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Abstract: The global initiative of decarbonization has led to the popularity of renewable energy
sources, especially solar photovoltaic (PV) cells and energy storage systems. However, standalone
battery-based energy storage systems are inefficient in terms of the shelf and cycle life, reliability,
and overall performance, especially in instantaneous variations in solar irradiance and load. In
order to overcome this, a combination of a supercapacitor and battery-based hybrid energy storage
system (HESS) is considered as an emerging and viable solution. The present work proposes an
optimally tuned tilt-integral (TI) controller to develop an efficient power management strategy (PMS)
to enhance the overall system performance. The controller parameters are tuned by optimization of
the time-domain design specifications using a gradient-free simplex search technique. The robustness
of the proposed TI controller is demonstrated in comparison to PI and fractional-order PI (FOPI)
controllers. Furthermore, extensive experimentation was carried out to analyze the effectiveness of
the proposed approach for DC bus voltage stabilization and state-of-charge (SOC) management under
varying operating conditions such as solar irradiance, load, temperature, and SOC consumption by
battery.

Keywords: photovoltaic; batteries; supercapacitor; SOC consumption; DC bus voltage stabilization;
PI controller; fractional order PI controller; tilt-integral controller

1. Introduction

The unprecedented industrialization and increased energy demand have resulted in
a drastic rise in global warming in the recent past. Fossil fuel (coal, oil, and gas)-based
energy generation is the largest source of global emissions of greenhouse gases. Therefore,
modern energy demands are leaning toward renewable energy technologies that can create
sustainable and environmentally friendly energy. These technologies, if utilized effectively,
can meet a significant share of the global energy demands, improve the environmental
condition, and contribute to a strong energy economy. The most well-known renewable en-
ergy sources are solar [1], wind [2], biomass [3], thermal [4], ocean waves [5], and hydro [6].
Solar photovoltaic (PV) technology is the most prevalent renewable source due to its cost-
effectiveness [7] and easy installation compared to its other counterparts [8]. However, the
unpredictable nature of these energy sources can lead to irregular energy supply patterns.
Therefore, the integration of a PV system with an energy storage system is necessary for
assuring the harvested energy’s reliability [9]. Batteries are considered the most preferable
choice for storing electrical energy, and there has been an exponential growth in battery
technology in terms of research advancements and their applications [10,11]. However,
a standalone battery-based energy storage system struggles in the case of instantaneous
peak power demand due to its relatively low specific power density. Because of this,
different energy storage devices are employed to develop a hybrid energy storage system
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(HESS) that provides a sustainable and reliable overall performance by compensating for
their drawbacks and exploiting respective benefits [12-14]. Among others, supercapacitor
and battery-based HESS are witnessing widespread popularity to support and meet the
energy demands in the long run [15], where batteries accomplish energy requirements for
a relatively long duration and supercapacitors are used to meet the instantaneous power
demands and sustain a high input current. This is attributed to the fact that supercapacitors
have a relatively high specific power density, higher rate of charging—discharging, and low
equivalent series resistance (ESR), resulting in extremely low or negligible leakage current,
resulting in superior energy retention [16,17].

A range of control and energy management strategies for PV systems with battery-
supercapacitor-based HESS were reported in [18-22]. These are classified into two major
categories: classical [18] and intelligent control techniques [22]. Classical methods (i.e.,
rule-based and filtration-based controllers) require an accurate system model and are
sensitive to model parameter variations. In contrast, intelligent methods (i.e., fuzzy logic
and artificial neural network-based controllers) are known to be robust and adaptive to
the system parameters [23]. However, the same fails to provide optimal and efficient
system performance. Therefore, to avoid the impact of model parameter variations and
ensure efficient performance, optimized and predictive control techniques are adopted for
HESS [20]. Model predictive control (MPC) [16] and simple PI control [15] based strategies
were proposed for HESS, which improves the lifespan of the battery by diverting the power
surges to the supercapacitor and associated charge-discharge current regulations. Although
the MPC helps predict future system behavior and can optimize the system performance, it
suffers from computational complexity and is intensive [14]. In [22], different optimization
algorithm-based tuning of the PI controller was analyzed for the robust and efficient
performance of HESS, and the particle swarm optimization (PSO) technique was found to
outperform among the others. However, the computational complexity of the PSO was not
taken into account.

Furthermore, simple PI controllers are not suitable for nonlinear systems such as elec-
trochemical batteries and supercapacitor-based HESS. Electrochemical systems are known
for their unusual fractional-order behavior due to the diffusion and migration of ions
within the porous electrode and electrolyte interface [24-26]. To address a nonlinear sys-
tem’s requirements, fractional-order controllers are often used for their robust performance
during parameter variations [27]. A tilted-integral differential (TID) controller is a type
of fractional-order controller, considered to be an extension of conventional integer-order
PID controller, that can be easily tuned, and if optimally tuned, it can outperform the PID
controllers in terms of robustness with respect to external disturbances and system param-
eter variations [28]. Several investigators have proposed the efficient control capability
of TID cascaded with PID for enhanced performance but with less emphasis on DC bus
voltage regulation. However, it is emphasized for load frequency control in power system
applications [29,30]. The authors in [31] recently proposed a standalone hybrid energy
system using the optimal TID controller for voltage regulation for a PV-integrated battery
bank with AC load and not with an integrated battery and supercapacitor-based PV-HESS
with DC load.

Considering the instantaneous variation of the input conditions such as irradiance
and temperature, there is a need to secure the stability of the system. Additionally, there
is a need to improve the condition of the battery by reducing its state-of-charge (SOC)
consumption. Although the reported works in this direction have focused on the concept
from several dimensions, less attention has been given to an optimally tuned efficient but
simple fractional-order controller for DC bus voltage for PV-integrated HESS with SOC
management. The aim of the paper was to design an optimally tuned fractional-order
TI controller for DC bus voltage stabilization and demonstrate the potential benefits of
the supercapacitor in further refining the HESS performance by emphasizing the power
management between the PV source, battery, and supercapacitor. Further study was carried
out with performance analysis of the system with variable input and load conditions and
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using those parameters to check the amount of SOC consumed in the batteries. These
simulation studies were carried out to assess the performance of the proposed power
management strategy so that it was robust enough to adapt to different input conditions
without affecting the battery lifetime.

The main contributions of the proposed work are:

e A novel TI control scheme is proposed for the DC bus voltage stabilization of the
battery and supercapacitor-based HESS.

e Its performance was compared with that of integer-order PI and fractional-order PI
controllers to demonstrate the feasibility of the proposed TI controller.

e To present the robustness of the proposed controller by subjecting it to varying input
(irradiance and temperature) and load conditions.

e  To estimate the amount of SOC consumed in the battery under varying temperature
conditions and determine the effectiveness of the controller performance in reducing
stress on the battery.

The rest of this manuscript is organized as follows. Section 2 describes the modeling
and system configuration along with the schematic representation of the standalone PV
system under study. Section 3 presents the proposed control scheme, and Section 4 depicts
the simulation results and validation with different case studies and their analysis. Finally,
the concluding remarks of the research work are summarized in Section 5.

2. Modeling and System Configuration

Battery and supercapacitor-based HESS has an extra edge over the standalone battery-
based ESS for different renewable energy sources, and a grid-free PV-based system is no
exception [32,33]. These HESS can be built by batteries and supercapacitors configured
in different topologies. Table 1 lists some of the most popular topologies of battery-
supercapacitor-based HESS along with their properties. The standalone PV system under
study uses the multiple converter topology, as shown in Figure 1. It consists of a solar PV
system connected to the DC bus through a boost converter and maximum power point
tracking (MPPT) controller (by P&O method [34]) to extract the maximum power from PV.
The energy storage system under investigation consists of a battery and a supercapacitor
connected to the DC bus via buck-boost converters. Hence, the entire system is mainly
comprised of three sources:

A PV panel is the main source of energy.
A battery is used in the case of a surplus/deficiency of energy harvesting from the PV
system.

e A supercapacitor limits the PV /load variation and assists the battery in the case of
sudden fluctuations.

PV cells or solar cells are the core components of all PV systems as they convert Sun
radiation to electrical energy. Figure 2 depicts a solar cell’s practical circuit model consisting
of a diode, series resistance, and parallel resistance. The V-I characteristic equation of a
solar cell is given by:

o)) -(5E)] o

where I, is the solar current; I; is the cell saturation current; g is the electron charge; K is
the Boltzmann constant; T is the cell working temperature; A is the ideality factor.
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Table 1. Different system configurations.

Configuration

Topology

Features

Drawback

Basic passive parallel || penc Lal i Supercapacitor and battery are directly Power sharing between battery and
H briEl confi iration Converter - connected with load. Hence itis easy to ~ supercapacitor is uncontrolled. Hence
y & implement with good reliability the DC bus voltage is not regulated

Solar Panel Battery Supercapacitor
&-. DC-DC »  Load
Converter
. Solar Ps Supercapacitor energy is used more DC Bus voltage regulation is difficult
S t batt Solar Panel atter . o . . .
uap; :T:lp caocrl1 f(i) rirgti(f;y atten efficiently to maintain constant DCbus  to obtain and there are chances of load
P & ﬁ voltage that changes w.r.t SOC of battery imbalance
DC-DC
—
Converter

Supercapacitor

Battery/supercapacitor
parallel configuration

-

DC-DC
Converter

Solar Panel

|

DC-DC
Converter

Supercapacitor

Battery

Load

Battery voltage can be higher and lower
than the supercapacitor voltage. It costs
less with a reduction in complexity due to
a single converter used.

Improper DC bus voltage regulation
due to the supercapacitor variable
voltage
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Multiple converter o . .
supercapacitor is used, which provides the a large number of components
easy control of power
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DC-DC

Converter
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Figure 1. Schematic diagram of the PV system with the energy storage devices.
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Figure 2. Equivalent circuit model of a PV cell.

A solar panel or PV panel is a collection of these solar cells electrically wired together
with parallel and series connections. In this case, the load current I with Np parallels and
Ng series modules is denoted as,

vV IR 1 NpV 1
I'= Nplpp — Npls [exp <q<ﬁs + NPS) KTCA> - ( Ns ’ IRS) R_SJ @

In this case, any variation in the solar irradiance or operating temperature will directly
affect the magnitude of the solar current, maximum power, and voltage. The saturation
current and voltage are dependent on temperature [35]. The PV panels were connected with
a boost converter to boost the output voltage and a MPPT controller using the popular P&O
method to extract the maximum power from the PV panel. The batteries and supercapacitor
forming the HESS are connected to the DC bus and a bidirectional buck-boost converter to
maintain a two-way flow of current from PV-HESS or from HESS to PV [36]. The switching
operation of these converters is controlled using a PI controller. The specifications of all
parameter values used in the PV module, battery, and supercapacitor are listed below in
Table 2.
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Table 2. The system parameter specifications [17].

Devices/Components Parameters Value
Maximum power 1207 W
PV module Short circuit current 8A
Open circuit voltage 21V
PV array sizing 2 series and 4 parallel strings
Nominal voltage 24V
Battery Rated capacity 14 Ah
Initial SOC 50%
Rated capacitance 29F
Supercapacitor Rated voltage 32V
Initial voltage 32V
No. of series and parallel capacitors 1.1
DC link capacitance 300 uF
DC bus parameters Power load 500 W
DC bus voltage 50V

3. Proposed Control Scheme for PV Power System

As discussed in Section 1, with the aim of designing a simple but efficient and optimal
controller, in this work, three different controllers (i.e., PI, FOPI and TI) were optimally
tuned for the PV-HESS applications. These control structures are briefly described as
follows.

3.1. PI Controller

This is mostly used in process diligence because of its easiness. There are two parame-
ters to be optimized as seen in the structure shown in Figure 3a. However, it has severe
oscillations with poor transient performance [37] and takes a greater amount of settling
time. They are also not suitable for nonlinear systems. Its transfer function is given as

Ky + %, where K, and K] are the proportional and integral gains, respectively.

3.2. FOPI Controller

The design of an energy management strategy for a battery-supercapacitor HESS is
considered as a nonlinear multi-constraint optimization problem. Therefore, better results
can be obtained using a fractional order controller, which gives better system performance
and flexibility toward the parameter variations [38,39]. This controller consists of three
tuning parameters Ky, K, and A, as seen in Figure 3b. Its transfer function is given as

Ky, + % It increases the complexity for tuning but at the same time, has a remarkable
performance in comparison to the integer-based controller. It is generally represented
using fractional calculus [40], which deals with arbitrary non integer order derivatives and
integrals.

3.3. TI Controller

Tl is an extension of the fractional order controller [29], which consists of a proportional
and integral gain with tilted components of transfer function S%" The inclined behavior
gives a feedback gain based on frequency, which is inclined in comparison to the normal
compensator’s gain/frequency. This controller is simpler to design and less affected by

the parameter variations [30]. The transfer function of the TI controller is expressed as
Kp
Sfl/l

%. Figure 3¢ shows the structure of a TI controller.
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Figure 3. Block diagram of the (a) PI controller, (b) FOPI controller, and (c) TI controller.

3.4. Control Strategy to Stabilize the DC Bus Voltage

The TI controller calculates the I;..¢ to maintain the DC bus voltage at V(50 V)
and the same is depicted in Figure 4. The power management strategy is based on the
DC bus regulation in which the battery and supercapacitor currents Iyyer and Is..r are
produced by the DC bus reference current Iy.,.r, which is given by:

Idcref - Ibutref + Iscref 3)
The error between the reference voltage and actual voltage, e(t) is as given as:
e(t) = Vdcref — Vac 4)

and therefore, the output for the PI controller is

Idcref = kpe(t) + ki/e(t)dt 5)

The reference current of batteries is formed from the low pass filter that filters out the
low-frequency components for the battery and the remaining high-frequency components
for the supercapacitor. As a result, the batteries are supported only for the normal energy
storage purpose while the peak current demands are handled by the supercapacitor, thus
improving the lifetime of the batteries.
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Figure 4. The proposed TI controller-based DC bus control scheme.

3.5. PMS and Control Scheme

Figure 5 shows the PMS implementation for PV-HESS using the TI control scheme.
The supercapacitor is completely charged and only available for discharging when the PV
power is not sufficient for the immediate load demand (Ppy < Pjoaq) and the battery’s SOC
is low. Similarly, the supercapacitor begins to charge when the load power is suitable to
be accomplished by the PV (Ppy > Pjpaq), and batteries cannot store the surplus amount of
power in that short duration. Although a supercapacitor acts as a secondary storage device,
it plays a pivotal role in an efficient and smooth operation of the entire PV-HESS under
varying input conditions. As previously discussed, PV systems are subjected to variable
irradiance and temperature at different time intervals, and the PMS used in the control
block aims at reducing the stress on the battery due to continuous charging/discharging
and hence improves its lifetime, stabilizing the DC voltage and attaining a better efficiency
of the system under varying operating conditions [41]. Therefore, the current distribution
among the battery and supercapacitor (i.e., I;; and I, respectively) constitutes the total
current to be delivered by the HESS.

I= Ibat + Isc (6)

‘/ Inputs : Ppv,
? Pload, Pbat, Psc

Pbat=Psc
=0
Y

Psc=0

Psc=Ppv-
Pload-Pbat

Pbat=Ppv-
Pload

\ 4
Generate reference
current for converters

Continue?

Figure 5. Power management strategy of the DC bus control.
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This indicates that the current contains both high-frequency as well as low-frequency
components, where the high-frequency components are associated with the supercapacitor
and the low-frequency components are accompanied with the battery. For this purpose,
a low-pass filter (LPF) was engaged with the circuitry. This helps the battery remain
operational only for the normal charging process, while the supercapacitor handles the
transient periods, involving high frequency [42], thus improving the stress on the battery
and enhancing its lifetime. Therefore, the reference value of the battery current is given by

Ipatres = frre(I) 7)

where f; pr is the transfer function of a low-pass filter.

This reference value in Equation (7) was compared with the actual current value Iy,
and this current error was given as input to the PI controller, which generates the duty
cycle Dy, for the PWM control signal to handle the switching operation of the battery
converter. However, the entire power requirement is not fulfilled by only the battery and
the remaining power is compensated by the supercapacitor as

Pbatmm = (I - Ibat)vbut (8)
Thus, the reference current of the supercapacitor is given by

I _ Pbﬂtrem _ (I B Ibat)vbat
scref — Vee = Voo

©)

Furthermore, similar to the operation of batteries, the reference current of the superca-
pacitor I,y was compared with the actual current I;c and the difference was transmitted
to the PI controller to generate a duty cycle D, of the PWM control signal, which results
in handling the switching operation of the supercapacitor converter. Therefore, in this
cascaded control scheme, the TI controller was used for DC bus voltage regulation, while
the PI controller handled the battery and supercapacitor switching operations involved in
the PMS.

3.6. Optimization Based Controller Tuning

For the present investigation and analysis, the controller designing task was framed
as an optimization problem, which aimed at the minimization of the deviation between
the reference and the actual output (i.e., the error). This ensures the optimization of
the transients that exist in the overall system response. The objective function has been
formulated as the well-known controller performance indices in the time domain (i.e.,
integral absolute error):

t
IAE = / le(#)|dt (10)
0
Integral squared error:
t
ISE = / 2 (1)dt (11)
0
Integral time absolute error:
t
ITAE :/ EVe(t) v dt (12)
0
Integral time squared error:
t
ITSE = / te?(t)dt (13)
0

It is of note that IAE and ISE are the most commonly used performance criteria in the
stability analysis of control systems [43]. These are the most important time-domain integral
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error performance criteria, which are obtained by evaluating the absolute and square of
deviations between the actual and the reference output. Each of these represents a separate
time-varying output norm that, under stable conditions, converges to zero [44]. The most
common criteria for evaluating a system’s performance are the rising time, settling time,
overshoot, and steady-state error. However, each of these describes only one characteristic.
The time integral criteria are broad and therefore, these also make it possible to compare
different controller design methods and distinct controller structures [45]. Each criterion is
generic, and it may be used to assess error in any sort of system, whether linear or nonlinear.
These performance measurements are used to minimize the error in any feedback control
system and thus keep track of errors from zero to infinity and minimize them continually.

Furthermore, for optimal tuning of the controller parameters, one of the most reliable
and popular optimization techniques (i.e., the Nelder-Mead simplex search method was
used for the present work). The Nelder-Mead simplex algorithm was proposed by Nelder
and Mead (1965). It is one of the most popular and traditional direct search methods
for multidimensional unconstrained minimization. The method is deterministic in its
formulation, which minimizes a scalar-valued nonlinear function of real variables without
any derivative information [46]. Initially, a new simplex is created with n + 1 points to
explore the objective function of n inputs. Here, X, is the average sum of all points. Then,
the simplex has several methods to move ahead and denote the minimum: reflection,
contraction, expansion, and shrink. X;, X, and X, are the points obtained from them,
respectively, with f,, f;, and f. being their associated function values. If the progress is
sufficient, then a single point is substituted. This repetitive technique continues until the
minimum is attained, with which the final k;, and k; values are returned. To simulate the
algorithm in MATLAB, a standard function fminsearch () was defined.

4. Results and Discussion
4.1. Dynamic Performance Evaluation of the Controllers

In this work, the main focus was on creating a robust energy storage system to support
the load in the case of input fluctuations in the PV with the help of a suitable power
management principle. In the proposed model, there is a greater chance of a lack of
robustness when subjected to inaccuracies with the instantaneous changes in the system.
While using the above-mentioned techniques, it may lead to large computational complexity
due to its nonlinear behavior. Hence, a suitable power management principle designed
using controllers generates the required duty cycle to control the converter’s operation
whenever required.

The PV-HESS under investigation was built in a MATLAB/Simulink environment
and simulated with the PI, FOPI, and TI controllers. With the objective of DC bus voltage
stabilization, the controllers were tuned using the Nelder-Mead simplex search technique
to evaluate the different performance criteria in the stability analysis. Parameters of the
system under investigation are listed in Table 2 for better clarity. Furthermore, in order
to reduce the design complexity and provide suitable tuning of the standalone PV-HESS
system, which is subjected to rapidly changing input and load conditions, in the present
work, the derivative gains of the respective controllers were not considered. The DC
bus voltage stabilization of the HESS using different (PI, FOPI, and TI) controllers was
compared and analyzed. The controller parameters were optimized using the Nelder-Mead
simplex search algorithm considering ITAE as the cost function. To avoid any dependency
on the initial points, the algorithm was executed for 20 runs for all controllers considering
different initial points. The mean and standard deviation of the optimally tuned controller
parameters obtained for the PI, FOPI, and TI controllers along with the ITAE value are
depicted in Table 3 and the corresponding performance of the controllers is illustrated with
the help of the dynamic time-domain behavior of the overall system using the Nelder—
Mead simplex optimization method. It was observed that the DC bus voltage response
(Figure 6) of the TI controller was better than that provided by FOPI and PI with good
convergence. Additionally, the proposed controller outperformed the other controllers
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with the minimum overall standard deviation in the case of ITAE. Hence, we can say here
that for different initial simplices, nearly about the same optima was achieved, proving
its robustness. The advantage of the TI controller was demonstrated by a smooth DC bus
voltage response that was less sensitive to the load power or input changes as well as a
reduction in the oscillations and high frequency components. The transfer functions of the
optimally tuned controllers are given as

Gpr(s) = 07115+ 1695£ (14)
50
GFOPI(S) =18+ 5075 (15)
0.9878 1031.8
Gri(s) = 5—2.1598 + s (16)

Table 3. The mean and standard deviation for the optimally tuned controller parameters and the
ITAE value for the PI, FOPI, and TI controllers.

Controller Kp Ky N A ITAE
PI 1.424 +£0.3424 3037.9 4+ 0.255 - - 0.4881 + 0.00649
FOPI 1.913 £ 0.098 50.908 + 0.227 - 0.504 £+ 0.0314 0.4203 £ 0.00239
TI 1.015 £ 0.173 1039.55 £ 0.358  2.558 + 0.3155 - 0.3839 £+ 0.00161
I
50 1%&
40 { ]
e
L3011 ]
iy
=)
=
Q 20 -
10 -
--------- Pl Controller
=== FOP| Controller
oF | | | | | | : =TI Controller -
| | | | | | I I I
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

Time (sec)

Figure 6. The DC bus voltage of the PV-HESS using the PI, FOPI, and TI controllers.

In order to compare the results with the global optimization technique, the proposed T1
controller was tuned using the very popular particle swarm optimization (PSO) algorithm.
PSO is an evolutionary computing method inspired by the movement of different animals
such as bird flocks and fish schools. It is guided by the movement of the best member in the
population, famous as the social compound, and their own experience, which is known as
the cognitive compound. The algorithm moves the set of solutions to find the best solution
among them [47]. Although PSO gives good results in terms of the global optimal solutions
and convergence, it requires more computational time and function evaluations. As seen in
Figure 7 for a fixed number of iterations/function evaluations, the value of the objective
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function was not reduced in the case of PSO. In this respect, the Nelder-Mead method

provides fast optimally tuned parameters for the proposed controller.

Function value

=}

5

Function value

0.38

0.36

0.34

0.32

e
w

=
i

o0

=]

b

Nelder Mead optimized Tl Controller

0 5 10 15 20 25 30
Iteration

——PS0 optimized TI controller

1.15 I 1 1 I I I |

0 5 10 15 20 25 30 35
Iteration

Figure 7. Optimization performance plot of the proposed TI controller using Nelder-Mead and PSO.

For better study of the stability analysis, the output response of the proposed TI
controller was compared with the other controllers and this control effort performance
comparison is shown in Figure 8. The results clearly show that the proposed TI controller
outperformed the other controllers with reduced vibrations and fluctuations with the least
estimated root mean square error (RMSE) between the actual and reference voltage. The
RMSE of the control input for the PI, FOPI, and TI controllers were found to be 10.27, 7.199,
and 4.705, respectively. Hence, the proposed TI controller showed a significant reduction of

54.19% and 34.64% in the control effort for both the PI and FOPI controllers, respectively.
A comparative analysis of all the controllers was also conducted in terms of the
parameter specifications, namely, the settling time, undershoot and overshoot, rise time,

and slew rate. Table 4 indicates that the TI controller-based system provides better results
among all in terms of all of the time-domain performance criteria.
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Figure 8. Control input performance of the PI, FOPI, and proposed TI controllers.

Table 4. The dynamic performance parameter comparison for the PI, FOPI, and TI controllers.

Controller Risetime Undershoot (%) Settling Time (ms) Slew Rate
PI 9.410 ns 1.340 9.149 4.229
FOPI 228.427 us 1.999 5.691 173.759
TI 41.071 ps 0.563 5.013 966.580

4.2. Robustness Analysis of the Proposed Controller

In this section, an extensive analysis is presented to exhibit the effectiveness of the
proposed controller by considering different operating conditions such as rapid change in
input solar irradiance, load conditions, and temperature. Furthermore, the estimation of
SOC consumption was carried out and investigated.

4.2.1. Analysis with Varying Solar Irradiance and Load

Figure 6 shows the performance of the above PMS under variable solar irradiance
input, as shown in Figure 9. From 0 to 0.5 s, Py, = 200 W. Due to insufficient PV power, the
battery also supports the load and is in discharge mode, which provides the required power.
Furthermore, for the next instance (i.e., between 0.5 and 1 s,) when the power generated by
PV increases from 200 W to 500 W, the PV power becomes a little insufficient to supply the
load and therefore the battery discharge gradually decreases. Thereafter, during the next
instance (i.e., from 1 to 1.5 s), the PV power increases from 500 W to 1000 W, the battery
switches from discharging mode to charging mode, which reflects there is surplus power
during this period, and a supercapacitor is also used for storage purposes. Finally, for the
time instance of 1.5 to 2 s, the power produced by PV decreased from 1000 W to 700 W,
and the battery switched from charging to discharging mode. However, the SOC of the
battery did not reduce as the supercapacitor compensates the deficiency of power during
this period.
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Figure 9. Variable input irradiance.

Furthermore, with the aim of investigating the robustness of the proposed control
scheme under varying load conditions, the response of the battery and supercapacitor
power profiles are depicted in Figures 10 and 11. This analysis was carried out using the
load variation profile, the same as that of the irradiance plot. The potential benefits of the
battery—supercapacitor HESS may be easily shown using the PI, FOPI, and TI controllers to
improve the reactivity of the supercapacitor while charging and discharging, thus reducing
the battery stress dramatically. For instance, at 0.5 s, the load increased from 200 W to 500
W, then the battery and supercapacitor started charging during this short period of time.
When the load increased further to 1000 W, at that time, the battery switched from the
charged state to the discharge state and the supercapacitor compensates for any lack of
power. Hence, the results show the effective performance of the TI controller-based system
over the others.
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Figure 10. Response of battery power with varying irradiance and load conditions.
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4.2.2. Analysis with Varying Temperature and Estimating the SOC Consumption

As reported in [16], the SOC consumption in batteries is estimated with a change in
the time constant, which is a suitable characteristic of the filter circuit. With the aim of
further investigating the efficacy and robustness of the PV-HESS, here, we considered the
practical scenario, which is the change in weather conditions. At first, Figure 12 shows
the battery SOC of the system under the PI, FOPI, and TI controllers at room temperature
(i.e., 25 °C). The comparative study validates that the SOC consumption of batteries using
the TI controller is better than its other counterparts. Based on different optimal controller
parameters, a comparative analysis was carried out by simulating the system for 2 s.
Under different operating temperatures (i.e., 40, 25, 10, 0, —12 °C). The minimum value
of SOC obtained in each case was determined for the respective controllers and the same
is presented in Table 5. It was noted that the TI controller outperformed other controllers
under any given temperature. Furthermore, the approximate SOC consumption of batteries
for one hour was estimated by keeping a similar temperature and irradiance pattern, which
highlights the importance of SOC in the long-term. Additionally, Figure 13 shows the
responses of the battery SOC under different temperatures with the TI controller. It was
noted that the SOCy,;; decreased with an increase in temperature.

In this PV-HESS model, no charging strategy for the supercapacitor was considered
during the energy management operation. It is completely charged and is only available
for discharge when the PV power is insufficient for load and the battery SOC is less.
Therefore, in the case of a reduction in the battery SOC than required, the dependency
on the supercapacitor will increase. Batteries are used to store energy for higher amounts
while supercapacitors have a high power density and are used to store and release power
at a relatively higher rate. Therefore, to obtain a stable response irrespective of the system
subjected to abrupt transient states, the supercapacitor plays an important role. Figure 14
shows the SOC consumption of the battery when the supercapacitor is not integrated along
with the battery in the hybrid system. It was observed that the battery SOC decreased at
a greater rate, thus increasing the stress on the battery. On the other hand, whenever a
supercapacitor is used along with the battery, the rate of decrease in SOC is controlled and
it does not decrease rapidly. Thus, integrating a supercapacitor with batteries reduces the
battery SOC consumption by eliminating the peak currents.
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Table 5. Consumption of SOCy,; for the PI, FOPI, and TI controllers.

Case Study Temp Consumption of SOC % Consumption of SOCin1lh
40 °C 0.0164 29.52
25°C 0.0146 26.28
PI 10°C 0.0130 22.40
0°C 0.0122 21.96
—12°C 0.0118 21.24
40 °C 0.0158 28.44
25°C 0.0131 23.58
FOPI 10°C 0.0130 234
0°C 0.0092 16.56
—12°C 0.009 16.38
40 °C 0.0149 26.82
25°C 0.0120 21.60
TI 10°C 0.0109 19.76
0°C 0.0091 16.38
—12°C 0.0088 15.84
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Figure 13. SOCy,; in the PV-HESS system using the TI controller for different temperatures.
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5. Conclusions

In this paper, a combination battery and supercapacitor-based energy storage system,
in a hybrid configuration, was investigated as backup to intermittent renewable energy
sources such as solar PV for improving the system flexibility, stability, and reliability. An
optimally tuned TI controller-based power management system was proposed for the DC
bus voltage regulation. The controller was tuned using an efficient gradient free local search
optimization technique (i.e., Nelder-Mead simplex search) by minimizing the time domain
integral performance index (ITAE) taken as the cost function and the performance was
also compared with the particle swarm global optimization technique. The efficacy of the
proposed controller performance in terms of settling time, overshoot, rise time, and slew
rate was analyzed and compared along with the FOPI and PI controllers. The investigation
revealed that aside from a reduced oscillation in the DC bus response, the proposed control
scheme was proven to be more robust and significantly outperformed the other controllers.
Furthermore, by considering different operating scenarios such as variable irradiance,
load, and temperature conditions, the performance and resilience of these controllers were
investigated and compared to prove the effectiveness of the proposed method. An analysis
of the SOC consumption of the battery with different values of temperature was carried out.
The results indicate that the integration of a supercapacitor along with a battery reduced the
battery SOC consumption by eliminating the peak currents, thereby improving the battery
longevity and performance. Although the proposed TI controller-based scheme showed
the optimum performance and adaptability for different conditions of the PV-HESS, further
assessment and investigation need to be carried out based on different control strategies
and optimization techniques. Enhanced performance analysis tests are required to detect
more suitable techniques, giving better results.
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