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Abstract: Li-ion batteries can be charged with different techniques according to the charging time and
required capacity usage. Most charging techniques face difficulties when implemented in PV systems
due to the intermittent and unpredictable nature of the power supply. This paper addresses the issue of
determining the appropriate charging technique for Li-ion batteries in a PV system. We have developed
a mode-selective control approach that determines the optimal charging mode according to the given
SOC and solar irradiation, aiming to maximize the utilization of the generated PV power. The
developed control approach has been implemented using a dual-switched buck converter in the
MATLAB/Simulink environment. The key control algorithm focused on regulating current, with
different references being used based on the selected charging mode. Three references for charging
current were set: the maximum current, the required current assigned based on the given SOC, and the
pulsed current. The pulsed current reference was employed during a stage of the charging process to
accelerate charging and prevent dissipation of PV power. Furthermore, a gain-scheduled controller
with carefully picked control parameters was used to ensure stable operation across different modes.
The results proved the effectiveness of the proposed control in reducing charging time and minimizing
PV power dissipation without resorting to the use of harmful charging currents.
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1. Introduction

Renewable energy sources (RESs) represent the future of electricity production. Solar energy is
a potential choice among RESs that can meet the requirements of global energy demand because it is
inexhaustible, clean, and available worldwide [1]. Photovoltaic (PV) energy is a form of solar energy
that converts solar radiation into electricity through the use of power-electronic devices. Alongside its
numerous benefits, PV energy exhibits some weaknesses such as intermittency, unpredictability, and
lack of controllability. Algorithms to address one or more of the mentioned weaknesses are being
developed by researchers [2—4]. Maximum power point tracking (MPPT) is an example of such
algorithms, which aims to continuously track the instantaneous PV power and instruct the interfaced
converter to maximize power output by adjusting either voltage or current [5]. The MPPT algorithm
comes with several basic categories, such as incremental conductance, hill climbing, perturb and
observe (P&O), fractional open-circuit voltage, fractional short-circuit current, and the look-up table
method [6—8]. Modifications to the basic MPPT algorithm have also been developed based on fuzzy
logic control, practical swarm optimization, artificial bee colonies, and artificial neural networks [9-11].
The maximum power generated while using the MPPT algorithm may exceed the demand load and
thus the surplus may be wasted if not stored. To store the extra power generated in a PV system, energy
storage systems (ESSs), e.g., batteries, can be utilized [12]. Li-ion batteries are frequently used in
modern systems due to their efficient properties [13]. Despite its effectiveness, the Li-ion battery can
be considered a costly solution and therefore requires special control to extend its life. Adjusting the
charging current via a typical battery management system (BMS) ensures a safe charging current that
helps it achieve its longest possible lifespan. Most BMSs are configured to obtain the desired power
from controllable sources to meet the necessary charging requirements. In the case of the PV system,
the input power is uncontrollable, requiring additional modification of the BMS algorithm to perform
its task. Relevant modifications made to PV-ESS systems connected to the electricity grid are presented
in [14-16]. Primarily, grid-connected PV systems feed the surplus generated-power into the grid most
of the time. Also, using the maximum capacity of the battery is not crucial in such systems because the
battery may perform the required purpose even at half its capacity. The task becomes more difficult in
autonomous PV-battery systems, where there is a trade-off between absorbing maximum power and
maintaining an adequate charging current for the battery. A strategy for obtaining the maximum
possible power generated by the PV panel while regulating the charging voltage of the battery in a
standalone PV-battery system is introduced by [17,18]. This strategy utilizes two DC-DC converters:
the first is configured to achieve maximum power using the MPPT algorithm, while the second is
dedicated to battery charging control. The strategy uses a conventional charging technique that supplies
the battery with an appropriate charging voltage. However, the issue of PV power dissipation may not
be properly addressed in this strategy. Also, the high complexity of the system using two DC-DC
converters presents a design challenge. Another two-stage topology for tracking the maximum PV
power and regulating the battery voltage is presented in [19]. The topology considers the use of fuzzy
logic-based MPPT to obtain the maximum power under different irradiations while maintaining the
charging voltage. The presented topology simplifies the overall design, and the MPPT used ensures
minimal ripples in the regulated voltage. However, this topology is solely focused on controlling the
battery voltage, without regulating the battery current, which may lead to battery damage due to high
charging currents. The current-based MPPT technique is a solution that attains the maximum power
by introducing limited perturbations into the demand current [20,21]. This technique is applied via a
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single DC-DC converter to obtain maximum PV power on one hand and extend battery life by avoiding
overcharge on the other hand. Mode-selective control is another solution that incorporates the benefit
of the MPPT algorithm while regulating the voltage at the battery terminals [22,23]. Mode-selective
control chooses between the MPPT algorithm and constant voltage charging depending on certain
information, such as the available PV power, load demand, and SOC [24]. The existing mode-selective
control does not take into account altering the charging method, so the constant-voltage charging
method is typically used. Altering the charging method at a certain stage of the charging scenario can be
implemented to make the battery absorb more power. This paper presents a modification to mode-selective
control that enables it to choose between current-dependent MPPT and constant-voltage charging for
Li-ion batteries. The modification lies in the use of a pulsed-current charging method instead of the
constant-voltage method when the PV power exceeds the required power determined based on the
battery SOC and attached load. The pulsed-current charging method provides rest intervals between
high-current pulses to prevent overheating of the battery and ensure safe operation [25]. Modifications
are necessary for both voltage and current controllers to ensure their reliability when different control
references are used. Moreover, a gain-scheduled strategy is implemented for the current controller to
adjust control parameters following the change in charging mode (pulsed-current and constant-voltage).
The contributions of this paper can be summarized in the following points:
»  Utilize a current-dependent MPPT algorithm to charge Li-ion batteries through mode-selective
control while considering battery health constraints.
* Introduce the pulsed-current charging approach at a stage of the charging process to speed up
charging and reduce the dissipation of PV power.
*  Employ a gain-scheduled strategy that adapts controller parameters according to the required
charging mode to enhance system stability.

This paper includes five sections after the introduction. Section 2 presents the design of the system
used and its main components. Section 3 describes in detail the essential control techniques employed
in this study. Section 4 defines the main parameters of the proposed control and verifies their stability
through system roots analysis. Section 5 outlines the case study scenarios and presents their associated
results. Section 6 provides the conclusion of the paper.

2. System modeling and design

The utilized system consists of three main components: A PV panel, a DC-DC converter, and a
Li-ion battery pack, as will be illustrated in this section. A PV panel is a collection of PV cells
connected in parallel and series to provide the required voltage and current. A 150 W monocrystalline
PV panel of 30 cells and 25 V at the maximum power is utilized. Each PV cell on the panel can be
presented as a P-N junction diode that converts the light applied to it into electric charge. The
relationship between the load current and cell voltage can be represented by [26]:

1=IL—IS{eXp(V+IRSj—1} (1)

v

where I, 11, and Is represent the load current, insolation light current, and saturation current,
respectively. The insolation light current, or light-generated current, can be defined as the current
generated by the sun’s irradiance falling on the PV cell. V, v, and Rs represent the output voltage,
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timing completion factor, and resistance of series-connected cells, respectively. The V-I and P-V curves
of the utilized PV panel under different irradiance levels are shown in Figure 1.
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Figure 1. PV panel characteristics: (a) V-I curve; (b) P-V curve.

The DC-DC converter is a power electronics-based device that steps up or steps down input
voltage with the help of an inductor and capacitor. In the utilized system, the voltage of the PV panel
is always higher than the load voltage. Therefore, a step-down (buck) converter is used. A buck
converter can be formed in different types with one or two switches. Since both output voltage and
current need to be controlled, a dual-switch buck converter is utilized, as shown in Figure 2.
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Figure 2. Dual switch DC-DC converter.
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Each switch in the buck converter is responsible for regulating a specific component (voltage or
current). Both switches are MOSFETs, chosen to meet the requirements for rated voltage, current, and
switching frequency. The values of the buck inductor (L) and capacitor (C) can be found by [27]:

_ Vo(Vin_Vo) . _ I,
L{ S LV, } C{s 7 VJ )

where Vo, Vin, Ir, fs, and V; are the output voltage, input voltage, ripple current, chopping frequency,
and ripple voltage, respectively.

The Li-ion battery pack is a set of Li-ion cells connected in parallel and series to produce the
desired voltage and current. An NCR18650B Li-ion pack of four cells connected in series with 14 V
and 4 Ah capacity is used. The most widely used RC model of the Li-ion cell can be represented in
Figure 3. Ro, Ri, and C; in Figure 3 represent the internal resistance, hysteresis resistance, and
hysteresis capacitance, respectively.

R,
R, MN

O=—
<
8
=
[
uln

Figure 3. Basic RC model of the Li-ion battery.

When modelling the battery cell, battery parameters (Ro, R:, and C/) are represented as 2D lookup
tables. The x-axis and y-axis of the lookup tables correspond to the SOC and temperature, respectively.
These battery parameters are established through a parametrization process that is repeated several
times for various temperatures. The parameterization process involves experimentally discharging a
fully charged battery at each particular temperature and observing the battery voltage for each SOC
value specified in the lookup tables. A single voltage-SOC curve is plotted for each temperature, and
the resulting curves are used in the Simulink design optimization tool in MATLAB to establish
breakpoints for the 2D lookup tables of the battery parameters. The battery output voltage can be
denoted as a non-linear function of the SOC.

3. System control

The utilized system comprises several stages of control. The essential control algorithms along
with the proposed control approach are presented in this section.

3.1. Maximum power point tracking algorithm
The MPPT in a PV system is an algorithm that continually attempts to attain the maximum

power (Pumax) produced by the PV panel and inject it into the load through a power electronic converter.
Hill climbing and P&O are more common and straightforward compared to other MPPT algorithms.
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The hill climbing algorithm creates a perturbation in the duty ratio of a power-electronic converter
whereas the P&O algorithm introduces a disturbance in the operating voltage of the PV panel. The
P&O algorithm is known for its well-regulated output voltage and fast response compared to the hill
climbing algorithm [28]. The P&O algorithm operates under the assumption that if a slight change in
PV voltage results in an increase in power drawn from the PV panel, this means that the operating
point is moving toward the Pumax. Conversely, if the voltage change causes a decrease in power drawn,
the operating point is moving away from the Pmar. This process is repeated in the direction that
increases power until Puax 1S reached, as:

B, =VI (3)
_V+m AV for P, >P,, .. 4
oV —m AV forP,, <P, . “)

where View, m, AV, Ppy, and Pproia represent the new iteration voltage, accelerating gain, voltage
perturbation, recent PV power, and the PV power of the previous iteration, respectively [29]. The
conventional P&O algorithm can be adapted to track current perturbation (A/) instead of voltage
perturbation, as described in [30]. In this way, if both the power and current values for the recent
iteration are greater or less than those of the previous iteration, the new current value is attained by
adding A/, otherwise, it can be attained by subtracting Al. The process of generating the maximum
current based on the current perturbation is illustrated in the flowchart depicted in Figure 4. This
modification to the P&O algorithm makes it more convenient when used in current control systems,

Measure V, I

such as the case in this paper.

A

Calculate Ppy
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L., =1+ mAl L, =1-mAI Lo, =1-mAI L., =1+ mAI

I l l |

Figure 4. Flowchart of the current-based MPPT algorithm.
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3.2. Charging approach of the Li-ion battery

Techniques for charging Li-ion batteries vary in complexity depending on system significance.
The constant voltage charging technique is the simplest approach, as most adapters provide a fixed
voltage and demand-based variable current. More sophisticated approaches can be used to offer other
purposes, e.g., constant current-constant voltage, which is often used in present-day applications.
Moreover, when fast charging is needed, techniques like pulsed-current and pulsed-voltage can be
employed. The pulsed-current method is particularly suitable for systems where the main control signal
is the charging current. This technique provides the battery with intermittent high current and periodic
rest intervals in between, which ensures retrieving the battery to its normal state and floating voltage.
The rest interval can also enlarge the energy density of the battery, enabling it to accept the upcoming
high current pulse. The length of the rest interval can be fixed or variable depending on control
requirements of the charging technique. Current pulses are characterized by parameters such as
amplitude (lpeak), duty cycle (Dp), and frequency (fp). These parameters are tuned to ensure fast
charging and safe operating temperature. The frequency of pulsed current is defined below, where T,
tp, and ¢ refer to the period, pulse width, and rest interval, respectively.

1
lh=7 (5)
T=t,+t, (6)
t
D, =L
=2 )
The average value (/av) of the pulsed current can be obtained as:
Iav = Dp Ipeak (8)

The control of the pulsed-current charging approach requires certain features such as fast response
and overshoot damping, especially due to the sharp changes in the reference signal. Therefore, if PI
control is used, the control parameters need careful tuning to make sure that the operation is stable.

3.3. Proposed control technique

The MPPT algorithm encounters some restrictions when applied to an autonomous system
comprising a PV panel and Li-ion battery. In such systems, the current flowing into the battery must
be restrained within certain limits to prolong battery life and maximize capacity utilization. The
proposed technique aims, on one hand, to leverage the benefits of the MPPT algorithm so as to extract
the maximum available PV power. On the other hand, it intends to limit the battery current to a safe
margin determined based on the SOC. The maximum current (/i) obtained via the current-based MPPT
algorithm is compared with the current required by the battery and attached load (/r). Subsequently,
the optimal current (/op/) 1s set as follows:
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I orl, <I.
Iuptz{ M f M 7 (9)

I, forl, >1I

In the equation above, /i is determined through the current-based MPPT algorithm, and /- refers
to the total current required by the battery (/- ») and any attached load (/1). To achieve Ir », the Li-ion
battery pack undergoes a full charging scenario with a constant voltage of 14.4 V. Accordingly, the
current absorbed by the battery varies from 2 to 0.4 C as the SOC moved from 0% to 100%. The current
and SOC data are organized on the two axes of a 2D lookup table. Thereafter, the /: » is derived based
on the SOC information, as shown in Figure 5. Although the SOC can be estimated using various
methods, the extended Kalman filter (EKF) presented in [31] was used.

Whenever I is picked, any power between the maximum and required margins will be wasted. If
the Li-ion battery is adopted to absorb more than /- 5, the wasted power can be reduced. This can be
achieved by delivering a higher current to the battery, such as through a pulsed-current charging
approach. Hence, it is proposed that the mode-selective control switches to another selection, i.e.,
setting the pulsed-current as a reference when the /i exceeds 1.5 I. Charging with pulsed-current
allows for accepting twice the rated current of the battery. The pulsed-current is set to be chopped with a
duty cycle of 75% and a frequency of 0.03 Hz to maintain an acceptable rise in battery temperature [32].
To ensure safe charging, the amplitude of pulsed-current should not exceed twice the rated current of

the battery.
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Figure 5. The proposed mode-selective control technique.
4. Control parameterization

The firing angle of MOSFET?: is generated via a voltage controller as in Figure 6(a). The controller
gains (Kp and Ki) were tuned by using a trial-and-error method and listed in Table 1. Similarly, the
firing angles of MOSFET: were produced by the current controller, which forms the main control in
this paper. The gains of the current controller were initially obtained by a trial-and-error method. These
gains enable the controller to work efficiently under two cases: when the constant voltage approach is
picked and when the controller switches to the MPPT algorithm. When the control reference is set
based on the pulsed-current charging approach, triggered when the maximum power exceeds 1.5 of
the required power, overshoot happens at every pulse edge. Current overshoot may exceed the ratings
of converter components and potentially damage the battery pack. To overcome this issue, different
control gains are required in order to dampen oscillations when the pulsed-current approach is used. A
gain scheduled control is suggested to be used for regulating battery current. This control changes its
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gains according to the selected current reference. Further trial-and-error tuning was conducted to
determine new optimal values of Kp and Ki that exhibit damping properties when utilizing the

pulsed-current method.
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(b) Gain-scheduled current controller

Figure 6. Schematic diagrams of voltage and current controllers.

The newly obtained gains, along with the old ones, are set and ready to be used when needed for
the gain-scheduled current controller (see Figure 6(b)). Vies, Vineas, Irer, and lact in Figure 6 represent the
reference and measured values for voltage and current, respectively. The obtained current control
parameters are also listed in Table 1 (initial values). These parameters must be verified in both
mentioned cases to ensure stable operation. Assuming a steady voltage while deriving the dynamic states
of the current controller, the only switch considered for converter configuration is the current-regulating
switch, MOSFETi. The mathematical expressions for the dynamic states, inductor current (ir), and
capacitor voltage (vc) can be derived by inspecting the average behavior of the converter when
MOSFET] is switched on and off, as detailed in Eqs (10) and (11). Eq (12) clarifies the system output,
which represents the controlled battery current.

AIMS Energy

ﬂ — _V_C+_Vi”D
dt L L

dv. i, Ve

d C RC

o =1, —1¢

(10)

(11)

(12)
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where D is the duty ratio for MOSFET1, and Rr is the load resistance that refers to the typical internal
resistance of the battery.

The equations for the dynamic states and system output are rewritten after performing the Laplace
transform in Eqs (13-15).

1,
Si, :_ZVC+ 7 (13)
sV —li —Lv 14

cTChTRC' (14)
i,(s)=i, —wCv, (15)

Given that the input and output of the system are D and io, respectively, the transfer function of
the converter (Gc (s)) can be expressed in (16) after implementing some mathematical arrangements.

iy(s) V,(sCR,—CR, +1)

Ge(s)= = (16)
C
D(s)  S’LCR,+sL+R,
I .
o ks+k | D | 0.0003s+21 o
s 16-08s2+0.001s+0.1
PI Controller DC-DC Converter
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Figure 7. Verification of the control parameters through system roots.
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The transfer function of the PI current controller is given in (17). Eq (18) defines the transfer
function for the entire closed-loop system of the converter and current controller, which is depicted
in Figure 7(a).

G,(5) = (7
_ (s GG
G (s)= 1,6 1+G.G (18)

Using the control and system parameters from Tables 1 and 2, the root locus of the entire system
can be plotted in Figure 7(b). The closed-loop system has two zeros and three poles, all of which lie
within the left-half of the s-plane, which indicates system stability. The far pole on the left is related to
the PI controller, and it primarily influences the step response characteristics. Figure 7(c) shows the
closed-loop step response when moving the controller pole to the left, which speeds up the system
response and makes it suitable for use with the current reference (Zopr). On the other hand, moving the
controller pole to the right slows down the system response while reducing overshoot, making it more
suitable for use with the current reference (/puise). This helps in selecting appropriate gains for the
current controller in both mentioned cases.

Table 1. Control parameters.

Parameter Value
Voltage proportional gain 10.75
Voltage integral gain 0.85
Opt. current proportional gain 3.25
Opt. current integral gain 30.4
Pulsed-current proportional gain 22.8
Pulsed-current integral gain 83

5. Results and discussion
The proposed system has been applied in the Simulink environment of MATLAB R2023b using
the system parameters from Table 2. Three different scenarios are suggested to verify the performance

of the control approach, as follows:

Table 2. System parameters.

Parameter Value

PV panel voltage 30V

PV panel rating power 150 W

Li-ion battery pack voltage 14V

Li-ion battery pack capacity 4000 mAh
Buck inductor 680 uH
Buck capacitor 100 pF
MOSFET1/ MOSFET: IRF740, 10 A

AIMS Energy Volume 12, Issue 4, 822—839.
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5.1. When PV power is less than the required power

We are given that the required power by the battery at any instant is determined based on the
corresponding SOC. Assuming there is no load current for the attached load, thus, the required
current (/) is set to be equal to the required current by the battery (/- »), this scenario assumes low PV
irradiation, in which for a charging cycle of the Li-ion battery, the PV panel consistently produces
output power lower than the required power. Figure 8(a) illustrates this scenario in terms of
currents (/- and /n). Figure 8(b) shows the progress of SOC verses time in minutes. Note that the
battery required ninety minutes to reach full charge, which is the longest duration among the other
scenarios considered. The mode-selective control selects /i as the reference current. This scenario has
experienced no power losses and all PV-produced power has been transferred to the battery.
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Figure 8. Scenario 1 (when PV power is less than the required power): (a) Maximum,
required, and reference currents; (b) SOC progression.

5.2. When PV power oscillates above and under the required power
This scenario assumes that PV power varies, rising above the required power at certain times and

falling below it at other times during the charging process. This scenario is more realistic as it emulates
irradiation variances in semi-cloudy weather.
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Figure 9. Scenario 2 (when PV power oscillates above and under the required power): (a)
Maximum, required, and reference currents; (b) SOC progression.

The controller in this case ensures smooth swapping of the current reference between the /s and
1. The selected reference current is depicted in Figure 9(a) in yellow. As shown in Figure 9(b), the
SOC progression accelerated, and the time to reach a fully charged state has reduced because the
battery charging current reached its required value most of the time. Note from Figure 9(a) that there
1s no significant overshoot during transitions between /i and /. Therefore, the PI gains used in the current
controller are doable for both current references. It is also noteworthy that /s did not exceed 1.5 I, thus
the pulsed-current approach was not activated.

5.3. When PV power exceeds 1.5 of the required power

In this scenario, the controller experiences all possible current references within one charging cycle,
as shown in Figure 10(a). During the interval of 1-3 minutes, /» was picked as the reference because the
maximum PV power was lower than the required power. In the subsequent interval (3—12.5 min), /m
exceeds /- but remains below the margin of 1.5 /.. The controller in this interval picked /- to avoid
excessive charging current and maintain a healthy charging process. In the interval of 22—27 minutes,
Iv became greater than 1.5 I, prompting the controller to initiate charging with pulsed-current.
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Figure 10. Scenario 3 (when PV power is more than 1.5 of the required power): (a)
Maximum, required, and reference currents; (b) SOC progression.
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Figure 11. Reference and actual currents of the battery during the stage of pulsed-current
charging: (a) with the developed gain-scheduled control; (b) without gain-scheduled
control.

Note that the controller effectively tracked the pulsed-current reference even during rapid changes.

This verifies the effectiveness of gain-scheduled control in selecting the appropriate gains for the given
situation. At the same time, damping properties of the selected gains mitigated overshoot without
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compromising steady state operation speed. Figure 10(b) illustrates that SOC progression is the fastest
among the scenarios, achieved by speeding up charging using the pulsed-current method. Furthermore,
charging via pulsed-current increased energy transfer to the battery by 20% under the given irradiation
conditions. This demonstrates the effectiveness of the control algorithm in conserving PV energy from
dissipation. Figure 11 clarifies the response of actual current following changes in its reference during
pulsed-current charging, comparing cases with and without gain-scheduled control. The selected gains
noticeably reduced overshoot for this particular case. Figure 11 also shows that the transition between
control gains is smooth and does not compromise stability.

6. Conclusions

This paper developed a mode-selective current control for Li-ion battery charging in a PV system.
The developed control aimed to leverage the MPPT algorithm to optimize PV power utilization, while
simultaneously ensuring the battery current remains within a safe margin. Furthermore, a pulsed-current
charging approach was employed to minimize power dissipation and efficiently grasp excess PV power
in a safe manner. The current controller was designed to handle three forms of references: maximum,
required, and pulsed. A gain-scheduled controller was suggested that adjusts its parameters following
the selected current reference. The developed controller has undergone various trial-and-error
scenarios to assign the optimal gains. These gains have also been verified for stable operation through
root locus analysis of the closed-loop system. The developed controller was tested in the
MATLAB/Simulink environment for various expected scenarios to verify its effectiveness. The results
reveal that the proposed control efficiently converts most of the available PV power into the Li-ion
battery while taking into account battery health constraints and minimizing power dissipation. The
results also demonstrate stable operation of the developed controller under different scenarios.
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