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Abstract: The increase in fossil fuel consumption used in conventional vehicles has adversely affected carbon emissions in the atmosphere. Due to this negativity, many
problems such as global warming, noise pollution, and cost have emerged. To find solutions to these problems, many studies have been conducted to increase the energy
storage capacity of Electric Vehicles (EVs) since 1835. EVs produced as a result of these studies work more efficiently than traditional vehicles. However, the driving range
problem and charging time are the biggest disadvantages of these vehicles. These disadvantages are a major obstacle for EVs to replace traditional vehicles. In this study,
an experimental study was conducted on flywheel-battery in-vehicle topologies, which are recommended to increase the range of EVs and hybrid electric vehicles. In this
application, two flywheels with the same rotor radius and different masses were used. Energy was produced by the generator through these flywheels. This energy was
employed to charge the batteries. The stored energy and power amounts were investigated depending on the variation in the moment of inertia of both flywheels at the
maximum and minimum levels. Because of this examination, it has been determined which flywheels with the same rotor radius but different masses are more suitable for
EVs.
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1 INTRODUCTION low-cost solution is provided [4]. Doucette and McCulloch

With the rapid increase in population in the modern
world, the need for transportation technologies has
increased at this rate. Unfortunately, although
transportation options make our lives easier, environmental
harm has also grown. Global warming is caused by
greenhouse gases and CO, emissions emitted into the
atmosphere. Because of the Paris Agreement to stop global
warming, CO, emissions have been reduced and the
temperature of the planet has been controlled [1].
Especially in the automotive industry, there is a great trend
to producevehicles with as low CO; emissions as possible.
Major investors have invested heavily in the development
of hybrid propulsion vehicles, fuel cell-powered vehicles,
and EVs [2]. EVs have advantages such as less exhaust
emissions and less noise pollution. However, EVs have
disadvantages such as range problems, long charging
times, and additional production costs, and advantages
over traditional vehicles. For this, various R&D studies are
conducted and a new solution is sought every day. To solve
the range problem experienced in EVs and hybrid electric
vehicles (HEVs), it aims to overcome these problems by
increasing the efficiency of the energy storage systems
(ESSs) used in vehicles or by developing new methods. For
instance, Barmaki et al. investigated a traditional HEV
structure. They observed that an HEV contains an internal
combustion engine and a fuel tank, and an electric motor
and an ESS (battery). In summary, they stated that in an
HEV, they used two drivers for the powertrain [3]. In
conventional vehicles, kinetic energy is lost as heat energy
in the lining in the case of sudden braking or downhill
idling. This lost energy is stored in the flywheel system to
find a solution to the range problem and shorten the
charging time. Various ESSs are suitable for use in
regenerative braking systems. One of these, the flywheel
energy storage system (FESS), is a mechanism that can
store kinetic energy during braking. The ultracapacitor is
one of the most widely used devices in regenerative
braking systems. When a good material is used in the
flywheel system, energy efficiency increases, and a

compared flywheels, ultracapacitors, and batteries, which
are energy storage devices. As a result, they emphasized
that flywheels can compete with batteries and ultra
capacitors in terms of cost and fuel economy [5]. Faraji et
al. They conducted a study on flywheels and observed that
high-speed flywheels of 100000 rpm and above have great
energy storage potential. [6]. Using a flywheel in the
regenerative braking system of a bus in Tehran, the
obtained energy was stored. In this study, it was
determined that the fuel consumption of the bus decreased
by 30% [7]. Volvo tested the flywheel kinetic energy
recovery system in its vehicles in 2013. As a result, it was
shown that the flywheel system could reduce fuel
consumption by 25% [8]. The flywheel system developed
by Siemens for EVs has both met the high specific power
demand and improved energy use [9]. FESSs have been
integrated into 500 buses in London since they began to be
commercially produced. In this application, it was
concluded that 20% fuel saving was achieved [10]. FESSs
are not only suitable for EVs and HEVs but also for rail
transport. Thanks to 2.9 kWh, 725 kW FESS, it is possible
to increase energy efficiency by up to 31% and achieve cost
savings of up to 11% [11]. The in-vehicle flywheel-battery
topologies that have been for usage in EVs and HEVs to
enhance range are considered in this research. Two
flywheels were used, each with a different moment of
inertia but the same rotor radius. Flywheels with kinetic
energy were used to generate electricity via generators. The
generated energy was used to charge the battery. The
investigation of the moment of inertia, angular velocity
variations, and energy storage efficiency of two flywheels
operating under the same circumstances and with different
masses resulted in this working difference. The prototype
experimental setup was used to obtain the values used in
the analysis. In addition, the flywheels' lowest and highest
energy capacities were compared.
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2 GENERAL FEATURES OF THE FLYWHEELS

Flywheels are an excellent energy storage device
model because of their low maintenance costs, long life,
high efficiency, being away from the effect of the current
depth, being environmentally friendly, having a wide
operating temperature range, and at the same time survival
rugged equipment [12-15]. The energy that provides the
rotation in the flywheel is obtained from an external source,
and the storage process is performed [16]. FESSs can rotate
at high speeds of up to approximately 50000 rpm [17-18].
To achieve a higher energy capacity, FESSs either contain
a rotor with a significant moment of inertia or operate at a
high rotational speed. The flywheels are cylindrical with
enough space to fit a shaft. Therefore, the mass-momentum
of inertia of the hollow cylinder is obtained as in Eq. (1).

Izém(r Zir 2) 1

out mn

In Eq. (1), m is the mass (kg), 7ou is the flywheel outer
radius (m), and i, represents the flywheel inner radius (m).

The components of flywheel rotors are made of
composite or metallic materials [19]. However, if they are
used in vehicles, they must be able to withstand forces from
different directions, and for this, the classic ship-ship
structure is preferred. The bearings selected here are made
of special alloys and can withstand very high static and
dynamic forces [20]. A motor/generator directly connected
to the flywheel rotor is used to consume and recharge
energy. A bidirectional converter is connected to the
motor/generator. The flywheel rotor is a critical element
because it stores energy at high speeds. The design and
power of this rotor are important issues. While steel-based
rotors were initially wused in flywheel designs
composite-based rotors were later used [21]. To increase
the energy density of flywheels and reduce their costs,
research is still ongoing in which materials such as glass
fiber and carbon composite are used in flywheels [16].
Eq. (2) shows that the energy storage capacity of the
flywheel increases with the square of the rotor speed and
the momentum of inertia [22]. The bearing system is
improved, allowing the rotor to reach higher speeds. Thus,
idling losses are reduced and the life of the system is
extended up to approximately 25 years. FESS stands out as
a technology with a very high power density. With the rotor
weighing 277 kg and 20000 rpm, 350 kW nominal and
5 MW peak power can be obtained [23]. In this case, the
power density is equal to 1.26 kW/kg and the peak value is
18 kW/kg.

1 2 2
Eﬂywheel = E](Wmax ~ Whin ) = Eload - Emotor (2)

In Eq. (2), Egywhee 1s the energy (Joule) stored by the
flywheel (Joule), 1 is the rotational inertia of FESS (kg m?),
Ejoaa 1s the energy required by the load (Joule), Eyoror is the
energy output of the motor (Joule), Wmax and wmin are the
maximum and minimum angular velocity of the flywheel
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3 WORKING PRINCIPLE OF FLYWHEEL ENERGY
STORAGE SYSTEMS IN ELECTRIC VEHICLES

In the prototype designed for this application, no
continuously variable transmission (CVT) system was
used, but the rotational energy of the engine wheels during
recovery was applied to the flywheel through the pulley.
Here, the pulley system behaved like a CVT. However, the
engine/generator unit was not used either. The
experimental set was set up on the basis of the vehicle's
recovery system only. In Fig. 1, the alternating current
(AC) taken from the network was converted into
mechanical energy using a universal motor. Then, this
energy was transferred to the flywheel using the pulley
system. Thanks to this energy, the flywheel started to
charge quickly and reached high rpms. The obtained
mechanical energy was then obtained because of the
brushless direct current (BLDC) motor working in the
generator mode, AC energy.

AC -
silicon controlled =
rectifier; voltage (¥ P O
regulator, dimmer, =) > : L
electric motor O_’ P Single phase
speed controller Brushless AC AC-DC
generator rectifier

Flywheel

Pully system
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DC-DC buck

AC grid
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Figure 1 Block diagram of prototype system designed for application

Fig. 2 shows the voltage signal obtained from the
generator. This signal was obtained by driving the
generator at 5000 rpm. Since batteries can be charged with
direct current (DC) voltage, the AC obtained from the
generator must be converted to DC. For this, a full-wave
AC-DC rectifier is used. The rectified voltage was
transferred to the battery via a DC-DC converter.

Figure 2 Voltage signal of the brushless AC generator obtained during
generator operation

4 MATERIALS USED IN PRACTICE

In this study, the results obtained by comparing 2
flywheels with different masses and lengths but the same
radius were examined. Since the number of revolutions
affects the angular velocity, the maximum and minimum
angular velocity values of the system are obtained using
Eq. (3). The energy capacity of the flywheel is proportional
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to the square of the angular velocity according to Eq. (2).
Therefore, angular velocity is a major factor in energy
efficiency.

_ 2mn

o =" 3
m =0 (3)

In Eq. (3), n is the rpm.
4.1 Features of Electric Motors Used in Practice

Although universal motors have disadvantages such as
high noise and small electric arcs, they are used in industry
and many household appliances because they are cheap,
have simple structures, and can be produced in small sizes
[24-26]. Because of these advantages, a universal motor
was used to drive the flywheel. The minimization of ripples
is the most important work in BLDC motors. BLDC motors
are preferred in many applications because they have many
advantages such as easy speed control, long service life,
high efficiency, and high-power density [27-31]. Aviation,
the automotive industry, robotics, medical devices, and
EVs are examples of applications where the BLDC motor
is used [27].

4.2 Features of Flywheels Used in Practice

Fig. 3 and Fig. 4 show pictures of the flywheels used
in the application. Fig. 3a and Fig. 4a show 6201RS
12 x 32 x 10 mm high-quality steel bearings and covers
mounted on the shaft of the flywheels. Fig. 3b and Fig. 4b
show flywheels mounted in a safety sheath against the
possibility of rupture, breakage, and fragmentation at high
rpm. Tab. 1 shows the physical properties of the flywheels
used in the application.

()
Figure 3 Parts of the first flywheel (a) First flywheel and bearings (b) First
flywheel mounted in the safety cover

Figure 4 Parts of the second flywheel (a) Second flywheel, bearings, covers,
and safety cover (b) Second flywheel mounted in the safety cover

Table 1 Physical properties of flywheels used in practice

Length | Mass/ | Outer diameter | Inner diameter /
Flywheel
/ mm kg / mm mm
First flywheel 40 0.52 49 15
Second
flywheel 60.8 0.79 49 15

4.3 Purpose of Use of the Materials in the Experiment Set

Fig. 5 shows the materials used in the experiment set.

A voltage regulator power supply is used to prevent the
universal motor from being damaged by voltage
fluctuations. The revolutions of universal motors can reach
very high speeds such as 20000 rpm. In addition, rotation
and development moments are high. For this reason, the
mechanical energy in the universal engine was softly given
to the flywheel using the pulley system.
AC silicon controlled rectifier, 150W universal = Flywheel

voltage regulator, dimmer, motor
electric motor speed controller

AC to DC power conversion

module, 1n4007 full bridge

rectifier filter 12V 1A AC
to DC

38 12,6V 40A balanced 18650 lithium .
battery management system charge
protection,
6800 mAh 3,7 V 18650
rechargeable li-ion cell TM2596 DC to DC

buck converter

- @

Figure 5 Materials used in the experimental set

In Fig. 6, the brushless AC, which is coupled with the
flywheel system, was operated as a generator and electrical
energy was produced. The obtained one-phase voltage was
rectified and transferred to the battery. The voltage,
current, and power values at the step-down rectifier output
were recorded using Arduino and an Adafruit INA-219
board. The 6800 mAhLi-Ion battery used in the system was
charged in a controlled manner with the 3S 40A lithium
battery management system.

Figure 6 Overview of the application set

5 EXPERIMENT RESULTS
5.1 Test Results According to the Change in the
Momentum of Inertia

The cycle-time graph obtained in the study with the
first flywheel is shown in Fig. 7. The flywheel was charged
for 84 seconds. According to the values obtained, the
maximum efficiency was reached at 21993 rpm. The
flywheel was maintained at this level for 11 s, and then
unloaded and brought to the discharge position. The
purpose here is to store the potential energy of the vehicle
when braking or going downhill. Under normal conditions,
braking should be held for less than 1 min. However, in this
study, the idle operation of the vehicle was also considered.
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Figure 7 Speed-time graph of the first flywheel

The cycle-time graph obtained in the study using the
second flywheel is shown in Fig. 8. The flywheel was
charged for 79 s. In the experiment with a second flywheel
with more mass, the maximum efficiency was reached at
19425 rpm. The flywheel, which was held at this speed for
4 s, then decreased to 19186 rpm. At this level, it is held
for 6 s. Afterwards, the flywheel was brought to the
discharge position by removing it.
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Figure 8 Speed-time graph of the second flywheel

The cutting speed indicated in Tab. 2 represents the
speed at which the energy obtained from the flywheel ends.
This level resulted in 3931 and 2244 rpm for the second
and first flywheel systems, respectively. Since the mass of
the first flywheel system is less than that of the second
flywheel system, the number of revolutions is higher.

Table 2 Speed changes in flywheel systems

Second flywheel system First flywheel system
Speed
speed change / rpm speed change / rpm
Maximum 19425 21993
At power off 3931 2244

In order for the battery used in the experiment to be
charged efficiently, the required charge voltage must be
greater than the battery voltage. For this reason, the battery
started to charge between 11.1 and 12.6 V. In Fig. 9, a
voltage of 13.1 V was obtained at 21993 rpm. At 2244 rpm,
the voltage obtained from the generator is cut off. At
2244 rpm, the voltage from the generator is cut off. At
14387 rpm, the lithium-ion battery's necessary charging
voltage of 11.1 V was attained (in the thirtieth second).
When the flywheel was driven, it fed the battery for
54 s. When it was not driven, it fed the battery for 9 s.
Battery supply stopped because the generator voltage
dropped to 10.9 V at 14640 rpm (at 95 s). The flywheel

provided energy to the battery for 63 s, both when it was
driven and when it was not.

Voltage (V)

120 140

Time (s)

Figure 9 Voltage-time graph of the first flywheel

In Fig. 10, 12.7 V was obtained from the generator at
19425 rpm. At 3931 rpm, the voltage obtained from the
generator was cut off. The battery started to be fed with a
voltage of 11.1 V obtained at 14262 rpm (in the twenty-
fifth second). The maximum value of 12.6 V required for
the battery was reached in 56 s (at 19134 rpm). When the
flywheel was driven, it fed the battery for 54 s. If it was not
driven, it fed the battery for 5 s. Because the generator
voltage dropped to 10.85 V at 14344 rpm (the 85th second),
the battery supply stopped. The flywheel provided energy
to the battery for 59 s, both when it was driven and when it
was not.
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Figure 10 Voltage-time graph of the second flywheel

Fig. 11 shows the current-time graph of the first
flywheel. After 30 s, the battery started to charge. After
about 50 s, the charging current varied between 600 and
725 mA. At the sixty-ninth second, a maximum current of
725 mA was recorded.
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Figure 11 Current-time graph of the first flywheel
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The second flywheel's current-time graph is shown in
Fig. 12. In the seventieth second, a maximum current of
565 mA was recorded. The charging currents continued
between 2.4 and 2.6 mA after falling below 2.8 mA in both
flywheels.
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Figure 12 Current-time graph of the second flywheel

The maximum power in Fig. 13 was achieved in the
sixty-ninth second. These values are equivalent to
9425 mW at 13 v and 725 mA. The maximum power in
Fig. 14 was attained at the seventieth second. These values
correspond to 7230 mW at 12.7 V and 565 mA.
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Figure 13 Power-time graph of the first flywheel
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Figure 14 Power-time graph of the second flywheel
5.2 Energy Efficiency of the Flywheels

A total of three experiments were conducted for each
flywheel under the same conditions. The data obtained
from the experiments are presented in Tab. 3. In Tab. 3, the
optimum energy amounts obtained for the two flywheels
are obtained on the basis of Eq. (2). Because the inertia
momentum of the first flywheel is low, its speed is high.

The square of the angular velocity in the second
flywheel was lower than that in the first flywheel.
However, it has been determined that the energy of the
second flywheel is higher than that of the first flywheel.

This is because the mass in Eq. (3) affects the momentum
of the inertia.

Table 3 Test result angular velocity-energy amounts for the first and second

flywheels
First Flywheel (Low Momentum of Inertia)
(Wmaxz_wminz) radz/sz [/kgm2 E/]
4058213.20 8.77
4660236.39 0.00017069 10.07
5249056.03 11.35
Second Flywheel (High Momentum of Inertia)
3462562.03 11.37
3496705.565 0.000259318 11.48
3968434.844 13.03

Eq. (4) was used to compare the flywheels' energy
efficiency at their maximum and minimum points. Eq. (5)
was used to compare the flywheel power efficiencies at
their maximum and minimum points. Tab. 4 shows the
obtained values. Tab. 4 shows that the second flywheel has
minimum and maximum energy levels that are,
respectively, 23% and 13% higher than those of the first
flywheel. However, it has been shown that the first
flywheel has 3% and 23% more power, respectively, than
the second flywheel, when the minimum and maximum
power quantities generated from the flywheels are
evaluated.

E,-FE
Tlenergy = % (4)

B -P
Mpower = lle &)

In Eq. (4), E: is the amount of energy obtained from
the first flywheel (J), E» is the amount of energy obtained
from the second flywheel (J). In Eq. (5), Pi is the amount
of power obtained from the first flywheel (mW) and P is
the amount of power obtained from the second flywheel
(mW).

Table 4 Energy and power efficiency values obtained from flywheels

The amount of energy obtained from the flywheels /J | #min max
E, 8.77 |11.37

E, 11.35 | 13.03

Efficiency 23% | 13%

Amount of power obtained from the flywheels (MW) | #min | #max
P 30.24 | 9425

P, 29,295 | 7230

Efficiency 3% | 23%

6 CONCLUSION

In this study, the flywheel system is used to store the
energy obtained from the HEV and EV for regenerative
braking or downhill vehicle in the battery. The focus is on
the momentum of inertia in the energy storage formula of
the flywheels. To achieve this, two flywheels with different
masses and the same rotor radius were employed. The
advantages and disadvantages of these two flywheels were
compared. Using the designed prototype, the difference in
the squares of the maximum and minimum angular
velocities obtained from the two-flywheel system operated
under the same conditions and the amounts of energy were
compared. Because of this comparison, it was determined
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that the maximum and minimum energy amounts obtained
from the second flywheel were 23% and 13% higher,
respectively, than those obtained from the first flywheel.
However, the minimum and maximum power amounts
obtained from the flywheels were found to be 3% and 23%
higher for the first flywheel than for the second flywheel.
In this application, a molecularly lighter and more reliable
material can be used instead of steel. In addition, a material
that can reach high speeds and is impacts-resistant and
breaks is preferred. Because weight is an important factor
in the momentum of inertia. In this study, the high inertia
momentum is an advantage because the flywheel does not
reach high speeds in in-vehicle use. However, it has been
determined that the weight is too high and the power
obtained from the generator is low. On the other hand, as
the flywheel with low inertia momentum can reach higher
speeds, the power obtained increases. However, the
disadvantage is that the flywheel has low inertia
momentum due to the negative effects that may occur due
to high speeds and skidding. Therefore, a new study can be
conducted on the optimum weight and diameter of
flywheels used in EVs.
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