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addition of the flywheel energy storage device to generator-set systems, in the term of
output power stability concept. In this research, the generator-set system is simulated by
using an electromotor as a prime mover coupled with a flywheel, to generate electricity
from a generator or alternator. The flywheel basically acts as an energy storage device
that stores energy in the form of the rotational kinetic energy. Therefore, the generator-
set simulations are performed in loaded and unload conditions, with three different
variations; (1) no flywheel, (2) connected to an 8.5 kg flywheel and (3) connected to a 16
kg flywheel. The result shows that the system which is connected to a 16 kg flywheel has
a higher magnitude of the rotational kinetic energy than two other test variations, due to

Keywords: its bigger mass of flywheel. The variation (3) also has more stable and economical output
Flywheel Energy Storage; energy; when it is fully loaded by two sets of drilling machine in which indicated by the smallest
rotational kinetic energy; generator- drop rate of the alternator rotational speed and the less electromotor current usage
set; electromotor; generator among two others.

1. Introduction

The global demand for secondary or emergency power supply continues to increase due to the
population growth and the development of the industry [1]. There are many kinds of secondary
power sources that have commonly been known such as the generator sets (gen-set) and the
uninterruptible power supplies (UPS), or the latest developed ones like solar powers, fuel cells and
the combination of certain models of power generations called the hybrid systems [2-4]. Due to the
benefits such as their simplicity and reliability, generator set systems have been widely used by the
society and industrial world. However, they meet an output stability and efficiency decrease when
they are operated in a peak condition [5].

The generator sets basically consist of a diesel or electrical motor (the driver) that are connected
to generators or alternators (the driven) by using the pulleys and the belts to generate electricity. In
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the term of the quality and the efficiency of gen-set systems, the load consideration factor, along
with the fuel, the operating conditions and the capacity design, is one of the factors that affects them.
The systems are ideally operated in the standard temperature and pressure (STP) condition around
80% of their total capacity, although it is designed to bear the 100% load. However, the gen-sets are
sometimes maximumly operated to deliver the 100% of their capacity under the emergency usage
resulting in the decrease of the rotational speed that causes an output drop [6,7].

Numerous researches have been conducted in order to study the possibility to enhance the
quality and the efficiency of the generator from various aspects, such as the fuel combinations [8]
and the frequency controls [9]. In a brief, this experimental study is designed to investigate the
potential benefits from the mechanical point of view by adding the flywheel energy storage (FES) in
the gen-set systems. The previous study shows that the FES has been applied in the small-scale
microhydro turbine power plant and the result is that the FES can smoothen the output of the
microhydro power plant when there is a sudden load change, because the flywheel acts as the
reservoir that stores the energy in the form of the rotational kinetic energy and releases it when it is
needed [10]. Due to the above reasons, this paper is aimed to study the advantage possibility of the
application of FES in the term of the output stability concept.

2. Theoretical Review

The theoretical reviews on this research are emphasized on the theories that are used to analyze
the application of the flywheel on the gen-set system. They are the flywheel energy storages and the
rotational kinetic energy.

2.1 Flywheel Energy Storage (FES)

The energy storage has recently become a discussion topic in the context of the energy shifting
and the transition from the fossil fuels to the renewable ones [11]. Among the existing energy storage
technologies, the electrochemical batteries are the leading ones. However, they also have a number
of environmental disadvantages such as the hazardous chemical substances and the “grey” energy.
Therefore, an environmentally friendlier technology will be needed here [12,13].

Basically, the flywheel energy storages (FES) are a rotating cylinder or wheel with a specific mass
and diameter that stores energy in the form of the rotational kinetic energy. They are mostly
manufactured from the iron or steel (as shown in Figure 1.a) for the commercial usage and the
composite or the fiber (as shown in Figure 1.b) for the special application or the research. The FES
acts as the energy reservoir during the period when the energy supply is more than the required and
release it when the energy required is more than the energy supply [14-17]. The FES models have
also been developed for several years and they have been widely applied in various ways, whether
for the commercial use such as the combustion engines, the reciprocating compressors and the
pumps, or the specialized purpose like the uninterruptible power supply (UPS) systems, the
automobile breaking systems, the hybrid cars and the grid stabilizations [18-21].
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(@) (b)
Fig. 1. (a) Steel flywheel [16], (b) Composite flywheel [22]

2.2 Rotational Kinetic Energy

The rotational kinetic energy theorem begins with a basic concept of the kinetic energy itself. The
kinetic energy is the representation of the energy associated with the motion of the particle or object.
Hence, the rotational kinetic energy is defined as the energy associated with the object that rotates
in a circular path [23].

K=%mv2 (1)

The basic kinetic energy equation (K) expressed in the Eq. (1), where m (kg) and v (m/sec) are the
mass and the tangential speed of the object respectively. Consider the object as the flywheel (Figure
1) and assume it rotates about a fixed axis with an angular speed w (rad/sec), then the tangential
speed can be written as

v=wr (2)

where r represents the radius of the flywheel (m). From the Eq. (1) and Eq. (2), the rotational kinetic
energy (Kz) can be expressed as

2 1 2, .2

Kp=-mv = ;mriw (3)

N |-

From the above equation, the bigger the magnitude of the rotational kinetic energy, the more
the object tends to rotate about its axis and vice versa [16,23]. Therefore, the flywheel application
on this research is expected to smoothen and to stabilize the output of the generator set when it
comes to be fully loaded because of the rotational kinetic energy from the flywheel.

3. Methodology

This methodology will explain the system design and the specification, and the data compilation.
3.1 System Design

This experimental study is conducted by adopting the flywheel generator module that has been

designed by Pratitis et al., [5] and by varying the flywheel in order to investigate the effect of the
flywheel addition. The generator set module design, as shown in the Figure 2, is composed by the
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aluminum frame (1), the flywheel (2), the alternator or generator (3), the electromotor (4), the
flywheel shaft (5) and the pulley transmissions (6-8).

(“/ 7) g

Fig. 2. Generator set module design [5]

The application of the flywheel in the generator set system is the main analysis point in this
experimental study. Thus, two kinds of flywheel with different mass and geometry are used to study
the effect of the rotational kinetic energy of the flywheel in the genset system. The flywheel type and
specification are shown in Figure 3 and Table 1.

(a) (b)
Fig. 3. (a) Flywheel type A, (b) Flywheel type B

Table 1
The specification of flywheel
Flywheel A Flywheel B

Mass 8.5 kg 16 kg
Diameter 34 cm 40 cm
Height 2.1cm 3cm

Besides the flywheel, the genset system also composed of the electromotor and alternator. The
electromotor is used to convert the electrical energy into the mechanical energy. The mechanical
energy is then transmitted by using the pulley transmission to rotate the alternator to generate the
electricity. This experimental study uses a 1-phase, 1.1 kW electromotor with 1400-1435 nominal
rpm and a 1-phase synchronous generator with 1440-1500 nominal rpm.
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3.2 System Simulation and Data Compiling

The gen-set system is simulated in three conditions : (1) unloaded condition, (2) loaded with one
set of drilling machine and (3) loaded with two sets of drilling machines, and by using three kind of
variations : (1) no flywheel, (2) using type A flywheel and (3) using type B flywheel. Several data are
compiled and then analyzed and correlated with the rotational kinetic energy theory in order to study
the effect of the application of the flywheel in the genset system. The data include

i.  The electromotor current test when it is in unloaded and loaded condition, with (1) the
non-flywheel variation, (2) the type A flywheel and (3) the type B flywheel.
ii.  The electromotor rotation speed test (rpm test) when it is in unloaded and loaded, with
(1) the non-flywheel variation, (2) the type A flywheel and (3) the type B flywheel.
iii.  The generator rotation speed test when it is in unloaded and loaded with (1) the non-
flywheel variation, (2) the type A flywheel and (3) the type B flywheel.
iv.  The system stopping time test

4. Result and Discussion

The analysis of this experimental study is divided into 2 parts : the rotational kinetic energy
analysis and the electromotor current test and the system time-to-stop test analysis.

4.1 Rotational Kinetic Energy Analysis

The results and analysis of rotational kinetic energy are based on the data from the electromotor
rotation rotational speed test, the generator rotational speed test and flywheel rotational speed test
by using the tachometer (as shown in Figure 4) when the generator is in unloaded and loaded
conditions with the non-flywheel variation, with the type A flywheel (8.5 kg) and the type B flywheel
(16 kg). The test results are then processed into the rotational kinetic energy data using the Eq. (3).

-l

Electromotor

Tachometer

Flywheel

Generator

ol ——————— -

Fig. 4. The schematic of the electromotor and the
generator rotational speed test

Based on the Figure 5, it can be observed that by adding the flywheel, the rotational kinetic
energy of the system increases. It is shown by the increasing trend line when the flywheel is applied.
The rotational kinetic energy increases when the flywheel with a bigger mass is used. This is indicated
when type A flywheel with a mass of 8.5 kg is used, the rotational kinetic energy of the system is
3328.94 J, and it is increased to 7364.82 J when the type B flywheel with mass of 16 kg is applied.
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Fig. 5. The rotational kinetic energy of the system

The application of the flywheel also affects the rotational speed of electric motor and the
generator when given a load. The results of the electromotor and the generator rotational speed test
with the non-flywheel variation shows that the greater the load given to the generator, the more the
rotational speed of the generator and the electric motor decreases. This is proven by the Figure 6
and Figure 7 when the load is getting closer to the nominal power of the electric motor, the rotational
speed of the electric motor is only 530 rpm out of 1400 rpm and the generator decreased to 1123
rpom from the nominal rotation speed of 1440 rpm.
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Fig. 6. The electromotor speed test result
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Fig. 7. The generator speed test result
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In the type A and B flywheel variations, the rotational speed of the electromotor and the
generator has better magnitude compared with the non-flywheel variation. From the three test
variations, the type B flywheel has better electromotor and generator rotational speed which are
closer to their nominal speed. This shows that the application of type B flywheel to the genset system
causes a greater rotational kinetic energy, so that the fluctuation of the rotational speed of the
electromotor and the generator is decreasing and the genset system is getting more stable, because
the electromotor and the generator are closer to their nominal speed.

4.2 Electromotor Current and System Stopping Time Analysis

Based on the rotational kinetic energy analysis, the kinetic energy that is typically stored in the
system can be correlated to the electromotor current and the system stopping time. The results of
the electromotor current test shows that the non-flywheel variation experiences a fair increase in its
current, i.e. from 3.5 A under the unloaded condition and rises to 4.8 A when given a load of 1 kW of
two sets of drilling machines which are close to the nominal power of the electromotor. When the
gen-set system is connected to the variation of type A and B flywheels, there is a slight current
increase compared with the non-flywheel variation when the generator is given a load close to the
nominal power of the electric motor in which proven by the Figure 8. The fewest current increase
occurs when the type B flywheel variation is used and when the generator is given a load close to the
nominal power of the electric motor, there is only a slight current increase of 0.5 A from the initial
value of 3.5 A to 4 A. The current increase of the electric motor indicates that the work of the electric
motor is getting heavier because of the load given, especially when the load is getting closer to the
nominal power of the electric motor. This impacts on the reduction of the rotational speed of the
electric motor as well as the rotational speed of the generator.

Flywheel

Generator

Fig. 8. The schematic of the electromotor current test

Based on the Figure 9, The application of the flywheel to the gen-set system eases the workload
of the electric motor. When the generator is given a load, which is closer the nominal power of the
electromotor, the rotational speed of the electromotor decreases due to the heavy workload. The
role of the flywheel, as shown by the results of the rotational speed test of the electromotor, helps
the electromotor stabilize its speed which in return also stabilizes the rotational speed of the
generator as well, as indicated in the results of the generator rotational speed test.
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Fig. 9. The electromotor current test result

Furthermore, the electrical power that is used by the electromotor is also reduced when the
electromotor has a lighter workload in which it is evidenced by the smaller magnitude of the electric
current when the flywheel is applied. Therefore, the electromotor becomes more efficient when the
electromotor uses less electrical power.

As shown in the Figure 10, the gen-set system in which the type B flywheel is applied has a longer
stopping time when the electrical power supply is removed, about 70 seconds, than the type A
flywheel variation which has 24 seconds and the non-flywheel variation with only 13 seconds of
stopping time. This indicates that the application of the flywheel helps the gen-set system to maintain
its rotational speed while it is operated or even when the power supply is removed for a certain time
interval because of the rotational kinetic energy that is stored and released by the flywheel itself.
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Fig. 10. The system stopping time test result

5. Conclusion

Referring to above explanation, it can be concluded that the application of the flywheel on the
generator set helps the system stabilizes its output under a heavier load in which it is proven by the
fewer reduction of the electromotor and the generator rotational speed as shown in the Figure 5 and
6. The addition of the flywheel also lightens the workload of the system as indicated by the smallest
increase rate of the electromotor current usage under a loaded condition as proven in the Figure 7.
The rotational kinetic energy that is stored inside the flywheel also helps the gen-set system to
maintain its rotational speed while it is operated under a loaded condition or even when the power
supply is removed as proven the system stopping time test and the Figure 8. Therefore, the expected
research result is achieved and the flywheel can stabilize the gen-set system.
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