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ABSTRACT The intermittency in photovoltaic systems (PV) can lead to power quality issues, especially in
off-grid applications. In these cases, adding an energy storage element helps to cope with the intermittency
to provide adequate power to the local load. In this scenario, combining Li-Ion batteries and supercapacitors
as a hybrid energy storage system (HESS) is powerful due to the battery’s high energy density and
the supercapacitor’s high power density. The HESS demands adequate power management to operate
adequately. This paper proposes an adaptive frequency-based power management for a Li-Ion battery and
supercapacitor HESS applied to an off-grid PV converter. The main idea of this strategy is to guarantee a
smoother current in the battery and reduce the power dissipation in the HESS. The smoother battery current
transition helps avoid excessive battery stress and improves lifespan. The proposed strategy is compared
with two other strategies. The results show that the proposed approach is more efficient in reducing the
HESS’ power dissipation and providing smooth current variations to the battery.

KEYWORDS Power Management, Hybrid Energy Storage Systems, Li-Ion Battery, Supercapacitor, Off-
Grid Hybrid Photovoltaic Converters, Photovoltaic Systems.

I. INTRODUCTION

The increase in greenhouse gases, environmental concerns,
and the future depletion of fossil fuels drive the search for
renewable energy resources. Among renewable options, pho-
tovoltaic (PV) systems have gained attention in residential
areas due to their economic viability across various scales
and applications, including low power levels uses [1]. Given
this backdrop, PV inverters combined with storage elements
have garnered attention in recent industrial developments for
their flexibility in adding energy storage to compensate for
intermittent generation [2].

Combining two or more storage elements, such as batter-
ies, fuel cells, supercapacitors, and others, results in the so-
called hybrid energy storage system (HESS). In [3]], various
storage element technologies and their use are compared.
Among them, pairing a supercapacitor and battery is an inter-
esting combination because the supercapacitor complements
the low power density of the battery. In contrast, the battery
addresses the low energy density of the supercapacitor. This
combination helps to mitigate fluctuations in power gener-
ation from the PV system. However, it requires a complex
power electronics interface, which is a disadvantage [4] and
the battery bank must be correctly selected for supply the
demand of the system [5]].

The topologies for HESS with a battery and a superca-
pacitor can be categorized as passive, semi-active, and fully
active. The passive topology is the simplest and most cost-
effective. In this configuration, the battery and supercapacitor
are directly connected to the dc bus, making it challenging
to match the bus voltage level, mainly because high-voltage
supercapacitors and batteries are expensive. Since the battery
and supercapacitor share the same terminal voltage, the
HESS dynamics are primarily dictated by the battery’s state
of charge (SOC) [6].

The semi-active topology is similar to the passive one but
incorporates a converter between one storage element and
the dc bus. This topology allows for control over the power
flow of one energy storage element. However, the storage
element directly coupled to the dc bus will still require
voltage specifications compatible with the dc bus [7].

The fully active topology addresses the problem of the
need to use high-voltage storage elements. This configu-
ration involves placing a bidirectional converter between
each energy storage element and the dc bus. It allows
storage elements with a different voltage than the dc bus
and increases flexibility due to improved power flow control
[8]. On the other hand, the fully active topology should be
associated with appropriate power management to achieve
adequate energy usage.
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FIGURE 1. Hybrid photovoltaic inverter with supercapacitor and Li-lon battery.

There are various ways to implement a HESS power man-
agement system. In [9], the authors present several system
management strategies. The rule-based approach is well used
due to its simple implementation and involves implementing
rules through look-up tables or conditional statements [[10].
This approach, being the most straightforward, demands the
least computational effort among the presented strategies.
However, its real-time optimization and adaptability are
challenging [11]], [12]. Furthermore, due to the lack of a
modeling system, the rule-based management does not work
very well to answer the system’s dynamic response [|13].

Frequency-based power management is another possibil-
ity. This approach decomposes the power signal into high
and low-frequency components. Since the supercapacitor
provides a fast transient response, the high-frequency power
component is associated with the supercapacitor, while the
low-frequency power component is related to the battery
[14]. In [15]], it is demonstrated the frequency-based method
reduces the magnitude of root means square (RMS) and
the maximum peak of the battery’s current. In [16]], the
authors demonstrate the reduction in RMS current implies
a reduction of the power dissipation in the HESS composed
of battery and supercapacitor.

Other very effective strategies rely on optimization. How-
ever, they are mathematically and computationally demand-
ing [2f, [17]. Other strategies used for managing systems
using batteries are based on artificial intelligence. Although
efficient, artificial intelligence approaches demand significant
data for training and validation of the algorithm that leads
to extensive tests [18]], [[19], [20].

The authors in [21]] describe HESS as a solution for
various applications in renewable energy, such as emergency
systems, electric vehicles, backup systems, telecommunica-
tion, public lighting, data centers, hospitals, and commercial
buildings.

Integrating energy storage elements with photovoltaic gen-
eration can provide continuous power, essential in remote
locations or critical areas where power interruptions occur.
Integrating HESS with a photovoltaic inverter leads to dif-
ferent operation scenarios that can be explored depending
on whether grid-tie or off-grid mode is considered [22].
Especially in off-grid operations, only using a battery to
regulate or keep the power flow to the load can significantly
reduce the battery lifespan. Therefore, using a HESS with an
adequate power management strategy can reduce the use of
the battery during the operation and, consequently, increase
its life cycle.

This paper considers a hybrid inverter for off-grid opera-
tion using supercapacitors and lithium-ion (Li-Ion) batteries.
A simple and effective adaptive frequency-based strategy
of power management is proposed. The proposed power
management modifies the cutoff frequency of a filter used
in the power management algorithm based on the batteries’
State of Power (SOP) and State of Energy (SOEFE). It
provides smoother battery currents, reducing high-frequency
components that can degrade the battery’s lifespan. The
proposed strategy is compared with the rule-based method
and the traditional frequency-based method, which are two
other methods of simple implementation.
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Since SOC' estimation is used in any Li-Ion battery
application demanding correct operation of the battery, the
implementation of the proposed strategy is straightforward.
This is due to the fact the proposed approach relies on
information already available during the SOC' estimation
process and other information easily found in datasheets.
It avoids complex algorithms with extensive calculations,
such as those using optimization methods or laborious data
set creation and training involved in artificial intelligence
approaches.

This work is an extension of [23]]. This extended paper
introduces a new adaptive frequency-based power manage-
ment strategy and compares the results using the approaches
proposed in [24] and [25].

Il. SYSTEM DESCRIPTION

Fig. [1] illustrates the hybrid photovoltaic converter under
study. The system encompasses four converters: a boost
converter [26]], two classic buck/boost bidirectional convert-
ers [27]], [28] and an inverter [29]]. The boost converter is
responsible for extracting the energy from the photovoltaic
panels, and it uses two algorithms to assist in managing the
energy system. The first is a Maximum Power Point Tracking
(MPPT) algorithm, responsible for extracting the maximum
power available in the PV panels. The second is a Limited
Power Point Tracking (LPPT) algorithm that limits the PV
panels’ extracted power. The MPPT and LPPT are explained
in [301, [31].

The buck/boost bidirectional converters charge or dis-
charge the battery and the supercapacitor. The buck/boost
bidirectional converter connected to the battery controls the
dc bus voltage through the charging/discharging process.
An equivalent first-order RC model represents the battery
bank [32]. The inverter delivers power from the dc bus
to the ac load. With these four converters, the system’s
management can process the desired power, charge/discharge
the battery, charge/discharge the supercapacitor, limit the
extracted power from PV panels, or extract the maximum
power and power the load.

All the transfer functions and the control loops for the
correct operation of the hybrid inverter described in Fig.
E] are presented in [23]. A Kalman Filter estimates the
battery State of Charge (SOCp 47) as described in [32]. The
supercapacitor State of Charge (SOCs¢) is obtained using:

Usc

SOCsc = ——, ey

SCmax

where, vg. is the instantaneous supercapacitor voltage and
Vse,,., 1S the maximum rated voltage of the supercapacitor.

lll. POWER MANAGEMENT OF THE SYSTEM

This section discusses the proposed power management
strategy and two other approaches used for comparison. All
strategies use the storage elements when the power generated
by the PV array either falls short of or exceeds the load’s
power. The system channels the surplus PV energy into

the storage elements or discharges them to power the load.
Subsections [A] and [B] summarize the rule-based [24] and
frequency-based [25]] algorithms, respectively, used for com-
parison purposes, while subsection |C| presents the proposal.

A. Rule-based power management
The main idea of this power management is to use the
supercapacitor until it reaches the maximum or minimum
SOC. After that, the management uses the battery to supply
the power demand. Algorithm [I] presents the implementation
of the rule-based management approach.

The power demand (Ppjs) is the difference between the
power of the load (Pr) and the generated power by the PV
array (Ppy):

Ppy = Pp — Ppy. (2

Since the converter associated with the battery regulates
the dc bus voltage, the reference of power for charging and
discharging the supercapacitor is:

Psc = Ppu. 3)

Algorithm 1 Rule-based power management
I: Ppy = P, — Ppy
2: if Ppys < 0 then
3: if SOCgsc < 0.95 then

4: MPPT — ON

5: Supercapacitor — Charging with P&, =
Ppuy

6: else if SOCpaT < 0.95 then

7: MPPT — ON

8: Supercapacitor — OFF

9: Battery — Charging

10: else if SOCgBar > 0.95 then

11: LPPT — ON

12: Supercapacitor — OFF

13: end if

14: else

15: if SOCgc > 0.5 then

16: MPPT — ON

17: Supercapacitor — Discharging with P&, =
Ppuy

18: else if SOCpgar > 0.2 then

19: MPPT — ON

20: Supercapacitor — OFF

21: Battery — Discharging

22: else if SOCgBar < 0.2 then

23: Disconnect the load

24: end if

25: end if

In this power management strategy, when the power
generation is equal to or exceeds the power of the load
(Ppy < 0), the SOCge is verified. Until the SOCsc
reaches 95%, the MPPT is active, and the supercapacitor
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is charged with a power reference given by (3). The power
flow to the battery is only responsible for regulating the dc
bus voltage. When the supercapacitor is charged (SOCs¢c >
95%), and the battery is not charged (SOCpar < 95%),
the power manager activates the MPPT, turns off the su-
percapacitor and the battery charges assuming the excessive
generated power balancing the dc bus. When the battery is
charged (SOCpar > 95%), the LPPT is active, limiting the
generated power, and the supercapacitor is disabled.

When the power generation lacks the power of the load
(Ppar > 0), while the SOCg¢ is greater or equal to 50%,
the MPPT is active, and the supercapacitor provides power
to the load with a power reference given by (3). The power
flow to the battery is only responsible for regulating the dc
bus voltage. When the supercapacitor is depleted (SOCs¢c <
50%) and the battery still has stored energy (SOCpar >
20%), the power manager activates the MPPT, turns off the
supercapacitor and the battery provides additional power to
the load balancing the dc bus. When the battery is depleted
(SOCpar < 20%), there is no available power from the
PV array and energy storage elements. Therefore, the power
manager disconnects the load.

B. Frequency-based power management with fixed cutoff
frequency

The main idea of this power management is to decompose
the power demand (Ppjs) into low and high-frequency com-
ponents. The battery assumes the low-frequency component
due to its low power density. The supercapacitor assumes
the high-frequency component due to its high power density
[16].

The structure presented in Fig. [2] generates the power
references for the battery (P 4-) and supercapacitor (Pg.).
The LPF block is a first-order low-pass filter with a cutoff
frequency given by [25]:

Ppower

J[He] = Lo
T = 0 peneray

“

where, ppower is the power density of the battery in W/kg
and penergy is the energy density of the battery in Wh/kg.

j%- BAT OT SC

FIGURE 2. Block diagram of the frequency-based power management.

The reference for the battery power (Pg 4r) is obtained
using:
PBAT[k] = (1 - O[)PBAT[k - ].] + QPDM[k],
p— TS
="
T.s + o f.

&)

(07

where, T is the sampling period of the power manager and
fe is the cutoff frequency given by ().

The implementation of this management strategy follows
the algorithm [2| described in the following subsection. The
only difference is the fixed cutoff frequency used in this
method.

C. Adaptive frequency-based power management
Since the system is dynamic, maintaining a fixed cutoff
frequency can interfere with the correct power distribution in
the HESS, especially with variable loads that can lead to bat-
tery degradation [16]]. The intermittent generation profile of
the photovoltaic generation also worsens this phenomenon.
Therefore, this subsection proposes an adaptive frequency-
based power management strategy for the hybrid inverter.
The proposed management strategy uses adaptation to
modify the cutoff frequency f. in real-time in equation (3).
The cutoff frequency of the filter is calculated using:

SOP
fc[HZ] = SOiE7 (6)

where, SOP is the State of Power, and SOF is the State of
Energy of the battery. The SOP estimates how much power
the battery can deliver at a given moment, and the SOF is
the available energy in the battery at that instant [33]].

The SOFE estimation is shown in [34]], and it is related to
the SOCpar by:

SOE = 3600040¢Qumas SOC [Ws), 7

where, Qq. is the actual battery’s maximum capacity,
measured in Ah.

The authors of [35] present the State of Power (SOP)
estimation. Given that a positive battery current represents
the discharging process, when the battery is discharging, the
SOPyischarge 1S given by:

I \%4 I
SOPdischa'r‘ge - mln{SOPdischa’rge? SOPdischaTge?

8)
SOCpar (
SO}Ddischarge}’
where,
\% _ - (Ocv=vp—=Vinin)
SOPdischarge - ‘/’m“LT,
I
SOPdischarge = (OCU —Up — ROImaz)Imam;
SOCpar _ 3600Qumas(SOCBaAT—SOCBAT,, . )Vbat
SOPdischarge - T .
)

When the battery is charging, the SOF;pqrqc is deter-
mined by:

SOP tarye = MOX(SOP s SOFh e SOPS 0
(10)
where,
o (Ocv—Vp—Vimaxz)
SOPY 11ge = Vinay Q2= =Vmez),
SOPthm'ge = (OCU - Up - R()Imin)-[min,

SOCpar _ 3600Qmaz(SOCBAT—SOCBAT,, 4, )Vbat
SOPcharge - T s .
(11)

For a discharge process, the Soptxscharge indicates the
battery’s power associated with a voltage applied to the
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battery equal to the minimum operating voltage (V,,,i,) spec-
ified by the manufacturer. The SOPjischarge indicates the
battery’s power associated with the maximum discharging
current (1,4, > 0) determined by the manufacturer. The
SOPdSl.Soigfgf5 indicates the battery’s power necessary to
achieve a desired minimum State of Charge (SOCgar,,.,)
in the time interval T'[s].

Similarly, for a charging process, the SOPY, g indicates
the battery’s power associated with a voltage applied to
the battery equal to the maximum operating voltage (V,44)
specified by the manufacturer. The SOP/, g indicates the
battery’s power associated with the minimum discharging
current ([,,;, < 0) determined by the manufacturer. The
SOngS;AT indicates the battery’s power necessary to
achieve a desired maximum State of Charge (SOCpar,,..)
in the time interval T'[s].

The O, is the Open Circuit Voltage of the battery, v, is
the voltage drop in the RC parallel pair of the equivalent
circuit model of the battery shown in Fig. [T} The element
R, is the resistor in parallel with the C, capacitor, while R
is the series resistor of the equivalent circuit of the battery.

Algorithm |2 shows the proposed management strategy.
The converter associated with the battery is always respon-
sible for regulating the dc bus.

When the power generation is equal to or exceeds the
power of the load (Ppys < 0), the cutoff frequency of the
low-pass filter is updated considering the SOP,},4rge. There
are four situations to be considered.

If both the battery and supercapacitor are not charged
(SOCpr and SOCsc < 95%), the MPPT is active, and
the battery and supercapacitor are charging with power ref-
erences for the battery and supercapacitor given by P, 4 [k]
and P§.[k], respectively.

When the battery is not charged (SOCpar < 95%)
but the supercapacitor is charged (SOCgsc > 95%), the
supercapacitor is turned off and the LPPT is activated. The
LPPT is used to provide a smooth current profile to charge
the battery that is proportional to the power reference given
by P} ,rlk] while the power reference for the LPPT is
Py [k

When the battery is charged (SOCpar > 95%) but
the supercapacitor is capable of storing additional energy
(SOCsc < 95%), the MPPT is active because of the high
power density of the supercapacitor and only this element is
charging with power reference defined by Pg.

In the case both the battery and supercapacitor are charged
(SOCpar and SOCgsc > 95%), the power manager acti-
vates the LPPT, the supercapacitor is turned off, and the
converter associated with the battery keeps providing power
balance to the dc bus.

When the power generation is lower than the power load
(Ppar > 0), the storage elements need to supply the power
deficit. The power manager activates the MPPT to extract
all possible power from the PV array. If both the battery
and the supercapacitor have enough energy to supply the

Algorithm 2 Adaptive frequency-based power management

1: Ppyr = Pr — Ppy

2: if Ppyr < 0 then

3: fe = SOP.parge/SOE

4 a:TS/(T5+27T1fC)

5: if SOCpar <0.95 & SOCsc < 0.95 then
6: MPPT — ON
7.
8
9

P arlk] = (1 = a) Py aplk — 1] + aPpulk]
ch[k] = PDM[k] - PEAT[k]
else if SOCpar <0.95 & SOCgqc > 0.95 then

10: Supercapacitor — OFF

11: LPPT — ON

12: Pharlk] = (1 — «)Pharlk — 1] + aPpu[k]
13: Py k] = Pr + Pj K]

14: else if SOCgar > 0.95 & SOCsc < 0.95 then

15: MPPT — ON

16: Supercapacitor — charging with P&, =
Ppyr

17: else if SOCgar > 0.95 & SOCgsc > 0.95 then

18: LPPT — ON

19: Supercapacitor — OFF
20: end if
21: else

22: MPPT — ON
23: if SOCpgar > 0.2 & SOCgc > 0.5 then

24: fc = SOPdischarge/SOE

25: a=T/(Ts + 577)

26 Phagltl = (1= a)Pgurlk — 1]+ aPou A

27: Piclk] = Ppulk] = Pp (k]

28: else if SOCpar > 0.2 & SOCgc < 0.5 then

29: Supercapacitor — Of f

30: else if SOCpar < 0.2 & SOCgc > 0.5 then

31: Supercapacitor — discharging with P&~ =
Ppyr

32: else if SOCgar < 0.2 & SOCsc < 0.5 then

33: Disconnect the load

34: end if

35: end if

load (SOCpgar > 20% and SOCsc > 50%), the cutoff
frequency of the low-pass filter is updated considering the
SOPyischarge and the battery and supercapacitor provide
power to the load according to the references P} ,[k] and
P [k], respectively.

When the supercapacitor is depleted (SOCsc < 50%) but
the battery still can provide power to the load (SOCpar >
20%), the battery is the only storage element responsible for
supplying the deficit of power. Since the converter associated
with the battery is responsible for balancing the dc bus, it is
made automatically.

In the case the battery is depleted (SOCpar < 20%) but
the supercapacitor is capable of supplying power (SOCs¢c >
50%), the supercapacitor provides power to the load with a
power reference given by PS5, = Pp.
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Finally, when both the battery and supercapacitor are
depleted (SOCpar < 20% and SOCsc < 50%), there is
not enough power to supply the load, and the power manager
disconnects the load.

IV. REAL-TIME HARDWARE-IN-THE LOOP RESULTS

This section presents the real-time hardware-in-the-loop re-
sults obtained. Experiments were conducted using a Typhoon
HIL 602+ platform to evaluate the algorithms introduced
in the preceding section. The TMS320F28379D microcon-
troller was used to implement the controllers and power
management systems. A real irradiance profile sampled each
1 second was used for the tests, as illustrated in Fig. [3] A
variable load profile was also used to test the efficiency of
the implemented power management strategies.

1000 T T T

Irradiance (W/m2)

10 11 12 13 14
Time (h)

FIGURE 3. Irradiance profile.

The photovoltaic array consists of four Canadian Solar
KuMax CS3U-355P [36] panels connected in series. Each
panel delivers a peak power of 355 W, and has an open-
circuit voltage of 46.8 V, resulting in a combined total power
of 1420 W, and 187.2 V.

To ensure an adequate voltage for the converter gain,
ten XTM-18R0626-R supercapacitor [[37] units connected in
series are used. This arrangement provides 3.4 W of energy
and a maximum voltage of 180 V.

The battery has a nominal voltage of 96 V and a
capacity of 20 Ah. The battery bank is composed of
ICR18650-22f cells [38]]. The battery’s maximum power
density is 356.18 W/kg, and its maximum energy den-
sity is 173.82 Wh/kg. Therefore, the cutoff frequency for
the frequency-based method presented in subsection (B| is
0.00057 Hz.

The dc bus voltage is 380 V. All converters operate with a
50 kH z switching frequency. Table[T| presents the converters’
parameters and specifications. The power manager frequency
operation is 1 Hz. The control system structure details can
be found in [23]].

Fig. [] shows the system operation using the proposed
power management strategy. In Fig. f[a), the PV generated
power is greater or equal to the load (Ppys < 0). The initial
conditions of the storage elements are SOCpar = 0.9453
and SOCgc = 0.526. In Region 1, both storage elements

TABLE 1. Converters’ Parameters and Specifications.

PV dc-dc Converter

Parameter Specification
Lpy 1.3 mH
Cpo 2.3 pF
Supercapacitor Bidirectional dc-dc Converter
Parameter Specification
Lsc 2.4 mH
Battery Bidirectional dc-dc Converter
Parameter Specification
Lpat 2.4 mH
Chat 1.3 uF
Output dc-ac Converter
Parameter Specification
Ly 125puH
Cr1 5 uF
Ry 1.5Q
Chus 1200 pF

are charging, and the region is associated with line 5 of the
algorithm [2 In Region 2, the supercapacitor is charged, and
the battery keeps charging with LPPT activated to avoid
abrupt power changes in the battery, according to line 9
of the algorithm [2] Region 3 is associated with line 17.
In this region, the LPPT is active because both storage
elements are fully charged, and the algorithm extracts the
power needed to supply the load and keep the dc bus balance.

In Fig. @[b), the PV generated power is insufficient to
supply the load (Ppps > 0). The initial conditions of the
storage elements are SOCpar = 0.222 and SOCsc =
0.885. Region 4 relates with line 23 of the algorithm 2 In
this region, both storage elements are discharging to supply
the power deficit to the load. Region 5 refers to line 28,
where the supercapacitor is fully discharged. Therefore, the
manager turns the supercapitor off. Due to its intrinsic dc
bus regulation characteristic, the battery complements the
power needed to supply the load. Region 6 depicts when
both storage elements lack the minimum energy to supply
the load. Hence, the load is disconnected, and the battery
can use Ppy for charging.

Fig. [5] presents the operation results of the power manage-
ment algorithms including the PV generated power (Ppy ),
load (Pr), power of the supercapacitor (Psc), and the
battery’s output power (Ppar) in the left axes, and in
the right axes the State of Charge (SOC) of battery and
supercapacitor. In this figure, a positive power value indicates
that the HESS is discharging, while a negative value signifies
charging.

Fig. Bla) depicts the results for the rule-based man-
agement. Fig. 5(b) shows the results of frequency-based
management with fixed low-pass filter cutoff frequency. The
results of the proposed adaptive power manager are shown

in Bfc).
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To explain the behavior of the power management meth-
ods, the gray area in Fig. [5] is considered. When there
is a surplus of generation (Ppj; < 0), the HESS can
be charged. In Fig. [5[a), using the rule-based method, the
supercapacitor is first charged, and the battery assumes the
exceeding power after the supercapacitor charge. There is an
abrupt change in battery current when this strategy is used.
With the frequency-based management strategies presented
in Fig. [5[b) and [5|c), the battery assists the supercapacitor
in handling this power surplus. It begins to charge with the
supercapacitor while respecting the filtered power reference.
Unlike rule-based management, the battery does not experi-
ence a current step when the supercapacitor is fully charged.

Those current step variations impact the battery’s lifespan
and provide higher power dissipation. Power dissipation
increases the battery’s temperature, and if the temperature
is not adequately controlled, the battery life is reduced [39].
To compare the energy loss dissipated in the battery using the
three power management methods, the battery’s equivalent
series resistance (ESR) is considered. The ESR of the battery
is Ry = 0.2172 (). During the experiment, the proposed
strategy dissipated less power in the battery than rule-based
management; the proposed approach has 12.48% less power
dissipation. Compared to the fixed cutoff frequency, the
proposed strategy has 5.3% less power dissipated in the
battery.

Another metric for comparison is the overall energy loss
in the HESS. It considers the power dissipated in the battery
and supercapacitor. The energy dissipation in the superca-
pacitor is calculated using its ESR of 0.22(2. Compared to
the rule-based management system, the proposed strategy
provides 5.55% less dissipation. The proposed method offers
1.76% less power dissipation than the fixed cutoff frequency-
based strategy. Therefore, the proposed approach has better
energy efficiency.

The current variation of the battery can be quantified using
the root mean square value of the battery current calculated
over the whole time windows of the experiment. The RMS
current for the rule-based method is 2.7575 A. The fixed
frequency-based method gives 2.6542 A, and the proposed
strategy gives 2.5798 A. This reduction provided by the pro-
posed approach reduces the battery’s stress and corroborates
the method’s contribution to the battery’s lifespan.

Fig. [6] depicts the SOCpar profile obtained using the
three power management methods. The battery cycle usage
for the rule-based method is 16.44% while the fixed cutoff
frequency-based method provides 17.25%. The proposed
power management method gives 16.57% of battery usage.
Since the rule-based method prioritizes the supercapacitor
charge/discharge over the battery, it uses fewer battery cycles
than the fixed cutoff frequency-based method that uses
both battery and supercapacitor during the charge/discharge
process. The proposed adaptive frequency-based method
provides battery usage similar to the rule-based method.

Fig. [/ shows the behavior of the cutoff frequency calcu-
lated by the proposed management strategy. In Fig. [/] it is
possible to see that the proposed management system does
reach the cutoff frequency value of 0.00057 Hz used in the
fixed cutoff frequency-based method. With a low-pass filter
with a lower bandpass, the change in the power reference for
the battery is smoother than the previous method, as shown
by the results.
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Q
]
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FIGURE 6. Battery state of charge for the three tested strategies.
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FIGURE 7. Calculated cutoff frequency for the proposed adaptive
frequency-based power manager.

Fig. [] shows the effect of different low pass filter cutoff
frequency values on the battery and supercapacitor power,
the battery and supercapacitor SOC, and the battery and
PV converter. Initially, the cutoff frequency is set at 0.00057
Hz. The cutoff frequency is reduced in the second test and
set at 0.0003 Hz. Fig. [§[a), Fig. [B[b), and Fig. [§[c) show
the results for a cutoff frequency of 0.00057 Hz, while Fig.
B(d), Fig. Bl(e), and Fig. B[f) show the results for a cutoff
frequency of 0.0003 Hz.

Initially, there is a surplus of generated energy (Ppy ),
and both the battery and supercapacitor are charging as
shown in Fig. [8[a) and Fig. [§(d). The filter with a higher
cutoff frequency provides a faster growth in the battery
power, SOCpar and Ipp.¢, as depicted in Fig. @kb) and
Fig. [§[c), compared with the results of the filter with a
lower cutoff frequency, shown in [§[e) and Fig. [§[f). Also, the
supercapacitor charges slowly for a higher cutoff frequency
as the battery assumes a larger charging power. Conversely,
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a lower cutoff frequency makes the supercapacitor charge
faster, reaching the maximum allowed SOC, as seen in Fig.
[Be). At this moment, the battery is the only active storage
element, as shown by the powers depicted in Fig. [8(d). Then,
the PV converter operates in the LPPT to avoid abrupt power
changes in the battery. The effect of the transition between
MPPT and LPPT can be seen by the small transient in the
I1p, current presented in Fig. @f).

Just before the time 1000 s, there is a deficit of generated
energy. The battery power increases faster for the filter with
a higher cutoff frequency, as noticed by comparing Fig. [§|a)

and Fig. [§(d). When the power deficit occurs, the SOC
of the supercapacitor for the system with a higher cutoff
frequency is not maximum. In comparison, the SOC of the
supercapacitor for the system with a lower cutoff frequency
is maximum. It can be observed in Fig. [§[b) and [§fe).
Therefore, the supercapacitor depletes earlier when a higher
cutoff frequency is used, and the battery also provides the
power deficit earlier when compared with a system with a
lower cutoff frequency. Fig. [8(b) and Fig. [8(e) show this
behavior.

As shown in Fig. [8] different cutoff frequency values
impact the power behavior and, consequently, the battery’s
current. Small cutoff frequency values lead to smoother bat-
tery current and SOC changes, while higher cutoff frequency
implies faster current and SOC' changes.

V. CONCLUSION

This paper presented a new adaptive frequency-based power
management system for HESS. The HESS is composed
of a battery and a supercapacitor. The novelty relies on a
simple method to define the low-pass filter’s cutoff frequency
to generate real-time power references for the battery and
supercapacitor. The motivation behind this study came from
the distinct characteristics of batteries and supercapacitors.
Batteries have high energy density but low power density,
whereas supercapacitors exhibit low energy density but high
power density. This pairing proves advantageous for PV sys-
tems, given that irradiance and load undergo fluctuations in
their profile. Using these storage components with adequate
power management provides consistent power delivery to the
load.

The proposed strategy to calculate the cutoff frequency
considers the State of Power (SO P) and the State of Energy
(SOE) of the battery. It considers the actual point of
operation of the battery, which is variable over time. The
method provides a smoother current profile for the battery
that reduces power dissipation and contributes to improving
the battery lifespan.

The proposed adaptive frequency-based strategy for HESS
power management was compared with two other strategies:
a rule-based approach and the fixed frequency-based method.
Compared to these strategies, the results show that the
proposed method efficiently reduces the oscillations in the
current delivered to the battery. The proposal also reduced
the power dissipated in the battery with a similar cycle usage
of the rule-based method. Also, the HESS operating with the
proposed approach provides better energy efficiency.
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