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Analysis of Kinetic Energy Recovery System Based
on Four-Phase Interleaved Buck Converter for
Vehicle Verification Processes

Ivan Reyes-Portillo
Dora Castro-Lopez

Abstract—The automotive industry consumes large amounts
of fossil fuels during vehicle acceleration and braking tests as
part of quality verification. The kinetic energy generated in
the test rollers is typically wasted during vehicle braking. One
approach to reducing vehicle production costs and improving
the efficiency of fossil fuel consumption is to recover a fraction
of this energy using a system that does not interfere with
vehicle verification standards. The recovered energy can be
stored or used for other essential functions, such as powering
lighting systems. In industrial processes, electrical energy is the
most common form of energy recovery due to its advantages
in storage, distribution, and transformation for various
applications. This paper presents the analysis of a kinetic energy
recovery system (KERS) based on a four-phase interleaved Buck
converter for vehicle testing processes. A stage by stage analysis
of the energy recovery system is provided, along with the
selection of system parameters. Furthermore, the advantages of
the proposed topology and the experimental results are discussed.

Link to graphical and video abstracts, and to code:
https://latamt.ieeer9.org/index.php/transactions/article/view/9490

Index Terms—Energy efficiency; Interleaved Buck converter;
Flywheel; Kinetic energy; DC/DC, KERS.

I. INTRODUCTION

LOBAL warming, climate change, and ozone layer de-
Gpletion are compelling governments to seek viable solu-
tions to reduce fossil fuel consumption [1]. Automobile trans-
portation is one of the primary sources of pollution due to the
vast number of vehicles operating daily on roads worldwide
[2]. While renewable energy sources have made significant
advancements in recent decades, they remain insufficient to
fully replace fossil fuels in industrial production processes
[3]-[5]. The automotive industry requires substantial energy
resources; however, these are often consumed inefficiently in
manufacturing processes. Only 35 % of the energy utilized in
these processes is effectively harnessed, while the remainder
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is lost due to factors such as friction, heat dissipation, steam,
and leaks. This wasted energy can potentially be recovered
and repurposed for secondary applications, such as lighting.
Vehicle acceleration and braking tests require high kinetic
energy, often leading to inefficient fossil fuel consumption.
[7]. Additionally, various governmental institutions conduct
vehicle verification tests to ensure that citizens maintain their
vehicles in optimal condition [6], [8], [9]. Recovering kinetic
energy from these processes not only mitigates environmental
impact but also reduces production costs, which is a critical
factor in maintaining a competitive industrial sector [10]. How-
ever, recovering residual energy presents significant challenges
due to the complexity of certain processes. Kinetic energy
recovery requires a system or mechanism that converts it
into electrical energy [7]. Various kinetic energy recovery
systems (KERS) have been presented in the literature. In [11]-
[13], KERS based on flywheels, implemented directly in the
vehicle’s traction system, have been introduced, enhancing
energy recovery efficiency. These KERS are primarily used in
electric vehicles, which improves energy utilization; however,
they also increase the vehicle’s overall volume. A flywheel
is a mechanical energy storage system whose main advan-
tage over other systems is its ability to absorb and release
energy within short time intervals [13]. This technology is
particularly suitable for applications where energy is generated
intermittently, requiring short energy transfer periods. In recent
decades, the incorporation of composite materials in flywheel
manufacturing has significantly increased their energy storage
capacity [14], [15]. A major challenge in these systems is
the integration between the power generation and storage
stages. This integration requires a DC/DC converter that meets
high power density requirements and is capable of handling
high current levels. One solution proposed in the literature is
the use of interleaved converters, which enable high current
handling and improve power density in electronic systems by
increasing the ripple frequency of reactive components. This
paper presents the analysis of a kinetic energy recovery system
(KERS) based on a four-phase interleaved buck converter.
To ensure that standard vehicle verification processes remain
unaffected, the recovered energy should primarily come from
the flywheel rather than the rollers used during vehicle testing.
Fig.1 shows the general scheme of the proposed KERS. The
rollers, where vehicle verification tests are conducted, impose
the speed conditions on the KERS, which is mechanically
coupled to a flywheel via a unidirectional transmission. This
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one-way transmission also provides a beneficial transformation
ratio to increase the flywheel speed. The rest of the paper is
organized as follows: Section II presents the analysis of KERS
operation, system modeling, and the speed transformation
ratio. Section III details the design of each KERS stage,
including the sizing of the recoverable energy capacity. Section
IV introduces a minimum functional prototype, developed
based on the design specifications obtained through simulation
analysis. Finally, Section V provides concluding remarks.
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Fig. 1. Proposed KERS based on a Four-phase interleaved Buck
converter for vehicle verification processes.

II. KERS OPERATION

The proposed KERS has two operating states, the “Accel-
eration state”, consists of the acceleration of the vehicle on
the test roller; during this state, the kinetic energy is stored
in the flywheel. However, there is no energy transfer to the
load, so as not to greatly modify the vehicle acceleration tests.
The “Braking state” consists of braking the vehicle on the
test roller; during this state, the unidirectional transmission
disconnects the rollers from the flywheel. The kinetic energy
stored in the flywheel is transformed by a DC generator
and regulated by a DC/DC converter to the battery bank.
Fig. 2 shows the KERS operating states during the vehicle
verification process. During the "state of Acceleration", the
angular speed of the flywheel will increase until the point
where the vehicle starts to brake, at which time the flywheel
will have reached its maximum angular velocity (W,qz). The
Wmaz 18 related to the maximum energy (F,q.) stored in the
flywheel. The voltage in the battery bank will be constant
during this time and the current will decrease as the flywheel
speed decreases. The type of roller used is a braking roller,
with a diameter of 75 cm and a length of 210 cm. However, to
emulate the speed conditions imposed by the rollers during the
tests, a direct current motor coupled to the KERS was used.

A. Speed Profile in the Vehicle Verification Process

The amount of energy recovered should come mostly from
the steering wheel and not directly from the rollers during
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Fig. 2. Acceleration and braking operation modes of the proposed
KERS.

vehicle testing. The flywheel must be sized to store the energy
produced during acceleration tests, seeking the least impact to
the standards in the tests. The vehicles are subjected to differ-
ent speed conditions during the tests. Table I shows the test
profile analyzed in a vehicle verification center, considering the
speed reached by the vehicle and the time each test lasts. The
diameter of the test rollers imposes a ratio of 7.2rpm/(kmh).

TABLE 1
VEHICLE VERIFICATION TEST PROFILE UNDER
ROLLER-IMPOSED SPEED CONDITIONS

Test Speed (km/h)  Speed (rpm)  Test cycles  Test time (s)
1 60 435 720 7
2 80 576 720 7
3 100 720 720 7
4 120 864 720 7

Each test is performed an average of 720 times per day. The
highest energy loss occurs when the vehicle reaches a speed
of 120km/h on the test rollers.

B. Modeling of the Proposed KERS

The proposed KERS is modeled to dimension the maximum
energy that can be extracted from the system and to design the
parts that integrate it considering the systems reported in [16].
Fig. 3 shows the block diagram of the KERS subsystems.
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Fig. 3. Diagram of blocks that integrate the proposed KERS.

The modeling of the electromechanical subsystem is based
on the relationship between the angular velocity of the rollers
(V) and the output voltage (V). The angular velocity is
imposed on a vehicular verification system, which eliminates
the need to model torque-based inertial dynamics. The con-
version from speed to rpm is done by a factor of 7.2. The
transmission amplifies the speed of the rollers to match the
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generator operation. The relationship between the roller speed
and the speed at the flywheel input is expressed as:

’LUQZN'wl

(D
The flywheel model follows the equation of rotational
dynamics based on Newton’s second law for rotation:

dw,,

JFWW =T )

where Jpy is the flywheel moment of inertia, By, is the
friction constant, 7o and 7, are the input and output torques
respectively. In Equation (3) the output torque is considered
to be proportional to the output speed by a constant k,,;:

—Tn — BMUJn

Tn = koutwn

3)

Similarly, input torque is assumed to be related to input
speed through an ideal mechanical transmission.

71 = kinwi

4)

Substituting the torque equations into the flywheel dynamics
Equation (2) and applying the Laplace Transform, the transfer
function relating the input velocity to the output velocity is
obtained.

Wn (S) kin K

Giywheet(s) =

w1(s) - Jrw s + kout + By TS+ 1(5)
where:
JFW k'in
=— K=—"—7—7-— 6
4 kout + BM kout + BM ( )

This equation represents a first order system with a time con-
stant 7 and a gain K, which describe the flywheel dynamics.
Fig. 4 shows the DC generator used in the KERS design, as
well as its electrical equivalent, on which its modeling is based.
In addition, the inductance and armature resistance of the DC
generator are presented.

DC generator Electrical model Experimental

Fig. 4. DC generator used in the system and its equivalent electrical
circuit.

The equivalent electrical circuit of the DC generator was
analyzed with Kirchhoff’s voltage law and the Equation (7)
was obtained.

i
Ryt + Lyn—— =E -V, 7
i + 7 (N
The electromotive force is given by:
E ~ kpnw )

Where kg is the torque constant characteristic of DC motors
and generators. The relationship between input speed and
output voltage is obtained by applying the Laplace Transform
to (7) and (8).
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Va(s)
G en(S) = = km
From Equations (1), (5) and (9), we obtain the transfer
function relating the input speed w;, expressed in km/h, to
the generator output voltage V.

Vau(s)

w1 (s)

€))

Gem(s) =

= Ggen(8) * Gpiyweer(s) * N 7.2 (10)

III. PROPOSED KERS DESIGN

This section presents the KERS design taking into account
the speed characteristics imposed by the vehicles during the
vehicle verification tests described in Table I. The design
discusses the characteristics of the DC generator, the selection
of the flywheel and the operation of the DC/DC converter.
It also considers some weight and volume limitations on
the flywheel so as not to affect the flywheel in the vehicle
verification process.

A. DC Generator

The DC generator is a fundamental component for con-
verting mechanical energy into electrical energy. A permanent
magnet machine rated at 1800 rpm and 96V was selected,
with a nominal power of 1kW. The unidirectional transmis-
sion has a transformation ratio of N = 2.6 to increase the
speed between the test roller and the flywheel. The angular
speed w,, is provided by the flywheel. Based on the speed
tests presented in Table I, the DC generator can be operated
at rated speed conditions. Fig. 5 shows the velocity profiles
at each stage of the subsystem from parameters obtained
experimentally based on the transfer function (10).
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Fig. 5. Speed profiles at each stage of the system: a) relationship
between roller speed and generator input speed and b) relationship
between roller speed and generator output voltage.

B. Flywheel Selection

The flywheel is very important in the KERS operation,
because the energy it stores during the "Acceleration state"
is the one that will be transferred to the battery bank. The
dimensioning of the flywheel is associated to the DC generator.
The process of energy transfer to the battery depends on
the speed conditions of the flywheel and therefore also of
the generator due to its proximity. The higher the speed, the
higher the generator output voltage and therefore the more
energy transferred to the battery bank. Therefore, the flywheel
design approximated the nominal operating speed of the DC
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TABLE 11
FLYWHEEL DESIGN VARIATIONS CONSIDERING MATERIAL, GEOMETRY AND ENERGY STORAGE

ry(m) rp (m)  Msee (k8  maum (kg)  JIseel (kgm?)  Jawm (kgm?)  Esieel (J)  Eam (J)
Case 1 0.10 0.08 4.44 1.53 0.0364 0.0125 646.66 222.42
Case 2 0.15 0.13 6.91 2.38 0.1360 0.0468 2416.66 831.21
Case 3 0.20 0.15 21.58 7.42 0.6743 0.2319 11979.78 4120.43
Case 4 0.30 0.25 33.91 11.66 2.5856 0.8893 45933.89 15798.92
Case 5 0.30 0.20 62.65 21.20 4.007 1.3783 71190.50 24485.02

Energy (J) Mass (kg) Moment of inertia (kg-m2)
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Fig. 6. Analysis of flywheel design cases, a) Energy, b) Mass, c) Moment of inertia.

generator. The stored kinetic energy is proportional to the
flywheel speed and its moment of inertia. The angular velocity
is higher as the stored energy of the flywheel increases,
which is an important reason for operating flywheels at high
rotational speeds. The energy of the flywheel is a function of
the angular velocity and its moment of inertia, as defined by
Equations (11) and (12).

(1)

1
_ 2 2
Erw = §JFW(w2maw —wy )

where Eryy is the kinetic energy stored in the flywheel, Jpy
is the moment of inertia (kgm?), wWomae is the maximum
angular velocity (rad/s), and wayyy, is the minimum operating
speed of the flywheel at which energy can be extracted. To
reduce the mass of a flywheel, a suitable design for energy
management is important. Based in Equations (11) and (12)
the flywheel was designed.

1
Jmlr? +13)

m = Upydm

Jrw = (12)

13)

where m is the mass of the material, r; is larger flywheel
radius, ro is smaller radius, v,, is the volume of the flywheel
and d,, is the density of the material. The moment of inertia
of a flywheel can be defined as a function of the flywheel size
related to the mass and diameter specifications of the flywheel.
Fig. 7 shows the flywheel designs analyzed for implementation
in KERS considering the mass moments of inertia.

In Fig. 7 b), the moment of inertia is greater than in a),
considering that a) and b) have the same mass and diameter
but different radio, assuming the thickness of b) is greater. The
inertia of flywheel b) is greater because the forces opposing
the moment of inertia are smaller, which differs from the
case where the flywheel has an equal mass distribution, as
in design a). The flywheel was designed considering the
characteristics of b), and as a result, the design presented
in Fig.7 c) was obtained. Table II shows the design cases

Fig. 7. Structural design of the flywheel, a) flywheel with uniform
mass, b) flywheel with the highest mass on the external perimeter,
and c) design of the selected flywheel.

studied for the flywheel by varying the radius and material
parameters. The materials selected for this analysis were steel
and aluminum due to their cost-effectiveness and high energy
storage capacity resulting from their moments of inertia. Fig.
6 shows the analysis of each case studied in Table II, where
the energy storage capacity, mass and moment of inertia of
the design case were considered. Cases one and two are the
ones that can store the least energy, so they are not suitable
for KERS due to the speeds achieved in each acceleration
test. Cases four and five would be the most suitable due to
their storage capacity and moment of inertia. However, these
designs require high mass values, which directly affects the
acceleration tests by increasing the energy consumption of
the vehicle and impacting the test standards. Due to these
considerations, a flywheel with the characteristics of case
three and made of steel was designed. A key point in the
selection of the flywheel material is the power density, due
to the limited space in the acceleration test rollers, so case
three was chosen.An additional advantage of steel is its higher
wear and fatigue resistance compared to aluminum, which
prolongs the service life of the flywheel in high-demand
applications. In terms of cost, although aluminum is lighter and
can facilitate manufacturing in certain cases, steel is usually
more economical and is widely available in various alloys



optimized to withstand high mechanical stresses.

C. Four-phase Interleaved Buck Converter

Due to the speed conditions imposed by the test rollers at
the generator input, the most optimal way to store energy
is to reduce the voltage levels and increase the current in
the battery bank to take advantage of the voltage ranges
during flywheel speed reduction. The KERS requires a Buck
converter to maintain high current levels and proper voltage
regulation. However, Buck converters have the disadvantage
of presenting a discontinuous current demand to the DC
generator, which reduces the useful life of the electric machine.
One solution to this problem is the implementation of an
LC filter; however, this affects the power density of the
converter [17]. One solution to this problem is to employ a
Buck interleaved converter that operates with overlapping duty
ratios to eliminate the discontinuous current demand on the
DC generator. An advantage of interleaved converters is the
distribution of the output current among the inductors in each
phase. This reduces the size of the inductor and increases the
power density of the converter. Additionally, it increases the
frequency of current and voltage ripple at the converter output,
which reduces the size of the output capacitor [18], [21].
Another advantage of Buck Interleaved converters is that they
maintain their minimum phase characteristics, meaning they
do not have zeros on the right-hand side of the s plane, which
facilitates voltage regulation [20]. Fig. 1 shows the Four-Phase
Interleaved Buck (FPIB) converter, designed to transfer the
energy recovered from the DC generator to the battery bank.
The FPIB converter, designed to manage the energy recovered
by KERS to the battery bank, has eight operating states during
one switching period (T5) as shown in Fig. 8.
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Fig. 8. Voltage and current waveforms during one switching period

(Ts) of the four-phase interleaved Buck converter, showing gate
signals Vg1—Vga, inductor currents I1,1—Ir4, and output voltage V.

Due to the 90° phase shift between the control signals, the
operating dynamics of the converter is improved by reducing
the output current ripple and voltage ripple. The frequency

IEEE LATIN AMERICA TRANSACTIONS, Vol. 23, No. 6, JUNE 2025

of voltage and current ripple at the output is also increased
by the ripple cancellation effect. In the quadruple interleaved
structure, it is important to operate with duty ratios higher than
25 % to eliminate the discontinuous current at the input of the
converter. The ripple cancellation effects and the operation of
the control signals are shown in Fig. 8 with the waveforms
at one switching period (Ts). To obtain an effective voltage
transformation ratio for CCM, the volt-second balance of the
voltage signal in one of the inductors is applied, considering
that the duty ratio (D) is the same in each phase. The voltage
transformation ratio is given by:

(14)

The following expressions establish the value of the induc-
tance that the converter needs in each phase to operate in its
steady state. It is important to consider the percentage of the
current ripples (Ay, ) according to the load. Equations (15-18)
size the value of inductors in the FPIB converter .

Ly = ‘m (15)
Ly = Voglj;fj) (16)
Ly = W 17)
L, = Vm (18)

To determine the value of the capacitor, it is necessary to
consider the converter output frequency (fs, .,) given by the
Equation (19).

out

fsout = 4fS

The output frequency is four times higher than the switching
frequency (fs) as a result of the ripple cancellation effect.
Consequently, the output capacitor reduces its capacitance
value considerably. The value of the capacitor is determined
by Equation (20).

19)

C— Vo(l — DlZDl 20)
BAVC L f§,,

Table III presents the design parameters of the FPIB con-
verter for CCM operation. Fig. 9 shows the current and voltage
waveforms of the FPIB converter obtained in the Powesim
simulator, considering the parameters presented in Table III
and a duty ratio of 50 %, since this is the point of greatest
energy stress to which the converter will be subjected.Fig.
9 shows the current and voltage waveforms of the FPIB
converter obtained in the Powesim simulator, considering the
parameters presented in Table III and a duty ratio of 50 %,
since this is the point of greatest energy stress to which the
converter will be subjected. The input current was compared
with a conventional converter considering the same operating
conditions.

It is observed that the FPIB converter current presents a
continuous current demand to the generator, while the Buck
conventional converter presents a discontinuous input current.
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Fig. 9. Current and voltage waveforms obtained in the simulation, considering the highest power voltage point, a) input current, b) inductor

current, c¢) output current and d) output voltage.

TABLE III
DESIGN PARAMETERS OF THE FOUR-PHASE INTERLEAVED
BucK CONVERTER

Symbol Parameter Value
Vo Input voltage 55V - 100V
Vo Output voltage 48V
P, Output power 480 W
I, Output current 10A
fs Switching frequency 100 kHz

Li_4 Inductors 150 uH
Co Output capacitor 1uF
D Duty cycle 50% — 87%
Q14 MOSFETs C20N60CFD
S1-4 Diodes TO-220-L

The discontinuous current of the Buck conventional converter
has a maximum value of 10 A.

The discontinuous current decreases the lifetime of the
generator, so it is not suitable for this type of application. The
currents in the inductors have a frequency of 100 kHz for each
phase and a current ripple of 2 A. The output current is 10 A,
with a frequency of 400kHz and a current ripple 0.5 A due
to the ripple cancellation effect. The converter output voltage
is 48V with a frequency of 400kHz, this effect benefits in
decreasing the capacitor size, as shown in Equation (20).

IV. RESULTS

To validate the results, a working prototype was designed.
Fig. 10 shows the KERS platform, which integrates the elec-
tromechanical components, including a test roller emulator, a
unidirectional transmission, a flywheel, and a DC generator.
Instead of physical test rollers, a DC motor was used to
replicate the torque and speed conditions typically found in
vehicle verification processes. The test roller emulator is pro-
grammed to provide the different speed profiles presented in

Table I, ensuring controlled experimental conditions equivalent
to those of a standard testing environment.

Proposed KERS design

KERS experimental platform

Fig. 10. Experimental platform of the electromechanical structure of
KERS.

Fig. 12 shows the prototype of the FPIB converter integrated
to the output terminals of the DC generator. This work pro-
poses the current equalization in each phase of the converter
by means of a hysteresis controller that integrates voltage
regulation, current balancing and a 90° phase shift in the
control signals. These functions are implemented through the
commercial controller ISL6558 [22]. The design prioritizes
simplicity, low cost and efficiency. Voltage regulation only
requires measurement of the output voltage, while current
balancing is achieved by measuring the voltage at each switch.

This scheme was presented in [19] for the analysis of current
imbalance effects. The Fig. 12 presents the thermal spectra
of the converter (J1_, switches operating at the maximum
stress point during the energy recovery process. During current
balancing, the temperature of the transistors varies in the range
of 49.1 °C to 59.5 °C, which directly influences the efficiency
of the converter. However, the advantages in terms of power
density and high current handling compensate for the overall
system efficiency. Fig. 11 shows the results obtained in the
proposed FPIB for KERS. Fig. 11 a) show the duty ratio in
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Fig. 11. Experimental waveforms of the FPIB converter, a) Duty ratio control signals operating at 50 %, b) currents in the inductors of each
phase, c) ripple cancellation effect obtained with the phase shift of the inductor currents, d) current at the input of the converter and d)

voltage and current at the output of the converter.

Fig. 12. Prototype of the FPIB converter y los espectros de temper-
atura en los interruptores QQ1—4: a) Q1, b) Q2, ¢) Q3 and a) Q4.

each phase, with an offset between each phase of 90° and a
frequency of 100 kHz.

Fig. 11 b) depects the inductor current for each phase of the
FPIB converter. The current per phase is 2.5 A with a ripple
of 100 kHz in each phase. Fig. 11 c) shows the effect of ripple
cancellation on the converter output current. This effect allows
to increase the current/voltage ripple value at the output of the
converter. This effect allows the converter to be designed with
high levels of current ripple in the inductors of each phase, to
increase the power density of the converter. Fig. 11 d) shows
the continuous current at the converter input due to the ripple
cancellation effect of the control signals.

The current remains continuous only when the converter
operates with duty cycles greater than 25 %. The input current
is 5.04 A and at a frequency of 400 kHz. Fig. 11 d) shows the
converter output current and voltage at the point of highest

energy stress that can operate in KERS. The output voltage
is 48 V and the output current is 9.68 A. The ripples in the
output current and voltage have a frequency of 400 kHz due
to the ripple cancellation effect. Fig. 13 shows the efficiency
of the FPIB converter in different power output scenarios. The
proposed converter at the nominal power of 480 W presented
an efficiency of 92 %. A factor of great relevance to efficiency
is the current equalization in each phase as shown in a previous
study presented in [19]. This paper presents results of the
converter in the current balance in each phase. Fig. 14 shows
the FPIB converter ratings for each component operating at
480 W nominal power.
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Fig. 13. Efficiency of the FPIB converter with different output power
values.

A. Discussions

For the analysis of the recovered energy, the operating
conditions of the DC/DC converter were considered where
the maximum voltage obtained by the generator is 100 V and
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TABLE IV
COMPARISON OF KINETIC ENERGY RECOVERY SYSTEMS (KERS)
KERS Flywheel/Material Converter Type Energy (J)  Power (W) Application Max Speed (km/h)  Efficiency
Proposed Yes / Steel Interleaved Buck 2959 450 Verification 120 91%
Ref [23] Yes / X Interleaved Buck-Boost 18700 2400 Vehicle 50 92 %
Ref [24] Yes / X Boost 308000 50000 Vehicle 120 80 %
Ref [25] Yes / Steel Three-phase DC-AC X 50000 Vehicle 51.5 99 %
Ref [26] No /X Bidirectional Inverter X 23000 Industrial Plant X 92 %
Ref [27] Yes / X Bidirectional Inverter 3125000 720 Vehicle X 93 %
industrial plants. While most of these applications allow for
a0 . higher power recovery, they also have higher losses. The pro-
.35 ] posal offers competitive efficiency relative to other structures
Ego — and greater complexity in the energy recovery process.
g 25 —
- V. CONCLUSION
520 B . s g
3 . ] This paper has analyzed a kinetic energy recovery system
s 10.23W (KERS) based on a four-stage interleaved Buck converter,
10 ] which uses a flywheel as an energy storage medium. This
5 1 § — system proves to be an effective solution for energy recovery
— in applications such as vehicle verification, where efficiency

Diodes Mosfet’s Capacitor Inductors Total loss

Fig. 14. Power losses in the converter components during nominal
power operation.

the minimum voltage is 55V, in order to maintain the duty
ratio in operating ranges from 50 % to 85 %. In different tests
presented in Table I, it was possible to extract approximately
2792 J in test one, 2680 J in test two, 2958 J in test three and
1876 J in test four. However, each test is performed 720 times
per day. Fig. 15 shows the energy recoverable in each test,
a) during one day in terms of jouls, b) in terms of wh and
c) the total energy obtained is approximately 9,406 watts
per hour in five working days. The results obtained indicate
that gasoline consumption during each test is approximately
0.048liters in a period of 37seconds, at an average speed of
80 km/h. Extrapolating this consumption to 720 daily tests, a
total expenditure of 34.5 liters of fuel per day is estimated.
In addition, it has been shown that, to recover an amount
of energy of 9406 W h, fuel consumption increases by 22 %,
which significantly impacts the cost of the energy recovered.
Table IV presents a comparison of KERS as a function
of flywheel material, type of converter used, stored energy,
power output, application, maximum speed and efficiency. The
proposed system employs a steel flywheel and an Interleaved
Buck converter, achieving an efficiency of 91 % in the power
stage with a storage capacity of 2959 J and an output power
of 450 W. Compared to literature references, it is observed
that other KERS use different converter configurations, such
as Boost, Interleaved Buck-Boost and bidirectional converters,
in addition to various applications ranging from vehicles to

in energy conversion and storage is key to improving perfor-
mance and reducing energy consumption. The implementation
of a four-phase interleaved converter allows precise control
of the recovered energy, optimizing both power and system
stability, as well as improving power density. The use of the
flywheel as a storage device provides advantages in terms
of storage capacity and rapid response to fluctuations in
vehicle load, making it an attractive option for processes that
require high energy recovery rates. In addition, the interleaved
converter architecture helps to minimize energy losses and
improve overall system efficiency. This approach is promising
not only for vehicle applications, but also in other indus-
trial sectors where energy efficiency and energy recovery are
essential. The integration of advanced technologies such as
KERS based on flywheels and interleaved converters could
play a crucial role in the transition to more sustainable and
environmentally friendly transportation systems.
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