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ABSTRACT

This study explores how to improve the safety, reliability, and performance of off-grid Photovoltaic (PV)
systems integrated with hybrid batteries and Supercapacitors (SCs) by using Adaptive Proportional-
Integral (API) controllers. Adaptive hybrid power management is used to ensure the safety and continuity
of the electricity supplied to the DC load and reduce voltage fluctuations owing to abnormal operation. The
main contribution of this framework is the online API controller used in hybrid power management, which
aims to protect the DC-link against damage and achieve faster performance and improved voltage stability
of the power output of the generating system. The system architecture was simulated in MATLAB and
included an off-grid PV system integrated with batteries and SCs to maintain a stable DC load. The results
of the simulation show that the DC-link voltage instability is improved by the API controller compared to
the fixed PI controller, which is fine-tuned by various optimization techniques in the case of sudden
environmental and load changes.

Keywords-PI; DC-DC boost converter; DC-DC bidirectional converter; hybrid battery-supercapacitor; energy

management

I.  INTRODUCTION

For off-grid Photovoltaic (PV) power systems, the
intermittent nature of solar energy poses a challenge, making
the integration of energy storage systems imperative. Energy
storage systems are considered the backbone of off-grid PV
power systems. Integrating a battery bank into an off-grid PV
power system ensures the continuity of power flow to the load.
However, the unpredictable behavior of batteries and their
struggle to deliver quick energy pose challenges. Nevertheless,
the capability of energy storage systems may be harmed by the
restricted lifetime of batteries caused by intermittent power
usage and variable power sources. To increase the number of
charge and discharge cycles in these systems, different energy
storage technologies are being investigated. For example,
Supercapacitors (SCs), flywheels, hydroelectric power plants,
compressed air energy storage, and other devices are among
them [1, 2]. Therefore, a SC is incorporated into grid-off PV
power systems to reduce the stress on the battery by accounting
for transient load conditions and complementing battery
deficiency [3]. Authors in [4, 5] focused on SCs, also known as
ultracapacitors or electrical double-layer capacitors, which
offer several advantages, such as high-power density, long
cycle life, high efficiency, wide temperature range, and
environmental friendliness compared to traditional batteries
and capacitors. SCs, which have a high power density, are
necessary for applications like electric vehicles and renewable
energy systems to guarantee power continuity and stability, as

well as to smooth out power fluctuations. SCs are often
combined in a hybrid energy storage system to produce a more
effective and adaptable energy storage solution that boosts
performance, prolongs battery life, enhances safety, reduces the
cost of batteries and maintenance, and buffers fluctuating
power demand [6, 7]. Although batteries have a higher energy
density, which allows for long-term energy storage, SCs are
distinguished by their capacity to instantly provide and
recuperate energy at high power. A hybrid energy storage
system can achieve an ideal equilibrium between high power
and high energy storage capacity. The SCs are incorporated
with batteries to reduce reliance on traditional batteries and the
negative environmental effects of battery waste.

Hybrid SCs are devices that combine a battery-like
electrode with a capacitive electrode that can act as either an
anode or a cathode [8]. These SCs can be divided into three
distinct groups according to the electrode sorting: asymmetric
hybrids, battery-type hybrids, and compound hybrids [9].
Authors in [10] studied energy storage system types, uses,
comparisons, and recent advances, in response to the literature's
reports on various control systems for hybrid energy storage
systems of battery and SC consolidation. Table I summarizes
the comparative characteristics of the DC link voltage
controllers used in other studies.

Literature on DC-link voltage control shows a variety of
approaches to regulate the charging and discharge of energy
storage, and thus reduce the DC-link voltage fluctuations [11-
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16]. For instance, fuzzy logic control has been employed to
redistribute the demand between battery and SC hybrid energy
storage according to their state of charge, and so protect them
from overcharging and deep discharge [11]. As reported in
[12], the independent current controllers in both the battery and
SC DC-DC converters provide appropriate charge and
discharge. The SC's current controller fine-tunes its parameters,
resulting in faster reaction than a battery. Moreover, a Firefly
algorithm with particle swarm optimization was used to reduce
the DC link voltage fluctuations of electric vehicles [13]. An
adaptive filter-based method, presented in [14], was employed
in hybrid energy storage to reduce DC-link voltage spikes by
allocating the charging and discharging currents for each
storage device within the DC microgrid according to its
charging status. Another control method was proposed in [15],
which employed a feedback/feedforward control strategy in a
battery energy storage system to reduce the DC link voltage
fluctuations with reduced DC link capacitance volume and
cost. In addition, another solution was presented in [16], which
reduces the DC-link voltage fluctuations using a feedforward
controller. In [17], a control strategy was proposed using
distributed charge and discharge control of the DC link in
renewable energy coupled with energy storage.

Power Management System (PMS) has been utilized for
optimally managing the power flow that circulates between the
inputs and outputs of the system [18-25]. Authors in [18]
addressed inherent control for an energy management system
of a grid-connected PV coupled with a battery to enable the
system to function as a distributed source within the utility
grid. Another solution was presented in [19], in which the
power management was capable of meeting the multi-
objectives of an off-grid PV-battery system, ensuring that there
was no overcharging, no energy transferred to the dump load,
and no excess power output. In [20], a model predictive control
in PMS for a microgrid-integrated PV-battery energy system
for voltage stabilization and power balancing in buildings was
presented. In [21], a model predictive power management was
employed for PVs merged with a hybrid battery SC to enhance
system reliability by predicting load demand using the support
vector machine. In [22], the designed energy management was
based on variable-gain-enhanced second-order generalized
integrator frequency-locked loop controls, which enhanced the
system performance and reduced the operating costs. In [23],
an adaptive frequency-based control with state of charge
management was performed to guarantee smooth operation.
Moreover, a self-adaptive bonobo optimization-based
fractional order Proportional-Integral (PI) controller was
employed in [24] to manage and control the battery/SC
simultaneously. Similarly, in [25], a control strategy was
employed to ensure power distribution between the hybrid
battery and SC, while simultaneously decoupling low- and
high-frequency current components and regulating the state-of-
charge within specified limits.

This study addresses these research gaps by developing and
validating an Adaptive Proportional-Integral (API) controller
for DC link voltage regulation in an off-grid PV system
integrated with hybrid battery—SC storage. Unlike earlier
studies, the proposed API aims to:

1. Ensure robust voltage stability under nonlinear solar
irradiance and load variation.

2. Facilitate power sharing between the battery and SC,
thereby reducing battery stress and extending lifetime.

3. Provide a simple adaptive control mechanism.

TABLE L DESCRIPTION OF PREVIOUS RELATED WORKS
ON DC-LINK VOLTAGE CONTROL
System Controller | Adaptation Key Limitations
type strategy outcomes
Limited to
Online Fast small-signal
Grid-tied inverter . . transient, low| stability, not
Adaptive PI |tuning of K, .
[1] X ripple, tested under
! reduced THD| storage
dynamics
. Adaptive Balanced Focus.ed only
Single-phase PV . . ripple and on single-
. Adaptive PI gain .
inverter [2] «chedulin harmonic phase, no
s UINE | reduction hybrid storage
Maintains Complexity
PV boost converter | Adaptive agzgter ](Diecq_hi?ek increases for
[3] PID (PI core) p . | desp multi-source
adaptation | irradiance hybri
ybrid
change
General DC-link . Design FrameWQrk .NOt adap tve in
PI (review) s for DC-link (implementation
controllers [4] guidelines .
PI tuning |(reference only)
Wind DFIG system| Self-tuning Neural Robust to Not hybrid
[5] PI adaptation parameter storage focused
shifts
Improved Hea
Isolated microgrid . Bayesian | stability and vy
Adaptive PI g . computational
[6] adaptive laws| optimal
. demand
operation
Passivity- | Stabilizes
BOOSECI;)EV[‘;TH w/ PI + adaptive| based gain | under CPL S)?;ltizgﬁr
update disturbance P ¥
Reduced o
Tramway DC-bus . SoC-aware 77% Limited to
Adaptive PI . transport
[8] PI transient applications
peak PP
Offline Stability | Not adaptive;
HVDC systems [9] |Optimized PI] > """ |under HVDC| no hybrid E-
optimization
faults storage
DC microgrid bus . Cascade + | Robust DC-| . Difficult t(.)
Hybrid PI . implement in
[10] backstepping| bus voltage .
real-time
Model- Stable DC- |Lack of hybrid
DC microgrid [11] | Adaptive PI| reference | busunder | PV-batt-SC
adaptation load testing

Variations in solar irradiance and temperature may affect
the performance of Maximum Power Point Tracking (MPPT)
and require control methods that are adaptive. Thus, API
control is proposed to control DC link voltage variation and
contribute to the control of PWM of the boost converter, and
simultaneously control the energy management of the DC-DC
bidirectional converters of the battery and SC units. The
bidirectional converter can perform a variety of tasks, including
simultaneous energy storage and release, as well as increasing
battery utilization to provide a steady output. Above all, the
DC-DC bidirectional converters may enhance system stability
by stabilizing the DC link voltage and lowering voltage
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variation when the API controller is used. The API is therefore
capable of providing smooth and fast power sharing and
stability of the off-grid PV system with hybrid battery SC
energy storage compared with that of an optimized PI
controller based on the Genetic Algorithm (GA) and Lightning
Attachment Procedure Optimization (LAPO) techniques.

II. CONFIGURATION OF THE STUDIED SYSTEM

A. Solar Photovoltaic Model

In this article’s framework, the solar PV module is depicted
in Figure 1 [24] as a current source with diode, series, and
shunt resistances [26], and the PV system’s V-I characteristics
are shown in Figure 2.

RJ
—AA——
| ' ,
a0 n *% Y
Fig. 1. A solar cell equivalent circuit [24].

The current is expressed as:

V+I.Rs(n—m) V+LRs(C1L)
I = nplph - npls [exp <V—np —1| - [Tm?] (1)

T

where [ and V are the output current and voltage of the PV
panel, respectively. Furthermore, I, is the photo-current, g
describes the cell saturation of dark current, and n,, and n, are
the numbers of PV cells connected in series and parallel,
respectively. In addition, Rg and R,, define the resistance in
series and parallel, respectively. V; = ngkT /q is the thermal
voltage of the PV module in volts, while k=1.3805x10"% J/K is
Boltzmann's constant, and ¢=1.60217646x10"° C is the
electron charge.
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Fig. 2. V-I and P-V characteristic profiles of a solar PV array.
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Fig. 4.

Figure 3 displays the proposed off-grid solar PV system
that is being investigated. It comprises a DC-DC boost
converter that connects a solar PV system to the DC bus. In this
scheme, the SC and battery form the hybrid energy storage
unit. A DC-DC boost converter is mainly connected to the solar
PV panel on one side and the DC link on the other side. This
DC link also connects the DC-DC bidirectional converters to
their respective energy storage. The advantage of this DC link
is to maintain the balance and system stability between the
source and load, and ensure stable energy sharing while storing
and supplying.

The solar PV panel is used as the primary source, the
battery immediately operates when there is an excess or
shortage of power supply, and the SC is utilized to effectively
minimize the variance of either the PV or the load. These three
sources are employed to increase the reliability of delivered
power to a DC load. A PI controller is utilized to stabilize the
output voltage of each DC-DC buck-boost converter by
producing a proper PWM. The MPPT is utilized to extract the
maximum power from the solar PV panel to drive the DC-DC
boost converter and DC power transfer, and potent power
management is employed to govern the entire system [27].

The total power expression in the overall system is
described as:

va_Psc_Pbatt_Pload:0 (2)

where P,,, is the PV power in W, B describes the power flow
of the SC after power conversion, Py is the power flow of
the battery, and P,,,, represents the load demand.

B. PWM of DC-DC Boost Converter

As shown in Figure 3, in MATLAB/SIMULINK, the
DC/DC converter connected to the PV system depends on
different inputs, such as the MPPT, battery status, and DC-link
voltage, to enhance the performance of the PV power-
generation system and generate PWM based on the API
controller portrayed in Figure 4 and the classic controller
presented in [27]. These inputs were operated according to the
flowchart algorithm displayed in Figure 5. However, other
coupling batteries with SCs can fully utilize their respective
advantages and enhance the performance of hybrid energy
storage. Table II summarizes the component specifications of
the DC-DC boost converter controlled by MPPT in this study.

p K;_‘—b, _/__@

Ki
K
API controller scheme.
TABLE IL SPECIFICATIONS OF THE DC-DC BOOST
CONVERTER

Parameter Value

Diode resistance, R,, | 0.0001 Q
Inductor, L 0.352 mH
Capacitor, C 2200 uF

Switching frequency 5 kHz

Battery SOC & i YES

SOC <98%?
Enable MPPT Algorithm

Calculate Reference Duty
Ratio

Switch to DC voltage
regulation

Generate PWM for Boost
Converter

Update Battery/SC charge
status

N {s DClink voltage in range?

Fig. 5.
converter.

Flowchart of the PWM control strategy for the DC-DC boost

C. Battery

Typically, the equivalent circuit of the battery comprises an
internal resistance and terminal voltage, either connected to a
load or considered open circuit voltage. It functions as a
substantial power source, even in off-grid PV systems. Figure 6
illustrates the charging and discharging control scheme. As
shown in Figure 7, a DC/DC converter connects the batteries of
an off-grid PV system to a DC link such that the voltage of the
battery and the DC link are equivalent, as given in [28].

The current of the battery has a specific range for safety
reasons:

Ibat,min < Ibat < Ibat,max (3)

The State of Charge (SoC) of the battery is expressed as:
1 .t

S0Cpqe = SoC, _Efo Iqe dt (@)
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where SoC,, is the initial value of the SoC, Q is the capacity of
the battery, and I, is the current delivered through the battery.
This current is positive only during feeding the load demand
and negative during charging. To observe the SoC of the
battery, the SoC must be maintained within a specific range to
increase system stability and safety, and is expressed as:

SOCbat,min = Socbat = SOCbat,max (5)

IPV Jiaad

Voc
Voe
Fig. 6. Control diagram for power management with the battery and SC
converters.
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Fig. 7. Battery configuration with a bidirectional DC-DC converter.

D. Supercapacitor

SCs, also known as ultra-capacitors or double-layer
capacitors, have a high capacity of over a thousand Farads
despite their low voltage of 2.7 V [8, 26]. SCs differ from
ceramic or electrolytic capacitors in that they lack a dielectric
between the positive and negative electrodes. It exploits the
Electrical Double Layer (EDL) that forms at the interface of the
solid electrode and liquid electrolyte rather than filling the
space between the two electrodes with an electrolyte that
contains both positive and negative ions.

As shown in Figure 8, the SC connected to a bidirectional
(bulk/boost) converter consists of a straightforward two-resistor
RC circuit. The equivalent series resistance, R;, is the resistance
in series with the capacitor, whereas the equivalent parallel
resistance, Rp, is the resistance in parallel with it [26]. The self-
discharge phenomenon of an ultracapacitor when it is operating
under no-load conditions is represented by the parallel
resistance, R,. Usually, the series resistance causes a sharp
decrease in voltage at the end of the charging cycle and a sharp
increase in voltage at the end of the discharging cycle. The
mathematical expression of the SC current is given by [23]:

_ UscS0C—+/ (UscS0C)2—4PscRsc (6)

I
sc 2Rg¢

The power of the SC in W is described as:
Psc = Usclsc - Ischsc (7

To keep the power of the SC within a certain range, it is
enforced as:

Psc—min < Psc < Psc—max (8)

The SoC of the SC can be obtained from the following
expression based on the maximum and minimum voltages of
the SC:

So Csc — Usc—Usc—min (9)

Usc—max—Usc—min

To observe the SoC of the SC, the SoC must be kept within
a specific range to increase the system stability and safety, as:

SOCsc,min < SOCsc < SOCSC,max (10)

SoC control was used to prevent
overcharging/overdischarging and repeated changes in the
energy storage unit.

Bidirectional

DC/DC converter DC-link
I |
‘,’. + |
| Isc_pc |
Supercapacitor: Sy l;“i} : |

- — — "

] ‘| Coc—— Vp¢
: LSC ‘| |
| _ | | - |
|

III. CONTROL STRATEGY

This section provides details for two different types of
controllers employed to regulate the DC-link voltage and
protect the hybrid energy storage system, as shown in Figure 6
and discussed below.

In a typical control PMS, a fixed PI controller is employed
to control the flow from the generated solar PV power, load,
and energy storage between the hybrid battery SC unit
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described in [29]. However, this type of fixed controller has
several problems, the most important of which are the need for
tuning, the linear control type, and slow dynamics. For this
reason, API control is proposed to handle the power control
management system in this framework.

By integrating battery SC hybrid energy storage into the
off-grid PV system managed by a smart power management
system, the load energy consumption can be easily predicted
[21].

Table III summarizes the component specifications of the
bidirectional converter for both the battery and SC. In addition,
the bidirectional DC-DC converter dynamics of both the
battery and SC are formulated as:

diL,bat _ 1

d - (dbatVbat - Vdc) )
t Lpat |

di 1
5 = _(dscvsc - Vdc) 5 (11)
dt Lgc |

avae 1 .. . Vdc

— = +1i -
dt Cac ( L,bat L,sc Rioad

where i .. and i} ¢, are the battery current variable and SC
current variable, respectively. Ly, and Lg. are the battery
inductance and SC inductance in Henry, respectively.
Moreover, C,. represents the DC-link capacitance in Farads.
R}oqq 1s the load demand.

The duty cycles of both the battery and SC converters to
maintain the DC-link voltage at the level of the DC-link
voltage reference are:

Dpare = sat(Kpepar + K [ €par dt) (12)
Dy, = sat(Kpeg. + K; [ €5 dt) (13)

where D, and Dg.describe the duty cycles of the battery
converter and SC converter, respectively.

For the current sharing strategy, the SoC determines the
currents of the hybrid battery SC energy storage as:

Ligee = (A —y(t)Ipc (14)
L. =y(©)Ipc (15)

where y(t) is dependent on the SoC and can be modified to
regulate the current references. In addition, I, describes the
DC-link current reference to update the PMS. Figure 6
illustrates the replacement of the fixed Pl/optimized PI
controller with the API controller. Their comparison is shown
in the simulation and results.

The power-sharing crossover point is implemented inside
the control architecture; hence, the separation is deliberately
designed by a filtering mechanism. The fixed-gain PI or API
controller is activated based on the error dynamics of the DC
link voltage. The fixed-gain PI or API controller output
provides the overall compensation power, after which the
frequency separation block allocates power between the battery
and the SC.

TABLE IIL SPECIFICATIONS OF THE DC-DC
BIDIRECTIONAL CONVERTER
Parameter Value
Inductor Ly, and inductor Lg 7 0.355e-3H
Capacitor Cp, 300e-6
Switching frequency 16 kHz
Resistor 0.05Q
Internal resistor R,, le-3
Snubber resistor R, le5
Snubber capacitance Infinite

A. Optimized PI Controller

When operating conditions change, the DC link voltage Vj¢
changes rather than the reference DC voltage (V) of 50 V.
This change affects the output power, current, and voltage.
When this DC link voltage is properly regulated, system
performance is enhanced. The PI controllers with fixed gains
K, and K; are determined by the GA [30-32] and LAPO
techniques [33-35] in order to regulate the DC-link voltage. For
determining the PI control parameters, the optimization
techniques minimize the error in the objective function, given
as:

J = [ Vpe = Vpo)? dt (16)

1) Genetic Algorithm

The GA is a mature optimizer in which the fitted genes or
individuals are chosen for reproduction [30, 32]. The GA
optimization is aimed at determining the optimal gains of the PI
controller, and the following steps are included in the GA
guidelines:

1. The algorithm randomly starts reading the objective
function (16), and then an initial population (POPy) is assumed.

2. The constraints in (POPy) are verified. The solutions that
are outside the constraints are eliminated with a large penalty.

3. The objective function (J) is checked and evaluated at
(POPy), and a new solution is generated (POPx).

4. Another population is generated (POPy.) via GA elitism,
selection, crossover, and mutation.

5. The constraints are checked for a solution (POPx+1). The
simulation is stopped for a previously determined number of
iterations. Ultimately, the best solution is printed.

2) Lighting Attachment Procedure Optimization

The lightning attachment mechanism is a physical
phenomenon that serves as the basis for the LAPO algorithm,
which is a heuristic optimization technique. A flash is
generated when the massive electrical load stored in the clouds
increases. As a result, the electrical strength increases. In
contrast to previous population-based methods, the process of
optimizing the LAPO algorithm, as shown in Figure 9, is
divided into two main phases: the spread of the upward leader
and the movement of the downward leaders. The lightning
process stops when the upward and downward leaders come
into contact with each other, and the striking place is
determined. The optimization process is always completed
when the convergence criteria are met. To improve
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performance, this method calculates the population average
after each iteration and then evaluates the fitness of the average
solution. If the fitness of the worst solution is lower than that of
the average solution, the average reaction is used, as provided
in [33]. This LAPO was improved and used in [34] to
determine the optimal reactive power under uncertainties of
renewable generation. The LAPO was a solution for achieving
the Low Voltage Ride-Through (LVRT) in addition to the
fuzzy controller integrated with PV and wind power [35].

Define the parameters of
the algorithm
Define the system
data
Initialize the trial
spot
Obtain the objective
function of the trail spots

Determine the mean point of the
initial spots and its objective function

<>

fonew = K 100X (Ror 1 53) | | X0 = Xl —rand X (XL 4 X2

Xis = Xopin + rand X (Xpmax + Xrlm‘n)J

|
[

e—
,,,,, J

Find the objective function of the updated points
and determine the worst and the best solutions

)

t=t+1

Determine the best solution
and its current control
variables

| P
LBest objective function J«

End

Fig. 9. LAPO flowchart [33].

B. Adaptive PI Control

The proposed API controller effectively addresses the
constraints of fixed-gain PI controllers within complex,
nonlinear, and time-varying off-grid PV hybrid systems.
Conventional PI controllers exhibit challenges such as
sensitivity to gain, suboptimal transient response during
variations in irradiance and load, issues with integral windup,
and diminished robustness in the face of changes in battery
parameters. The adaptive mechanism implements online
adjustments to the proportional and integral gains in response
to the dynamics of DC-link voltage error. By enhancing the
gains during significant disturbances and reducing them during
stable operation, the API facilitates a quicker transient
response, minimizes voltage overshoot, improves power-

sharing precision between the battery and SC, and strengthens
overall system robustness.

The developed API controller was inserted in place of the
fixed-gain PI controller. The error signal of the DC voltage
regulator represents the difference between the voltage
reference Vpc+ and the measured voltage Vpc. Such signal
controlled by the API controller can adjust its parameters and
then generate the desired current for the PMS, as shown in
Figure 5. Subsequently, another error signal between the
current reference and actual value is driven by the fixed-gain PI
current controller, which accurately determines the duty cycles
of each converter, as depicted in Figure 6. Then, this controlled
duty cycle is fed into the DC-DC converter to act either in
boost or bulk mode as being a DC-DC bidirectional converter
connected to the battery and SC. This control strategy can
guarantee an enhanced battery lifespan.

The error in the DC link voltage is described by:
e ="Vpe = Ve )

The generated reference DC current based on the optimized
PI, as shown in Figure 6, is formulated as:

Moreover, the generated reference DC current based on the
API controller, shown in Figure 6 and formulated in (18), is:

Iyc =Kpe+ K, [edt (19)

where the adaptive control parameters are adjusted based on
subsequent adaptation rules, designed and analyzed by [36], as:

o [Vpc=Voc|
Kp =T, X Veovpelri (20)
5 _ [Voe=Vbcl
K =T, f—|VB(:—VDC|+1 21

where I} and T, are the adaptation gains for adaptive laws.

IV. RESULTS AND DISCUSSION

The proposed API controller was used to enhance the
energy management of standalone PV power generation
integrated with hybrid energy storage compared with that of the
optimized PI controller. This API controller, activated based on
the error dynamics of the DC-link voltage, designed in DC-DC
bidirectional converters, controls and enhances the power
management performance in terms of the power sharing among
the battery and SC to ensure the stable operation of the
standalone PV power system. Furthermore, the API controller
is compared with the optimized PI controller to demonstrate the
effectiveness of the proposed controller. The simulation
performance results were obtained using MATLAB R2022b
under different operating scenarios. Table IV details all the
component specifications of the off-grid solar PV plant along
with the hybrid energy storage capacity for this study.

Table V describes the different control characteristics
employed in this study, where three controllers, API, GA-PI,
and LAPO-PI, are used for the best control of the DC-link
voltage, and Integral of Time Absolute Error (ITAE) is utilized
as a performance metric.
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TABLE IV. SPECIFICATIONS OF THE OFF-GRID SOLAR PV PV OQutput Power (kW)
PLANT AND DC-DC BOOST CONVERTER 0.1 ‘ ' ‘ '
Parameters Values 0.09 - 1
Irradiance 200-1000 W/m?
Open-circuit voltage V, . 21V 008 e 1 1
Voltage at maximum power V.., 17V 0071 |
Short-circuit current Iy, 8A = H
Current at maximum power [, 7.1 A _gi_ 0.06 - i N
Maximum power at STC W, 120.7 W c
DC input voltage V;,, 11V z 0051 { ; 1
Output capacitor Cy 300 uF s !
DC output voltage 50V 0.04 : )
DC link voltage reference 50V 003 : )
SC parameter 32V,29F ’ !
Lithium-ion battery parameter 24V, 14 Ah 002H = — e i |
LAPO-PI
TABLE V. TYPICAL SIMULATION RESULTS 0.01 : . ! . L
0 0.5 1 1.5 2 25 3
Controller Type (;](;I;itlr);)llilter Strength Time in sec
- - - Y - Fig. 11. PV power output under solar irradiance and temperature variations.
API Rule—based. online |Online adjustment|  Fast dyn.ar.nlc
adaptﬁmon Fiiig":;;ﬂgﬁﬂ adaptability Under irradiance and temperature variations of different
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A. Solar Irradiance and Temperature Variations

The variations in solar irradiance and temperature are
inevitable; however, it is significant to reduce the impact of
such variations, especially in off-grid PV systems. Therefore,
SCs and batteries are integrated into the system as hybrid
energy storage devices to ensure continuity despite weather
variations. When the solar irradiance and temperature vary, as
shown in Figure 10, the DC-link stability is affected. Therefore,
an API was proposed to stabilize the DC link and recover the
voltage with less overshoot.
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Fig. 10.  Solar irradiance and temperature profiles.

In this study, an API controller was applied to control the
DC link and improve performance. The PV power directly
changes according to the irradiance changes, as illustrated in
Figure 11.

varied, was slightly reduced, and then recovered to its reference
value of 50 V. The DC-link voltage was less affected by the
different irradiance levels when the API controller was
employed. Moreover, it ensures fast response with less
overshoot and maintains the DC-link voltage by achieving
acceptable steady-state accuracy over other optimized PI
controllers used.

50.1 : ; . .
50 = r pe sy
> 1 h i !
© 49.9 i 1 1
>‘U
- f
3 49.8; 1
g /
T 497} |
[
(o))
8
S 4967 E
X
£ sl
S 495 AP .
a = = =GA-PI
LAPO-PI
49.4 | v 4
.......... o
493 | . . ‘ j
0 0.5 1 15 2 25 3

Time in sec

Fig. 12.  DC link voltage performance.
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The battery current, as depicted in Figure 13, corroborates
that the suggested API controller facilitates seamless and
steady current distribution by enabling the battery to provide
only the average power requirement. This reduces the current
ripple and overshoot, thereby alleviating battery stress and
improving the longevity and reliability of the off-grid PV
system. However, the current response of the SC, shown in
Figure 14, confirms its function as a compensation for transient
power in the hybrid energy storage system. Therefore, the
battery is protected from high-frequency stress, and DC-link
voltage fluctuations are efficiently suppressed by rapid, high-
magnitude current exchange. By guaranteeing rapid damping
and steady current coordination under dynamic operating
conditions, the API controller enhances this behavior by
ensuring prompt damping.

The battery-SC power performance, as demonstrated in
Figure 15, during solar irradiance and temperature change is
evident, where the SC handled the transient at 0.4 s, and the
battery power increased. The power of the battery, as shown in
Figure 15, increased once the PV power started to decrease
owing to low irradiance (400 W/m?) at 0.4 s, and
simultaneously, the SC power was quickly supplied and
handled the transient to aid the battery during this PV power
reduction. When the irradiance increased at 1 s, the PV power
increased, and the battery and SC started discharging power
slowly and then charged in a stable operation.
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Fig. 15. The output power participation of the hybrid battery-SC during

solar irradiance and temperature variation.

In Table VI, the comparative analysis of the DC-link
voltage control parameters indicates that although both the
LAPO-PI and GA-PI controllers perform well under fixed
operating conditions, their performance degrades when
exposed to changes in the environment. The API controller is
ideal for off-grid PV systems that are subject to changing
irradiance and temperature because it achieves a lower ITAE
and robust DC-link voltage regulation through gain adaptation,
outperforming offline optimization approaches.

TABLE VL DC-LINK PI PARAMETERS BASED ON
OPTIMIZATION TECHNIQUES
Parameters and Optimization techniques Adaptation

specifications LAPO GA API
K, 67.8648 0.5377 Adaptive
K; 56.9063 1.8339 Adaptive

ITAE 8.704 10.3 0.04
Overshoot 0.02336 1.3994 0.079041

B. Load Variation

The major advantage of integrating SCs into energy storage
systems is that they quickly meet peak load requirements and
considerably stabilize fluctuations. For DC load variations, it is
represented as a change in the resistance value to provide
insights into the direct impact on the stability of the DC link
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under adaptive control and how fast energy storage performs in
abnormal conditions, especially when the API controller of the
DC link is applied. The DC-link must remain stable with
respect to the reference voltage V5. = 50V, even if the load
demand changes, as shown in Figure 16, at 0.75 s, 1.5 s, and
2.25s.

DC-link Voltage Amplitude Vy. in Volts
B
~

493 L 1 1 L &
0 0.5 1 15 2 2.5 3

Time in sec

Fig. 16.  DC link performance during load variation.

The DC-link-based API controller contributes to better
stabilizing the voltage levels and ensures consistent
performance regardless of the variations in load demand, as
depicted in Figure 16. The dynamic response of the DC-link-
based API was faster than that of the DC-link-based optimized
PI controllers, such as LAPO and GA. Moreover, it guarantees
a lower overshoot. The reason for the increased performance of
the API controller is that it depends on self-adaptation to adjust
the control parameters.

It has been observed that the battery current rises from a
low value to higher levels in response to an increase in load
demand. To maintain the battery in good condition, the
transitions must be gradual and smooth. In other words, the
battery current, as presented in Figure 17, is reduced gradually
as the load decreases to prevent stress or abrupt current
reversal.

When the load increases, the SC delivers large positive
current peaks, rapidly compensating for sudden power demand
(Figure 18). During load decrease, the SC absorbs energy,
resulting in negative current peaks that help stabilize the DC
link voltage. After each transient event, the SC current quickly
returns to zero, indicating that it does not participate in a
steady-state power supply. The response time of the SC is
significantly faster than that of the battery. The SC current, in
contrast to the battery current shown in Figure 17, exhibits
strong transient peaks in response to changes in load. In Figure
19, the output power of the hybrid battery-SC performed
during load variation is similar to that of their respective
currents.
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Fig. 17.  Battery current.
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Fig. 18.  SC current.
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Fig. 19. The output power participation of the hybrid battery-SC during
load variation.
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For instance, as illustrated in Figure 19, under the load
variation test, after 0.75 s, the SC handled the transient, and the
battery started discharging energy to supply and meet the load
demand. When the load demand increased after 1.5 s, the
battery started discharging instantly to meet the high load
demand. Conversely, when the load demand further increases
at 2.25 s, the battery starts discharging. This frequent load
variation affects the battery lifespan; therefore, the SC is
incorporated to lessen the burden on the battery. The SoC,
shown in Figures 20 and 21, mainly indicates the operating
performance of the energy storage system. The SoC in Figure
20 starts at 50% as the initial operating point of the battery.
During the 3 s of simulation, the battery started charging, and
the battery's SoC gradually increased to almost 50.033% at 1.5
s in the charging phase. At 1.5 s, the SoC reaches a maximum
value of 50.033%, and then gradually decreases, indicating that
the battery is in the discharging phase due to load variation,
reduction in PV power generation, and DC-link voltage support
requirement. The SoC profile of the battery reflects small SoC
variation, stable power management, and improved battery
lifetime, which reduces the stress on the battery.
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Fig.20. The SoC of the battery profile.
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In contrast, as portrayed in Figure 21, the SoC of the SC
started at 99%, indicating a full charge, and gradually
decreased owing to its high power density, low resistance, and
prompt response to DC-link voltage control. In addition,
although the SC supplied power by proper power sharing with
the battery, its SoC remained above 98.9% owing to the low
depth of discharge and operating in a safe operating region.
The overall profile assessment for energy storage indicates that
the battery is most likely supplying the average power, while
the SC is energizing only high-frequency components.

Figure 22 illustrates the results of the battery SoC with and
without an SC. Incorporating the SC decreased the battery
current across all controllers. The principal method for
prolonging battery life is the SC, which absorbs high-frequency
current transients, thereby stabilizing the load profile of the
battery. However, the SC's value proposition mostly pertains to
hardware design rather than control design, as its incorporation
yields a modest, although consistent, life extension of
approximately 2.77%, irrespective of the controller employed.

The results confirm that the hybrid storage of batteries and
SCs effectively separates the transient and steady-state power
demands. In other words, the SC alleviates rapid power
fluctuations with a negligible depth of discharge, whereas the
battery supplies the average power demand with a smooth
change in the SoC. This coordinated operation ensures stable
DC link voltage regulation, reduced battery stress, and
improved system reliability, making the proposed API control
strategy highly suitable for off-grid PV system applications.

A stable DC link significantly contributes to controlling the
flow of electricity between the PV panel, energy storage, and
load, thus ensuring efficient energy distribution. All positive
values of the SC and battery were considered discharge events
to meet the load demands.

It has been found that solar irradiance and temperature
variations mainly affect long-term energy balance and battery
state of charge, but load variations put the greatest immediate
stress on the energy storage connected to off-grid PV systems
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because they affect power balance and DC-link voltage
stability. Consequently, changes in the load control the
dynamic performance in the short run, while changes in solar
irradiance and temperature control the lifetime and use of
storage in the long run.

From Table VII, the comparative analysis of the DC-link
voltage control parameters under load variation indicates that
although the LAPO-PI and GA-PI controllers can maintain the
DC-link voltage, their fixed-gain characteristics constrain their
robustness. The API controller attains a lower ITAE with
minimum overshoot by dynamically adapting control gains,
hence assuring enhanced disturbance rejection and stable DC-
link voltage regulation during abrupt load variations in off-grid
PV systems.

TABLE VII.  DC-LINK PI PARAMETERS BASED ON
OPTIMIZATION TECHNIQUES
Parameters and Optimization techniques Adaptation
specifications LAPO GA API
K, 341.963 3.320 Adaptive
K; 772.679 379.443 Adaptive
ITAE 0.01454 0.01354 0.02461
Overshoot 0.07566 7.0223 0.079041

V. CONCLUSIONS

In this study, an Adaptive Proportional-Integral (API) self-
tuning controller was employed to regulate the DC link and
ensure the safety and continuity of the electricity supplied to
the DC load through adaptive hybrid power management. This
adaptation of power management, starting from the DC link,
managed the power flow from solar PV power generation to
load demand, thus fulfilling load demands and maintaining DC
link voltage stability within the hybrid energy storage system.
Engaging the API controller, which was fed into both the
current battery reference and the current Supercapacitor (SC)
reference, ensured that the power management prevented the
battery from overcharging by compensating the power demand
from the SC, thus limiting its degradation and enhancing the
overall performance of the off-grid system under two different
scenarios, namely solar irradiance and load variation.
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