energy source like wind 
power system or photovoltaic power supply or 
anything else that is shown in Fig. 18. Figure 
19 shown detailed system simulated in this 
paper including battery and flywheel. 

The energy storage system connected to DC 
bus consists of a battery bank and a PMSM 
driven flywheel. The former is interfaced to the 
common DC bus through a one-leg 
bidirectional DC-DC convertor and the latter 
employs the inherent three-phase bilateral 
inverter as the interface owing to its voltage 
boosting capability from electric machine to 
DC link. A bidirectional single-phase three-
wire load inverter is equipped to power the 
local home appliance loads with 60Hz 220V. 
In  addition, a dump  load  is  added  to waste  
the  extra  energy and prevent batteries from 
overcharging. In emergency needs utility grid 
can support the energy bus through an inverter 
that is shown in Fig. 18. 

First, the renewable energy system makes a 
5 A current on DC bus. The battery was 
charged to avoid overcharging in batteries. 
Dump load drops a 420V voltage on DC bus. 
Meanwhile the flywheel energy storage system 
starts to store energy by gaining its speed to 
specific value. For insufficient energy for 
reaching the specific speed, battery release its 
energy to accelerate the rotor speed of 
flywheel. After renewable energy source is 
removed, energy storage system starts to 
discharge its energy until it is finished. For 
avoiding battery from overcharging, a dump 
load is equipped as shown in Fig. 18 to absorb 
the surplus energy with fixed voltage control 
(Vdc= 420 V). 

Figure 20 shows measured waveform 
values of Vdc (bus voltage), ias (power supply 
current), ib (load current) and Vab (load 
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voltage). Figure 21 shows ωr (velocity) and Ifw 
(flywheel current). 

Figure 22 shows extended waveforms of 
Fig. 20 under flywheel system different modes.  

From the figures it can be concluded that 
energy storages work cooperatively and states 
change at required moments. 
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DC-DC 

Converter
Load
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DC-DC 

Converter
Load
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Converter
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DC-DC 

Converter
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(a)

(b)

(c)
(d)

Fig.15. Different configurations of a hybrid battery/ultracapacitor system: a) direct parallel connection, b) double 
converters in series, c) dual input converter and d) double converters in parallel 

 

 
Fig.16. Simulation results for battery/ultracapacitor system: a) Load current, b) Load voltage, c) Battery 

and ultracapacitor current changes and d) Battery and ultracapacitor voltage changes 
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Fig.17. Flywheel/Battery hybrid system block diagram 

 

 
Fig.18. Flywheel/Battery hybrid system configuration 

 

 
Fig.19. Simulation results for battery/flywheel system: a) Vdc (bus voltage), b) ias (power supply current) , c) ib 

(load current) and d) Vab (load voltage) 
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Fig.20. Simulation results for battery/flywheel system: a) ωr (velocity) and b) Ifw (flywheel current) 

 

 
Fig.21. Extended waveforms under  flywheel  system  different modes, a) Vdc (bus voltage), b) ias (power 

supply current), c) ib (load current) and d) Vab (load voltage)
 
6.Conclusion  
 
In this paper the behaviour of HEES systems 
were investigated. Renewable energy sources 
can be helpful in HEES systems which add 
different advantages to the system. More 
energy and a more reliable system are the 
results of using renewable energy sources in a 
hybrid energy storage system. Different energy 
storage systems were modeled and their 
behavior in a hybrid system was analyzed. 
Battery/ultracapacitor   and  battery/flywheel  

 
HEES systems were modeled and simulated in 
MATLAB/Simulink and the results were 
presented. Simulation results show more 
reliable electric energy system with higher 
power compared to systems with only one 
electric energy storage. 
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