%/ IETA

International Information and
Engineering Technology Association

Mathematical Modelling of Engineering Problems
Vol. 10, No. 5, October, 2023, pp. 1857-1865

Journal homepage: http://iieta.org/journals/mmep

Optimizing Low Pass Filter Cut-off Frequency for Energy Management in Electric Vehicles

with Hybrid Energy Storage Systems

Check for
updates

Hari Maghfiroh2%, Oyas Wahyunggoro!"®, Adha Imam Cahyadi

! Department of Electrical and Information Engineering, Universitas Gadjah Mada, Yogyakarta 55281, Indonesia
2 Department of Electrical Engineering, Universitas Sebelas Maret, Surakarta 57126, Indonesia

Corresponding Author Email: oyas@ugm.ac.id

https://doi.org/10.18280/mmep.100539

ABSTRACT

Received: 15 April 2023

Revised: 20 July 2023

Accepted: 5 September 2023
Available online: 27 October 2023

Keywords:
electric vehicles, Hybrid Energy Storage System,
energy management, low pass filter, Ragone plot

Mitigating pollution in the transportation sector necessitates the deployment of zero-
emission solutions, such as electric vehicles (EVs). One significant challenge with EVs
is the limited lifespan of the battery, a key and costly component. To circumvent this
issue, a potential solution lies in the integration of batteries with supercapacitors to
create a Hybrid Energy Storage System (HESS). This combination can notably decrease
the peak current of the battery, thereby prolonging its lifespan, and ultimately,
contributing to the long-term cost-effectiveness of EVs. A critical component of the
HESS is the Energy Management Strategy (EMS), tasked with optimizing energy
distribution. A Low-Pass Filter (LPF) serves as an uncomplicated, real-time EMS. The
current study introduces a novel approach for determining the optimal cut-off frequency
of the LPF, termed the Ragone Plot with Fine Tuning (RPFT). The Ragone plot provides
a general cut-off frequency for the battery and drive cycle, while fine-tuning is
employed to optimize it. Simulation results reveal that the RPFT method outperforms
the Fast Fourier Transform (FFT) method, thereby proving its efficacy. The application
of RPFT resulted in a reduction of battery peak current and battery current root mean
square (BCRMS) by up to 29.80% and 9.99%, respectively. This study offers valuable
insights for improving energy management in electric vehicles and underscores the
potential of the RPFT method in extending battery lifespan and enhancing the cost-

effectiveness of EVs.

1. INTRODUCTION

The transportation sector stands as a significant contributor
to environmental pollution, accounting for 35% of carbon
dioxide emissions in 2020 [1]. As a solution, the adoption of
electric vehicles (EVs) has been proposed, heralding an era of
emission-free transportation. However, EVs are faced with
several challenges that limit their effectiveness [2]. One
critical issue is the limitations of battery electric vehicles
(BEVs) [3], which include: inadequate power density to serve
EVs' peak load, frequent charge-discharge cycles that
negatively impact battery life, and difficulties in cooling large
power batteries.

To address these challenges, the implementation of a HESS
has been suggested. The HESS combines various Energy
Storage Systems (ESS) to offset the shortcomings of each
individual system. It has been demonstrated that HESS can
enhance the overall system performance, lifespan, cost-
effectiveness, and efficiency [4]. Specifically, in an EV
context, a well-designed HESS can improve the efficiency of
the power supply system and extend battery life by reducing
battery stress [5]. Moreover, the HESS facilitates
instantaneous power requirement compatibility and the
capability to deliver substantial energy over long distances [6].

Broadly, ESSs are categorized into high-energy and high-
power types. While high-energy types can sustain energy
provision over extended periods, enabling longer vehicle
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travel, they offer limited power. Conversely, high-power types
can deliver substantial energy instantaneously, making them
suitable for vehicle acceleration, but their energy provision is
short-lived. Batteries fall under the high-energy category;
therefore, they can only offer limited energy during vehicle
acceleration due to charge-discharge current limitations. High
battery currents can rapidly diminish battery life—a
significant concern given the high cost of EV batteries. Hence,
the integration of a high-power energy source is necessary to
supplement the battery's limitations. Research has suggested
that the battery-supercapacitor HESS configuration is
particularly promising for EV applications [7].

The successful operation of a HESS necessitates an
effective EMS to manage power distribution among the ESSs.
The EMS aims to satisfy constraints, use the ESS efficiently,
improve fuel economy, reduce emissions, and enhance
drivability and comfort [8]. Among the various EMS methods,
which are categorized into rule-based, optimization-based, and
learning-based methods [9], rule-based methods have been
lauded for their robustness and fast computation times, thus
making them highly implementable [10, 11].

In this study, a rule-based EMS method, the low-pass filter
(LPF), is employed due to its simplicity and robust
performance, and its ability to provide good dynamics and
cycle reduction [12-15]. The LPF method in EMS works by
decoupling the low-frequency power and assigning it to the
battery, while the high-frequency signal is directed to the
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supercapacitor. Frequency domain EMS has been shown to
extend battery life by managing transient phenomena in power
demand [3, 16]. However, determining the cut-off frequency
remains a challenge in the LPF method. To address this, the
current study proposes the RPFT for determining the optimal
cut-off frequency. The Ragone plot provides a general cut-off
frequency for the battery and drive cycle, while fine-tuning
helps optimize this frequency. The performance of this method
is compared to the FFT method in a specific drive cycle.

The principal objective of this study is to extend battery life
by reducing peak current and RMS current through the use of
HESS and LPF as the EMS method. The key contributions of
this study include the proposal of the RPFT method for
determining the LPF EMS cut-off frequency and a comparison
of its performance with the FFT method. The most effective
method, based on our analysis, is suggested for future studies
utilizing LPF EMS.

The remainder of this paper is organized as follows: Section
II describes the system modeling and the use of LPF as EMS.
Section III analyzes the results, and Section IV concludes the
study.

2. METHOD
2.1 System modeling

2.1.1 Electric vehicle model

The electric vehicle model in the form of city car is adopted
from [17] the configuration is shown in Figure 1. Its
parameters are listed in Table 1, it was adopted from the same
source with some modifications. From Figure 1, there are two
power sources used which are battery and supercapacitor (SC).

Table 1. EV model parameters

Parameters Value Unit
Vehicle mass (Mveh) 775 kg
Traction motor power (Pm_max) 30 kw
Traction motor efficiency(p) 0.9 -
Windward area (Af) 2.04 m2
Rolling resistance coefficient (cror) 0.0112 -
Air resistance coefficient (Cd) 0.25 -
Wheel radius (rw) 0.252 m
Transmission ratio (G) 6.515 -
Auxiliary load 180 W
Energy Storage System Parameters
Battery rated capacity 120 Ah
Battery rated voltage 144 \Y
SC module-rated capacity 33 F
SC module-rated voltage 945 \Y

The HESS of battery and supercapacitor is divided into four
topologies: passive, semi-active supercapacitor, semi-active
battery, and active [18, 19]. In this study, a semi-active
supercapacitor with one DC-DC converter on the SC side is
used. This configuration has a trade-off between cost and
power-sharing capability. Compared to the passive
configuration, the semi-active has better energy sharing since
there is one DC-DC converter that can control the energy flow.
On the other side, compared to an active configuration which
uses a DC-DC converter in each energy storage, the semi-
active configuration is simpler and cheap.

The load for the HESS in this system is the power for the
traction motor (propulsion load) and low voltage power
consumption or called auxiliary load. The propulsion load is
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varies based on the driver's comment through the gas pedal,
whereas the auxiliary power treated as constant power.
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Figure 1. HESS configuration in EV [17]

The electric vehicle is modelled using Newton’s motion law
which is based on the force acting on the vehicle as illustrated
in Figure 2. The Eq. (1) is the equation of motion for a vehicle.
v, is the longitudinal velocity, Fy.. is traction force, Fioy is
wheel friction force, Fer, is force air friction, Fgaqe is the force
of gravity. Formulas for calculating wheel friction, air friction,
and gravitational force are respectively shown in Egs. (2)-(4).
Where M,.; is the vehicle mass, pi- is the air density (1.25
kg/m® under normal conditions), g is the acceleration due to
gravity, and J is the angle of inclination of the road.

dvy
E = (Ftrac - Froll - Faero - Fgrade) - Mveh (1)
Frou = CrouMyeng cos (8) (2
1 2
Faero = E pairAf Cqvs 3)
Fgrade = Myeng sin (8) “4)

Figure 3 depicts the block diagram for the simulation design.
The black line represents a control signal, whereas the blue
line represents an electrical connection. In this instance, we
utilize the Urban Dynamometer Driving Schedule (UDDS) as
the speed reference, which is derived from a regular drive
cycle. This signal is conveyed to the driver block, which uses
the speed references to decide whether to power on or brake.
This block is made up of a PID control that acts as a driver
replacement and processes the difference in speed between
reference speeds and observed speeds (vs). The brake block
calculates the portion of braking (%Br) which is assigned for
regenerative braking (FBreg) and friction braking (FBrric)
based on Eq. (5). The Motor block then received the signal for
the percentage of powering (% Pwr) and regenerative braking
which was then multiplied by the maximum Powering/
Braking torque to get the motor torque (7,) as in Eq. (6). The
motor block calculates the motor power using Eq. (7). In the
driveline block, the processes inside it calculate the F... based
on Eq. (8) utilizing the torque signal from the motor where
Tipinioss in losses in the motor spin. The Glider block uses Eq.
(1) to determine the vehicle's acceleration and speed. The
power required by the system is load power (Proqaq) Which is
motor power (P,) plus the auxiliary load (Pa.x). This power is



sent to the EMS block for power allocation to the SC. Whereas,
the battery takes the rest of the power required by the system
since it is uncontrolled.

FBpric = FBiax — FBreg ®)
T = (%PWT * Ty ax) + (FBgeg * 1y /G) (6)
Py = (T (UsG /1)) /1 (7)
Firac = (Tm = Tspintoss) * G + Ty — FBpric (®)
Faers
—

Figure 2. Force acting on a moving vehicle [20]

Pser

sc Buck/ Boost [ DCHink

. Bidirectional |—
o 0 ILoad E‘nﬂ
Battery

%Pwr Tm Firac

Speed Ref Driver —» Driveline ——» Glider

(Drive Cycle) | 4 (PID} Motor

%Br Vs

FB,
Brake Rey

FBzi

Figure 3. Simulation design block diagram

2.1.2 Energy storage system (ESS) model

In the EV model used, there are two ESS used. Battery as
the main supply and SC to support and as an energy buffer for
the battery. The battery used is a lithium-ion (Li-ion) type,
while the model used uses the battery model in the MATLAB
software which refers to the Generic Battery Model (GBM).
GBM itself refers to the model proposed by Tremblay and
Dessaint [21] which has been validated experimentally with
good accuracy (5% error) for the 20-100% SoC range on Li-
ion batteries.

Furthermore, the battery is modelled with a controlled
voltage source and internal resistance. The value of the
controlled voltage source is set based on Eq. (9) for
discharging conditions and Eq. (10) for charging conditions.
All variables used are described in the Nomenclature.
Furthermore, Figure 4 shows a block diagram illustration of
the battery model used.
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Figure 4. Battery model [21]

. Q ..
Vbat:EO_Rbat'l_KQ_it(l*+lt)+A ©)
-exp (=B -it)
. Q . Q .
Vbat _EO_Rbat'l—K.—l*—Kmlt (10)

The supercapacitor model used refers to the non-linear
Stern-Tofel model [22]. In the Stern-Tofel model, the total
capacitance (Cr) of the supercapacitor is a combination of
Helmholtz's capacitance (Cp) and Gouy-Chapman's
capacitance (Cgc), the formulation of the model is shown in
Egs. (11)-(14). Furthermore, the self-discharging current
equation and supercapacitor voltage are shown in Eq. (15) and
Eq. (16), respectively.

Figure 5 shows the block diagram of the supercapacitor
model consisting of a voltage source and the supercapacitor's
internal resistance. The voltage source used is a controlled
voltage source where the voltage value is controlled as shown
in Figure 5.
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Figure 5. Supercapacitor model [22]

The battery and SC specification used is listed in Table 1
for its capacity and rated voltage. Whereas the rest of the
variable value is using MATLAB default value. For more
detail about the battery and SC models see studies [21, 22],
respectively.
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2.2 LPF as EMS

The EMS has an important role for HESS. It manages the
power distribution for each ESS. Filter-based energy
management is part of the rule-based EMS class. In this study,
the type of filter chosen is a low-pass filter (LPF). The EMS
design using LPF is illustrated in Figure 6. This process is
inside the EMS block of Figure 3. The power demand (Proaq)
is sent to LPF. The output of LPF is a low frequency for the
battery. Since no DC-DC converter in the battery, the signal
output from the LPF is used to get the reference power for the
SC by subtracting the power demand signal with it. After that,
the SoC limiter needs to be added because the LPF method
cannot accommodate the constrain except frequency. To avoid
SC being over-charged and over-discharged, the SoCsc is
limited to 50-100%. According to the study [23], the charge of
SC is not allowed to go down below 50% of the maximum
voltage. The final output is a power reference for SC, Psc¥*,
which then send to the DC-DC converter. The challenging task
of LPF as EMS is finding the best cut-off frequency. Therefore,
in this study, the RPFT is proposed.

SOCsc l

+ ‘ sSocC

Limiter
Figure 6. EMS design using LPF

PLoad
Psc*

A 4

A A

LPF

h 4

2.2.1 Ragone plot

The Ragone plot is a plot that shows the relation between
power density and energy density of an energy storage system
(ESS). Figure 7 shows a Ragone plot of some ESS. It is seen
that the battery has high energy density with low power
density. On the other hand, the supercapacitor has a low
energy density with a high-power density. From this plot, the
cut-off frequency (fc) is calculated using Eq. (17) [24-27].
This method was used by the study [24] to determine the cut-
off frequency of LPF EMS before then they add an adaptation
algorithm to improve the performance. Based on the Ragone
plot in Figure 7 and Eq. (17), the cut-off frequency is chosen
at point (102, 10%) of the Ragone plot which is 0.01Hz.

The fc is then substituted in Eq. (18) which is the first order
LPF transfer function. This LPF will attenuate the signal with
a frequency higher than the determined cut-off frequency. The
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rest with the high frequency is sent to the SC. However, the
Ragone plot gives the cut-off frequency for the general battery
and drive cycle. Each battery has a different and specific
working frequency. Therefore, the specific cut-off frequency
is important to optimize the battery performance.

10°
_ 100
1074 Batteries F -
= 001s
; 102 A/A :
.; lo’_/
- I
Electrolytic
Capacitors
- B || || [[[I1[[11]]
10° 10° 10° 10° 10°
Power density [W/kg]
Figure 7. Ragone plot [28]
W/k
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e T (e (18)
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The spectrum analysis method is used to know the
frequency of the power demand of the electric vehicle. Since
every drive cycle has different power demand, this method is
not track-independent, which will give a different result if the
drive cycle is not the same. There is two spectrum analysis
method that can be used which is FFT and Power Spectral
Density (PSD). FFT gives the result of the magnitude of each
frequency, whereas PSD gives the power density in each
frequency. In this study, the FFT method is used.

The step used for finding cut-off frequency using the FFT
method is as follows:

a) Apply the power demand signal to FFT.

b) Calculate the magnitude spectrum.

¢) Find the cut-off frequency for which the magnitude is
below the magnitude spectrum threshold.

In this study, the maximum magnitude of the spectrum is
divided by 10 to set the threshold for selecting the cutoff
frequency. This threshold is used to exclude any frequencies
in the spectrum that have a magnitude below 1/10th of the
maximum magnitude. This is done to avoid selecting a cutoff
frequency that is affected by noise or other low-level signals
in the data. By excluding these low-level signals, we can select
a more reliable cutoff frequency for the LPF. The value of 1/10
used in this code is arbitrary and can be adjusted depending on
the specific application and the noise level in the data. If the
noise level is low, a higher threshold value can be used, while
if the noise level is high, a lower threshold value may be more
appropriate.

The FFT analysis is done using MATLAB and the result is
shown in Figure 8. The bar graph shows the percentage
magnitude compared to the maximum magnitude spectrum.
This method is already used by studies [28, 29]. Based on



Figure 8, the cut-off frequency is 0.009Hz which is close to
that of the Ragone plot method.
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Figure 8. FFT of UDDS drive cycle

2.2.3 Proposed method

As the Ragone plot only gives the general approximation
for battery cut-off frequency. Hence, another method is
required to get the optimal value of the cut-off frequency to
ensure the battery in HESS works optimally. The proposed
method is RPFT. Fine-tuning is referred to as the Proportional
Integral Derivative (PID) control which finds the best PID’s
gain result from the initial value. The RPFT step is illustrated
in Figure 9. The initial value of the cut-off frequency is from
Ragone Plot which is 0.01Hz. Then, searching the best result
from the frequency above and below this initial value by
adding or subtracting it with the determined step. The forward
step (Fsiwep) and backward step (Bsiep) used in this study is 0.01
and 0.002, respectively. The search is stopped when the new
cut-off frequency value has a worse performance compared
with the previous one.

Backward step Forward step

(—=

Initial value

(Feo)

FCD = Bs:—:-p

Figure 9. Fine tuning step

The performance of the proposed method is compared to the
Ragone plot and FFT based on four criteria which are delta-
SoC, distance per kWh, maximum battery current (I bat max),
and Battery Current Root Means Square (BCRMS). In terms
of distance per kWh, the higher value is better. On the other
hand, in terms of delta-SoC, maximum battery current, and
BCRMS, the lower value is better. The main objective of this
study is to prolong the battery lifetime; therefore, battery peak
current and BCRMS are the main criteria. Whereas the others
are used to know the effect of the proposed system and EMS
on the traveling distance. The battery aging parameter based
on the BCRMS is calculated using Eq. (19) [30]. Where 7 is
the simulation time.
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BCRMS = (19)

3. RESULTS AND DISCUSSION

In this simulation test, the UDDS drive cycle is used. The
gradient of the track is 0% or no elevation. Figure 10 (a) shows
the speed profile of the UDDS driving cycle, while Figure 10
(b) is the power demand with the corresponding drive cycle.
At the initial condition, the battery and supercapacitor’s SoC
are set to 95%. The test is done in the C505 and UDDS drive
cycles. The first one is part of the UDDS drive cycle at time 0-
505 seconds or known as C505 which refers to the cold start
of UDDS. This C505 has a distance of 5.82 km whereas the
UDDS has 12.07 km in total. The short distance is used to
faster the fine-tuning process while the long distance to test the
best cut-off frequency from the fine-tuning process. The
performance of the proposed method is compared to the
Ragone plot and FFT method.

100
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(b)

Time (s)

800 1000 1200 1373

Figure 10. UDDS drive cycle: (a) speed; (b) power
3.1 CS505 drive cycle

The result of the test in the C505 drive cycle is summarized
in Table 2. The cut-off frequency from Ragone Plot and FFT
is 0.01Hz and 0.009Hz, respectively. Based on Table 2, the
lower frequency from 0.01Hz in this test is 0.009Hz has a
worse performance. Therefore, the backward step is not
performed. The first forward frequency is 0.02Hz and its
performance better than the initial cut-off frequency from the
Ragone plot. Therefore, the forward step is continued. The
second forward frequency is 0.03Hz and it also has better
performance than the previous frequency, the forward step is
continued. The third forward frequency is 0.04Hz. Compared
to the performance of frequency 0.03Hz, the cut-off frequency
of 0.04Hz has better delta-SoC and distance per kWh whereas
it has a worse maximum battery current and BCRMS with a
higher value of it. Since the difference in delta-SoC and
distance per kWh is only small compared to those of I bat max
and BCRMS, the cut of frequency of 0.03Hz is selected in this
fine-tuning test.

Table 2 shows that, in terms of the delta-SoC of the battery,
the higher fc, it decreases. This is due to the higher cut-off
frequency; the battery can absorb more energy from
regenerative braking. Whereas in the battery only, all the



regenerative braking energy is absorbed by the battery. The
distance per kWh has a pattern of increased with the higher fc.
While the battery only has the highest distance per kWh. This
happens since in HESS; the battery also uses the energy to
charge the SC after the SC gives its energy to reduce the peak
current. The higher the fc, means the lower the power
allocation for the SC. As a result, SC also absorbs a small
amount of power from the battery. In terms of battery peak
current, it has a concave pattern, where the lowest peak current
is at the fc=0.03Hz. Therefore, this is the best LPF cut-off for
this specified HESS. Since different battery and SC
specifications will give different results. The last, BCRMS
criteria have random patterns. However, the battery only has
the highest BCRMS, then its value is nearly the same at fc
between 0.009-0.03Hz and increases at fc=0.04Hz.

Table 2. C505 drive cycle test results

Cut-off Delta- Distance per | Bat BCRMS
Frequency (fc) SoC (%) kWh (km/kWh) Max (A)

Bat only 3.60 8.58 155.85 48.47
0.009 3.80 8.20 146.48 44.06
0.01 3.80 8.21 146.45 44.04
0.02 3.78 8.26 133.92 44.17
0.03 3.73 8.32 109.42 44.69
0.04 3.71 8.36 114.55 45.37

Compared to the cut-off frequency from the Ragone plot
and FFT, the one from fine-tuning(0.03Hz) has superior in the
three criteria which are delta-SoC, distance per kWh, and I bat
max. Whereas, in terms of BCRMS, it only has small
differences. Compared to battery only EVs, the cut-off
frequency from fine-tuning has a lower peak battery current
and BCRMS by 29.79% and 7.80%, respectively, which
means reducing battery stress. On the other side, it has a bit
smaller value of delta-SoC and distance per kWh. The lower
delta-SoC and distance per kWh are due to the battery charge
the SC and not all the energy from the regenerative braking
can be absorbed by the battery. This is due to SC is the priority
to get the regenerative energy. However, the longer the battery
lifetime, it can be used longer and as a result, the total distance
of the vehicles is higher.

3.2 UDDS drive cycle

The best cut-off frequency from the first test was then tested
in the second test with a longer distance. The test result is
resumed in Table 3. It is clearly seen that the frequency from
the RPFT still has the best performance value in most of the
criteria used. Compared to the battery-only EV, the proposed
system can reduce the maximum battery current and BCRMS
by 29.80% and 9.99% respectively. Although, it has a small
reduction in delta-SoC and distance per kWh. The reduction in
delta-SoC is due to some portion of regenerative energy being
absorbed by the SC. Whereas, the distance per kWh decreases
since the total energy consumed in the HESS is higher than
that of a battery-only EV. Compared to the Ragone plot and
FFT method, the proposed method has the same result as
previous test, which is superior in terms of delta-SoC, distance
per kWh, and battery peak current.

In more detail, Figure 11 shows the power-sharing which is
the power distributed to the battery and supercapacitor after
passing the LPF for the UDDS drive cycle. It is seen that the
pattern is the same. The lower cut-off frequency for the battery
means lower power is distributed to the battery and vice versa.
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Figure 11 (a) shows that the higher the cut-off frequency, the
higher amplitude, and fluctuation. On the other hand, the
lowest cut-off frequency has the slowest response since it has
a higher time constant. The cut-off frequency of 0.03Hz has a
higher battery power portion compared to the others. Whereas
the cut-off frequency of 0.009Hz and 0.01Hz has nearly the
same pattern. In the power references for SC, Figure 11 (b), it
can be seen, at some periods its value is zero due to SoC SC
limitation. When it reaches the SoC limit, the SC cannot give
or receive power. It is seen that, with the higher cut-off
frequency of the LPF, the SC contributes lower power.
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Figure 11. Power sharing: (a) battery power; (b) SC power

Table 3. UDDS drive cycle test results

Cut-off Delta- Distance per | Bat

Frequency (fc) SoC (%) kWh (km/kwh) Max (A) SCRMS
Batonly  6.94 9.24 15585 3624
0.009 7.31 8.81 14648 30.92
0.01 7.30 8.82 14645  30.99
0.03 7.17 8.93 10041 32.62

Compared to the four criteria used, the higher cut-off
frequency will behave close to the battery-only EV. For
example, in the delta-SoC, distance per kWh, and BCRMS. As
can be seen in the trend data in Table 2 and Table 3. On the
other hand, the peak current has a different pattern. In this
criterion, the fine tune plays an important role. The lower the
cut-off frequency, the higher portion of power for SC which
makes SC give more power events not in the peak power. On
the contrary, the higher cut-off frequency limits the power
portion from SC. Therefore, the right cut-off is necessary for
optimal results. In this study, it was obtained from fine-tuning.

The SoC of the battery is shown in Figure 12 (a). It displays
the SoC pattern from starting until the end of the EV
movement. The final SoC curve shows that a cut-off frequency
of 0.03Hz has the highest final value. The higher cut-off
frequency of LPF on the battery side means a higher portion
of power is allocated for the battery until the point where no
power is allocated for SC, and it has the behavior of a battery-
only EV. The higher value of the final SoC since most of the
energy from regenerative braking is absorbed by the battery. It
is also due to, the SC only giving a small portion of energy,
hence, it does not absorb energy from the battery. In the lower
cut-off frequency, after giving a high amount of power to
reduce the peak current, SC absorbs energy from the battery
since it has a lower voltage.

The SoC of the supercapacitor is depicted in Figure 12 (b).
It fluctuates over time, the decreasing value means SC gives



power, while the increasing value means SC gets power. The
SC can absorb power in two way which is from regenerative
braking and the battery. It absorbs battery power when its
voltage is below the DC link after giving its power to the
system. The final SoCsc value is 92.92%, 92.87%, and 89.52%
for the cut-off frequency of 0.009Hz, 0.01Hz, and 0.03Hz,
respectively. The curve from fc=0.03Hz is different, since at a
high cut-off frequency of the battery’s LPF, only a small
portion of the energy is allocated to the SC.
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4. CONCLUSIONS

The simulation results reveal that the RPFT method,
employing an optimized cut-off frequency, surpasses the
performance of both the Ragone plot only and FFT methods.
This superiority is evident in terms of delta-SoC, distance per
kWh, and peak battery current. A heightened cut-off frequency
substantially diminishes the power portion allocated to the
supercapacitor (SC), thus nudging the system's behavior
towards that of a battery-only EV. Conversely, a reduced cut-
off frequency augments the power portion for the SC, thereby
supplying more power beyond peak power demands. However,
it is imperative that the optimal cut-off frequency is precisely
calibrated through fine-tuning to achieve the desired results. A
decrease in peak currents and BCRMS by as much as 29.80%
and 9.99%, respectively, is achieved by the RPFT method,
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thereby effectively extending the battery's lifespan.

These findings hold substantial implications for HESS EV
energy management, offering practical advantages such as
improved battery performance, extended lifespan, and
decreased maintenance costs. The RPFT method emerges as a
promising solution for optimizing energy use in HESS EVs,
thereby enhancing the overall efficiency and reliability of
these vehicles.

In future studies, the development of an adaptive algorithm,
such as one based on fuzzy logic, could be explored. This
would allow for the recognition of different drive cycles and
dynamic adjustment of the cut-off frequency. Such an
advancement would enable the control system to adapt to
different driving scenarios, ensuring optimal energy
management across a range of conditions.
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NOMENCLATURE

Vbat
Eo
Exp(s)
Rbat
K

i*

i

it

Battery non-linear voltage, V
Battery constant voltage, V
Exponential zone dynamics, V
Battery internal resistance, Q
Polarization constant, Ah™! or Q
Low frequency current dynamics, A
Battery current, A

Battery extracted capacity, Ah
Battery capacity, Ah

Exponential voltage, V

Exponential capacity, Ah™!
Interfacial area between electrodes and
electrolyte, m?

Molar concentration, mol/m?
Molecular radius, m

Faraday constant, C/ mol
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isc

Rsc

SC current, A

SC voltage, V

SC total resistance, Q

SC total capacitance, F
Number of layer of electrodes
Avogadro constant, mol™!
Number of parallel SC
Number of series SC

Electric charge, C

Ideal gas constant, J/K - mol
Molecular radius, Angstrom
Operating temperature, K
Leakage current, A
Permitivity of material, F/m
Permitivity of free space, F/m
Charge transfer coefficient
Voltage changes, V





