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Abstract: This work proposes a systematic approach to designing a novel integral sliding mode
controller (ISMC) for a single-ended primary-inductor converter (SEPIC) with only one
tunable parameter where the upper and lower bounds are derived. The designed surface results
in minimal chattering behaviour at the output voltage as well as at the duty cycle and allows
for operating the SEPIC at a fixed switching frequency. The proposed controller can withstand
up to a 70% variation in the input voltage and 100% variation on the load side, in addition to
superior performance for a cold start. The proposed controller and the corresponding
mathematical formulation were simulated in a Simulink environment and experimentally tested
via a scaled prototype. The proposed controller performance is also compared to Type II and
integral Linear-Quadratic Regulators (LQR).
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Copyright © 2024 by author(s).
Energy Storage and Conversion is
published by Academic Publishing
Pte. Ltd. This work is licensed under
the Creative Commons Attribution
(CC BY) license.
https://creativecommons.org/licenses/
by/4.0/

1. Introduction

Different types of controllers are designed to achieve one or more objectives
based on the target application [1]. For example, in low-power electronic circuits,
controlling the converter’s output power is the main design objective. This can be
extended to different applications, such as LED drives in lighting applications, where
the lights can be dimmed by adjusting the converter’s output voltage. A battery
charging application is another application where the controller is designed to serve
objectives such as output current and voltage control. This is expandable to grid-
connected renewable energy sources and motor drive applications as well [1-3].

Within the field of power converters, the performance of the designed controller
is evaluated and measured based on four metrics: 1) steady-state gain and regulation;
2) dynamic response to load and input disturbances; 3) compliance to electromagnetic
interference (EMI) standards and/or total harmonic distortion (THD) regulations; and
4) contribution to converter protection schemes such as overcurrent protection and
inrush current limiting. In addition, many controllers are designed not only to satisfy
the converter’s input-output regulation and performance metrics but also to improve
its performance under intrinsic uncertainties, such as components’ parasitic
capacitance and inductance variations due to soft/ hard saturations [1,4—6]. Therefore,
diverse types of control schemes are implemented to achieve as many design
objectives as possible. The simplest approach is direct output current control, where a
sense of the output voltage provides the correction signal to the controller, which
adjusts the converter’s duty cycle to maintain the output voltage at or near its reference
setting. Such controllers lack the ability to contribute to the converter’s protection
scheme in terms of short-circuit protection. Other control schemes, such as peak
current control and average current control, indirectly control the converter’s output
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voltage by regulating the internal states, such as the inductor current. The advantage
of such schemes is that they satisfy the majority of the controller design objectives
while contributing to other aspects of its performance evaluation, such as fast
transients and one-cycle short circuit protection [7].

Furthermore, from a controller’s law point of view, they can be classified as
either linear or nonlinear controllers. Examples of linear controllers are proportional-
integral (PI) controllers, type II-IIl compensators, LQR controllers, and state
feedback controllers [4,8]. On the other hand, hysteresis controllers, adaptive
controllers, and sliding mode controllers are examples of nonlinear controllers in
power electronics. While linear controllers are designed based on the converter’s
linearized model, they suffer from the severe disadvantage of being able to maintain
their performance within narrow regions around the linearized point. On the contrary,
nonlinear controllers offer superior performance in terms of satisfying their design
objectives and performance metrics over a wider range of load disturbances,
input disturbances, parameter uncertainties, and noise [9—14].

Among nonlinear controllers, the sliding mode controller (SMC) has the most
attention in both discrete and continuous forms [15]. SMC has a variable structure in
its dynamics, ensures disturbance and uncertainty rejection, and performs robust
tracking tasks. For instance, in the study of Hamed et al. [15], a modified SMC is
designed for a buck converter, and its performance is compared against different types
of linear and nonlinear controllers. The study shows that the proposed modified SMC
has superior characteristics and fast dynamics. Nonetheless, it is reported that the
proposed modified SMC was not able to overcome the chattering phenomenon
associated with SMC controllers in general. It also only includes the study of a well-
behaved buck converter without explaining how such a controller can be extended to
converters with right half-plane zeros or higher-order converters such as SEPIC
converters.

An improved SMC for output voltage control in a boost converter is developed
in the study of Chincholkar et al. [16]. The proposed controller is applied to a boost
converter and compared against PI controllers. Although the research incorporates an
integral term, which is a function of the normalized output voltage error, no details
were provided on how to solve the chattering issue in the converter’s output control
signal (duty cycle) or on how to extend this controller to higher-order converters
[10,17].

Another approach is introduced in the study of Gonzalez et al. [18] to overcome
the chattering in SMC. In the work, a PI controller is used to form an outer control
loop to form a double control loop with the SMC in discontinuous conduction mode
(DCM) buck-boost converter. This technique was able to improve the converter’s
dynamic and steady-state performance. However, it is based on a hysteresis-based
SMC, which requires an adaptive feed-forward controller to reduce switching
frequency variation. Such frequency restriction is instrumental in reducing EMI noise
and input filter design complexity.

A solution to the chattering phenomenon in SMC in power electronics is
introduced in the study of Pamdey et al. [19], Ghosh et al. [20], and Das et al. [21]. An
integral SMC is developed, which solves the chattering issue in the control signal. This
is done by incorporating an integral term to average the output control signal, which
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eliminates the chattering and confines the switching frequency to a single frequency.
However, the introduced work only covers the design procedure of second-order
converters such as buck and boost converters. It also does not cover the converter
tuning process that balances the reduction of the chattering of the control signal with
the desired dynamic performance.

Furthermore, optimization techniques and artificial intelligence-based SMC
design are also introduced [3,12—14,22-25]. It is undeniably beneficial to integrate
such techniques with advanced nonlinear controllers such as SMC. It restricts the
extension of such algorithms to lower-power and high-density high-power
applications where more powerful digital controllers are not available due to size or
cost constraints.

In this work, an integral-based SMC is proposed with a systematic approach to
design a nonlinear SMC that has not been presented earlier and outlined for high-order
converters such as a SEPIC. The main advantage of the proposed controller is that it
needs a single value to be tuned over a defined interval with calculated upper and
lower bounds. Further, the proposed sliding surface is simple with respect to other
proposed sliding surfaces mentioned in the literature. It should be highlighted that the
proposed SMC did not compromise the robustness and stability of the system because
it was derived based on the dynamics of the converter, where the role of the surface
elements was explained and justified. The nonlinearity aspect of the derived SMC
rejects varying input voltage disturbances over a wide range. The proposed work is
first theoretically proven and then validated by simulation and experimental work. To
establish a benchmark with a linear controller, traditional Type-II as well as integral
LQR compensators are designed, simulated, and compared with the proposed
controller. Furthermore, to complete the comparison analysis between the linear
controller and the proposed ISMC, the Type-II compensator will be compared
experimentally to the proposed controller. The comparison includes three test
categories: cold start, input voltage variation, and load disturbance tests.

The rest of the paper is organized as follows: Section 2 discusses the SEPIC and
sliding mode controllers. Section 3 provides the detailed design and modeling of the
SEPIC converter. Section 4 deals with the linear and nonlinear controller overview
and design for the SEPIC converter. Section 5 provides a derivation of the proposed
controller and a step-by-step design guide. Section 6 gives the stability analysis of the
proposed controller using the Lyapunov methodology. Section 7 provides the
simulation and experimental results of three types of compensators: the Type Il
compensator, the integral LQR, and the proposed controller. Finally, Section 8 gives
concluding remarks on the work presented.

2. SEPIC and sliding mode

The single-ended primary inductor converter (SEPIC) is a fourth-order DC-DC
converter. Its large-signal model is highly nonlinear and demonstrates bi-linearity with
respect to the control input. Linearized controllers are only valid in a small
neighborhood around the equilibrium point, resulting in systems that are vulnerable to
instability when faced with any disturbance away from the linearized region. To tackle
this issue, a nonlinear controller that provides stable performance over the entire
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nonlinear model becomes essential, especially in applications where cost, stability,
and performance are critical criteria to maintain, such as integrating renewable energy
into the grid and electric vehicles.

Among the nonlinear controller alternatives, the sliding mode controller has an
edge with respect to others such as backstepping and feedback linearization. This is
because sliding mode control has a variable structure controller that ensures
disturbance and uncertainty rejection while performing robust tracking of the desired
trajectory. Since DC-DC converters are based on switching mechanisms where the
structure varies momentarily based on the switching cycle, a sliding mode controller
appropriately complements the application’s behaviour.

Different designs for sliding mode control of the SEPIC converter have been
addressed in the literature. The work presented in the study of Gireesh et al. [26] uses
a pulse width modulated (PWM)-based integral sliding mode control (ISMC) strategy
for controlling the output voltage of a SEPIC converter. The work designed an ISMC
to regulate the output voltage. The input voltage was varied from 3 to 7 V, while the
output was kept at 5 V. The load variation itself was not tested. The output plot had a
minor steady-state tracking error. The sliding surface was designed as an error function
using the input current, output voltage, and the integral of both voltage and current
errors. That sliding surface requires a definition of a reference current for the input
inductor. The system is driven based on a PWM signal that is generated based on the
equivalent control principle with no switching signal in the control law. On the
contrary, the study of Salazar-Duque et al. [27] simplified the sliding surface to be a
function of the inductor’s current. The reference currents were assigned as the steady-
state values of the currents. The controller was tested in two cases. In case I, the input
voltage was 24 V, while the reference was changing from 8 to 30 V. In case II, the
input voltage was 19 V, and the reference was varied again from 8 to 30 V. The control
law was dependent on switching signals with no indication of how it was performed
(hysteresis or PWM approach). The system was not tested for variation in the input
voltage during the operation or for load variation.

As discussed above, SEPIC converters have the inherent tendency to experience
chaotic behaviour as shown in the study of Kavitha et al. [28]. To overcome the
instability of the system, an SMC controller was proposed that used a sliding surface
composed of the inductor current signal subtracted from a reference value. The desired
duty cycle was generated using a hysteresis controller. The system did not investigate
the impact of varying either the input, the voltage, or the load on the output behaviour.

Given the fact that robustness is one of the most vital criteria to evaluate the
performance of a converter, the researchers in the field proposed another design to
ensure a robust response of the SEPIC converter, as demonstrated in the studies of
Ablay et al. [29], Li et al. [30], Komurcigil et al. [31], and Jaafar et al. [32]. In the
study of Ablay et al. [29], the paper proposed an integral sliding mode controller
(ISMC) by defining a surface composed of the negative of the input inductor current
and the integral of the error of the output voltage. The surface is simple and proves its
ability to track the reference value. The input voltage was 15 V, while the reference
voltage varied from 8-25 V. The work proposed a laboratory setup for the controller
made of analog components. The control signal was switched using an on/off-based
(hysteresis) technique depending on the sign of the sliding surface, which results in a
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variable-frequency pulse width modulation (PWM) signal. The system was not tested
against variations in either the input voltage or the load impedance. Furthermore, this
work used only a simulation study, and experimental results were not presented. Also,
the work did not justify how the surface was constructed or the role of the surface
elements in system performance and stability. Additionally, from a mathematical
perspective, the utilization of the negative current will oppose the surface trajectory,
which will result in accumulating more error in the integral function, which may
eventually result in slow responses. Alternatively, the system may result in an
undesired transient oscillation to make the system reach faster to the desired
equilibrium points, given that the scaling factors of the error functions are pre-selected
and strong enough to ride the system towards the desired trajectories. From the
Lyapunov stability perspective, this type of surface does not ensure negative definite
functions under the analysis of a typical Lyapunov candidate function for an SMC,;
hence, the stability should be studied further.

A universal design has been illustrated in the study of Li et al. [30], where the
work proposed a double integral sliding mode controller (DISMC) to control a SEPIC
converter. The proposed design was implemented on FPGA and DSP boards operating
at 500 kHz and 20 kHz, respectively. The sliding surface was composed of errors in
the input inductor current, errors in the output voltage, single and double integrals of
the current, and voltage error summation. The controller was operated using a PWM
technique. The algorithm was tested by reducing the load from 40 to 20 ohms.

Designing a robust system with a simple design structure is highly recommended.
To adhere to this requirement, a simple sliding surface composed of the error in the
input inductor current was proposed in the study of Komurcugil et al. [31]. The
reference current was generated by a PI controller, which takes its input by measuring
the output voltage. The control signal was generated using a hysteresis controller. The
controller was tested against input variations where the input was varied from 30-60
V while the output was maintained at a fixed level of 48 V. The load was varied from
50-100 ohms and vice versa. The effect of combining the two variations (load and
input voltage) was not shown.

To define the structure of the sliding surface, the study of Jaafar et al. [32] proved
the instability of sliding surfaces composed only of any combination of output error
voltage, including the error itself, its integral, and its derivative. The work proved the
requirement of including at least the error in the input inductor current in addition to
the previously defined surfaces. The control signal was derived based on the
equivalent control that is free from the switching function. Nevertheless, neither a
variation in the input voltage nor in the load was discussed.

Based on the addressed literature, there is a gap in investigating the impact of
integrating fast dynamic and variable power resources where the input voltage
declines, such as a supercapacitor, as an input to the SEPIC converter. Designing a
stable SEPIC converter in buck and boost operation that can withstand major input
voltage variation as well as output load variation will allow a resilient and wider range
of integration of hybrid energy sources in different fields, such as microgrid-connected
fields and electric vehicles.

The prime challenge in this work is to integrate input power sources that drop
significantly (primarily to mimic supercapacitor behaviour) with the SEPIC converter
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because a typical linear controller fails to achieve the desired response and may impact
system stability. Furthermore, the design of a SEPIC controller is a challenging task
from both linear and nonlinear controller perspectives. This is because linear
controllers for SEPIC converters result in a system with low bandwidth, while the
nonlinear controller design method has not been addressed in the literature in a
systematic way, unlike linear controllers. In fact, the controllers discussed in the
literature suffered from different disadvantages and limitations, as discussed earlier in
this chapter. Further details explaining what makes designing a SEPIC controller a
challenging task will be covered in the next section.

3. Design and modeling of SEPIC converter

3.1. Mathematical modeling of SEPIC converter

In the DC/DC converter family, the standard SEPIC converter (Figure 1) can
both buck and boost the DC input voltage. The basic topology of a SEPIC converter
is composed of two inductors, two capacitors, a switch, and a diode. SEPIC is
classified as a fourth-order converter based on the number of energy storage devices.

L1
(GO0 o

Q1 c1

+
V, 2 =
. <-> L2 -

Vout

||
Load

Figure 1. Standard SEPIC circuit.

By controlling the duty cycle (D) of the switch, the SEPIC converter will exhibit
a switching mechanism that will result in stepping up or down the input voltage. The
input-output relationship with respect to the duty cycle D is given in Equation (1):
Vout D
~1-D M

%
g
where D is the duty cycle of the switch.
Specifically, the output of the SEPIC as a function of the duty cycle is
summarized as follows:

< 0.5 Vout < Vin » Buck mode
If D ={= 0.5 then Yoyt = Vin (2)
> 0.5 Vout = Vin— Boost mode

Deriving the averaged state-space model of the DC-DC power converter is done
in two steps. The first step in deriving the averaged model of the SEPIC is to address
the converter dynamics while the switch is in the “on” and the “off” states. In the
second step, the two sets of differential equations corresponding to the on and off states
are averaged over one switching cycle.

Thus, when the switch is in the on position, the SEPIC converter is given in
Figure 2.
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L1

Cc1

Vg 2 S Vout

Load

Figure 2. SEPIC converter when the switch is on.

The system’s differential equations are defined as:
L dipy ® ,
v = _— —_
L1 174t Uy LALIA
dip, ,
Vi =Ly~ = Ve () —112ip2
, dvc, . 3)
fe1=Ci—~ =l ®)

, dve, Ve (1)
N AR

When the switch is turned off, the converter model is shown in Figure 3.

L1

C1

Load

Vout

12 -

Figure 3. SEPIC converter when the switch is off.

Analyzing the system, the following differential equations are derived:

dijq p
v = L17 =Vg(t) —ve1(8) — V2 () — Tpaipg

dij, ,
vy = Ly = Ve ®) — 1
4)
: —c dv1 i (t) (
151— 1dt—lL1 o
. %) . . VUe2 t
=Cp——=i14(t) +i,(t) —
le2 274¢ i1(t) +1ip(0) R
Using Equations (3) and (4) in state space representation, the averaged model of
the SEPIC converter can be derived using the relationship defined in Equation (5):
Agyg = Aqu(®) + Az (1 —u(d)), )
Bayg = Byu(t) + B2 (1 —u(®)),
where u(t) is the system input, A; and B; are the system input matrices respectively
when the switch is on and A, and B, are the system and the input matrices respectively
when the switch is off.

The average state-space representation for the SEPIC converter is obtained and
expressed in Equation (6):
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711 1—u 1—-u
L. Y TTL T
x 1
o P <44 ) SC
X4 C G 0 0 X4 8
1-u 1-u 1
| C, C, 0 " RC, |

where x; = i1, Xy = i1, X3 = V¢q, X4 = Vg, and v, =input voltage.

As demonstrated in Equation (6), this model addresses the equivalent series
resistance (ESR) of the inductors while the capacitors’ ESR has been suppressed
because the inductor ESR is dominant with respect to capacitor parasitic.

From a linear controller perspective, the SEPIC model in Equation (6) is still in
bilinear form and cannot be used to design a linear controller. Therefore, this form
must be linearized, where the linearized model will define a relationship between the
system controller input and the state variables. Hence, by perturbing the state
variables, considering small signal approximations, and then linearizing the derived

terms, the small signal model in state-space representation is obtained as below.
i 1-D, 1- D,

0 0
Ll L1
Du 1-D,
0 0 — -
A= L b
~|l1-D, D, '
- 0 0
Cl Cl
1-D, 1-D, 0 1
CZ CZ RCZ |
(7
Vi, + V2
Ly
17155 + VZSS x1
L, X2
B=| . C=[0001],D=0,x=
—l,, — | [ b x *3
C, *4
_ilss T M2
C,
.. __ D& vg . _ DyVg = _ = Du
where: iy = D)2 R’ b = 1D, R’ vy =VYgand v, = =Dy, Vg-

The derived linear state-space model is effective in designing linear controllers
that require knowledge of each state dynamic, such as state feedback and its optimized
version, LQR. Other standard linear controllers (such as PID family and lead/lag
compensators) require only a transfer function that describes a relationship between
the control variable and the output voltage if the goal is to regulate the output voltage.
In the literature, extensive work has been done to define this transfer function in the
study of Basso [33], and this model is given in Equation (8).

Within the scope of this work, the discussed three models of SEPIC converter
will be used to design the proposed ISMC, integral LQR, and Type-II compensator,
while the system response will be simulated on the switched bilinear model using
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MATLAB/Simulink package. Furthermore, the designed controllers will be verified
with experimental benchwork using a SEPIC converter.

v —A;s+1)(Ays* —Azs + 1
out (S) — Kd ( > 1 )( 2 > 3 ) (8)
(A4s* + Ass +1)(Ags“ + 475+ 1)
1 , . Ly D\?2
where: K; = Wand D" =1 — D, and D is the duty cycle. A; = (F) ((E) ), A, =
Vi 2
G = Litlz) (D - -t -1 -t
L2 D’ Az = (ClR Ly )((D) )’ A Cowgy As T Wo1Q:’ A T wg,’ A7 T o202’
1 R
5 Ql = Wo2

Wo1 = j <<L1<( G ;)_22 )+(C1)>)+(L2(C1+Cz))>
(o) (e () ) Gt 0

R

Wo2(Ly +L2)(g_;) (x_g;)z

3.2. Design of SEPIC converter

In this work, the foundation of the analysis is based on a proper design for a
SEPIC converter. Typically, the circuit parameters of the SEPIC converter play a key
role in the controller's bandwidth as well as its robustness. This is evident through
analyzing the Bode plot of G.q transfer function (i.e., the output voltage to duty cycle
transfer function). Typical bode plots of Gyva show that SEPIC has double resonance
peaks due to the existence of three right half-plane zeros. Additionally, the second
resonance is much higher than the first, which impacts the system bandwidth at closed
loop. Therefore, it is essential to ensure that the SEPIC is well designed to eliminate
the case where the designed compensator cannot offer much due to a poorly designed
plant. In this work, the SEPIC converter has been designed using industrial best
practices and systematic methodology. The SEPIC converter has been designed
following the AN-1484 and TPS-61175 design guides from Texas Instruments (TI).
The final design of the converter was tuned to accommodate and withstand the severe
tests, as will be explained in later sections. The final design of the designed SEPIC
converter is shown in Table 1.

Table 1. Designed SEPIC circuit parameters.

Inductor Capacitor  Capacitor Load Input Output Switching
L1, L2 C1 C2 voltage  voltage/power frequency
025mH  2.78 uF 23.15 uF 46.080 24V 48 V/50 W 50 kHz

4. Linear and nonlinear controller overview and design for SEPIC
converter

4.1. Linear controller

Linear compensators in power converters are designed based on negative
feedback systems. The definition of a negative feedback system dictates that the
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relationship between the output and the input must be maintained despite the change
in the amplitude as well as the rate of change in the control variable, even in the
presence of perturbations in the system. Negative feedback is achieved by introducing
a new block to the system that takes the error between the output and the set point as
its input. This block is referred to as a compensator (other references refer to it as a
controller) because it compensates for system imperfections by tailoring the response
of the system [9]. Linear compensators can be presented in different structures, such
as PID, lead/lag compensators, state feedback, Type-1, -II, -IIl compensators, etc. In
this work, a Type-II compensator and an integral LQR controller were studied. Type-
II compensator is standard in the power converter field, and it forms the benchmark
for comparative analysis, while an integral LQR controller forms the optimized
version of the linear controllers. In the next subsections, Type-II compensators will be
discussed. After that, the following subsections will address the integral LQR system.

Type-II compensator:

The Type-II compensator transfer function is comprised of two poles and one
zero. It is designed by placing one pole at the origin while the remaining zero-pole
pair is placed at a desired/designed location. The placement of the zero-pole pair
creates a region of zero gain slope and a corresponding boost in the phase, as shown
in Figure 4.

Gain (dB) Phase (Degree)

0
-90

-180

-270

Phase

Figure 4. Plot of Type-II transfer function.

This compensator boosts the phase shift from —270° towards —180° during the
zero-slope region. Hence, it is evident from Figure 4 that the maximum boost in the
phase is 90 degrees, while the region of this boost is dependent on the zero-slope
region. That is, the location of the zero-pole dictates the region where the phase boost
will occur. Typically, a Type-II compensator is designed where the loop gain cross-
over frequency is occurring at the center of the zero-slope region. Hence, the Type-II
compensator is given as shown in Equation (9):

K, (1 +5)
Gc(s) = Tc—sz

1+ w_,,)
where K, is a DC gain. It should be noted that the zero should be placed before the
poles (i.e., w, < wy,) which implies that the zero is earlier than the pole, hence it

€))

satisfies the boost in the phase requirements.

In the literature, there are different approaches to designing Type-i compensators
(where i = I, I, or III). In this work, K-factor method will be used as it is a popular
approach in the industry as well as it is a systematic procedure. As per the analysis of
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the K-factor method, the Type-II compensator is the most suitable compensator for the
designed SEPIC model in this work.

As per K-factor method, the first step is to select the desired system cross over
frequency (w,) where the transfer function defined in Equation (8) is used to fulfill
this task. In the industry, the desired bandwidth is selected to be one-tenth the

switching frequency (% fsw) as per best practices. However, in the existence of RHPZ,

this criterion is not a trivial goal to achieve. Equivalently, as per best practices, once
the previous criterion is not achieved, the bandwidth is limited to one-tenth of the
lowest RHPZ frequencies, such that the design will offer enough margin to suppress
the effect of the RHPZ in a closed loop. By investigating the system frequency
response as shown in Figure 5, the desired system cross-over frequency is located at
445.15 Hz.
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Figure 5. Frequency response of open loop SEPIC converter.

By considering the desired phase margin to be 60°, the required boost in the phase
becomes 21°. Therefore, referencing Table 2, the needed compensator to use is a
Type-1I compensator.

Table 2. Compensator type selection guide.

Pboost = Phase Margingesireq — Psys — 90°

Required @p005¢ Compensator type
Zero degree (0°) Type-1

Less than 90° (Required @pg0st < 90°) Type-II

Greater than 90° (Required @pyos: = 90°) Type-1I1

After deciding the compensator type, the next step is to start designing the
controller parameters. Recalling that Type-II compensator is given by:
S
k. (1+--)
Ge(s) =~ ——¢

—_— 10
S i) (10)
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The first step will be to calculate w, and w;, where they are given as:

W=k (11)
wy, = Kow,

and K is defined for Type-II compensator to be:

K = tan (@ + 45°) (12)

While determining the type of the compensator the required phase boost is 21°.
Hence, the K-factor term will be given as 0.6857. Consequently, the compensator
zeros and poles are given as:

w, = 4.0789 x 103 Hz
w, = 1.9179 X 103 Hz (13)

Consequently, Type-II compensator for the SEPIC converter demonstrated in

Table 1 is derived to be:
5997s + 7.823 x 10°

4079s? + 7.823 X 10°s
The open loop, loop gain, and the closed loop Bode plots are shown in Figure 6.

G(S)comp = (14)
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Figure 6. Bode plots of open loop, loop gain, and closed loop.

Integral LQR controller:

Linear quadrature regulator (LQR) is an optimal linear controller that is based on
a structural approach to calculate and define the state feedback gains of the system
controller. Optimal controllers generally and LQR controllers specifically are based
on minimizing a performance index (typically referred to as a cost function) such as
the integral of square error denoted by, as given in Equation (15):

J= f (xTQx + u"Ru)dr (15)
0

where: x is the state variable vector, u is the control input vector, and Q is a positive
semi-definite or definite Hermitian matrix. Q is n % n, where n is number of states, R
is a positive definite Hermitian matrix, and R is » X » where 7 is the number of inputs.

The performance index proposed in Equation (15) is minimized by solving the
Riccati equation as defined in Equation (16):

ATP + PA—PBR'BTP+Q =0 (16)

12



Energy Storage and Conversion 2024, 2(1), 426.

where: A is the system matrix, B is the input matrix, Q and R as defined in Equation
(15), and P is a positive definite matrix of size (n X n).

As it can be observed from the Riccati equation, solving the system will result in
matrix P since the other variables are either known or assumed without loss of
generality. Satisfying the Riccati equation will minimize the cost function, and for the
regulator controller case it can be proven that the state feedback gain will be given as:

Kgain=R'B™P (17)
where: Kgqip 1s the state feedback vector.

In some designs, especially in high-order systems, the state feedback controller
is not sufficient to perform the tracking task, and it is not capable of rejecting external
disturbances, overcoming model uncertainties, or maintaining zero steady-state error.
Introducing an integrator usually overcomes these challenges. The integral LQR
controller is based on introducing an additional pole at the origin in addition to solving
the optimal performance equation. By introducing an integrator to the system, the plant
block diagram is depicted in Figure 7.

[x] Output Ou
System/Plant - Matrix
«

El
g

Reference

A

<\

State
Feedback
Gains

A

Figure 7. Block diagram of plant with integral LQR.

From Figure 7, the new system model with the inclusion of integral action can
be described in matrix form to be:

3= oll]+ [l 1] rer

y=[CO][§]+Du

18
Therefore, the model in augmented notion can be described to be: (18)
X, =A4X, + Byu+ FRef
y = CAXA + DAu
. _ T4 0 _ [B _ _ _Ix _
where: Ay = [—C 0],BA = _D],CA = [C0],D, =D,X, = [Z],andu =

—K,X,, where K, = [K K;].

The following step in designing the integral LQR controller is to define Q and R
matrices given in Equation (15), where the Q matrix is required to be positive semi-
definite and its dimension is same as (4,).

Considering the dimension of the SEPIC model, the Q matrix is (5 X 5) a
diagonal matrix, where the i-th diagonal element will represent the importance
(weight) of the corresponding state variable with respect to the controller objective. In
this work, a single input-single output (SISO) structure is adopted to control the
SEPIC. As a result, the R-matrix will be single value (1 X 1). The weight of the R-
element will be the highest because it must be fast to accommodate the switching of
the PWM signal generator, provide an acceptable transient response, and provide
comparable performance with respect to nonlinear techniques. The elements of the O
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and R matrices are tuned to achieve the desired performance.

The next step is to derive and solve the Riccati equation of the integral LQR. In
this work, the optimization is done using the MATLAB toolbox to tune the Q and R
matrices and obtain the desired response, while the cost and the state feedback gains
are optimized using the MATLAB toolbox tools. The integral LQR controller was
designed and tuned for the designed SEPIC converter, as shown in Table 1. Using
MATLAB simulation to solve the optimization problem, the designed controller gains
are listed in Table 3.

Table 3. Summary for the designed gains for Integral LQR controller.

Gain 1—K Gain 2—K, Gain 3—K3; Gain 4—K, Gain 5—K

0.00659 0.00375 —1.60361 0.000385 —3.87298

4.2. Review of sliding mode controller, equivalent control law derivation,
and modulation techniques

A sliding mode controller (SMC) is a variable-structure controller. The SMC
provides robust tracking for a desired trajectory by defining a sub-manifold that
includes the desired trajectory. This manifold is defined as a sliding surface. The
construction of the sliding surface is not unique; however, any sliding surface must
satisfy the following conditions:

1) The derivative of the sliding surface must include the control input explicitly.
2) As the surface is approaching a zero state, the tracking of the desired trajectory
must be achieved.

Typically, the sliding surface can be constructed using a linear combination of
the state error functions, linear/nonlinear combinations of the state variable, and an
integral or derivative of the aforementioned combinations.

Before deriving the control law for the proposed SMC, a brief explanation of the
sliding surface dynamics is provided.

Consider the nonlinear n-th-order system:

x"=f(X,t) + b(X,t).u(X,t) + d(t),
where:
e  f(X,t) is the nonlinear system model (it may not be exactly known) which must

be bounded from above by a known continuous function of the state variable (X)

and time (t),

e b(X,t) is the control gain which must also be bounded by a constant function of

state variable (X) and time (t),

e u(X,t) is the control input, and
e d(t), is unknown and must be bounded from above by a known continuous
function of the state variable (X) and time (¢t).

It can be shown that the SMC successfully tackles the highly nonlinear and
bilinear system, which makes it a perfect candidate for power converters.

If the sliding surface is constructed to include the desired trajectory, then solving
the control problem will require two actions:

1) Reaching the sliding surface from any point in the space (regardless of the initial
conditions), and
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2) Staying on the surface at the desired state.
The first action, reaching the sliding surface, can be achieved by satisfying the

sliding condition which is defined to be:

1d
EESZ < -n|S| (19)

where S is sliding surface and 7 is a positive constant.

If the sliding condition in Equation (19) is satisfied, this will imply that the
squared distance towards the surface will keep decreasing, which will force the
trajectories to converge towards the sliding surface regardless of the presence of
disturbances and the imprecisions in the modeled dynamics. Further, the sliding
condition ensures that the sliding surface will be reached, regardless of the initial
condition, in a finite time given by:

S(t=0)
—
Furthermore, satisfying the sliding conditions will make the time-varying surface

timereach surface = (20)

an invariant set. In other words, the surface as $? must be maintained as a Lyapunov
function with respect to the defined control law.

The second required action to define proper constraints to derive the control law
is to ensure that the system will stay on the sliding surface after reaching it. In other
words, if the control law is derived such that the sliding surface that is defined for the
system’s dynamical equations leads to a zero value, then this implies that the desired
states reside on the surface; hence, the first derivative must be zero. Figure 8 illustrates
this aspect of the sliding mode controller.

Figure 8. Illustrative trajectory on a sliding surface.

Equivalent control law derivation:

To derive the control law of the SMC, the first step requires constructing the
sliding surface based on the earlier discussion. The second step is to define the control
law to be:

U= U+ Uy, (21)
where U, is the equivalent control vector, while u,, is the switching control term.

The equivalent control term (i) is a continuous term, and it is derived based on
the system dynamics that will ensure the rate of change in the sliding surface is zero.
Typically, the equivalent control term is derived as follows:

1) Find the derivative of the constructed sliding surface,
2) Equate the obtained derivate to zero, and
3) Solve for the control term.
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On the other hand, the second term is the switching control term (u,,) which is
discontinuous; it accounts for the uncertainties and the system disturbances. Typically,
the switching control is given by:

Up = —Ks1igesgn(S),
where Kj;;4. is a positive constant, S is the sliding surface and sgn is the sign function

which is described as:

_(1ifS>0
sgn(s) _{—1ifS<O

The role of S is to provide enough correction to compensate for any uncertainty
or disturbance, while the sign function will ensure the trajectory to the correct
direction.

The overall control term (including the equivalent and the switching) can be
summarized in the next steps:

1)  Find the derivative of the sliding surface (S).

2) Equate the ($) surface with the switching control term:
$ = —Ksiigesgn(S).

3) Solve for the control input term u.

The major advantage of this approach is that it ensures the inclusion of the input
vector over the switching control term; hence, the controller will be able to perform a
better task in the tracking requirements.

Modulation techniques of the SMC:

In the literature, the SMC is implemented by using either of the following
approaches:

e  Hysteresis modulation (HM) controller,
e  PWM-based on equivalent control law.
a.  The hysteresis modulation (HM) controller:

This technique of implementing the SMC is based on the instantaneous sign of
the sliding surface, which is defined with respect to the trajectory. Unlike the control
law discussed in Equation (21), the HM Controller’s control law is simpler and is
defined as:

u= %(1 —sgn(s)) = {Zt z i g (22)

Intuitively, the system follows the Filipov structure, where the control signal is
composed of two components; each component will guide the system in a region based
on the sign of the region with respect to the sliding surface given that the sliding is
defined to be zero (S = 0), as illustrated in Figure 9.

Figure 9. Control law structure using hysteresis controller.

In power converters, the control signal can be either 1 or 0 to drive the
semiconductor switch. Therefore, the HM controller will be given as:
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1 _(1S<0
u—E(l—sgn(S)) —{0§>0 (23)

To satisfy the relationship in Equation (23), the reachability condition for the
sliding condition must be met. Hence, by defining a proper Lyapunov candidate

function such as (V = %SZ), the stability can be proven by having (V = S$ < 0)

which matches with the reachability condition. Consequently, reachability and
stability are totally dependent on the sliding surface to satisfy the Lyapunov theorem.

Adopting the HM controller to generate the control signal for SMC suffers from
several drawbacks. Firstly, the structure requires infinite switching frequency because
it reacts based on the instantaneous sign of the sliding surface. Introducing such a high
frequency will introduce high noise in the circuit. Further, the practical
implementation of such high-frequency switching is a challenge, and having a sluggish
switching behaviour will result in poor performance. On the other hand, if the system
requires an input or output filter, then the overall design will be oversized and
complicated to satisfy the frequency range of operation. One of the techniques to limit
the infinite frequency requirement is to make the switching with respect to a small
threshold instead of zero. In other words, the HM controller will be defined as:

u= %(1 —sgn(S)) = {(1) SS;_GG (23)

It is highlighted that the introduction of the delay limits the frequency; however,
the frequency is still a variable. Furthermore, the value of € is determined by tuning.
b. PWM-based on equivalent control law:

Unlike the HM controller, the PWM-based controller operates at a fixed
frequency. Hence, it overcomes all the aforementioned cons. On the other hand, an
additional yet simple circuit will be needed to generate the PWM signal. Typically,
the PWM signal is generated by comparing a fixed-frequency sawtooth or triangular
signal with a reference value. In a power converter, the entered reference signal is the
duty cycle of the switch. The comparator will operate the switch by on/off pulses at a
fixed frequency.

In SMC implementation, the duty cycle is obtained from the equivalent control
law that was illustrated earlier. Typically, the rate of change on the sliding surface is
equal to zero. Then, by the definition of the sliding surface, the equation can be solved
for a closed form of the control law. In other words:

§=0- solve foru

The equivalent control law, as discussed earlier, is continuous and smooth, and it
represents the duty cycle of the converter. In other words, the equivalent control signal
has low-frequency components and is chatter-free. Therefore, it is a proper
representation of the duty cycle of the power converter.

By comparing the generated equivalent control signal to a sawtooth or a
triangular signal, the PWM signal is generated to drive the semiconductor switch. One
of the disadvantages of this type of technique is that it is weak in its ability to reject
disturbances and account for uncertainty. This is because the high-frequency
components (switching signals) are not included in the control law. Generally, adding
the switching may lead to high chattering in the generated control law and will make
the task of generating proper PWM at a fixed frequency imprecise. Nevertheless,
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constructing a proper sliding surface based on understanding the model dynamics
employs the switching signal, such as the sign function, effectively where the
chattering is minimal, and the system is robust with high capability to reject
disturbances, uncertainties, and unmodeled dynamics.

5. Derivation of the proposed controller and step-by-step design
guide

In this work, a novel approach is proposed to generate the control signal using
PWM techniques. The procedure starts by constructing a stable and simple sliding
surface. Then the equivalent control law is derived and scaled; a method to define a
valid value for the associated gain is introduced. The next step is to add the switching
control signal with a proper scaling coefficient. The gain values (for the equivalent
and switching controller) are selected to ensure that the chattering is minimal in the
converter output as well as in the generated duty cycle; moreover, the gain values are
selected to ensure the converter is highly robust against unmodeled dynamics, system
uncertainties, and external disturbances.

Typically, the SMC with an equivalent controller approach suppresses the
switching element (high frequency) at the cost of system robustness, as discussed
carlier. To overcome this scenario and to include the switching element, both the
equivalent controller and the switching control signal will be scaled with a proper gain.
In the last stage, the total control signal as defined in Equation (21) is used as the input
to the PWM generator block. The generated pulses out of the PWM block will be at a
fixed frequency, and they will drive the switch in the converter.

Derivation of the sliding surface

Several researchers have discussed SMC for the SEPIC converter and the
construction of appropriate sliding surfaces, such as in the studies of Aroudi et al. [6]
and Deisch et al. [7]. Depending on the system requirements, combinations of the state
variables can be used to construct the surface. In most of the applications described in
the literature, the control target is to achieve a robust output voltage tracking task.
Hence, it would be expected that the sliding surface will be written as a scaled error
function of the output voltage, an integral of the output voltage error signal, or a linear
or nonlinear combination of the error signal and its integral. However, this approach
is effective for Cuk converters but not for SEPIC converters. Although both Cuk and
SEPIC are fourth-order converters, they have fundamentally different structures. The
studies of Zhang et al. [14] and Hamed et al. [15] have shown that the stability of a
sliding surface can be achieved by the earlier discussed approach; in fact, they proved
the instability of the surface if it was constructed only by any combination form of
output voltage, whether error signal, integral form, or even derivative form. This cited
research has shown that to have a stable surface, the surface must include at least one
inductor current in the sliding manifold. Nevertheless, there was no concrete
justification for the reason behind the inclusion of a state variable such as an inductor
current to stabilize the surface.

The answer behind the stabilization of the sliding surface upon the inclusion of
the inductor currents relies on investigating the small signal approximation in the
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transfer function form. By analyzing the transfer function of the system, where the
input is the duty cycle and the output is the inductor current, it is evident that the
system is a minimum phase with poles in the left-hand plane (stable system). On the
other hand, once the transfer function of SEPIC is constructed between the duty cycle
and the output voltage, the resulting system has a non-minimum phase. For this reason,
the sliding surface must be constructed to control the output voltage indirectly by
introducing the inductor current into the surface. For instance, for the designed
converter in this work, the zeros of the SEPIC transfer function from the duty cycle to
the input inductor current are given as —2444 + 30,817 and —1883 which confirms
that the system is in the minimum phase due to the zero placement in the left-hand
plane region.
As aresult, let the sliding surface to be:

S = iLl + Aj(vcz - vref)d‘t (25)

where A is a positive constant that is designed as follows:
(1) First, the equivalent control law is derived as discussed in previous sections:
e  Find the derivative of the constructed sliding surface and equate the obtained
derivate with zero:

ds . d.
T== E(‘“ +Af(vc2 —vref)dr) =0
S =1y, +)L(17cz_vref):0 (26)
. . u—1 u—-1 v
S=-q it vC1+L_1”Cz+L_z+’1(”cz—vref)=0

e  Solve for the control term:
[ruaii +ver + vz — vy — ALy (vep — Vres) ]
“ V1t V2
(2) Since the control signal is needed to operate the switch in the SEPIC, u,, is

27

bounded by the limits of the PWM signals that turn on/off the semiconductor
switch. In other words, u,, is bounded between 0 and 1; that is:
0<u,<1
By applying the lower and upper bounds of u., (i.c., the zero and one
respectively), the corresponding domain of A can be defined. For simplicity, the ideal
model will be described here, where the parasitic value is suppressed.
Consider the lower bound: (ueq > 0)

[ver + vez — Vg — ALy (vez — vref)] >0

(28)
Ve1+ V2
Then, the inequality can be described as:
[vm + V2 — 'Ug - ALl(vCZ - vref)] >0 (29)
By solving for 4, the following inequality is obtained:
1 /vy—ve1—7v
,1<—< g CZ) (30)
L1\ Vyef —Vc2
The next step, is to consider the upper bound: (u., < 1)
Ve1+ Ve — Vg —AL(Vep — v
[ Cc1 Cc2 g 1( Cc2 ref)] <1 (31)

V1 + V2
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The inequality, can be simplified to be:

1 v
i<t <—g> 32)
Ly \Vyef — V2

When comparing the two results from the inequalities in Equations (30) and (32),
the result of the inequality in Equation (32) will be used, as this constraint also satisfies
the inequality in Equation (30). The maximum value of A is described by inequality
Equation (32) and will be achieved once v, = 0. It should be noted that the SEPIC
is operated in continuous conduction mode (CCM) with a positive input voltage; thus
V¢, 1S positive.

Next, A must be selected to satisfy the bounds:

1 < Vg )
0<A<— (33)
Ll vref
By defining and deriving all the parameters on the sliding surface, the next task

will be to derive the sliding mode controller law. This is achieved by following the
steps in the aforementioned sections; the sliding mode controller is derived as follows:
(1) Find the derivative of the sliding surface (S):

ds . dy.
= 8= (in+2 [ e~ vrepra)
S =111+ A(Wc2 — Vref) (34)
i1 . u—1 u—-1 1%
S = —ElLl + L1 Vc1 + L1 V2 + L—f + )'(vCZ - vref)

(2) Equate the ($) with the switching control term:
S = —Kigesgn(S)

ri1. u—1 u—1 Vg

— i+ + +-42

L li1 L Vc1 L Vc2 L

where Kg;4¢ 18 positive constant, and s is the sliding surface.

(35)

+ 2(Vcz = Vrep) = —Kstigesgn(s),

(3) Solve for the control input term u:

- [rrains + Ver +Vez — vy — AL1(Vez — Vies) — KstigeL15gn(S)]

(36)
Vc1 + V2

where:
e Jis selected to satisfy the inequality given in Equation (33),
e  Sis the sliding surface defined in Equation (25), and
®  Kgiqe 1S a positive constant.

The last step is to tune A and Kg;;4. to provide the desired responses in terms of
zero steady state error, disturbance rejection and uncertainty compensation, and to
ensure the least chattering in the output as well as in the duty cycle.

6. Stability analysis of the proposed controller

The stability analysis of the system is evaluated by studying the Lyapunov
candidate function:

1
V= ESZ 37)

where V is the Lyapunov function and S is the sliding surface. The selected Lyapunov
function is positive definite.
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By taking the derivative of the Lyapunov function:
V=Ss$ (38)
In a similar proof to the stability of the Lyapunov function, the system stability
is proved if the Lyapunov function is positive definite and its derivative is negative
definite. Substituting the expressions of the derivative of the sliding surface, we can
get:

. T . u—1 u—1 Vg
V=(5).(- .t Vat Vet t A(vcz — Vrer)) (39)
1 1 1 1

The controller derived in Equation (36) will be substituted into the expression in
Equation (39). The final expression is given as:
= ) (- sgn(s) ) = - e ) (40)

1 1
The result in Equation (40) states that the derivative of the Lyapunov function
(V) is negative definite which proves that the system is globally asymptotically stable.

This result can be visualized by recalling the reachability condition:

s -S|
2dt
The expression can be simplified to be:
SS < —7lS|

By carrying the same previous steps of substituting the derived control law in S,
we get the following result:

K\s < —nls|
L, > ="

Thus, by proper assignment of 7, the reachability to the sliding surface is ensured
and the convergence rate will be given as:
S(t=0)

U]
Hence, by proving that the rate of change in the surface is negative definite, then

tiMereach surface <

the system is globally asymptotically stable.
7. Results

7.1. Simulation results: Type II compensator, integral LQR, proposed
controller

Simulating the designed controller and assessing its dynamic behaviour is an
essential step before experimentally implementing and testing the developed
controller. A MATLAB/Simulink simulation was conducted with the switched
nonlinear model rather than an averaged model as an essential first step to validate a
model that is as close as possible to a practical scenario. The simulation results were
generated for the SEPIC converter using the parameters given in Table 1. The
comparative evaluation and the analysis cover the three discussed controllers: (a)
Type-II compensator, (b) integral LQR, and (c) the proposed ISMC. For all three
controllers, the following three test conditions were applied: Cold start-from-rest test,
input voltage disturbance test, and load disturbance test.

Converter start-from-rest test:
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=
=)

This test investigates the output voltage of the converter when all the initial

conditions are at rest (assumed to be zero). The test results for the three compensators
are shown in Figure 10(a—c) for the output voltage of the SEPIC converter and Figure
11(a—c) for the converter duty cycle, respectively.

a)

b)

The Type-II compensator controller resulted in an overdamped response and
achieved the tracking task with zero steady-state error with a settling time of 40
ms, as shown in Figure 10(a). Figure 11(a) shows the corresponding generated
duty cycle by the compensator, and it is evident that it does not have a high ripple.
This result is critical to validating the design and moving it from a simulation
environment to an experimental model.

The integral LQR compensator resulted in a response where the output voltage
reached the steady state in a settling time of 10 ms. Figure 10(b) shows that the
designed compensator resulted in making the system reach the steady state with
an overdamped response and perform the tracking task with zero steady-state
error. Figure 11(b) shows the corresponding generated duty cycle by the
compensator where it has a low ripple, and this result is critical in validating the
designed controller.
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Figure 10. Converter’s output voltage at cold start test (a) Type-II; (b) integral LQR; (c) proposed ISMC.
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Figure 11. Converter’s duty cycle at cold start test (a) Type-II; (b) integral LQR; (¢) proposed ISMC.

c)

The results of the proposed ISMC controller under the cold start test are depicted
in Figures 10(c) and 11(c). The results show that the converter output voltage
reaches the desired output level in 5 ms, and the transient shows a minor
overshoot that peaked at 49.6 V (3.3% overshoot). Moreover, the converter using
the proposed controller can perform the tracking task with zero steady-state error
in the output voltage. Additionally, Figure 10(c) shows that after reaching the
steady state, the converter output voltage is stable with minimum chattering.
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These results are achieved because of the advantages of the proposed ISMC
sliding surface, which is based on using the input current (inductor current) and the
integral of the output voltage error. The proper design of the surface ensures the system
will reach the sliding surface and continue to stay on it. By residing within the sliding
surface and sliding on it, the desired point will always be reached. This process ensures
smooth transients and reduced chatter in the converter’s duty cycle D at steady state,
as shown in Figure 11(c). This is typically relevant in applications where the converter
is expected to periodically start and stop. It is noted that the dynamics of the duty cycle
reflect the output voltage. As shown in Figure 11(c), the duty cycle reaches a steady
state in 5 ms with low chattering. This behaviour is identical to that of the output
voltage. In fact, verifying the behaviour of the duty cycle in a DC-DC power converter
simulation is essential to proving that the converter and its controller have been well
designed and that the output voltage behaviour is adhering to the dictated behaviour
of the duty cycle. The aforementioned discussion illustrates the advantages of the
proposed controller, as the obtained system response does not need to use soft starting
techniques/circuits since the response is faster than the other designed controllers.

In summary, this section highlights the first test, where the converter was tested
using the three examined controllers under the cold start condition. The study
established the Type-II compensator as a benchmark for the analysis and comparison
against the integral LQR and the proposed ISMC controllers. The main challenge in
this test is starting from zero initial conditions, i.e., charging the storage elements of
the SEPIC converter is part of the dynamics when starting from zero. Table 4
summarizes the results of the simulated cold start test using the three controllers.

Table 4. Comparison of simulation results for the cold test.

Cold start test

Type-11 Integral LQR Proposed ISMC
Response Overdamped Overdamped Close to critically damped
Settling time 50 ms 10 ms 5 ms

The summarized results state that the Type-II compensator has an overdamped
response, and it took 50 ms to reach the steady state. The integral LQR controller had
a similar result where the response was overdamped and required only 10 ms to reach
steady-state. On the other hand, the proposed controller was much faster, with only a
minor overshoot in the output voltage response, and required only 5 ms to reach the
steady state. This is 2 times faster than the integral LQR and 10 times faster than the
Type-1I compensator. During the test, the overshoot reached 49.6 V (3.3% overshoot),
given that the input reference is a step function. This overshoot is small, and if the
system requires the response to be without an overshoot, then the reference can be
adjusted to be a ramped input until the reference reaches the desired level. It should
be noted that a ramping reference is a common practice in power electronics to avoid
inrush currents in the system. Moreover, the proposed ISMC controller can be tuned
casily by re-adjusting the A4 value. Hence, if the goal is to achieve a cold start using a
step function input without an overshoot, then the designer can reduce the used A value
accordingly until the desired response is achieved.

23



Energy Storage and Conversion 2024, 2(1), 426.

The depicted results of the cold start test in previous sections showed that the
output voltage from the proposed controller has a low ripple like the linear controllers’
case. Sliding mode controllers usually suffer from chattering in the output response if
a “sign” function is used as part of the controller. This result demonstrates that the
design procedure is based on the relationship between the converter states on the newly
constructed surface. Furthermore, the scaling gain constant, A, has been bounded, to
ensure system stability with low chattering behaviour. Another point to highlight is
the choice of operating the system on a fixed frequency. This reduces the chattering
as the converter internally sees an equivalent DC value for the duty cycle D; this makes
the converter operate in PWM mode, which effectively results in a low ripple system
if the converter components are well-sized.

Input voltage disturbance test:

In this test, the three compensators using the SEPIC converter are evaluated
against an input voltage disturbance. Each compensator performance is evaluated in
two stages: in the first stage, the converter is subjected to a single disturbance; and in
the second stage, the converter is subjected to multiple input voltage disturbances by
stepping it down from 24 V to 12 V and then to 6 V. This type of disturbance in the
input voltage is considered severe and may be considered out of range for some
applications; however, it is of importance in applications where a wide range of input
voltages are expected (e.g., different batteries, universal AC input, or use of
ultracapacitors). It is noted that the load is kept constant at its nominal value during
this test.

a) For the Type-II compensator, after reaching the steady-state condition, the input
voltage is stepped down from 24 V to 12 V at 0.1 s, as shown in Figures 12(a)
and 13(a). In this test, the compensator was able to recover from the disturbance
in 25 ms. As shown in the figure, the response suffers from a deep undershoot
that dropped to 6.8 V. Furthermore, during the recovery process, the response
was oscillatory. By varying the input voltage by 50%, the obtained results are not
as desired in the power electronics field, as the response is slow, has a large
undershoot, and exhibits a large oscillatory response. In the second stage, the
converter is subjected to the same previous disturbance at 0.1 s, then another
disturbance is introduced at 0.2 s, where the input voltage is reduced from 12 V
to 6 V. As shown in Figures 14(a) and 15(a), the output voltage in the second
disturbance has dropped from 48 V to 11.5 V, and it recovered from the
disturbance in 15 ms. As depicted in Figures 12(a)-Figure 15(a), the response
suffers from a deep undershoot, a sluggish response, and oscillations in the
recovery process. During this test, the duty cycle is shown in Figure 16(a). The
result shows that the corresponding duty cycle has a low ripple, and it is
implementable in the experimental setup. Furthermore, the duty cycle
corresponds to the output voltage behaviour, where the compensator takes time
to adjust the duty cycle; hence, the sluggish response is justified.
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For the integral LQR controller, after reaching the steady-state condition, the
input voltage is stepped down from 24 V to 12 V at 0.1 s, as shown in Figures
12(b) and 13(b). In this test, the compensator was able to recover from the
disturbance in 5 ms. As shown in Figures 14(b) and 15(b), the response had an
undershoot with oscillations that dropped as low as 17 V. By comparing the
results, it is concluded that the integral LQR controller resulted in a faster
response and better undershoot peak; however, the system is still exhibiting an
oscillatory behaviour in withstanding the 50% variation in input voltage
disturbance. As stated earlier, the disturbance in input voltage will be validated
through two cascaded disturbances/ stages. The first-stage results have been
depicted in Figure 12(b). In the second stage, first the converter is tested as in
case one, then another disturbance is introduced at 0.2 s, where the input voltage
is reduced again from 12 V to 6 V. As shown in Figure 14(b), at the first
disturbance, the output voltage dropped to 17 V and then recovered from the
disturbance in an oscillatory response in 5 ms. The output voltage in the second
disturbance dropped from 48 V to 22.5 V, then it showed another overshoot that
reached 51.8 V before starting the recovery process. The system, after the second
disturbance, reached a steady state again in 7 ms. As depicted in Figures 12(b)—
Figure 15(b), the response suffers from undershoot, overshoot, and oscillations
during the recovery process. During this test, the duty cycle was recorded in
Figure 16(b). The result shows that the corresponding duty cycle has a low

ripple, and it is implementable experimentally.
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Like Type-II and the integral LQR controller, the proposed ISMC is subjected to
multiple input voltage disturbances in the same manner. The test is conducted
after waiting for the system to reach the steady-state condition; then, the input
voltage is stepped down from 24 V to 12 V at 0.1 s, as shown in Figure 12(c).
The zoomed portion of the response is shown in Figure 13(c). The proposed
ISMC provides a smooth, damped transient without oscillation in 6 ms, while the
maximum undershoot peak reaches 38.5 V. By observing the ripple on the output
voltage, the ripple increased by 0.2% after disturbing the input voltage by 50%
from its initial value. In Figures 14(c) and 15(c), at = 0.2 s, the input voltage is
once again stepped down from 12 V to 6 V. During this disturbance, the voltage
dropped to 36 V, and the controller required 13 ms to reach stability. The
proposed ISMC does not result in any oscillations in the output voltage, as is
evident in Figures 14(c) and 15(c). Similar observations can be made by
examining the duty cycle (control input) shown in Figure 16(c). This proves the
validity and robustness of the proposed ISMC performance, despite the severity
of the applied disturbance.
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In summary, this section covers the second test case, where the system was
subjected to cascading severe disturbances in the input voltage. Studying the summary
of results, as shown in Table 5, highlights the advantages of the proposed ISMC with
respect to the other linear controllers. The results depicted in previous sections show
that all the controllers can reject a disturbance in the input voltage up to 75% from the
nominal state, which is 24 V. Although the proposed ISMC controller in this test is
comparable to the Type-II compensator and relatively slower than the integral LQR
controller, the ISMC controller offers other features that make it better than the
discussed controllers. For instance, the output voltage dropped only to 36 V from 48
V due to the disturbance, while the voltage dropped to 22.5 V and 11.5 V in the case
of the integral LQR and Type-II compensator, respectively. On a percentage basis, the
75% input voltage disturbance resulted in a deviation of 25%, 53%, and 76% for the
ISMC, integral LQR, and Type-II compensators, respectively. This shows the
significant advantage of the proposed ISMC.

Another point to highlight for the proposed ISMC is that the output voltage
returns to the steady state after the disturbance in an oscillation-free response, unlike
the case of the other linear compensators. This point is crucial in applications where
fluctuations on the voltage rail can impact other sub-systems in the entire system. For
instance, if the converter output is an input stage to another converter (such as motor
inverters), then fluctuations in the first stage DC-DC converter output rail may disturb
the second stage. Nevertheless, the proposed ISMC controller offers a smooth
response for such cases where the input voltage may be disturbed by 75%.
Furthermore, for this disturbance, the ripple in the output voltage does not have a
noticeable increase after the disturbance is applied. This is categorized as a prime
success in the design where the chattering is minimal, although the input disturbance
is as high as 75%.

Table 5. Comparison of simulation results for input voltage disturbance.

Input voltage disturbance test

Type-II  Integral LQR Proposed ISMC

Percentage change in input voltage 75% 75% 75%
Peak drop in output voltage 115V 225V 360V

27



Energy Storage and Conversion 2024, 2(1), 426.

Table 5. (Continued).

Input voltage disturbance test

Type-11 Integral LQR Proposed ISMC
Oscillations in response Yes-severe Yes-moderate No
Settling time 15 ms 7 ms 13 ms

Load disturbance test:
The goal of this test is to investigate the converter response following a load

disturbance. In this test, the converter will be subjected to 100% load variation to
assess the controller's response under extreme conditions. The test demonstrates a

severe condition as the load is varied by 100%, which results in doubling the delivered

load current. During this test, the input voltage is kept constant at 24 V. After that, the

load was varied by 100%, and the load resistance was dropped from 46 Q to 23 Q.
This resulted in the delivered current increasing from 1.04 A to 2.08 A.

a)

b)

Using a type Il compensator, the test resulted in oscillatory behaviour in the
output voltage. The response shows an overshoot peaking at 52.5 V, followed by
an undershoot peaking at 41 V. The transient in this test took 3.5 ms to settle and
reach steady-state. Like the previous tests, the oscillatory behaviour is high and
not desired in the response. Figure 17(a) shows the output voltage response under
this load disturbance, and Figure 18(a) shows a zoomed capture of this response.
Simulating an integral LQR controller resulted in the results that are shown in
Figure 17(b). Analysing the depicted results shows that the test resulted in
oscillatory behaviour in the output voltage. The response shows an overshoot that
is contained within the 2% settling time criteria, followed by an undershoot that
peaked at 41 V. The transient in this test took 2.5 ms to reach steady-state. Like
the previous tests, the oscillatory behaviour is high, and it is not desired in the
response. Figure 18(b) shows a zoomed capture of this response.

The proposed ISMC controller was tested for this case. The output voltage
response under this test is shown in Figure 17(c). Studying the results in Figure
17(c) concludes that the proposed controller can reject extreme variation in the
load as a disturbance. The response has no oscillation, despite the significant
change in the load. The designed controller was able to reject the disturbance in
6 ms, and the peak during the transient process reached 36 V. Furthermore, the
compensator was able to reject the disturbance without compromising the output
voltage ripple, unlike the case with linear compensators. The smooth response
and low ripple system are desired features in the power converter field that the
proposed ISMC can offer, unlike the discussed linear compensators. Figure 18(c)
shows a zoomed capture of this response.

28



Energy Storage and Conversion 2024, 2(1), 426.

60 60 60
50 i 50 50
= S [ B e
S0 Output Voltage g4 240 Output Voltage
E :zerer‘c{.c]: = Output Voltage g Reference
330 nputvoltage 230 Reference S30 ——— Input voltage
= - Input voltage s
= =2 2
& & 520
520 £20 g
=} =} Sl
10 10 10
0 0 0
0 0.05 0.1 0.15 0.2 0 0.05 0.1 0.15 0.2 0 0.05 0.1 0.15 0.2
Time (s) Time (s) Time (s)
(a) (b) ©

Figure 17. Output voltage at case 4: (a) Type-II; (b) integral LQR; (¢) proposed ISMC.
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Figure 18. Zoomed portion of the output voltage at case 4: (a) Type-1I; (b) integral LQR; (¢) proposed ISMC.

In summary, this sub-section shows the results of testing the system against load
disturbances. This is to investigate how well the compensator can operate under severe
conditions. The following analysis focuses on the fourth stage. A summary of the
results is highlighted in Table 6. Analyzing the obtained results as per Table 6
concludes that in terms of the undershoot, once the load is changed from 46 to 23 Q,
both linear controllers are comparable, as the voltage dropped to 41 V while using the
proposed ISMC, the voltage dropped to 36 V. From the settling time perspective, the
linear controllers required 3.5 ms and 2.5 ms for Type-II and integral LQR controllers,
respectively. The proposed ISMC required around 6 ms to recover from the transient.
The key point and the advantage that the controller is bringing to the discussion is its
ability to reject the disturbance in a response that is oscillation-free. Type-II and
integral LQR controllers were able to reject the disturbance faster than the proposed
ISMC; however, both linear controllers suffered from oscillations during the recovery
process, and this would make the response unacceptable in the power electronics field.
This is because having an oscillation may impact the performance of other stages and
may drive the system out of stability if the other stages are not designed to tolerate
such oscillations in the response. It should be noted that the output voltage did not
suffer from high chattering using the ISMC. This is evident from analysing the ripple
of the output voltage, where the maximum ripple did not exceed 2 V under 100% load
variation. As discussed, this outstanding outcome is a result of the proper design of
the sliding surface, proper selection of 4 term, and selecting the system to operate on
a PWM fixed frequency.
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Table 6. Comparison of simulation results for load disturbance-derated system.

Load disturbance test 46-23 Q

Type-11 Integral LQR Proposed ISMC
Load variation 100% 100% 100%
Peak drop in output voltage 41V 41V 36V
Oscillations in response Yes-severe Yes-moderate No
Settling time 3.5ms 2.5ms 6 ms

7.2. Experimental results: Derated system: Type-II and proposed
Controllers

In this section, the experimental work on the designed converter was conducted
at derated power of 24 W, where the load was changed to 24 Ohm. The experimental
work used the components summarized in Table 7. Following the simulation testing
plan, the experimental work will be conducted under the same tests and conditions. In
other words, this section will investigate the designed Type-II compensator as well as

the proposed ISMC experimentally. Within all the next tests, Type-II compensator is
G _ 5392.205+6857734.57
COMP ™ 3337.3752+6857734.575’

set at 400.
Case 1: Cold start test:
In this case, the converter using the controller of interest is tested experimentally

while for the proposed controller, the Lambda (1) is

where it starts from rest and all the initial conditions are zero.

Table 7. Component list to conduct the experimental work.

Components Part number

SEPIC converter As developed in Table 1

Main power supply ITECH—IT6006C-500-40

Auxiliary power supply KORAD KA6003P

Oscilloscope ROHDE & SCHWARZ RTB2004
Differential probe CAL Test—CT3683

Voltage probe ROHDE & SCHWARZ RT-ZP10
Microcontroller Texas Instruments LAUNCHXL-F28069M

The test outcomes are summarized in the following points:

a) For the Type-II compensator, the output voltage response is shown in Figure 19.
The figure shows the output voltage, and the horizontal and vertical divisions are
5 V and 20 ms, respectively. Analyzing the results in Figure 19 highlights the
following facts: The output voltage response is overdamped, and no oscillations
are observed during the transitions. Having an overdamped response is a highly
desirable feature in a power converter; nevertheless, the response took 70.7 ms
to reach the steady state. Furthermore, the steady-state value of the output voltage
is 23.3 V, which corresponds to a 2.91% steady-state error.
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Figure 19. Voltage response for the de-rated power scenario using Type-II
compensator-experimental result.

The required time to reach steady-state with respect to switching frequency is

relatively extremely high and not desirable although the response is overdamped.

b) For the proposed ISMC, the output voltage response is shown in Figure 20. The
figure shows the output voltage, and the horizontal and vertical divisions are 10
V and 2 ms, respectively. Studying the results in Figure 20 shows the output
voltage response has an overshoot that reaches 29 V with a settling time of 5 ms,
with no other oscillations observed during the transitions. The response is very
close to an overdamped response, which is desirable in a power converter, as well
as being much faster than Type-II compensators. The steady-state voltage is at
25 V, which translates to 4.17% steady-state error, which is less than 5%
acceptance criterion.

RTB2004; 1333:1008K04; 101636 (01204 2077-03-22)
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Figure 20. Voltage response for the de-rated power scenario using proposed ISMC-
experimental result.

In summary, the cold start is implemented by turning on the system from rest and
then waiting for the system to reach steady state. The main challenge in this test is
starting from zero initial conditions (i.e., charging the storage elements of the SEPIC
converter is becoming part of the picture where their status is starting from zero).
Table 8 summarizes the results of the experimental cold start test using the Type-II
compensator vs. the proposed ISMC controller.
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Table 8. Comparison of experimental results for cold test- derated system.

Cold start test

Type-11 Proposed ISMC
Response Overdamped Underdamped-close to critical damped
Settling time 70.7 ms 5 ms

The summarized results state that the linear compensator, Type-II compensator,
has an overdamped response, and it took 70.7 ms to reach the steady state. On the other
hand, the proposed controller was much faster, although there was a minor overshoot
in the output voltage response. Specifically, the proposed ISMC controller required 5
ms to reach steady and this is approximately 14 times faster than the classical linear
controller. During the test, the overshoot has reached 29 V, given that the reference is
the step function. Ideally, an overshoot may not be a desirable feature in the power
converters; however, in power electronics field, the reference is provided typically in
a ramp function format to eliminate such overshoots that appear if the reference is a
step function. Moreover, the proposed ISMC controller can be tuned easily by
readjusting the A value. Hence, if the goal is to achieve a cold start using the step
function without an overshoot, then the designer can reduce the used 4 value
accordingly until the desired response is achieved.

Studying the depicted results of the cold start test results in observing that the
output voltage from the proposed controller has a low ripple, around 2 V (pp), which
is like the linear case. Sliding mode controllers usually suffer from a chattering in the
output response if a sign function is used as part of the controller. This result
emphasises the contribution of this work, as the design procedure is based on
understanding and analyzing the relationship between the converter states on the novel
constructed surface. Furthermore, the scaling constant, A term, has been bound in this
work to ensure system stability with lower chattering behaviour. Another point to
highlight, is the selection of operating the system on a fixed frequency has a
contribution to reducing the chattering as the converter internally is seeing an
equivalent DC value of the duty cycle; this makes the converter operate in PWM mode,
which effectively and inherently results in a low ripple system if the converter
components are well sized and selected.

Case 2: Input voltage disturbance test:

After reaching steady-state, the input voltage is step changed from 12 Vto 5V
(i.e., 58.3% disturbance). The results of this test are presented next:

a) Using the Type-II compensator, the output voltage response (Figure 21) shows
the output voltage (in blue) as well as the input voltage (in magenta). The input
voltage is stepped down to 5 V because, as confirmed by the simulation
environment, 5 V is the lowest input that the compensator can tolerate to output
24 V while the power is at 24 W. Investigating the depicted results shown in
Figure 21 shows that the output voltage exhibited very minor oscillations during
the transient process. Further, the output voltage dropped from 24 V to 8 V, where
the settling time is around 25 ms. It should be noted that there was a minor
tracking error before and after the test. Before applying the voltage disturbance,
the output voltage at steady-state was 23.3 V (2.91% error), while after the test,
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the steady-state value became 24.8 V (3.33%).
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Figure 21. Voltage response for the de-rated power scenario using Type-II
compensator-experimental result for input voltage disturbance.

b)  Using the proposed ISMC, the input voltage is stepped down from 12 Vto 3.5V,
which is equivalent to a 70.8% disturbance from the nominal input voltage. The
corresponding results of this test in terms of output voltage response are shown
in Figure 22. The figure shows the output voltage as well as the input voltage in
blue and magenta traces, respectively. The vertical divisions for both
measurements are in 10 V, while for the time scale, the divisions are in 5 ms. In
this test, the input voltage was reduced to 3.5 V. The input voltage has been
stepped down to 3.5 V because this is the lowest input that the compensator can
tolerate to output 24 V at a 24 W load size. Therefore, stepping down the input
voltage to 3.5 V is the maximum extreme condition that the system can be
subjected to and tested against. Investigating the depicted results shown in Figure
22 shows that the output voltage does not exhibit any oscillations during the
transient process. Also, at the time of the disturbance, where the input voltage
changed to 3.5 V, the output voltage dropped to 10 V, and it took 8 ms to recover
from this disturbance. The obtained output voltage profile is highly favorable in
the field of power electronics as the waveforms do not have any oscillations, yet
it is fast enough compared to linear compensators. In terms of steady-state error,
the output voltage after the disturbance was 24.4 V, which is equivalent to 1.67%.

RTB2004; 1333.1008K04; 101836 (01204 2017-03-22)
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Figure 22. Voltage response for the de-rated power scenario using proposed ISMC-
experimental result for input voltage disturbance.

In a nutshell, the system was tested against a severe change in the input voltage
in the form of a step disturbance. Studying the summary of the results as shown in
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Table 9 highlights the added advantages of the proposed ISMC. Although both
controllers were capable of rejecting the introduced step input voltage disturbance, the
proposed ISMC figures exceed the performance of the benchmark design Type-II
compensator. Experimentally, the proposed ISMC can reject a disturbance up to
70.8% of the nominal input voltage, unlike the linear controller, which can handle up
to 58.3% of the of the disturbance. Moreover, the ISMC controller was capable of
handling the disturbance better than the linear compensator; this is evident in the
output voltage, as the voltage dropped to 10 V in the ISMC case while the output
voltage dropped to 8 V in the Type-II compensator case. The time that it took the
controller to overcome the disturbance is another factor in comparing the designs. The
results in Table 9 show that the proposed controller is capable of rejecting a 70.8%
disturbance in input voltage in 8 ms, which is around 3 times faster than a Type-II
compensator. It should be emphasised on the fact that the output voltage in the case of
the ISMC controller returns to the steady state after the disturbance introduction in a
smooth oscillation-free response, unlike the case of the linear compensator. This point
is crucial in applications where fluctuations on the voltage rail can impact the other
sub-systems of the entire system. For instance, if the output of the converter is an input
stage to other converters, such as motor inverters, then fluctuations on the converter
output rail may disturb the second stage, and other considerations should be
investigated. Nevertheless, the proposed ISMC controller offers a fast and smooth
response in such cases where the input voltage is disturbed. Furthermore, for a
disturbance of 70.8% in the input voltage, the ripple has increased to be around 3.75
V from 2 V, which is classified as prime success in the design where the chattering is
minimal, although the disturbance was about 70.8% from the nominal case.

Table 9. Comparison of simulation results for input voltage disturbance- derated
system.

Input voltage disturbance test

Type-1I compensator Proposed ISMC
Lowest input voltage 5V 35V
Max percentage of change 58.30% 70.8%
Peak undershoot in output voltage 8V 10V
Oscillations in response Yes-minor No
Settling time 25 ms 8 ms

Case 3: Load disturbance test:

In this case, the system is investigated to reject 100% load disturbance. The test
procedure will be started by running the converter at a cold start until the output
voltage reaches the desired level of 24 V. After that, the load will be changed by 100%,
i.e., the impedance will be changed to 12 Q. Next, the load will be returned to its
nominal condition, where the load will be changed from 12 € to 24 Q. The results of
the described test are presented next:

a) The zoomed portion of the output voltage response using Type-II is shown in

Figure 23(a,b). In both zoomed portions, the figures show the output voltage,

while the vertical and horizontal divisions are 14.68 V and 5 ms for the first and
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14 V and 10 ms for the second. In the first disturbance scenario, where the load
is changed from 24 Q to 12 Q, the output voltage displayed oscillations that
started with an undershoot that peaked at 17.4 V. The process of recovery from
the first disturbance took 20 ms. At the second disturbance, a similar response
was obtained, where the response suffered from oscillations that peaked at 30 V.
The system took 20 ms to reject the disturbance and return to steady-state.
Another observation to note is the level of steady-state voltage before and after
the disturbance. Before the first disturbance, the output voltage was 23.3 V, then
dropped to 22.7 V after the disturbance; furthermore, it should be noted that after
the first disturbance, the ripple increased, which is an expected outcome due to
the extreme loading condition. After the second disturbance, where the load
changed from 12 Q to 24 Q, the output voltage steady-state value changed from
22.7Vto23.6V.

b) The proposed ISMC controller resulted in the responses depicted in Figure
24(a,b) (zoomed portion). In both zoomed portions, the figures show the output
voltage, while the vertical divisions are 10 V. The horizontal divisions are 10 ms
and 2 ms for the first and second scenarios, respectively. Studying these
responses results in the next observation. In the first disturbance scenario, where
the load is changed from 24 Q to 12 Q, the output voltage did not have any
oscillations in the transients. The response has an undershoot that peaked at 19.6
V, then it reached the steady-state again in a smooth response. The process of
recovery from this disturbance took 2 ms. At the second disturbance, a similar
response was obtained, where the output voltage had a smooth recovery during
the transients. Specifically, the transients started with an overshoot that peaked
at 33.6 V, then the output voltage recovered in a smooth response. In this case,
the system took 3 ms to reject the disturbance and return to steady-state level.
Studying the results shows that the ripple increased after the first disturbance, and
this is expected due to the significant loading condition, like in the case of the
linear compensator. Another point that should be noted is that after the
disturbance, the output voltage at steady-state was 24.7 V, which confirms the
design was successful.
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Figure 23. Zoomed portion at voltage response for the de-rated power scenario using Type-II compensator-
experimental result for load disturbance from (a) 24 Q to 12 Q; (b) 12 Q to 24 Q.
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Figure 24. Zoomed portion at voltage response for the de-rated power scenario using proposed ISMC-experimental
result for load disturbance from (a) 24 Q to 12 Q; (b) 12 Q to 24 Q.

In short, the system was tested against 100% load variation where this test aimed
to investigate how well the compensator is capable of operating under severe
conditions. A summary of the presented results in the previous subsections under this
test case is highlighted in Table 10. Analyzing the obtained results as per Table 10, it
can be concluded that in terms of the undershoot, once the load is changed from 24 to
12 Q, both controllers are comparable, with a slight advantage to the linear
compensator as peak response. Similarly, once the load is changed again from 12 to
24 Q, both controllers result in an overshoot with a minor advantage towards the linear
compensator in terms of the maximum peak value. However, in terms of how smooth
the response is, the proposed ISMC is taking the lead. As shown in the previous
subsections, the proposed ISMC response does not have any oscillation, whether the
load is changed from 24 to 12 Q or vice versa. On the contrary, the linear compensator
response showed an undershoot followed by an overshoot for the 24-12 Q case and
showed an overshoot cascading with an undershoot for the scenario of 12-24 Q.
Having a system with no oscillation sin the recovery process is a highly desirable
feature in the power electronics field. This is because having an oscillation may impact
the performance of other stages and may drive the system out of stability if the other
stages are not designed to tolerate such oscillations in the response. From a settling
time perspective, the proposed ISMC controller demonstrates a superior result
experimentally. The proposed ISMC controller was capable of rejecting load
disturbances 7—10 times faster than the Type-II compensator without having any
oscillations in the response. From a power converter perspective, this result brings
significant advantages to the field because the response is smooth without
compromising the recovery time.

It should be noted that the output voltage in this test for both scenarios did not
suffer from high chattering. This is evident through dissecting the ripple of the output
voltage, where the maximum ripple did not exceed 5 V under 100% load variation
while the ripple is maintained around 2 V whenever the load is back to 24 Q. This is
an outstanding result due to the proper construction of the sliding surface, the proper
selection of A term, and the selection of the system to be operating on a PWM fixed
frequency structure.
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Table 10. Comparison of simulation results for load disturbance- derated system.

Load disturbance test 24-12 Q

Type-1I compensator Proposed ISMC
Load variation 100% 100%
Peak undershoot in output voltage 17.4V 19.6 V
Oscillations in response Yes-minor No
Settling time 20 ms 2 ms
Load disturbance test 12-24 Q

Type-1I Compensator Proposed ISMC
Load variation 100% 100%
Peak overshoot in output voltage 30V 33.6V
Oscillations in response Yes-minor No
Settling time 20 ms 3 ms

8. Conclusion

This work proposes a systematic approach to designing an integral sliding mode
controller for a SEPIC converter. Furthermore, the work summarized the design guide
for a Type-II compensator as well as an integral LQR where these controllers were
compared to the proposed controller. The designed controllers were simulated in a
Simulink environment using a switched converter model and then validated through a
scaled experimental setup. The hardware results confirm the simulation results, and
they show the benefits that can be achieved by designing and implementing the ISMC
for SEPIC converter. As highlighted in the literature, one of the prime limitations of
using the sliding mode controller in industry is the lack of a standardized approach to
design the controller, and this issue was addressed in this work.
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Abstract: Hybrid facility investments from renewable energy sources have increased in recent
years. In general, solar power is the secondary energy source in hybrid systems. The reason
why solar energy is most commonly used in hybrid power systems is that it is cheaper than
other types of renewable energy. Solar-Hydroelectric (SHE) is one of the foremost compatible
hybrid energy pairs, as solar and hydroelectric power generation profiles complement one
another. Hybrid systems consisting of solar and hydropower have complementary
characteristics due to the shared use of infrastructure systems and different periodicities in
power generation. Energy management is important for SHE-integrated facilities. Since only a
limited amount of energy can be injected into the grid from transformer capacities, energy
management in hybrid systems is of great importance. To manage energy in hybrid energy
systems, the amount of energy that can be produced each hour must be determined. In hybrid
energy plants, there is usually already another renewable energy plant in place, and solar energy
is added on top and optimized. Since there are no pyrometers in the existing plants, the daily
radiation data from the National Aeronautics and Space Administration (NASA) is used, but
the daily energy production amount may be insufficient for accurate energy management. To
realize this, it’s necessary to reveal the energy generation on an hourly basis. During this study,
the quantity of radiation on an hourly basis was determined to calculate solar power generation.
Empirical and econometric models utilized in radiation amount determination were performed,
and the most appropriate method was clarified by comparing them with one another. Hourly-
based radiation is achieved with an empirical method by using National Aeronautics and Space
Administration (NASA) daily radiation.

Keywords: SHE (Solar-Hydroelectric); energy management; solar radiation

1. Introduction

Energy management and hybrid energy became the most significant issues to
ensure the sustainability of energy production. In general, solar energy is the most
renewable energy hybrid. Therefore, it’s necessary to work out energy generation
amounts on an hourly basis and to confirm energy management. Solar energy may be
a style of energy that is easily accessible around the globe. Electricity generation from
solar energy is within the sort of function of radiation and temperature. Meteorological
measurements are made regionally in many parts of the planet. The radiation amount
is obtained from satellites. The NASA official website has daily irradiance data for
any coordinate on the planet. However, these data must be obtained on an hourly basis
for energy management. The quantity of radiation on an hourly basis is obtained by
basically two methods. One of them is the empirical method, and the other is the
econometric statistical method. During this study, both approaches were run separately
and compared with actual data. The literature reviews are given in the following
paragraphs. With the widespread use of hybrid energy, energy management is
becoming more important. The main reason is that the capacity that can be fed into the
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grid does not change, no matter how much the installed power increases. For example,
if a wind turbine with an installed capacity of 80 MW, which has the right to inject
energy into the grid with an installed capacity of 50 MW, is additionally supported by
solar energy with an installed capacity of 100 MW, the amount of energy that the
turbine can inject into the grid will not be 180 MW, which is the total installed capacity
of the two production facilities, but the amount of electricity injected into the grid will
still be 50 MW. Therefore, energy management in hybrid energy systems is critical to
the continuity of the system. In hybrid energy, solar energy is mostly used. In hybrid
projects using solar energy, the amount of radiation should be determined on an hourly
basis to ensure natural and reliable energy management. The amount of radiation is
one of the main factors that determines the amount of energy production, as it directly
affects the amount of electricity produced by the PV panels. With this study, the solar
radiation amounts are accurately and quickly determined every hour and will be used
for both efficient power optimization and energy management.

Tirmik¢1 used the mathematical models and equations to see the most suitable
angle in Sakarya province in her doctoral thesis. During this study, Tirmik¢1 revealed
a real-time comparison of the two-axis scheme positioned with the sun and therefore
the fixed scheme. Tirmik¢1 worked on position with the foremost appropriate annual
angle [1]. Jacovides et al. stated versatile correlations in determining the hourly solar
radiation. During this study, radiation measurements for Cyprus supported the
experiment, which was briefly defined empirically by making use of the mathematical
models previously stated within the literature studies by other researchers. By
calculating the coefficients, hourly radiation is estimated [2]. Igbal correlated the mean
beam with diffuse radiation. Monthly average radiation amounts with the knowledge
obtained from the stations for various cities in Canada are calculated [3]. Alsafadi and
Basaran Filik used a design algorithm like a machine learning mechanism for hourly
solar radiation. Estimated the quantity of radiation on an hourly basis by applying
machine learning (ML-machine learning) to empirical models for Eskigehir [4]. Serttas
proposed a brand-new pattern scan-based approach to radiation forecasting [5]. Maleki
et al. estimated the global solar radiation on disposed sides. Empirical radiation
simulation developed especially within the last ten years for a neighborhood [6].
Chandel and Aggarwal have worked on a one-hour energy model that will provide
reliable and accurate finishes up within the western Himalayas. This study has been
cited as a reference in many other articles [7].

Khatib and Elmenreich proposed a new approach for obtaining hourly solar
radiation. In this study, an artificial neural network is used to generalize daily solar
radiation [8]. Berrizbeitia et al. stated an experimental simulation for determining solar
radiation. During this study, a review and experimental analysis emphasized that daily
radiation amounts are often easily obtained from NASA sources, but it had been
emphasized that a model should be developed for the hourly radiation amount obtained
on an hourly basis, and empirical coefficients for 19 different regions were tested [9].
Gueymard stated a new estimation approach for solar radiation. During this study, the
number of radiations was measured on a monthly and average hourly basis using two
new models in line with the information provided by an outsized nation-state and lots
of information stations. The empirical coefficients proposed during this study were
also utilized in studies conducted by other researchers [10]. Al-Rawahi et al. suggested
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a new estimation method for Oman. During this study, the amount of radiation is
calculated on an hourly basis from the available daily radiation amounts for Oman
[11]. Ishola et al. developed a territorial correction factor for the estimation of hourly-
based solar irradiance. A comparison was made specific to the estimation model that
determined ten regions for radiation amount and also the coefficients determining the
regional radiation [12]. Hussein estimated hourly global radiation in Egypt employing
a mathematical model. A mathematical model prediction calculates the amount of
radiation for Egypt on an hourly basis using meteorological data [13]. Within the
studies examined, general and conceptual models were formed by fitting and
measurements made in numerous parts of the world and at different times into
mathematical models [1-13]. Among these models, mathematical models and
experimental coefficients, which are briefly called empirical, were employed within
the studies created by Maleki et al. [6], Chandel and Aggarwal [7], Gueymard [10]. In
addition to empirical coefficients and prediction models, statistical models are also
used when determining the quantity of radiation. When using statistical models,
forward-looking estimations are made by using mostly actual data. In regions where
data is going to be obtained on an hourly basis, high correlation results are often
obtained due to statistical methods. Huang et al. forecasted solar radiation by
continuously employing some auto-regressive and space (CARDS) models. During
this study, the authors emphasized that the amount of radiation is seriously tormented
by weather changes like cloudiness. In this case, the only approaches today are
statistics. It’s stated that some methods exist in computing networks, and random
variables are called stochastically. Within the study, a self-connected (AR-
autoregressive) model is used together with a dynamic system model. As a result of
the study, it was stated that the proposed system confirmed and improved the
predictions by around 30% [14]. Mbaye et al. estimated the solar availability of the
Dakar site by using the ARMA model. A self-correlated dynamic average (ARMA-
autoregressive moving average) model was used for short-term radiation estimation.
Data and validations were obtained from a station located in Dakar. The data represent
the period the period between October 2016 and September 2017 and are presented on
an hourly basis. As a result of the study, it was emphasized that the ARMA method is
reliable [15]. Adejumo and Suleiman estimated solar irradiance by using the ARMA-
GARCH approach. A combined self-correlated dynamic mean model (ARMA) and a
generalized self-correlated and variable conditions model (GARCH-generalized
autoregressive conditional heteroscedasticity) were employed during this study. For
the southern element of Nigeria, an estimate was made for the amount of radiation
[16]. Ghofrani and Alolayan used statistics for renewable energy forecasting. They
stated statistics and connections that will be used for renewable energy and gave
information about their general framework [17]. Hassan et al. estimated the daily-
based solar radiation of the United Arab Emirates (Al-Ain) by using an econometric
statistics model. During this study, statistic connection models (ARIMA) radiation
amount estimates, including autoregressive integrated moving averages, were used. 10
years of knowledge were taken (1995-2004), and a two-year estimation (2005-2007)
was made within the sunshine of these data. Correlation studies were also performed
for the results obtained, and thus the results were compared [18]. Prajapati and Sahay
worked on a survey paper on the solar irradiance forecasting method. They used
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different and reliable statistical methods for the estimation of radiation amounts, and
the results were explained [19]. Huang et al. used the ARMA model for estimating the
solar energy capability. Short-time radiation estimation was made using the MATLAB
program and the ARMA statistical model [20].

Ferrari et al. used a statistical model approach for radiation prediction. The
climatic data obtained for the town of Milan estimated the amount of radiation within
the framework of the numerous statistical models and compared them with each other
[21]. Marchesoni-Acland et al. analyzed the performance of the ARMA models.
During this study, the quantity of short-term radiation employing a self-repetitive
algorithm using satellite data was estimated [22]. Colak et al. carried out ARMA and
ARIMA models for determining global solar radiation. The statistical model was
constructed comparisons of the ARMA and ARIMA models were made to this model,
and radiation amount estimation was made with the best results [23]. Diagne et al.
reviewed a global solar radiation prediction model. During this study, they stated that
solar energy contains a fluctuating production trend because the amount of radiation
changes very rapidly over time, and thus the irradiance amount estimation isn’t
effective in solar power. Statistical models were used for the quantity of radiation and
compared with each other [24]. Alsharif et al. stated that a statistical ARIMA model
is utilized for the estimation of solar irradiance. This effort is performed as a case study
for Seoul, the Republic of Korea. They used seasonal statistical methods (SARIMA)
for the town of Seoul. Connections were established, and comparisons were made
employing an information set of roughly 37 years (1981-2017) [25]. Li et al
emphasized that, due to economic and technical restrictions, the daily values of solar
radiation were taken into account in most feasibility studies [26]. They improved a
graphical solar irridation model by using daily solar irridation values. In this study,
they claimed that they got approximately 10% more accuracy than usual methods.
Gupta et al. reviewed estimation models of global solar radiation [27]. They
emphasized that solar energy is the most important renewable energy for achieving
the net zero target by 2050. Hissou et al. examined the machine learning methodology
for the prediction of global solar irradiation [28]. They emphasized that the results of
the results of this new approach were satiably in accordance with regression models.
Guermoui et al. harmonized methodologies like time-varying filters and empirical
approach [29]. They stated that the results of this new approach are better than those
of classical estimation methods for all studied regions. Fan et al. analyzed empirical
and machine learning methodologies for estimating solar irradiation in the various
states of China [30]. 12 machine learning models were used in the study. ANFIS,
MARS, and XGBoost models were indicated as the most recommended machine
learning models. Giirel et al. reviewed various methods for the prediction of solar
irradiation [31]. They compared empirical, time-series, artificial intelligence, and
hybrid models. They emphasized that each model has advantages and disadvantages
in accordance with the targeted zone. They claimed that the hybrid model is a more
applicable approach for the prediction of global solar radiation. Yarar et al.
emphasized the importance of hourly-based global solar radiation for harmonic
analysis of the microgrid connection [32]. Kaysal and Hocaoglu modelled a new
approach using an artificial neural network for the prediction of solar irradiation [33].
They used a two-stage forecasting model and a discrete wavelet transform for their

43



Energy Storage and Conversion 2024, 2(1), 214.

study. Mukhtar et al. integrated conventional and artificial neural networks for the
prediction of hourly-based solar irradiation [34]. They emphasized that, in general,
developing countries do not have solar pironometers. So, they claimed that the
designated method can be used in developing countries, especially African countries.
Geetha et al. offered an artificial neural network model for the prediction of global
solar radiation [35]. They claimed that, due to this improved model, designing and
evaluating the stage of PV installation can be easier without meteorological data
collection. In these studies, researchers claimed that hourly solar irradiance data are
important for evaluating power plants that are using photovoltaic tools and equipment.
They emphasized that the majority of solar irradiance studies and actual measurements
are not obtained by daily values due to economic and technical restrictions, especially
in developing countries. In their study, they used the identification, classification,
clustering, and regression of climate indicators and meteorological data. They
compared estimation models and tried to get the best availability.

In the studies conducted by researchers, it was mentioned that more effective
results are obtained by using empirical and hybrid methods. In conducting the study,
econometric models and empirical modeling approaches were used. As a result of
these studies, it was found that empirical models are more useful. Comparing the
studies conducted by the researchers, it is found that similar results were obtained, and
it is evaluated that the researchers have developed models that contain complex
calculations and relationships. The main objective of this study is to provide data for
the algorithm to optimize the installed power and energy management of hybrid power
plants. The developed algorithm determines the size of the hybrid structure with
renewable energy pairs. This algorithm structure consists of four main sections. In the
first section, the project characteristics of the renewable energy to be used in the hybrid
structure are determined; in the second part, the project characteristics of solar energy;
in the third part, the costs; and in the fourth part, the decision mechanism, including
the iterative functions, is included. The study carried out aimed to use solar radiation
on an hourly basis, which is intended as a data input for the calculation of the amount
of energy to be extracted from the solar energy sector. It is expected that the hourly
solar radiation is practical and flexible so that it can be used in the algorithm. To meet
the requirements of the algorithm, it was preferred to compare models based only on
empirical and econometric approaches rather than the complex and mixed structures
developed by other researchers. As a result of the comparison, it was found that it is
more appropriate to use empirical models because they have high coefficients and can
meet the requirements of the algorithm. It has been found that the amount of solar
radiation that provides the data input for the developed algorithm can be improved
with hybrid or more advanced models. It is assumed that these integrated, developed
structures can be used, but in terms of practicality, the use of empirical models is
considered sufficient. The designed algorithm is given in Figure 1.
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Figure 1. The algorithm of installed capacity for solar energy in integrated hybrid renewable structure.

Thanks to the developed algorithm, the installed capacity of solar energy to be
engaged in hybrid energy systems is determined and optimized. The algorithm has a
simple but effective decision mechanism and basically works considering the
generation profiles and characteristics of the energy management of renewable energy
plants in the hybrid structure. In this study, the amount of solar radiation data was
estimated to feed into the algorithm and determine the amount of solar energy
production. Since energy management is done on an hourly basis, the predictions aim
to determine the amount of solar radiation on an hourly basis.

2. Mathematical model

The ratio of the amount of solar energy on an empirical hourly basis to the
amount of solar energy daily is calculated by Equation (1) given below.

ﬂ _ (;—4) .(cosw — coswy) 0
Ga

sinwg — (%). (coswy)

In Equation (1), Gy, represents the hourly-based solar irradiance (kWh/m?), G4
represents the daily-based solar irradiance (kWh/m?), w, represents the hour angle at
sunrise (° degrees). w represents the hour angle (° degrees) which the displacement of
the sun concerning a defined zone of the world and can be found by Equation (2) below.

w= (%) .(AST — 12) ()

The AST (apparent solar time) specified in Equation (2) represents the observed
or actual solar time. AST is calculated by Equation (3) given below;

45



Energy Storage and Conversion 2024, 2(1), 214.

minute

degree
LST (local standard time) specified in Equation (3) represents the time of local

AST = LST + EoT + (4 ) [(LSMT — LOD)] (3)

standard, LOD represents the longitude, LSMT (local standard meridian time)

represents the meridian time of local standard, and EoT (equation of time) represents

the imbalance of visible and mean solar time. LSMT and EoT are found by Equations

(4) and (5) given below.

LSMT = 15°.(Zone of GMT) 4)

EoT = 9.87.sin(2B) — 7.53.cos(B) — 1.5.sin (B) (%)

The GMT (Greenwich Mean Time Zone) specified in Equation (4) represents the

time intervals arranged according to the city of Greenwich. B is a coefficient and is
found as stated in Equation (6) below;

o

0

= .(n—-81 (6)
365 (78D

The n specified in Equation (6) represents the number corresponding to the day

in the calendar year. For example, while the number of n for January 1 is 1, the number
n for February 1 is 32.
w; specified in Equation (1) is found by Equation (7);
w, = cos™}(—tan@tand) (7
The wy specified in Equation (7) represents the sunrise angle. In this equation @
represents the angle of latitude (°C), and § represents the slope (°C). & is calculated by

Equation (8) given below.

360(284 + n)
= i _— 8
o) 23.45.sm[ 365 (®)

The angle § varies between +23.45°/-23.45°. The following Figure 2 shows the
change in the angle during the year;

Ekvator | 23 September

-
\\W * Inclination angle 8 = 0 ©

21 December
Inclination angle Dénme

21 June
Inclination angle

il::alurl i 5=+23,45°

21 March

Inclination angle & = 0 °©

Figure 2. Angle of inclination and change over the year [6].

In the study carried out by Chandel and Aggarwal [7] the relationship between
daily and hourly solar radiation is given in Equation (9) below;
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= €

The 1, term specified in Equation (9) represents the conversion rate between

Tt

hourly and daily solar radiation. The 7; ratio is obtained by Equation (10) given below;
a
T,. [1 +q. (a—i) : k.A(WS).TO]

= a
[1+4.(32)- Bws)/AWw,)]
The 1, given in Equation (10) represents the ratio of the earth outside hourly

(10)

based solar irradiance to the daily irradiance. This ratio is calculated by Equation (11)
given below. The coefficients, k, A(wg) and B(wg) are given in Equations (12)—(14).

7, = (cosw — coswy)/k. A(wg) (11)
=22 (12)
s
A(wg) = sinwg — w;. coswg (13)
B(wg) = ws. (0.5 + cos?w;) — 0.75 . sin 2wy (14)

The coefficients, a, and a; specified in Equation (10) are empirical coefficients.
These coefficients are calculated by Equation (15) below;
a; = 0.41341.K, + 0.61197.K,* — 0.01886.K,.S, + 0.00759. 5,

a, = Max(0.054;0.28116 + 2.2475.K, — 1.76118.K,* — 1.84535sinh, (15)
+ 1.6811.sin3h,
K; in Equation (15) represents the measured radiation ratio of earth’s face to the

calculated irradiance at the highest point of the atmosphere. In this study, ratio is
accepted as 0.61 [10].

Given in Equation (10), q is the incidence angle of the beam, h is the sun height
of the atmosphere, S, is the daytime duration. The corresponding Equations (16)—(18)
are given below to calculate the relevant parameters;

q = cos@.cosd (16)
A
sinkg = q-A(ws) (17)
WS
Sy = k.w (18)

In addition to empirical methods, the amount of solar radiation can be determined
by using econometric statistical methods. If hourly data is available for the studied site,
hourly solar radiation data can be obtained, which is likely to occur prospectively. The
most commonly used models in the literature and their explanations are given below.
Time series lead to statistical data. These models, which are especially used for the
sun and wind, produce new predictions in line with the actual data. One of the most
used models is the self-connection (AR-autoregressive) model. The AR model is
calculated as given in Equation (19);

m

Xp = Z Qi Xp—i + W = b1 xeg + Xy o+ P X + Wy (19)
i=1

In Equation (19), x; represents time series value, w; represents noise amounts, ¢

= (b1, d3, ..., ) vectors of model coefficients, m represents positive integer.

Another model is the moving average (MA-moving average) model. In this
model, unlike the AR model, time series are created by using weighted total values in
this model. The MA model is calculated as given in Equation (20);
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n
Xy = 2 OjWej =W+ 011+ 0.0 5+ +0p. %y (20)
=0
Equation ](20), X, represents the time series value, w; represents the noise
amounts, 8 = (04, 0,, ..., 0;,) is the vector coefficients of the model, n represents the
positive integer. 6, is accepted as 8, = 1.
Another model is the self-correlated moving average (ARMA) model. This model
has emerged by using AR and MA models together. It is calculated by Equation (21)

m n
X = ch)i.xt_i +29]Wt_] (21)
i=1 j=0

In Equation (21), x; is time series value, w; is the amount of noise, 8 =

given below.

(84,605, ..., 8y) is the vector of moving average model coefficients, ¢ = (b1, §y, ..., Oin)
is the vector of self-correlated model coefficients, m and n represent a positive integer.
0, is accepted as 8y = 1.

Another model is the self-related and external variable moving average
(ARMAX). This model has emerged by using AR and MA models together, as well
as expanding the overall scope by using variables. It is calculated by Equation (22)

m n p
i=1 j=0 k=1

In Equation (22), x; is time series value, w; is noise amount, 8 = (84, 6, ..., 6,)

given below.

is the vector of moving average model coefficients, d = (P4, Py, ..., $yy) is the vector
of the self-correlated model coefficients, A = (14,45, ..., 1) is the external variable
coefficient, m, n and p represent a positive integer. 6, is accepted as 6y = 1.
Another model is the self-correlated and integrated moving average (ARIMA)
model. This model is achieved by using AR and MA models together, as well as
evaluating non-stationary variables. It is calculated by Equation (23) given below.

m n
Xt =2(1)L-.Sd.xt_i +29]Wt_] (23)
i=1 j=0

In Equation (23), x; is the time series value, w;, is the amount of noise, 8 =
(64,08,,..,8,) is the vectors of moving average model coefficients, ¢ =
(b1, P2, ..., &) 1s the vectors of self-correlated model coefficients, m and n represent
a positive integer. 6, is accepted as 8, = 1. The expressions S=1-¢ — 1 and b,,(q),
represent the stationarity and translatability expressions of the AR (m) operator.

3. A case study

The second method employed in obtaining the quantity of radiation is the
approach that features econometric and statistical methods. The most widely used
econometric models within the literature are autoregressive integrated moving average
(ARIMA), autoregressive moving average (ARMA), autoregressive moving average
model with exogenous variables (ARMAX), autoregressive (AR), and moving
average (MA) models. Additionally, an artificial neural network (ANN) model was
used as a synthetic intelligence element. Econometric models were created using the

48



Energy Storage and Conversion 2024, 2(1), 214.

Solar radiation (kWh/m2)

“R” modeling program and MATLAB. The models used were compared with one
another, and therefore the best-suited one was chosen. In the first place, a one-day
forecast was made for the AR and MA models, which are econometric models.
Econometric models are fed from the data set from a solar energy plant that is found
in Denizli province, Acipayam district of Turkey. A seven-day real data set was used
to predict one-day radiation. The MATLAB program is employed for this prediction.
The demonstration of the model is given in Figure 3.

Estimation of the hourly solar radiation by using AR model Estimationof the hourly solar radiation by using MA model
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Figure 3. Estimation of the hourly solar radiation by (a) AR model; and (b) MA model.

The study was distributed with the “R” modeling program for ARIMA and ANN
models. Six days of information acquisition are employed for 1 day and 6 days
following estimations. The study results and existing condition comparisons are
demonstrated within the graphs below. The details of the study are given in Figures 4
and 5.
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Figure 4. Models comparison (a) ARIMA model; (b) ANN model; (¢) ARIMA/ANN models.
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Figure 5. Comparison of the econometric models.

Looking at the comparative figure, it is clear that the econometric models differ
from the actual data. Taken on its own, it can be said that the ARIMA model produces
results that are relatively similar to the original data. Although the ARIMA model
consists of the integration of other AR and MA models, it is a more advanced
econometric model. Finally, using the data within the first 2 months of the year—
January and February—radiation amount predictions were made for the primary six
days of March. The subsequent chart shows the relevant studies and their results.
Estimates obtained with AR and MA models produced very different results from the
particular data. Within the more advanced ARIMA and ANN models, estimations
were made using only a two-day data set. Additionally, “R” modeling, which is an
econometric program that has more precise results for these models, was used. First,
the ARIMA model was run. The quantity of estimation that offers the foremost
optimum solution in step with the determined number of steps has been revealed. The
blue drawing within the graph below gives the optimum ARIMA line. Other gray areas
reflect the framework of others and sensibility (Figure 6).

Estimation of 1-6 March Solar Radiation by Using ARIMA Estimation of 1-6 March Solar Radiation by Using Neural Network
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Figure 6. Prediction of the solar radiation of 1-6 March by using (a) ARIMA; and (b) ANN.

Using econometric models can provide reasonable results if the information is as
detailed and long as possible. It’s not always easy to achieve these detailed, supported

50



Energy Storage and Conversion 2024, 2(1), 214.

coordinates in radiation estimations. An empirical model comes into play in these
circumstances. The daily radiation amounts are often reached at supported coordinates
on the official NASA website. When the empirical model compares with the artificial
neural network and ARIMA models,

o It doesn’t need one-to-one hourly radiation. It is often obtained on an hourly
basis using daily radiation.

) While the amount of radiation at any point in the world is obtained daily from
public sources, it’s too difficult to access hourly radiation amount data supported by
coordinates.

o High correlation with real values.

) Does not need long-term data entry like ARIMA and ANN.

. Obtaining realistic predictions not only in short-term forecasts like ARIMA and

ANN but also in long-term forecasts.

Due to its prominent features, it’s been decided to use an empirical model for
radiation predictions. Based on the results obtained, using the MATLAB GUI
program, an interface has been created to display the quantity of radiation within the
day, month, year, or any desired period. Changes in the amount of radiation throughout
the year and the start and end times are often determined within the interface and may
be obtained at desired month, day, and hour intervals.

So, an empirical model is chosen for hourly-based estimation. The radiation
amounts of the coordinates of the solar energy plant located in Denizli province,
Acipayam district, which are used for empirical models, were obtained daily from the
NASA website [36]. By making use of the equations described within the
mathematical model section, hourly radiation amounts were obtained in daily radiation
amounts. Additionally, the study was enriched with the MATLAB GUI program. By
using the MATLAB GUI, it’s possible to draw graphs of the quantity of radiation on
an hourly basis at any time during the year. While designing the MATLAB GUI
graphic area, radiation amounts were graphed in line with the beginning and end times.
The timeline relies on months, days, and hours. Desired graphs are drawn by entering
the periods to be seen in these boxes. An 8760-hour-based radiation dataset was
created to hide the entire year. The MATLAB GUI chart below shows the 24 h
radiation amounts for 31 March, 30 June, 30 September, and 31 December. This
demonstration is given in Figure 7.
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Figure 7. Estimation of the hourly based solar radiation by using the empirical model in MATLAB GUI (a) 31
March; (b) 30 June; (c¢) 30 September; and (d) 31 December.

The daily radiation amounts were taken from the NASA website for the solar
energy plant located within the Acipayam district of Denizli province. This original
dataset is given in Figure 8.
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Figure 8. The daily solar radiation obtained from the NASA website (365 days) [26].

The amount of solar energy produced may be calculated by using the panel data.
To check the operation of the approach, a dataset of a SPP that is located at a distance
of 2 km was taken. Daily NASA data for the identical region were correlated hourly
within the light of the original data using the equations above. The parametric statistic
obtained as a result of 86% gives a robust concept whose acceptance is usable for solar
radiation. The daily NASA data are converted to the hourly irradiance shown in the
figure below. The correlation graph of the study is given in Figure 9.
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Figure 9. The hourly based solar irradiance obtained from the daily solar irradiance
dataset (8760 h = 24 h/day x 365 day).

The energy generation amount was estimated by using the empirically obtained
radiation amount and panel/inverter data of a solar energy plant located within the
Acipayam district of Denizli province. The particular production of this existing
facility has been compared with the energy generation amounts prepared using the
radiation amounts obtained on an hourly basis. X variable references the time, Y is that
the radiation. The coefficient of correlation is obtained as 0.8625. The result is given
in Figure 10.
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Figure 10. Predicted and real solar radiation correlation plot.

With the assistance of the designed interface, analyses may be made for specified
periods, and changes in radiation amounts may be observed. After determining the
quantity of radiation, the quantity of energy to be obtained from the sun was
determined. After obtaining the amount of radiation, the amount of energy that will be
obtained from the sun was calculated following the mathematical model and algorithm
explained within the above sections. Before calculating the quantity of radiation, the
energy production figures of an SPP facility located in Denizli province/Acpayam
district were compared with the energy amount obtained by the proposed method, and
the technical specifications of the panels utilized in the prevailing SPP facility were
taken as a basis. Within the current SPP facility, Yingli Solar-branded 250-watt
polycrystalline PV panels are used. Within the manuals (data sheet) containing the
technical specifications of the PV panels, the measurement results under the quality
test (STC-standard test condition) and nominal operating cell (NOCT) conditions are
included.
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The amount of power that can be obtained from PV panels depends on radiation
and temperature. The graph below shows the I-V and power curves of the PV panels
embedded in MATLAB. Technical specifications also include changes in current and
voltage due to a natural process. After entering the NOCT values of the chosen PV
panel, the values to be obtained and the voltage were determined by using the hourly
data obtained from the meteorology station for Acipayam district. The quantity of
energy that may be obtained from the solar power system was calculated by
multiplying the determined current and voltage values with one another. Since a high
production forecast of roughly 91% can be obtained in comparison to the particular
electricity generation. It’s been accepted that the said approach is employed in other
regions similarly. Accordingly, the calculation was made by using the tactic described
above within the determination of the number of radiations in the related HEPP facility
area.

4. Conclusion

The summarized results of this study are given below.

In recent years, worldwide applications and research have been disbursed for
SHE plants, which is one of the hybrid renewable energy systems. One of the foremost
issues for these integrated facilities is the management of the amount of energy
generated from solar and hydroelectricity. To confirm reliable energy management,
hourly electricity generation must be obtained. Electricity generation from solar
energy may be a function that depends on the quantity of radiation and temperature.
To see the amount of solar energy on an hourly basis, the amount of radiation must be
determined. While it’s easy to access the daily radiation data on a coordinated basis,
this data isn’t disclosed to the public on an hourly basis.

There are two basic methods employed in the literature to get the quantity of
radiation on an hourly basis. One of them is the empirical method, and the other is the
econometric method. In this study, the quantity of radiation was determined by using
both methods. As a result of the studies, the quantity of radiation on an hourly basis
was obtained from the daily radiation data, while more realistic results were obtained
with the empirical method. The biggest difference during this comparison is the
requirement of longer-term and more detailed data for econometric statistical models
to get an affordable result. By using the empirical model, the quantity of radiation on
an hourly basis was obtained from the daily radiation. These data are often easily
employed in the energy management of renewable hybrid energy systems like solar
hydroelectric facilities. The suggested hourly-based global solar radiation, which is
obtained by an empirical model, can be used in the developed algorithm of a hybrid
renewable energy system. It is a simple and practical way to estimate the amount of
solar energy. The existing results are adequate; in addition to this, the study can be
improved by using advanced artificial intelligence methods.

Conlflict of interest: The author declares no conflict of interest.
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Abstract: The need for clean and renewable energy has grown dramatically over the past few
years. As potential candidates for producing green energy in this region, photovoltaic and bio-
solar energy technologies have arisen. This review presents a novel approach for designing and
developing photovoltaics and bio-solar cells using eco-friendly materials and artificial
intelligence (AI) techniques. An intriguing architecture is outlined for a bio-solar cell that fuses
photovoltaic electronics with photosynthetic organisms. A recyclable thin-film solar cell serves
as the basis of our photovoltaic system. To further maximize the effectiveness of the device,
we use Al algorithms. According to statistical calculations, the proposed bio-solar cell can
produce a sizable amount of electricity while being ecologically sound. This paper outlines
significant advances in developing solar cells and photovoltaics using green nanomaterials and
Al, which provide exciting potential for improving energy harvesting capacity. This review
also presents an overview of the effects of the potential commercialization of our strategy, its
social and environmental benefits, and its pitfalls.

Keywords: bio-solar cell; energy efficiency; green nanomaterials; machine learning;
photovoltaics; sustainability

1. Introduction

1.1. History

Humans are becoming more aware of the environmental challenges caused by
global warming. This rising awareness is prompting academics to look for new ways
to control thermal energy. Recent environmental laws, such as the European Union’s
objective of reducing greenhouse gas emissions by 40% by 2030 compared to 1990,
have posed ambitious challenges to researchers. To achieve this purpose, buildings
must regulate their thermal energy efficiently. To put things in perspective, households
in the EU created more than 600 million tonnes of CO,-equivalent greenhouse gases
in 2017, more than industry and agriculture combined, which produced roughly 400
million tonnes [1]. Since 1750, the world has seen significant advancements in human
civilization, but these have also contributed to the deterioration of the environment
and climate. When non-sustainable power sources show signs of rising temperatures
and sea levels, more frequent and severe natural disasters, and serious threats to
biodiversity, sustainable solar energy and photovoltaics will take over as the primary
power producers in the ecosystem. Traditional solar cells are difficult because they
rely on scarce and expensive elements like silicon, cadmium, and gallium, which are
not ecologically benign [2]. As a result, there is a demand for environmentally friendly
and cost-effective alternative materials and procedures.

Research is ongoing in developing solar cells that mimic biological processes,
such as photosynthesis. These biologically inspired solar cells may use organic
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materials or biomimicry to improve efficiency. This review paper suggests the creation
of a novel bio-solar cell and photovoltaics design that harnesses solar energy using
natural resources and artificial intelligence. Gerald Pearson, Calvin Fuller, and Daryl
Chapin developed the silicon photovoltaic (PV) cell in 1954 at Bell Laboratories in
New York. This one was the first solar cell to generate enough electricity from solar
radiation to operate typical home appliances [3]. The potential applications of biogenic
solar power augmented by Al are as diverse as they are promising. From urban
landscapes adorned with solar-integrated buildings that mimic the efficiency of leaves
to remote regions powered by self-sustaining biogenic solar grids, the future holds a
tapestry of possibilities [4].

Michael Gritzel and Brian O’Regan, scientists, invented the first dye-sensitive
solar cell in 1991 (DSSC). These hybrid solar cells use organic and inorganic materials
[5]. The efficiency of solar-to-electric conversion using organometallic dyes such as
ruthenium and porphyrins has been quite high for developing DSSCs [6]. According
to a Scopus database search, 92 papers on Al-enabled design for biogenic solar cells
were published in 2021, an increase from 14 in 2010. This suggests that demand for
this subject is increasing, and there may be room for more research and development
in the coming years. From 2010 to 2023, the cost of solar photovoltaic (PV) technology
fell by 15% each year, indicating a learning rate of roughly 20% per doubling of
installed capacity. During this time, installed capacity expanded by 25% annually,
contributing to cost savings. In parallel, onshore wind capacity increased by 12%
annually, doubling a 10% learning rate per capacity. If these rapid advancements
continue, solar PV and wind power are projected to become the dominant players in
the electrical landscape within the next 1-2 decades [7]. Their lower expenses and
rapid expansion greatly outperform other alternatives. Solar energy, like other
discoveries, began in niche sectors, providing electricity to applications with few
options in space and isolated locations. Since then, cumulative investments and sales,
spurred by previous policies, have reduced its cost by nearly three orders of magnitude.
The implementation of feed-in tariffs, primarily in Germany, inspired a volume of
investment and cost reductions, bringing the technology to mainstream markets
following Chinese engagement in supply chains [8].

1.2. Green resources for solar power

From traditional energy sources to the burgeoning era of renewables, this part
lays the groundwork for understanding why green resources are an option and a
requirement for a robust and sustainable future. Passive use of green resources not
only changes the energy landscape but also makes a substantial contribution to
environmental conservation. The harmonic integration of green resources with solar
power systems has inherent benefits such as reduced carbon emissions, ecological
preservation, and climate change mitigation [9]. These materials provide a novel way
to supplement solar electricity by turning mechanical vibrations into electrical energy
via a passive process. Integration into solar panels allows energy extraction from
ambient vibrations, such as wind, footsteps, and other minor movements. This
inconspicuous strategy quietly improves the overall efficiency of solar systems [10].
Solar paint uses photovoltaic particles to harness sunlight and turn it into power,

58



Energy Storage and Conversion 2024, 2(1), 457.

allowing surfaces to be passively transformed into energy-generating assets. This
technique, which can be applied as easily as traditional paint, shows the passive
integration of renewable energy solutions into our daily lives by transforming
buildings into passive contributors to the solar power grids, as stated below [11]:

Microbial fuel cells (MFCs): MFCs are a groundbreaking development in
biogenic solar power. Bacteria, byproducts of organic matter decomposition, produce
electricity when they metabolize. Utilizing this microbial metabolism introduces a
sustainable and passive technique of solar energy conversion.

Bioluminescent algae: bioluminescent algae, which produce natural light,
provide a novel application in solar power. Researchers are looking into genetically
engineering these organisms to increase their light production, perhaps providing a
biogenic source of passive solar energy [12].

Biogenic resources in solar panels: Incorporating biogenic resources into
standard solar panels represents a paradigm shift. Coating solar cells with microbial
coatings or embedding bioluminescent algae in panels improves their efficiency by
passively increasing light absorption.

Biohybrid solar cells: Biohybrid solar cells combine the benefits of biological
systems and synthetic materials. Adding microbial fuel cells or bioluminescent algae
into these cells creates a new passive way of generating solar power [13]. Despite the
promise, challenges such as scalability, long-term viability, and ethical considerations
surrounding genetic modification need careful consideration. Addressing these
challenges is crucial for successfully implementing biogenic solar power solutions.
This review uses IEA data for historical power generation, capital and operational
costs, and BNEF data for capacity factors, construction, and lifespans through 2020.

Additionally, IRENA provides data on historical renewable energy capacity from
2019 to 202. Regarding technical developments, their adoption rates are controlled by
how long they spread, which is decided by their life cycle turnover. Cars have a half-
life of 10 to 15 years; fossil fuel plants last 25 to 40 years; and long-lived infrastructure
like nuclear plants and hydro dams lasts 50 to 100 years. These longer lifespans avoid
abrupt shifts in technical orientation. The persistence of the development direction, or
degree of inertia, shows that forecasts of energy system technology, taking observed
diffusion and cost trajectories into account, can be reliable for at least 15-20 years,
albeit with a widening margin of error over time. Figure 1 displays the global
distribution of energy output across 11 important technologies. The current energy
mix is diversified, but ESME-FTT forecasts indicate that solar PV will dominate by
the middle of the century, even without extra renewables regulations.
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Figure 1. Presentation of worldwide share in electricity generation of various
renewable energies, with solar energy responsible for 56% of production [14].

2. Biogenic solar power

The bio-solar cell was composed of a transparent conductive substrate coated
with a layer of CNCs. Green chemistry was used to immobilize chlorophyll, a
photosensitizer, onto the CNC surface, and CNCs functioned as a scaffold for it. In
addition to working as a photosensitizer, chlorophyll was responsible for absorbing
light and creating electricity [15].

The systems in most of the literature review showed up to 5.6% power conversion
efficiencies, more significant than most published numbers for bio-solar cells. It was
found that the organic polymer substrate dissolved fully in the soil in about two months
and that the devices had good stability and durability. The biophotovoltaic cell has
been evaluated using a variety of techniques, including UV-vis spectroscopy,
electrochemical impedance spectroscopy (EIS), scanning electron microscopy (SEM),
and current-voltage (I-V) measurements. The electrical efficiency of a regular solar
cell was compared to that of a bio-solar cell. According to EIS testing, the biosolar
cell has a lower charge transfer resistance than a standard solar cell, indicating greater
charge collection efficiency. The biosolar cell performed better based on -V
measurements, as evidenced by increased short-circuit current density and fill factor
[16]. Al algorithms can predict the energy yield of photovoltaic materials, and bio-
solar cell design parameters are adaptable, as illustrated in Figure 2(a,b). The optimal
design had a microbe density of 1 x 10° cells/cm? and a 100 nm semiconductor film
thickness. The bio-solar cell’s open-circuit voltage was 0.4 V, the fill factor (FF) was
0.47, and the short-circuit current density (Jsc) was around 6.5 mA/cm?.
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Figure 2. (a) Triple-layer chlorophyll-based bio-solar modules [17]; (b) Schematic diagram of BIPV [17].

The fundamental principles involve using biological things like plants, bacteria,
and algaec to collect and transform sunlight into useful energy passively.
Understanding photosynthesis, microbial metabolism, and bioluminescence is
essential for creating efficient biogenic solar power systems. Artificial intelligence is
emerging as a critical factor in optimizing and managing biogenic solar power
systems. This study investigates the mutually beneficial link between living creatures
and Al, emphasizing the possibilities for intelligent control, predictive analytics, and
adaptive energy management. Machine learning algorithms analyze and anticipate
energy production trends, allowing for real-time changes to maximize efficiency.
Autonomous systems are designed for maintenance, cleaning, and monitoring,
assuring biogenic solar farms’ ongoing and optimal operation [18].

Case study

The purpose of this case study is to develop a tool, known as the AIQ-Model, for
better communication regarding “energy-producing solar shading” in the context of a
specific form of Building Integrated Photovoltaics (BIPV) called BIPV shading
devices. The impetus for this tool stems from the observation by several writers of the
necessity for a comprehensive communication language or tool for BIPV design. The
purpose is to remedy the field’s lack of a common methodology. In response to this
need, an evaluation technique for architectural integration qualities was created,
represented visually by a triangle with corners representing geometry, materiality, and
detailing. The goal is to examine how effectively a solar shading system corresponds
with the overall architecture of a structure [19]. According to the literature review, the
AlQ-Tool was useful during a test focus group, allowing members to share their
opinions on architectural integration and sparking good discussions.

Interestingly, while architects were the principal users, discussions were
enhanced by the participation of professionals from other disciplines. However, the
developers admit the tool’s limitations, namely its emphasis on “external integration
and aesthetics.” They contend that this narrow focus ignores the interdisciplinary
components of solar building design, necessitating multifunctional energy planning
from multiple perspectives [20].
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3. Al improvement

To optimize the performance of photovoltaic components, we used artificial
intelligence algorithms to mimic and anticipate their features. We employed a machine
learning model to forecast the optimal thickness of the titanium dioxide layer and
natural pigment phase, which were important variables influencing device efficiency.
The model based on a literature review was built using data on the effectiveness of
simulated solar cells at various layer thicknesses, and it predicted the right thickness
with great accuracy. We built the photovoltaic gadget after optimizing it with chemical
synthesis, inkjet printing, and spin coating methods [21]. The cell was made using
previously identified sustainable components, and its efficiency, output voltage, and
current capacity were assessed using various electrical and optical characterization
techniques. We also tested the cell’s resilience and endurance under different climatic
conditions. Al algorithms optimize energy storage by forecasting demand patterns,
weather conditions, and consumption trends, resulting in more efficient use of stored
energy and less waste. Integrating Al into energy systems enables autonomous
decision-making using real-time data. This involves automatically altering solar panel
orientations, coordinating energy delivery, and responding to demand variations [22].
Zade presented the idea of fuzzy logic for the first time. Applying fuzzy logic
fundamentals results in more straightforward progress and precise outcomes.
Employing fuzzy logic and ANN techniques simultaneously delivers the ANN’s
online learning capabilities and the flexibility of fuzzy logic. ANFIS is built on the use
of fuzzy logic and ANN simultaneously. Fuzzy inference systems have two primary
arrangements: (a) Mamdani and (b) Takagi-Sugen [23]. Optimization algorithms are
the foundation of intelligent decision-making in biogenic solar power. This review
explains how these algorithms simplify procedures, increase efficiency, and contribute
to the overall optimization of solar energy systems.

Optimization algorithms alter solar panel orientations in real time to provide
optimal sunshine exposure. This adaptability improves energy absorption and
conversion efficiency, particularly in biogenic solar systems, where the presence of
living organisms introduces variables. Efficiency in energy storage and distribution is
critical in biogenic solar systems. Optimization algorithms control these processes by
analyzing demand patterns, weather forecasts, and grid conditions, ensuring biogenic
energy is seamlessly integrated into existing infrastructure [24,25]. Machine learning
algorithms, spanning from supervised to unsupervised learning, find use in many
aspects of biogenic solar power. Supervised learning methods, such as regression and
classification, are essential for estimating solar energy output. These algorithms
understand patterns and relationships from prior data, allowing them to anticipate
energy production accurately based on environmental parameters. Clustering and
anomaly detection are unsupervised learning methods that help monitor system health.
These algorithms enable proactive maintenance and troubleshooting of biogenic solar
systems by detecting abnormalities in their operation [26]. Efficiency in energy
storage and distribution is critical in biogenic solar systems. Optimization algorithms
control these processes by analyzing demand patterns, weather forecasts, and grid
conditions, ensuring biogenic energy is seamlessly integrated into existing
infrastructure [27]. The interaction of machine learning, predictive analytics, and
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optimization algorithms results in a unified and intelligent framework for biogenic
solar power. This literature review aims to provide an overview of solar PV
technology, RE hybrids, installation status, configuration trends, policies, and
problems. This foundation for future study involves a comprehensive compilation of
components that bring the target to reality. Figure 3a depicts the increase in
photovoltaic power efficiency due to the convergence of solar energy with artificial
intelligence. Figure 3b shows a year-wise statistical analysis of publications focusing
on green methanol, green ammonia, and green hydrogen production from biogenic
bacteria.

Solar Energy Artificial Intelligence Increase in Efficiency

Number of Publications

Years

I Green Ammonia [ Green Methanol Green Hydrogen

®)

Figure 3. (a) scheme showing the integration of solar energy and Al to increase
power generation efficiency; (b) statistical presentation of publications based on
green methanol, green ammonia, and green hydrogen from biogenic bacteria year-
wise.

4. Challenges and future scope

Researchers at Newcastle University have developed environmentally friendly,
high-efficiency photovoltaic cells with a power conversion efficiency of 38%. These
cells are intended to power Internet of Things (IoT) devices using ambient light. The
dye-sensitized cells, which use a copper (II/I) electrolyte, are non-toxic and
environmentally friendly, potentially revolutionizing the way IoT devices are powered
and encouraging sustainable development in industries such as healthcare and
manufacturing. The team also developed an energy management technique using long
short-term memory (LSTM) artificial neural networks to forecast deployment
conditions and alter IoT sensor computational loads, optimizing energy consumption
and minimizing power losses [28-30]. Machine learning algorithms can improve
water resource management, increasing the efficiency and sustainability of
hydroelectric systems within the larger biogenic solar power framework [31].

As Al and biogenic solar power integration improve, obstacles such as
algorithmic complexity, data privacy, and system interoperability must be overcome.
This section highlights potential obstacles and suggests solutions to overcome them.
The ethical considerations of using artificial intelligence with biological organisms to
produce energy are substantial. This chapter investigates concerns about genetic
changes, data privacy, and the proper use of Al in the search for renewable energy
[32]. Even with current technological advancements, the average cost of solar energy
generation is exceptionally high compared to conventional technologies and
renewable alternatives. Although there are numerous solutions for storing energy
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generated by solar energy or any other energy source, none are considered the best.
Many green nanostructures are biodegradable and can deteriorate over time, limiting
photovoltaic cell performance and longevity [33]. Al-based designs might potentially
be restricted by data availability and quality. Incorrect or inadequate data might result
in inaccurate forecasts and inferior layouts. Other governance and land availability
challenges must be addressed while constructing on-grid PV. Available groundwater
and solar energy access in sensitive watersheds may jeopardize water security through
excessive abstraction. Solar power generation is inherently unreliable due to its
reliance on weather deviations; to estimate how well solar power generation can
generate energy at a specific location at a particular moment, weather predictions must
be prepared in advance [34]. One of the limitations of the research is that solar cells
have a lower power conversion efficiency (PCE) than conventional PV cells. Since
solar energy only lasts for one day, the amount of storage needed for the long term is
measured in hours. Since thermal energy storage technology has become an essential
part of CSP systems, it has been the focus of this research. The total installation costs
for CSP plants with TES are typically greater than those without, but storage makes
capacity factors more noticeable. Phase change materials (PCM) are employed as
storage media in concentrated solar power plants, along with sensible gas-state,
sensible solid-state, sensible liquid-state, and thermochemical materials (CSP) [35].

5. Conclusive remarks

This review presents an innovative strategy for designing and developing bio-
solar systems and photovoltaics using natural products and Al algorithms. We
combined plants that produced electricity with photovoltaic electronics to create a
hybrid bio-solar cell and proposed a thin-film solar cell made of sustainable
ingredients as a component of the bio-solar cell, using Al approaches to optimize
device performance. The introduction of Al models aided in reducing development
time and costs, reducing carbon footprints, and making large-scale production feasible.
In light of advancements in human welfare and education, it is anticipated that the
proliferation of solar PV systems installed in rural areas will stimulate the economic
development of these communities. Even though a PV system’s initial cost is now
considerable, continued material and energy efficiency advancements could
considerably lower it. A complete transition from fossil fuels to sustainable solar
energy would necessitate closer collaboration between governmental bodies, non-
governmental organizations, the scientific community, and enterprises for the next few
decades. The bio-solar cell addressed here is an environmentally friendly substitute
for conventional solar cells since it was designed and constructed with green
nanotechnology. Al algorithms have been utilized to improve the instrument’s
performance, resulting in increased productivity and a longer lifespan in the future.
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Abstract: Similarities and analogies between materials, structures, operating and construction
principles of secondary batteries and supercapacitors and their electrodes are presented, named,
and reviewed in context. On the material level, several materials used both in batteries and
supercapacitors are addressed, and implications from observations made in one application for
the other are highlighted. On the electrode level, a continuous change of architectural details is
observed when going from an electrode with high charge storage capability to an electrode
supporting high currents is detected; again, this overlap provides instructive ideas for both
fields. On the cell level, combinations of electrodes from both fields yielding hybrid devices
are an obvious outcome again, with implications for both fields. Ideas and suggestions for
further research and development based on a deeper exchange between both families are
developed.

Keywords: battery electrodes; supercapacitor electrodes; capacitive behavior;

pseudocapacitive behavior; electrochemical energy storage; -electrochemical energy
conversion

1. Introduction

Electrical energy can be stored by various means and procedures [1]. A
fundamental difference between the various principles and systems of electrical
energy storage (EES) is related to the question of whether storage proceeds directly
without any conversion process or whether such a mechanical, physical, or chemical
conversion process of, e.g., electrical energy into chemical energy is required. The
essentials are schematically depicted in Figure 1.

Storage device
(e.g. capacitor)

Electric energy — =

Electric energy mode 1

CONVEISION  ctorage device conversion

Electric energy ——» ——  Electric energy mode 2

(e.g. battery)
Figure 1. Basic modes of EES.

A typical, prominent, and highly successful example of the first mode is the
capacitor; an equally popular and successful example of the second mode is the
rechargeable battery. Discoveries of fundamental principles like static electricity for
the former device as well as inventions like the lead-acid battery for the latter one are
items in the history of science and technology frequently retold in textbooks and
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reviews [1,2]. The very different origins of these two principles kept both technologies
apart from each other, with only minor exceptions of overlaps or interactions like the
electrochemical treatment of aluminum foils for electrolytic capacitors. Although the
latter device has even more connections to electrochemistry than a plain surface
treatment, such capacitors have never been considered electrochemical energy storage
devices for a simple reason: Storage in capacitors without any conversion reaction is
based simply on the separation of electric charges on two metal plates (electrodes),
whereas storage in a battery is based on a faradaic (redox) reaction with associated
more or less extended chemical transformations of the electrode materials (for a
scheme and an example, see Figure 2).

Capacitor Secondary battery
+ cation _
) i A, B, C, D active
- anion -+ g
electrode materials
= = A
. Al B
+ s
e e PbSO, + PbSO, + 2 H,0
discharge | |charge discharge | | charge discharge charge
g = Pb +PbO, + 2 H,S0,
LY i
2 T 5
iy 3
L g
+ =

Figure 2. Schematic principles of operation of a capacitor and a secondary battery
(with a typical example).

The electrochemical double layer (EDL) established at the interface between an
electronic conductor (e.g., a metal electrode) and an ionically conducting phase (an
electrolyte solution) is not a recent observation but has been studied, modeled, and
measured for decades [3]. Finally, the reports and patents by Becker [4] and Rightmire
[5] have moved this omnipresent capacitive property of an electrochemical phase
boundary into the view of electrical engineers. This development resulted in the now
very popular supercapacitor' of the electrochemical double layer capacitor-type
(EDLC) [6]. Although the storage principle is again the separation of electric charges,
like with the conventional capacitor, the participation of ions in the electrolyte
solutions balancing the electric charges in the electrode (the electronically or the hole-
conducting conducting phase) has made supercapacitors a highly attractive research
topic for electrochemists, although no faradaic or redox reactions proceed at the
electrode during storage and release of electrical energy.

Supercapacitors have been established as means of EES in a vast range of sizes,
from tiny ones in environmental and medical applications across numerous mobile
applications, e.g., telecommunication, to large ones in electric vehicles and supply
systems in mass transit. Introductory overviews are available [7—13], in numerous
monographs, presumably all aspects, from basic functional principles on to materials
and applications, are treated [14-22]. A review of self-discharge as a major drawback
of EDLC devices is available [23]. The essential role of secondary batteries is stressed

68



Energy Storage and Conversion 2024, 2(1), 491.

almost everywhere in the introduction of every publication on topics related to them;
their still-growing importance in mobility and in the use of renewable energies is well-
established [1,2,24].

Because the storage capability of an EDLC is fundamentally limited by the size
of the interfacial area (between the electronically conducting phase, the electrode, and
the ionically conducting phase [25]), the amount of charge possibly stored in such a
device is limited, and accordingly, the energy, too.

The observation that some surface-confined redox reactions on electrode surfaces
show a current response to a changing electrode potential very similar to that of a
capacitor (they behave almost like the electrochemical double layer) [26] has
stimulated still-booming research into redox-active materials for supercapacitor
electrodes. Some of these materials are also encountered in primary and secondary
batteries; the design principles as well as electrode chemistries of some battery and
supercapacitor electrodes are very similar or just the same. This fact has initiated a
discussion about the possibly ongoing merger of secondary batteries and
supercapacitors. Or, in other words, secondary batteries and supercapacitors are
basically based on the same principles, differing only in details. The overlap and/or
merger may proceed if this observation is correct beyond the author’s personal opinion
on various levels beyond those already mentioned: Combination of battery electrodes
and supercapacitor electrodes in advanced lead acid systems, as suggested by Shukla
et al. [27], on the device or cell level, as well as use of electrodes containing both a
redox-active electrode material and a capacitive one [1] on the electrode level. These
concepts have been sometimes named hybrid ones for both levels [28,29]. On the cell
level, the term asymmetric frequently shows up [30]. The term “hybridisation” or
“hybrid” appeared in the present context some time ago [31]. Some of the resulting
electrodes and full devices mostly discussed in terms of hybridisation may actually be
called the results of said merger, but the term has not been applied before. Given the
absence of a clear definition of this term, it does not surprise that this report deals
mostly with combinations of battery and supercapacitor electrodes (called asymmetric
devices elsewhere); for an example, see below. Some further thoughts related to
distinguishing between supercapacitors and batteries have been provided elsewhere
[32].

Beyond the conceivable merger of two fields and their constituents, some
confusion regarding terminology and understanding seems to be looming, too.
Generous creation of acronyms adds to this. The temptation to create further terms in
a sometimes rather vain attempt to create something quotable has resulted, among
others, in positrode and negatrode (apparently instead of positive and negative
electrodes, simply) or supercapattery naming a device combining aspects of secondary
batteries and supercapacitor behaving more like a supercapacitor (i.c., have somewhat
higher power output) and supercabattery (the same, but somewhat higher energy
output) [33-35].

Whereas in “electrochemical double layer capacitors” the principle of the
electrochemical double layer, in particular its capacitive behavior, is utilized
(see Figure 2) in supercapacitors of the redox type and their materials discussed
in this report, redox processes, in particular those proceeding close
to the electrode/electrolyte (solution) interface (so-called superficial, see Figure
3), are used
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in addition for charge and subsequently energy storage [36,37]. In contrast to battery
electrodes, wherein redox transformations proceed all over the volume (at least in the
desired ideal case of complete mass utilization), only the topmost layer(s) of the
material is used for energy storage in a supercapacitor application. Nevertheless, an
increase in storage capability by 2 to 3 orders of magnitude has already been estimated
in the first reports suggesting this approach [37]. Typical advantages of the EDLC, in
particular the extremely fast charge and energy storage and release because of the
purely capacitive processes only limited in terms of current by the internal resistance
(electrical series resistance (ESR)) and not impeded by any chemical or
electrochemical reaction, are only slightly diminished when utilizing surface-confined
processes in redox supercapacitors. As an alternative name, the term Faradaic
supercapacitor [6] has been used?.

Capacitor Supercapacitor EDLC-type
- o
- +
+ -
= +
+ =
- +
discharge | |charge discharge ||charge
_ + il K ol i
_ + -+ - *
= S = | & _ | = +
_ + — + -+
bt + + = |
- + = | - |+

Supercapacitor redox-type

== D
e.q.
(-) Ni(OH), + OH == NiOQH + H,0 + &

and
(+) RuO, ;+ 3 H*+ 5 &~ == Ru(OH),
dlscharge charge

Figure 3. Charge distribution during operation in a conventional capacitor and in
EDLC and redox-supercapacitors.

Reports on similarities and connections between the two families of energy
storage systems seem to coincide with communications on differences and boundaries.
Unfortunately, imprecise use of terminology sometimes ending in simple
contradictions within a report has turned out to be more confusing than helpful [38].
A recent update has attempted to provide some clarification [39].

Following, we will inspect approaches, mergers, and overlaps between the two
fields on various levels, starting at an atomistic or microscopic one and ending at the
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device level. For the sake of clarity in this report, in a roughly simplified way, the term
supercapacitor (SC) indicates an EES device providing high current (rate) capability,
whereas the term secondary battery names a device with high energy storage
capability. Further overlaps between aspects of both systems, like manufacturing
processes, were addressed elsewhere [40].

Starting from the implicit hypothesis that redox supercapacitors and secondary
batteries are actually only modified versions of the same device, this report aims at
highlighting common and separating aspects of both fields, and it shall help in
particular to enable “crosspollination” between the fields by suggesting possible
transfers of ideas, methods, and concepts from one field into the other.

2. Chemistries, reactions, and processes—merger at the atom and
molecule level

Storage of electrical energy can proceed in the simplest case of the electrostatic
capacitor by separating charges. The work (energy) spent to achieve this is released
again upon discharge when the temporarily separated charges are redistributed again
(see Figure 2). This applies to the traditional capacitor in all its commercial types; it
also applies to the electrochemical double-layer capacitor. The only distinction
between both is the fact that in the conventional capacitor, only one charge separation
across the device proceeds, whereas in the EDLC, charge separation proceeds at both
electrodes (see Figure 3).

In a battery, energy is stored by using electric energy to drive a chemical
transformation. The obtained materials are “richer in energy” (the absolute value of
the Gibbs energy or free reaction enthalpy is larger) than the starting materials. As an
example, the charging reaction at the negative electrode of a lead-acid battery shall be

considered:
PbSO4+2 e +2H"— Pb+ H,SO4 (1)
Upon discharge the process is reversed:
Pb + H,SOs — PbSO4+2 ¢ +2 H' 2)
As an alternative the following reaction is conceivable
Pb + H,SO4 — PbSO4 + Hy (3)

Assigning an energy or enthalpy to both reactions (Equations (1) and (2)) is
thermodynamically correct. The Gibbs energy (free reaction enthalpy) of the first
process can be calculated, yielding AGr = 68.7 kJ-Mol ! for the charging reaction. For
the discharge reaction, AGr = — 68.7 kJ-Mol ! is obtained. In reality, the first process
will not occur without applying external force. Equation (3) describes an unwelcome
corrosion reaction with the two electrons used to reduce protons, but this is not the
purpose of an electrode in a rechargeable battery. Quite obviously, one electrode (half-
cell) does not make up a full cell; a second electrode is needed. This very simple
consideration makes all considerations and calculations frequently found in scientific
reports about the energy assigned to a single electrode and its reaction irrelevant.
Nevertheless, the authors feel some certainty based (if they have considered this at all)
on the relationship between the free enthalpy and the cell voltage Us:

AGr=—nF-U 4
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Although sometimes cell voltage Uy (also called electromotive force emf) and
electrode potential £ are confused (some authors simply use one symbol for both), this
equation certainly does not apply to an electrode. To escape this conundrum, an
apparent solution is found by taking two electrode potentials from a charge/discharge
experiment or a cyclic voltammogram (CV), calculating the electrode potential
difference, and assuming this to be a cell voltage. But again, one electrode does not
make up a cell. For lists of electrode potentials calculated from free enthalpies, it is
always assumed that the second half-cell is the standard hydrogen electrode (for
example, in the study by Wu and Holze [1], listings with references are available in
the study by Holze [41]). At this point, it appears to be reasonable and highly
recommended to assign only charge storage capabilities to a single electrode
(material), possibly combined with the electrode potential, wherein this happens but
no energy.

Chemistries and fundamental operating principles of both families met when first
reports about the capacitive-like current response in CVs of some metal electrodes
appeared and the specific current response towards a changing electrode potential was
observed in CVs [37,42-45]. As an example to illustrate the phenomenon and concept
(although without practical application value), CVs of a polycrystalline platinum sheet
electrode in contact with an aqueous electrolyte solution of 0.05 M H>SO, recorded at
different scan rates are shown in Figure 4.

T T T T T T T T T T T T T r
0.005 e

dE/dt=1V's,

dE/dt=0.2 V-8

0.000 +

I7A

dE/dt = 0.05 Vs’
-0.005 H

-0.010

PSR SN SRS SN A S S
0.0 02 04 0.6 08 10 12 14 16
Erue/V

Figure 4. Selected CVs of a polycrystalline platinum electrode in contact with an
aqueous electrolyte solution of 0.05 M H,SOg, nitrogen purged, scan rates as
indicated.

Evaluation of the current response in the double layer region where no Faradaic
process is observed (i.e., 0.4 < Erue < 0.6 V) and of the current in the electrode
potential region where formation of a hydroxide/oxide coverage proceeds (i.e., 0.9 <
Erue < 1.5 V) yields the following Figure 5.

72



Energy Storage and Conversion 2024, 2(1), 491.

— 77— . — 2.5x10°
4.0x10°
2.0x10%
3.0x10°
1.5¢10°
< =
= 20x10° >
atE, =05V H10x10*
atE, =12V
| |
3
1.0x10° 1 s50x10°
00_4 T T | T | T | T | T | T | T | T | T 00
00 01 02 03 04 05 06 07 08 09 10

dE/dHVHE
Figure 5. Current response vs. scan rate of a polycrystalline platinum electrode in
contact with an aqueous electrolyte solution of 0.05 M H,SOs, at different electrode
potentials.

Data at both electrode potentials is taken from the same cycle. Values recorded
at Erpe = 0.5 V are imprecise in this approach; much more precise data found in a
narrow range of electrode potentials with potential scans limited to the double layer
region only have been reported before [7,12,46].

From the slope of both lines (dI/dv), a differential capacitance Cgir can be
obtained. In the case of values noted at Erug = 0.5 V, this will indeed be the double
layer capacitance Cpr, which in turn can be used as a measure of the electrochemically
active surface area (EASA) [46,47]. The currents found at Erpye = 1.2 V are bigger by
more than an order of magnitude and cannot be explained this way. They are due to
the formation of hydroxide/oxide coverage, although the current response looks like
that of a capacitor. The term pseudocapacitive presumably coined by Gileadi and
Conway [42], simply and generally describes a response of the electrode like that of a
capacitor, as shown in the preceding figures, as already suggested by the term (Greek:
yevdew (Pseudes): pretending, fake; in the present content, the meaning is as used in
biology and botany for designing a species with the name pseudoxxx because it looks
like xxx is obviously intended). The relationship between scan rate and current
response can be stated as

1= CaisdE/dt %)
or using v = dE/d¢t
] = Cdjff v (6)

This can be taken quite obviously as a specific case of a general power law

relationship

I=a"’ 7
with b = 1 being typical of a capacitive process and behavior. In the case of the current
response in the double layer region with b = 1 and a = Cair, at Erug = 1.2 V, the
response is due to a redox process, whereas the response is still behaving like a
capacitive one, thus the suggested designation. At this point, it can be concluded that
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the term pseudocapacitive is purely descriptive (and certainly makes sense only as an
adjective). The extensive discussion published in numerous reports on extended
terminologies of pseudocapacitance (s) appears to be rather unproductive because it
only creates further terminology but fails to provide an understanding of the reasons
for the current response with some materials and processes, but not all redox processes
at electrodes. Attempts to get an understanding of the causes have been discussed
before [26]. Meaning as well as proper application of the term “pseudocapacitive”
have been subjects of heated debates [26,38,48—51]. A previous use of the term
“pseudocapacity” by Grahame [52] means redox processes at the mercury
electrode/aqueous electrolyte solution interface with reduction and subsequent
oxidation of cadmium/cadmium ions; thus, this meaning handles solution species
differently from the suggestion by Gileadi and Conway involving redox reactions of
surface-attached species.

Various processes may constitute the Faradaic reaction causing this response
beyond this example:

A simple redox process involving species on the electrode surface involving the
electrode material itself:

Pt+H,O - PtOH+H"'+ ¢ (®)
Or a redox process of an electrochemically active coating [26].
Ru0,_5(0OH)s 2 Ru0, + e~ + S H*with0 <5 < 2 9
Or a redox reaction of an electrode material:
MnO; + H,O + ¢ & MnOOH + OH~ (10)

In all cases, material and system, i.e., electrode, properties discussed elsewhere
are responsible for the capacity-like (pseudocapacitive) current response and the
absence of current peaks frequently observed in CVs obtained with redox active
materials, as discussed in detail before [26]; for further considerations, see, e.g., Chen
[55]. The last example (Equation (10)) already shows an overlap with battery electrode
materials: Manganese dioxide is a frequently encountered material in many, mostly
primary, systems [56,57]. Some materials like RuO,'0.5H,O show this
pseudocapacitive behavior always, i.e., independent of particular preparation,
morphology, particle size, etc.; they have been called intrinsically pseudocapacitive
[58], whereas materials showing this property only after some “engineering” (e.g.,
nanostructuring, composite formation) have been called extrinsically
pseudocapacitive.

All examples share common features also encountered in battery electrode
chemistries and processes:

The participating species must be insoluble in the electrolyte solution.

The processes should be fast, in the frequently assumed meaning of reversible
electrode kinetics as being fast.

The involved species should be readily available; even better, they should be
abundant.

Preferably, they should be cheap, non-toxic, and environmentally compatible.

These general requests are already pointing into the next section, where they will
be extended and specified, but some details more related to processes require attention
here: Following the first patent [59], the use of redox-active, soluble species added to
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the electrolyte solution was recommended in particular for supercapacitors of the
EDLC-type, apparently in contradiction to request 1. As pointed out before, this setup
is basically a redox flow battery without the flow [60], and without a separating
membrane or an equivalent device, keeping the electrolyte solutions operating at the
positive and negative electrodes from mixing may be very remarkable [23]. With a
membrane instead of the highly porous separator, the internal resistance will grow,
making such a device rather unattractive, at least for high-power applications. In terms
of operating principle, it brings the redox flow battery and thus the idea of a battery
with soluble electrode materials (e.g., the lead acid battery with soluble active
materials [1,61]) into the picture. Thus, this concept is one more example of the
ongoing merger. The initial concerns regarding fast self-discharge, in particular of an
undivided device, can be put into perspective when considering the application: A
supercapacitor used only for very short-term energy storage may not have its practical
value significantly diminished by self-discharge.

Beyond the two principles of (1) charge separation in a capacitor of whatever
kind and (2) a redox reaction, hardly any other process appears to be suitable to be
involved in charge and thus energy storage. Nevertheless, new terms like
“intercalation pseudocapacitance” were created (for an example, see the report by Lou
et al. [62]). Whether they really help is doubtful and should not be discussed here;
their inventors seem to overlook that “pseudocapacitive” simply describes a particular
current response to a changing potential or voltage without asking for specifics of the
underlying electrochemical and possibly associated further chemical processes.
Because intercalation is indeed a term encountered when examining battery electrode
materials, the common options of processes associated with an electrochemical charge
transfer in battery electrodes should be inspected:

e Intercalation;
e Alloying;
e  Conversion.

Intercalation (the term insertion is sometimes also used with intercalation, mostly
applied to layered materials) itself is not an electrochemical process but a chemical
reaction. Coupled with the ingress or egress of ions like, e.g., Li" in the negative
(graphite) and positive (metal oxide) electrodes of a lithium ion battery, it is a
frequently encountered material storage option currently operating in many electrodes
of lithium ion batteries and capacitors. Because structural changes in the host material
are mostly small, the process may be fast and thus compatible with the fast electrode
reaction required for a supercapacitor. Among the many processes and associated
materials (in particular metal oxides) suggested for supercapacitor electrodes, verified
examples of intercalation were not reported. Actually, the electrode reactions are not
even known exactly in most cases [63]. Graphite electrodes used for hosting lithium
ions as employed in lithium-ion batteries are used as negative electrodes in lithium-
ion capacitors; because they show no pseudocapacitive behavior, they are not
considered here.

Alloying is a storage option for, e.g., silicon or tin electrodes in lithium-ion
batteries. Because of the extensive structural changes, this storage process appears to
be hardly suitable for supercapacitors. The reported current responses in CVs certainly
do not suggest pseudocapacitive behavior.
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Conversion processes as encountered with, e.g., the lead electrode in a lead-acid
battery show high material utilization, and the processes inspected above for
supercapacitor electrodes can be taken as typical examples despite the fact that the
proceeding reactions will cause major structural changes when happening in the bulk
of the electrode material. Such changes in a film of hydrous Ru(OH), or a thin coating
of electrodeposited MnQO, are obviously no significant problem given the reported
stability of related supercapacitor electrode materials.

There is a family of batteries commonly called dual-ion batteries® with some
subspecies [64—70] wherein the redox transformation associated with charge storage
as well as other conceivable modes of charge storage are not as obvious as indicated
in Equations (1) and (2). In its most basic form, it is an ion intercalation/deintercalation
battery with the cations M"* and anions A~ of the electrolyte (MA) going in and out of
the respective host materials (e.g., graphite).

() G+ x A~ D G(xA) + x e~ with G = graphite or another intercalation material (11)
() G+ xM" +x e~ & G(xM) with G = graphite or another intercalation material (12)

Instead of intercalation/deintercalation adsorption/desorption with the associated
advantage of a high rate is conceivable [70], but a possible pseudocapacitive behavior
moving such cells into the focus of this report has not been noticed.

The merger of battery and supercapacitor chemistries has been reviewed
elsewhere [28].

3. Materials

Processes and operating principles outlined in the preceding section need
materials enabling them; in addition, these actual materials are subject to further
consideration. Electrode materials for both battery and supercapacitor electrodes (in
the latter case of the redox-type) should meet certain well-established requirements,
some of them more related to processes and chemistries than were already addressed
in the preceding section:

For practical applications, various properties of the active masses are relevant and
desirable:

e  Cheap and abundant raw materials;

e  Environmental compatibility;

e  Fast and chemically as well as electrochemically reversible electrode kinetics;

e Mechanically stable structural integrity during charge/discharge;

e  Chemically as well as electrochemically stable under all operating conditions

(temperature, current);

e  Sufficient electronic conductivity

e  Morphology: providing a large interfacial area with electrolyte solution;

e  Optimized porosity enables fast ion movement;

e  Compatible with electrolyte solutions and other electrode and cell components.

3.1. Chalcogenides

This “wish list” has been common in battery research for decades; it applies as
well to redox supercapacitors. Currently, predominantly compounds from the metal
chalcogenide class of materials with a single metal (e.g., MnQ,), two or even three
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metals (binary chalcogenides, like MelMe2,0, and related oxides like
MeMelMe2,0, with Mel and Me2 most frequently being transition metals, e.g.,
CoFe,04) are encountered. With materials containing more than one kind of metal, the
question of the proceeding redox reactions might be asked. Given the vast number of
possible combinations of two or even three different metals, many possible redox
processes, their relative likelihood, their reversibility, and their contribution to overall
charge storage cannot be discussed here; this will be reported elsewhere [63]. As an
example, NiCo0,0;4 studied by Wang et al. [71] shall be considered. The authors
proposed the following redox reaction:

NiCo,04 + OH + HO 22 NiOOH + 2 CoOOH + 2 ¢~ (13)

which hardly can be correct; a simple calculation shows that only one electron is
released. It appears also rather unlikely that nickel cobaltite with a specific crystal
structure disintegrates into two metaloxy hydroxide compounds and reassembles into
the cobaltite again on the way back. In the synthesis of the material, high-temperature
calcination is required for this to occur. As a follow-up reaction, Equation (14) was
proposed.

CoOOH + OH™ & Co0, + H,O + e~ (14)

No reason was provided why the reaction in Equation (15) should not proceed.
NiOOH + OH™ 2 NiO; + H,O + ¢~ (15)

Taking this reaction into account, four electrons may be transferred when all
metal ions change from their initial state of oxidation into their highest conceivable
state of oxidation. It is rather astonishing to notice that there is no report addressing
this question in detail, preferably using in situ methods sensitive to the state of
oxidation. Even ex situ studies with, e.g., XPS possibly providing evidence of the state
of oxidation of the participating metal ions at various electrode potentials where the
materials were emersed from the electrolyte solution are not available.

The use of redox-active materials for charge storage instead of activated carbon
or other carbonaceous materials for double-layer storage to increase storage capability
comes at a price: Decreased current capability and lower stability of the materials. The
former is mostly due to lower electronic conductivity and thus increased internal
ohmic resistance of the material, as well as the limited rate of the redox reaction. This
aspect depends on the actual material; the actual effect can be ameliorated to some
degree by, e.g., nanostructuring. The reduced stability is mostly due to volume changes
of the active material because redox reactions are frequently associated with further
chemical and structural changes (see above, Equation (1), etc., and the report by Dubal
et al. [72]). Again, suitable structuring of the active material and/or combination with
auxiliary materials may help both battery and supercapacitor electrodes. A particularly
popular combination includes a redox active material and some form of carbon
prepared as a composite with, e.g., MnO; deposited on a carbon support of suitable
porosity (for an overview, see Borenstein et al. [73]). Such a combination, going
beyond the conventional mixing or blending of powders of active mass with, e.g.,
acetylene black, may even be called a hybrid. Although it appears that the term
“hybrid” enjoys a rather widespread and poorly defined usage, it seems safe to state
that such deposition of a chalcogenide on a mesoporous carbon support may result in
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a product with properties and performance going beyond a simple addition. Whether
it is justified to discuss such interactions presumably causing these effects in terms of
interfacial conjugation [55] seems to be another question.

3.2. Intrinsically conducting polymers

A second class of materials considered both for use in battery and supercapacitor
electrodes encloses intrinsically conducting polymers (ICPs) [74—78]. Starting with
the suggestion of the charge storage possibilities of ICPs possibly useful in electrodes
for secondary batteries (which unfortunately was not crowned with a commercial
success until today), these materials have also been suggested as electrode materials
for supercapacitors [78]. Chances and challenges regarding the properties and
performance of the materials are the same in both applications, and ways to establish
the desired long-term stability during multiple charge and discharge processes are even
more mandatory in the case of supercapacitor applications. Accordingly, in the latter
case, the architecture of the ICP and suitable morphology, possibly improved by
combination with a matching second component, deserve increased attention.
Suggestions that ICPs will fill the gap between batteries and supercapacitors may be a
bit too optimistic [78].

A class of materials attracting growing attention for both battery and
supercapacitor electrodes are organic materials beyond ICPs. The recent surge in
interest is presumably related to the general interest in materials with practically
unlimited resources (which is a growing concern with many current battery materials),
to the possibility of rather simple handling of used/worn out materials not requiring
the specific procedures required for handling heavy metal-containing batteries and
devices, to the simple redox reactions not encumbered by intercalation or other
possibly slow reaction steps, and to mostly smaller energy usage in preparing these
materials under environmentally acceptable conditions (for a broader overview with
regard to metal-ion batteries see the overview by Lu et al. [79], for some rather general
considerations on organic materials in batteries see the report by Huang et al. [80]).
Changes in material properties can be afforded in most cases using the tools of well-
established organic synthesis [81]. Finally, these materials may provide a bridge to the
use of renewable materials like lignin [82] or other materials derived from natural
resources [88-90]. Lastly, these materials may enable or at least simplify the
construction of flexible and even stretchable battery and supercapacitor devices.

3.3. Composites and further combinations

As already discussed above, for the case of combinations of chalcogenides and
carbon materials, combinations of ICPs and some carbon-based components were
examined. Several reviews are available [91-96]. Although not always addressed
specifically, there are several roles for both the ICP and the carbon component. The
ICP will predominantly act as the charge storage material. As a polymer, it might also
act as a binder, caring for both cohesion between the ICP in its particular shape and
the carbon in the electrode mass and adhesion of the composite or hybrid to the current
collector. The carbon provides a mechanical support in case the ICP has been
deposited on it; it provides mechanical integrity when the ICP shows shape change
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because of, e.g., swelling and shrinking; and it guarantees sufficient electronic
conductivity even when the ICP is in its poorly conducting neutral state.

Finally, combinations of metal chalcogenides and ICPs have attracted attention
as active masses, mostly for supercapacitors; a review has been provided by Fu et al.
[97].

Supercapacitors as well as battery electrodes frequently contain auxiliary
materials. In addition to the current collector almost always also acting as a mechanical
support (metal foils, carbon, or graphite paper), a binder and a conductive additive
(acetylene black or other carbonaceous materials) are present. In both applications,
materials are needed: without a binder, coherence between the particles of the active
mass as well as their adherence to the current collector would be insufficient for
keeping the electrode in shape and stable during cycling. Without added conducting
material, the internal ohmic resistance (sometimes confused with the charge transfer
resistance R or assumed to be almost equivalent to it) of the active mass would be too
high to support the high current operation requested both for supercapacitor and high-
power battery electrodes. To get rid of the latter additive, mixed metal chalcogenides
with higher intrinsic electronic conductivity are attractive when compared with, e.g.,
the wide bandgap semiconductor forms of MnQO,. In many reported studies, this
potential advantage is hardly explored; instead, the almost standard additions of
acetylene black, mostly around 10 %wt. indicate that no optimization was tried.

To get rid of the conventionally electrochemically dead binder, electrode
preparation procedures wherein the active mass is directly deposited on the current
collector (e.g., deposition of metal oxides and hydroxides by chemical or
electrochemical procedures from the respective ionic solutions on metal foils, as
suggested by the Lokhande group [98]) may provide an option at least for low loadings
of active mass. These were identified as being particularly favorable for high mass
utilization [99]. Electrochemically active binders based on ICPs have been suggested
by Kondratiev and Holze [100]. A review by Holze and Kondratiev is available [77].
Another option is a polystyrene-based binder with redox-active modifications [101].
The possibility of using an ICP both as a redox-active storage material and as a binder
when combined with a metal chalcogenide has hardly been explored so far because,
in the majority of reported studies (a review by Fu et al. can be found [97]), the ICP
has been polymerized chemically in the presence of the finely dispersed chalcogenide,
yielding a powder material. To transfer this material into an electrode, a binder is
needed. A procedure wherein electropolymerization in the presence of chalcogenide
is performed appears to be feasible; it was examined before with promising results for
nanocomposites in corrosion protection coatings [102].

4. Electrodes and their architectures

Based on the current response to a changing electrode potential in a CV
experiment (or the electrode potential change during a galvanostatic charge/discharge
(GCD) experiment), two types of electrodes can be straightforwardly distinguished:

Battery-type electrode (also called redox electrode or Nernstian electrode [103]):
The CV shows visible current (Faradaic) peaks associated with the redox
transformations of the active material; the GCD curve shows steps or plateaus.
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Because electrodes with very few notable exceptions (lithium metal electrodes) are
highly porous with an associated large surface area and interfacial capacitance, they
will always have significant capacitive currents added to the Faradaic current, yielding
CVs that look different from the textbook example of a CV obtained with a compact
and smooth metal sheet in an electrolyte solution with a dissolved redox system.

Capacitive electrode*: The CV is flat; the GCD curve shows a triangular shape.
Only ion accumulation and dispersion (possibly including ad-/desorption) proceed
during charging and discharging (see Figure 2). Whether adsorptive interaction
between the electrode surface and ions close to it happens or not may be of academic
interest. Details of partial charge transfer and electrosorption valency are discussed
[104]. A flat CV and a triangular GCD curve may also be obtained with an electrode
showing pseudocapacitive behavior (see Figure 4). But the currents are larger by
orders of magnitude than those found with comparable (in terms of EASA and
dimension) simply capacitive electrodes; the larger currents cannot be due only to ion
accumulation and dispersion but are due to mostly superficial redox processes that
lack the peak in a CV (and the plateau in the GCD) for reasons related to materials and
species properties discussed elsewhere [26]. Basically, again, a combination of
Faradaic and non-Faradaic processes, like in # 1, happens, but this time the current vs.
potential relationship is utterly different from the Nernstian case. This electrode may
also be called a pseudocapacitive electrode.

Sometimes current responses, more specifically the shape of the recorded curves
and diagrams, appearing to be somewhere between types 1 and 2, have been
generously called capacitive or pseudocapacitive; this only causes confusion and does
not help in understanding the underlying phenomena. Details of such curves have been
amply displayed and extensively deplored elsewhere [105] without providing a deeper
understanding of the underlying phenomena. Because of the great interest in having
electrodes with both high charge storage and current-generating capability as outlined
above and to understand relationships between structure, morphology, architecture,
and performance, there have been frequent attempts to separate the Faradaic and the
capacitive (i.e., non-Faradaic) responses (fractions of current flowing in response to
the changing electrode potential) of an electrode in a CV, following a line of reasoning
briefly reviewed elsewhere [3]. For further examples, see [106,107].

In a particularly popular and frequently encountered attempt, consideration starts
at the power law relationship presented above Equation (7).

As stated, with b = 1, the current behaves capacitive-like. In a CV, further
dependencies of current on scan rate can be observed. A case of particular interest is
with b = %. This is observed for the peak current in a cyclic voltammogram, both in
cases where charge transfer and diffusion are limiting [108]. Assuming that the current
response of an electrode can only be due to capacitive and faradaic contributions, it
has been assumed

I=av+cy'? (16)

Such formally additive behavior was indicated first by Liu et al. [109] in a study
of MoxN-electrodes. In a further stretch, it was assumed that this must be valid at all
electrode potentials (although Equation (16) (the Randles-Sev¢ik equation simplified
for the present discussion) was explicitly derived only for the peak current in a CV!).
Rearrangement yields
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IV2=av"?+¢ 17

Plotting I/v'? vs. v’ yields slope a and intercept c. Liu et al. very logically
concluded that the observed current must be subject to mixed control, i.e., caused by
double layer charging as the capacitive process and some Faradaic reactions not
further specified. Subsequently, this statement has developed an astonishing life of its
own. It has been argued, presumably starting with a report by Lindstrom et al. [110],
wherein the exponent in the power law equation (16) was observed to deviate from
both 1 and % considerably while being close to unity in an electrode potential region
where hardly any Faradaic reaction could be expected. This region of electrode
potential (an example can be seen above in Figure 4) was called, for good reason, for
decades a double layer region. Subsequent authors (a brief overview has been provided
by Ge et al. [3]) have assumed instead that there can be only 1 and )2, with a and ¢
being the adjustable parameters describing the Faradaic and the capacitive or
pseudocapacitive parts of the current response. Evaluation of recorded CV data
frequently resulted in displays of CVs showing major parts of the current (and charge)
as being due to pseudocapacitive processes (some authors even simplified matters
further, calling it the capacitive part). If this rather artificial separation makes any
sense at all, it should suggest the conclusion that certain materials show higher
fractions of the current response without being subject to diffusion limitation. For a
material intended for a supercapacitor or a high-power battery, this is certainly a good
outcome, but the same would have been obtained without all this rather diffuse
reasoning by simply inspecting rate capability plots (capacitance vs. current density)
showing a more constant capacitance or storage capability with a growing current
density for a more suitable and structurally optimized material. Anyway, the above
reasoning has been identified as lacking a scientific foundation [111].

The starting point of this reasoning hints at a development that again resembles a
merger in the meaning of this report: to combine properties typical of a battery
electrode and of a supercapacitor electrode.

The desire to obtain said separation for a single material, hopefully having
significant amounts of both properties, whether it is of scientific and/or technological
interest and relevance, appears to be a completely separate question that did not stop
there. Various methods to obtain such separation have been compared; an example has
been described by Forghani and Donne [112]. Three methods were compared (actually
two, because two of the three methods are based on the same CV data, taking the 7 vs.
v relationship (see above) and the integrated charge from a CV as separate methods)
and resulted in the conclusion that the third method, named step potential
electrochemical spectroscopy (SPECS) [113], presents the “most rigorous approach”.
Given the fact that the current response after every electrode potential step was fitted
using five adjustable parameters, this might not be too surprising. Somewhat
surprisingly, electrochemical impedance measurements were not taken into
consideration. This method, widely accessible with common instrumentation, also
provides access to the interfacial (double layer) capacitance and the “capacitance”
assigned to the redox process (the pseudocapacitance) [3,106,107].

Electrodes for both battery and supercapacitor applications are constructed with
respect to performance (charge storage and current generation capability) and mass
utilization [98]. Quite obviously, with a supercapacitor electrode, mostly the surface
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and perhaps a few topmost layers are utilized in the electrode process, whereas in a
battery electrode, in the ideal case, the whole volume up to the current collector is
utilized in this reaction. Consequently, for the former application, a thin electrode will
be preferred (because the bulk volume underneath the top layer will hardly be used, in
particular in high-current applications), whereas for a battery electrode, a thicker
volume with a smaller fraction of auxiliary material like a current collector is
preferred. The transition from the former electrode (which has been called high power)
to the latter (which has been called imprecisely high energy) is a continuous one, as
depicted in the following Figure 6.

Energy density Mass utilization
Power density Degree of transformation

EDLC

Supercapacitor
Surface

| Redox-capacitor

asealoul
wioly Uolsuel |

reaction High power battery
more :
|7 volume High energy battery ,5"
less NiO, + H,O + & = NiO(OH) + OH"

Figure 6. Transition from battery to supercapacitor electrode on the material and
electrode design level.

Taking just this illustration, a supercapacitor electrode can be described as an
extreme version of a high-power battery electrode. This “transition” was already
addressed by Conway [43]. In Figure 6, the mode of energy storage, either by charge
separation or by redox reaction, is missing because there is no conceivable continuum
from charge separation to a redox reaction as proposed elsewhere [114]. Certainly,
partial charge transfer can be misunderstood as a hint towards such a continuum, but
close examination easily reveals that adsorption (most likely chemisorption) may
include sharing charge between substrate and adsorbate, but in battery electrodes, no
partial charge transfer happens.

Some further aspects and criteria can be added. A typical commercial example is
Li-SOCI, primary batteries offered with a spirally wound electrode arrangement as a
high-power battery and with a solid porous carbon core as the positive electrode and
a comparably thicker lithium foil around it as the negative electrode in the high-energy
version. Quite obviously, a cell and implicitly the employed electrodes meet both
expectations: High energy and power are inherently impossible. Although
scientifically not sound, studies of the relative fractions of capacitive and Faradaic
currents addressed above have possibly contributed to the growing attention paid to
optimized electrode structures and to material combinations enabling at least a closer
approach to that elusive goal. An electrode material approaching this goal should have
a large EASA, and this must be easily accessible for electrolyte solutions and
electrolyte ions. To support high current, the material itself must provide high
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electronic conductance, and the pores must not be too narrow to keep ionic
conductance at a sufficiently high level. At this surface and very near it, a sufficient
amount of battery-electrode material must be located to provide charge storage
capability, finally resulting in the energy density of the complete cell. This description
looks like a rather abstract wish list, but there is a simple test for the obtained
achievement: Rate capability. A material successfully designed along the indicated
lines of reasoning should provide excellent rate capability, even at high currents, and
of course, only for short periods of time, the electrode potential for both electrodes
should change hardly. The fundamental feasibility of this approach is illustrated by the
lead acid battery and its remarkable power capability under discharge conditions (a
researcher following the misleading line of reasoning briefly discussed above would
assign a huge fraction of capacitive current to a lead acid battery during discharge).
Unfortunately, during charging, this behavior was not found.

An approach working both during charge and discharge and reducing, in addition,
the inventory of expensive electrode materials is the combination of RuO;
nanoparticles and carbon materials with the metal oxide anchored on a foam of
graphene and carbon nanotubes (CNTs) [115]. The obtained composite is stable, and
the production is rather simple. The observed high energy density is based both on the
sufficiently large surface area and the redox storage provided by the metal oxide. High
rate capability is supported by the highly electron-conducting scaffold of the graphene
foam with the attached CNTs. Unfortunately, no comparison with the state-of-the-art
energy density of secondary batteries was provided, enabling a direct appreciation of
the success of this approach.

The previous considerations can be assembled in a schematic approach (Figure
7) to an optimized electrode architecture valid both for battery and supercapacitor

electrodes.
a
| ‘ ionic conductor (electrolyte solution)
| ‘\CP chalcogenide efc
b electronic conductor (cument collector)
ionic conductor
M ICP, chalcogenide ec
electronic conductor
Cc
ionic conductor
electronic conductor
ionic conductor
II I I I I I I I I I I I ICP, chalcogenide efc.
decironic conductor
e
\I fonic conductor
l l l l—l—l l l l l l l ICP, chalcogenide etc
electronic conductor

Hil

Figure 7. Sketches of electrode architectures.
Black: electronically conducting support; red: Active mass with ion (—) and electron (—) pathway.
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A thin electrode (Figure 7a) may not provide enough active mass; a thicker, non-
porous electrode (Figure 7b) has longer electronic pathways when the electrode
reaction still takes place at the ICP/solution interface. An electronically conducting
3D support (Figure 7¢) provides a larger interfacial area to be covered subsequently
with active mass (Figure 7d), but the actual coating must finely balance electronic and
ionic conduction pathways and their respective lengths and contributions to ohmic
resistance (Figure 7e and insert). 3D-supports (instead of smooth metal foils) can be
metal grids, foams or meshes, carbon or graphite paper, or carbon structures prepared
by the pyrolysis of natural materials from biological sources. Further structuring on an
even finer level can be afforded by controlled and directed ICP deposition. These
considerations also apply to materials and electrodes for supercapacitors, and this has
been highlighted before by Fu et al. [97].

5. Devices and cells

On the device or cell level, the merger proceeds in various ways. Electrodes
containing both components acting via Faradaic reaction, like a conventional battery
electrode, and acting via, e.g., a suitably large EASA [46], like a supercapacitor
clectrode, have already been discussed in the previous section. In addition,
combinations of electrodes from both families will be the focus of this section. As
already addressed above, the terminology appears to be confusing. A suggested
distinction and proposed interpretation of the meaning of the terms “asymmetric” and
“hybrid” have been reported [48]: An asymmetric device contains two electrodes of
different materials but with the same storage mechanism, like a supercapacitor with
different carbon electrodes, whereas a hybrid device contains electrodes with different
modes of storage, like a negative activated carbon electrode (capacitive) and a metal
chalcogenide positive electrode showing pseudocapacitive or battery electrode
behavior. This distinction has been reaffirmed with numerous examples more recently
[116].

The well-established limitations and flaws of the negative (lead) electrode in the
lead-acid battery [117] have encouraged the search for alternative negative electrodes.
Carbon-based materials were suggested, and the device also containing a conventional
positive PbO;-electrode has been called a hybrid ultracapacitor [27]. The device just
outlined can be called a capacitor (the rather confusing terminology of commercial
devices!' will not be followed here) or, provided its capacitance is large enough, a
supercapacitor because the negative carbon electrode shows behavior typical of an
EDLC-supercapacitor material. But if the intercalation of electrolyte ions proceeds,
this may not be true anymore. The positive lead dioxide electrode behaves even less
like a supercapacitor electrode; it shows battery electrode behavior [118]. Calling the
device a battery because of this misses possibly a central property of the negative
electrode. Attaching the term hybrid might help, but terms like pseudocapacitor (which
even lacks basic logic) do not.

Starting at the same imperfection of the negative lead electrode, a device that
might systematically be called a double hybrid—the authors prefer the term ultra-
battery—with a positive PbO,-electrode and a negative one combining a lead and a
carbon-based electrode into one has been proposed [119]. Simply connecting the
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materials mechanically will not be enough. The electrode potential is now fixed
(pinned) by the Pb(0)/Pb(Il)-redox couple. As noticed, current vs. electrode potential
relationships for the carbon electrode suggest a situation wherein during discharge,
most of the current will initially be contributed by the lead electrode, with the carbon
electrode contributing only towards the end [119]. During charging, things are slightly
more as desired; initially, most of the current goes into the carbon electrode, but now,
towards the end of charging, the negative carbon electrode will generate excessive
hydrogen gas. Both situations are undesirable, but various modifications to electrode
design and cell inventory nevertheless resulted in cell performance much better than
that of state-of-the-art lead-acid batteries [119].

In an attempt to bring some order into the terminological confusion,
Akinwolemiwa et al. tried to establish an extended terminology, including terms like
negatrode and supercapattery of the second kind, etc. [35,13,103,120-123].

Instead of creating further terms and possibly adding confusion, some established
terms and possible combinations are shown in Figure 8:

capacitive pseudocapacitive battery

electrode electrode electrode populardesignations

- +

Lithium/graphite || activated carbon
electrode electrode

- +

activated carbon || activated carbon
electrode electrode

- +

activated carbon MnO,
electrode electrode

Figure 8. Possible combinations of electrodes and operating principles.

The term “Faradaic” is used to characterize a process involving charge transfer
(different from non-Faradaic, i.e., capacitive processes); the term ‘“Nernstian” is
applied to a Faradaic process, showing the typical peaks observed in cyclic
voltammograms. In this terminology, electrode processes showing a pseudocapacitive
current response to a changing electrode potential may be called Faradaic and non-
Nernstian, but as already suggested above and elsewhere [26], the creation of further
names and terms as well as attempts to use terminology that is unnecessarily
complicated appear to be of limited value only. For practical applications, it is of
considerably higher interest to know how the charge/discharge behavior of a cell in
terms of cell voltage vs. state of charge depends on the particular electrode
combination. In the case of a capacitive electrode, there is no electrode reaction
controlling the electrode potential; instead, the electrode potential linearly depends on
the state of charge. In the case of a pseudocapacitive material, the situation is very
similar, but the window of observed electrode potentials is controlled by the actual
electrode reaction [26]. With a battery electrode, the actual electrode potential is
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controlled by the activities of the participating reactants; basically, the potential will
stay rather constant during the charge/discharge as long as a specific reaction proceeds.
Only when the reaction switches to another one may the electrode potential show a
noticeable step-like change (like in the case of the MnO»-electrode in an alkaline
battery, wherein the transformation of MnO, proceeds in two different reactions
associated with significantly different electrode potentials and correspondingly
different cell voltages). Accordingly, the various combinations sketched in Figure 8
will show different charge/discharge curves, basically somewhere between the
capacitor- and the battery-type. These two boundary cases are illustrated in Figure 9.
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Figure 9. Simplified charge/discharge curves of a battery and a capacitor.

The actual shape of the curves will also depend on the matching of the storage
capabilities of both electrodes.

Determination of performance data achieved for such devices and reporting with
still missing or poorly defined standards enabling comparisons between more or less
different systems was addressed frequently [3,15,116,124] with only limited success.
Because the high cycling stability of supercapacitors, in particular the EDLC-type, is
always stressed as a major advantage and a basic requisite for practical application
devices placed between the traditional fields, whether hybrid or asymmetric, they
should be examined with realistic parameters. Even when accepting the generally
lower cycle numbers expected from batteries, a few hundred cycles observed with an
electrode or even a complete system in this “in between” field is hardly useful.

Combinations of electrodes providing fast charge/discharge with limited storage
capability with those showing larger storage capability but slower charge/discharge
may look like a poor compromise because the power capability of the device will be
limited by the electrode showing a smaller current capability, whereas energy storage
is limited by the electrode having a lower charge storage capability. In large-scale and
long-term energy storage (where most electrochemical energy conversion and storage
systems are at a price disadvantage anyway), these concerns may be valid. But in
applications where only short-term storage is required combined with, e.g., long-term
stability, like in a power supply for an elevator where a supercapacitor may reduce the
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peak power demand from 33 kW to 2.5 kW [125], this is no bad compromise anymore.
Even the initial example of the carbon-lead dioxide system enjoys this benefit of high
stability and fast charging because of the “fast” negative supercapacitor electrode and
the “fast” positive electrode, which enable fast charging even during short periods of
bright sunshine.

6. Conclusions

A growing number of electrode materials and architectures are encountered both
in secondary batteries and redox supercapacitors. The operating principles, i.e., redox
reactions, of such batteries and supercapacitors are basically the same; the major
difference is the preferred location of electrode processes at the electrochemical
interface in the latter and all over the electrode volume in the former. Consequently,
scientists active in research and development in both fields should always look at the
other side for inspiration and solutions. This applies in particular to the development
of supercapacitor components aiming at higher energy densities, possibly to a lesser
extent to high-power batteries. Obviously, progress achieved here can possibly be
translated into improvements in batteries, possibly even for those who seem to be
“adult” in terms of engineering.
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Notes

1.

For supercapacitors no unified and universally accepted nomenclature has been established as of the time of writing.
The terms supercap or supercapacitor™ (as well as ultracap/ultracapacitor) appear to lack a proper and generally
ac—cepted definition. At first glance it appears sufficient to assume, that capacitors based on the capacitive
prop—erties of the electrochemical double layer instead of a dielectric material like A1203 or Ta205 showing huge
capacities are correctly called superca—pacitors. Temporarily the latter term was trademarked (from August 1978
on) to NEC Corpo—ration, currently this protection has apparently expired. The acronym SC seems to be too short
to enable immediate identification. Acronyms like ES for electrochemical supercapacitor or FS for Faradaic
supercapacitor do nothing beyond enlarging the confusion. Recently the device wherein purely electrostatic charge
storage in the double layer is operative has been frequently called EDLC (electrochemical double layer capacitor).
Thus it appears to be reasonable to call devices with high volumetric capacitance (in F), wherein charge storage is
based both on electrostatic charge separation (like in an EDLC) and on Faradaic redox processes (including
pseudocapacitive and redox storage) supercapacitors. Because of the combination of these fundamentally different
charge stor—age mechanisms these devices are also sometimes called hybrids — adding further to the confusion. In
the present report supercapacitors are such hybrid devices, the term ultracapacitor is not used at all. Its use to
designate only those devices employing pseudocapacitances seems to be a loosing proposition [A. Burke, J. Power

87



Energy Storage and Conversion 2024, 2(1), 491.

Sources 91, 37 (2000).]. The statement, that B. Conway coined the term supercapacitor in 1991 is apparently
erroneous. The rich collection of terms — some of them presumably protected by trademarks — does not help really:
APowerCap, Best—Cap, BoostCap, CAP-XX, DLCAP, EneCapTen, EVerCAP, DynaCap, Faradcap, GreenCap,
Goldcap, HY-CAP, Kapton capacitor, Super capacitor, SuperCap, PAS Capacitor, PowerStor, PseudoCap etc.
Adding to this collection by defining the obvious like electrochemical supercapacitor with ES (all known
supercapacitors are electrochemical devices, no others are known) or to interpret the well-known acronym EDLC
by calling it an electrostatic super—capa-citor as done by Wang et al.[6] does not help, either.

Recently the term pseudocapacitor has been used with growing frequency. As discussed before in detail this term
is as wrong as the term pseudocapacitive for designating a material which does not behave pseudocapacitive at all
[26, 48]. In short: From a linguistic and systematic point of view a pseudocapacitor must be a device behaving like
a capacitor without being a capacitor. When accepting the certainly correct statement that a material like RuO2
may show a capacitive-like response in a CV without being a purely double layer capacitor electrode material the
term pseudocapacitor may be perhaps applied to a very narrow class of supercapacitors employing only such
materials. But presumably misuse of the term would result in the same chaos currently observed with the term
pseudocapacitive. Provisionally in this report the term redox-capacitor is used.

The term dual-ion battery DIB stresses the fact, that two (both in case of a binary electrolyte) ions of the electrolyte
participate in charge storage different from the rocking-chair principle of e.g. the lithium ion battery wherein only
one ion participates. The acronyms DGB and DCB refer instead to the electrode material (G graphite, C carbon)
missing the dual ion feature. DIC as dual ion cell is slightly more general.

This as an extremely abbreviated notation. Of course the electrode itself is not capacitive, it is the electrode’s
behavior. This sounds like linguistic and possibly irrelevant hairsplitting, but the sometimes highly emotional,
almost offensive discussion of this terminology suggests otherwise.
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Abstract: The integration of supercapacitors in photovoltaic (PV) energy systems holds
immense potential for enhancing energy storage, reliability, and efficiency. This article
provides a comprehensive overview of recent advancements, challenges, and opportunities in
the utilization of supercapacitors within PV systems. Fundamental principles of supercapacitor
operation, including charge storage mechanisms and electrode materials, are discussed,
highlighting their unique advantages such as high power density and rapid charge/discharge
capabilities. Various integration strategies, including parallel and series configurations, as well
as system-level control algorithms, are examined to optimize energy management and
performance. Case studies and real-world examples demonstrate the effectiveness of integrated
PV and supercapacitor systems across different applications and scales. According to the
results of the research, 235 publications have been made on the subject in the last fifteen years,
and the number of publications has doubled in the last five years. Additionally, future research
directions focus on improving energy density, efficiency, and cost-effectiveness, as well as
addressing challenges related to temperature sensitivity and system scalability. Overall, the
integration of supercapacitors in PV systems offers promising solutions for advancing
sustainable energy solutions and accelerating the transition towards a cleaner, greener future.

Keywords: energy storage; PV power; supercapacitors

1. Introduction

The global demand for sustainable energy solutions continues to escalate in
response to environmental concerns and the imperative to mitigate climate change.
Among renewable energy sources, solar power stands out as one of the most promising
avenues for meeting this demand due to its abundant availability and minimal
environmental impact. Photovoltaic (PV) systems, which convert sunlight directly into
electricity, have witnessed significant advancements in efficiency and cost-
effectiveness over the years, driving their widespread adoption in both residential and
commercial settings. However, despite the remarkable progress made in PV
technology, one of the persistent challenges facing solar energy systems is the
intermittent nature of sunlight. Fluctuations in solar irradiance throughout the day and
variations in weather conditions can lead to inconsistent energy output, limiting the
reliability and stability of PV installations. As a result, effective energy storage
solutions are indispensable for ensuring the continuous availability of solar power,
especially during periods of low sunlight or high demand.

Supercapacitors, also known as electrochemical capacitors or ultracapacitors,
have emerged as promising candidates for addressing the energy storage requirements
of PV systems. Unlike conventional batteries, which store energy through chemical
reactions, supercapacitors store electrical energy through the physical separation of
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charges at the interface between electrodes and electrolytes. This mechanism allows

supercapacitors to deliver rapid charge and discharge cycles, high power density, and

a long cycle life, making them well-suited for applications requiring frequent and rapid

energy exchanges.

The main contributions of this study are:

1) The article consolidates existing knowledge on the integration of supercapacitors
in photovoltaic (PV) systems, providing readers with a comprehensive overview
of the topic. By synthesizing information from a variety of sources, the article
serves as a valuable resource for researchers, engineers, policymakers, and other
stakeholders interested in sustainable energy solutions.

2)  The article identifies and discusses the advantages and challenges associated with
integrating supercapacitors in PV systems. By highlighting the benefits of this
approach, such as improved energy management, reliability, and efficiency, as
well as addressing potential obstacles such as cost and energy density limitations,
the article provides readers with a balanced understanding of the topic.

3) The article explores recent advancements in supercapacitor technology and
presents case studies of integrated PV and supercapacitor systems. By
showcasing real-world examples and highlighting innovative solutions, the
article offers insights into the practical implementation and performance of
integrated systems across different applications and scales.

4) The article identifies future research directions and opportunities for further
innovation in the fields of integrated PV and supercapacitor systems. By
discussing emerging technologies, research priorities, and areas for collaboration,
the article guides readers towards promising avenues for advancing the state-of-
the-art and driving the adoption of sustainable energy solutions.

5) The article informs decision-making and policy development by providing
evidence-based insights into the potential benefits and challenges of integrating
supercapacitors in PV systems. Policymakers and industry stakeholders can use
this information to formulate strategies, allocate resources, and support initiatives
aimed at promoting the adoption of renewable energy technologies and
enhancing energy sustainability.

In this context, the reminder of this paper is as follows: in the first section, the
importance of the supercapacitors is highlighted, and the main contributions of the
study are expressed. In the second section, information is given about the working
principle and types of supercapacitors. Then, the integration of supercapacitors into
PV energy systems is examined, and various studies on the subject are presented.
Then, the advantages and challenges of the supercapacitors are investigated. After that,
recent developments and key studies about the usage of supercapacitors in PV energy
systems are presented. Then, it is attempted to shed light on the future direction of
studies on supercapacitors. In the conclusion section, the studies carried out over the
years are given, and the subject is summarized. The overview of the study is given in
Figure 1.

95



Energy Storage and Conversion 2024, 2(1), 436.

Advantages and Future Directions

Challenges

Supercapacitors

Figure 1. The overview of the study.

By harnessing the complementary strengths of supercapacitors and photovoltaics,
it is aimed to pave the way towards more resilient, efficient, and environmentally
sustainable solar energy systems. Through this exploration, a future is envisioned
where renewable energy sources like solar power, supported by advanced energy
storage technologies such as supercapacitors, are seen to play a central role in the
global transition towards a cleaner and more sustainable energy landscape.

2. Fundamentals of supercapacitors

Supercapacitors, also known as ultracapacitors or electrochemical capacitors,
represent a class of energy storage devices that bridge the gap between traditional
capacitors and batteries. Unlike batteries, which store energy through chemical
reactions, supercapacitors store electrical energy through the physical separation of
charges at the interface between electrodes and an electrolyte. This mechanism allows
supercapacitors to achieve exceptionally high power density and rapid
charge/discharge capabilities, making them ideal for applications requiring quick
bursts of energy.

At the heart of a supercapacitor lies its unique electrode structure, typically
composed of porous materials with a high surface area. Common electrode materials
include activated carbon, carbon nanotubes, and graphene, which provide ample
surface area for charge accumulation and facilitate efficient charge transfer. The
electrolyte, often an aqueous or organic solution containing ions, serves as the medium
for ion transport between the electrodes, enabling the storage and release of electrical
energy. Ozada et al. [1] defined the working principles and characteristics of
supercapacitors in energy storage systems.

Supercapacitors can be broadly classified into two main types based on their
electrode materials and electrolyte composition: electrochemical double-layer
capacitors (EDLCs) and pseudocapacitors. EDLCs store energy primarily through the
physical adsorption of ions at the electrode/electrolyte interface, relying on the
formation of an electric double layer. Pseudocapacitors, on the other hand, exhibit
additional electrochemical redox reactions at the electrode surface, leading to
enhanced energy storage capacities compared to EDLCs.

An EDLC has two non-reactive porous electrodes immersed in an electrolyte,
with a separator between the electrodes that permits the movement of the ions through
it. The energy is stored by charge separation in an electrochemical double layer,
formed at the electrode/electrolyte interface [2]. The internal structure of an EDLC is
given in Figure 2. Energy storage occurs through the process of charge separation
within an electrochemical double layer, which materializes at the interface between
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the electrode and the electrolyte. The thickness of this double layer is intricately
influenced by factors such as the electrolyte concentration and the dimensions of the
ions involved, typically ranging between 0.5 and 1 nanometer in the case of
concentrated electrolytes. The ions necessary for charging the electrochemical double-
layer capacitor are transported between the porous electrodes via diffusion through the
electrolyte.

Electrode

Colector

\ A : )
\ Colector Electrode

Figure 2. Internal structure of EDLC [2].

The use of activated carbon electrodes and the limitations on voltage and
accessible surface area are discussed in another study [3]. Figure 3 represents the
schematic of an activated carbon-based EDLC and the electron micrograph of an
activated carbon electrode. The combination of a minute charge separation within the
double layer and the extensive surface area of the electrode leads to a specific
capacitance typically ranging from 40 to 60 farads per cubic centimeter (F/cm?).
Moreover, the breakdown field strength of the EDLC, expressed in volts per
centimeter (V/cm), is notably elevated compared to conventional capacitors. These
three factors—namely, the large surface area, minimal charge separation, and
heightened field strength—contribute to the remarkable energy density achievable
with the EDLC.

Figure 3. Electron micrograph view of activated carbon electrode [3].

One of the defining characteristics of supercapacitors is their remarkable cycle
life, which far exceeds that of conventional batteries. Unlike batteries, which degrade
over time due to chemical reactions and electrode wear, supercapacitors undergo
minimal degradation even after hundreds of thousands or millions of charge/discharge
cycles. This longevity, combined with their rapid response times and high efficiency,
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makes supercapacitors well-suited for applications requiring frequent and prolonged
operation, such as renewable energy systems and electric vehicles.

Kamali et al. [4] evaluated the environmental impact of two supercapacitor
designs in a prospective life cycle assessment conducted at a later stage. Jiang et al.
[5] utilized a life cycle assessment method to examine the environmental performance
of a nitrogen-doped biochar acrogel-based electrode (BA-clectrode) derived from
Entermorpha prolifera. Torregrossa and Paolone [6] introduced a novel experimental
approach to investigate the aging mechanisms affecting supercapacitors. Their study
outlines a carefully designed procedure aimed at assessing the aging process through
combined life endurance and power cycling tests. Specifically, their study evaluates
the impact of temperature (referred to as life endurance) on supercapacitors subjected
to a predetermined power cycle. Additionally, their investigation delves into the
effects of temperature during the recovery phase. Cossutta et al. [7] conducted a
comprehensive assessment, covering the entire lifecycle of graphene applications.
Specifically, it focuses on a case study involving the manufacturing of supercapacitors
utilizing graphene and activated carbon as active materials. Tankari et al. [8] used the
Rainflow Cycles Counting Method to estimate the supercapacitors lifetime.

Li et al. [9] prepared a redox-active organic molecular electrode for
supercapacitors. In their study, the researchers investigated the adsorption of
Benzo[1,2-b:4,5-b"] dithiophene-4,8-dione (BDTD), a planar molecule with a fused
heteroaromatic structure, onto conductive reduced graphene oxide (rGO) through pi-
pi interactions. This process resulted in the formation of a three-dimensional
interconnected and functionalized xerogel, referred to as BDTD-rGO. Consequently,
the optimized BDTD-rGO electrodes demonstrated a specific capacitance of 360 Fg!
at 1 Ag™!, coupled with an exceptionally long cycle life, retaining 96.4% of their
capacitance after 10,000 cycles and still maintaining 80% after 50,000 cycles at 5 Ag™!
inlM HzSO4.

Glogic et al. [10] used coconut shells to produce high-performance activated
carbon electrodes for energy storage supercapacitors. Their analysis was carried out
using the life cycle assessment approach to investigate the production of activated
carbon material and resulting electrodes for a broad range of environmental impact
categories and energy use.

Murray and Hayes [11] presented the results of a study on supercapacitor lifetime.
Cycle testing was carried out on individual supercapacitors at room temperature and
at rated temperature, utilizing a thermal chamber and equipment programmed through
GPIB and MATLAB. The results of their study demonstrate cycle lifetimes
significantly in excess of manufacturer specifications and potential for deployment in
robust long-life applications. Figure 4 represents the capacitance versus cycle number
of a supercapacitor during application testing at 25 °C. The application study
anticipates approximately one million cycles for a full-scale energy storage system
comprising supercapacitor modules. Assuming the same cycle lifetime degradation
observed in the tested single supercapacitor (excluding other aging factors), it is
projected that the system could operate at sea for an estimated duration of 34 years.
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Figure 4. Capacitance versus cycle number of a supercapacitor during application
testing at 25 °C [11].

In summary, supercapacitors offer a unique set of advantages, including high
power density, rapid charge/discharge capabilities, long cycle life, and robust
performance under diverse operating conditions. Understanding the fundamental
principles underlying supercapacitor operation is essential for harnessing their full
potential in various energy storage applications, including their integration into
photovoltaic systems for enhanced performance and reliability.

3. Integration of supercapacitors in PV systems

The integration of supercapacitors with photovoltaic (PV) systems offers a
promising avenue for overcoming the intermittent nature of solar energy and
improving overall system performance. By storing excess energy generated during
periods of high sunlight and delivering it during periods of low irradiance or high
demand, supercapacitors enable PV systems to achieve greater energy autonomy and
reliability. The integration of supercapacitors can be realized through various
configurations, including parallel or series connections with PV modules, as well as
system-level integration with power electronics and control systems.

In a parallel configuration, supercapacitors are connected in parallel with PV
modules, allowing them to capture surplus energy generated by the solar panels and
store it for later use. This approach enhances the overall energy management of the
system, reducing dependence on the grid and maximizing self-consumption of solar
energy. Additionally, supercapacitors can serve as buffer devices to smooth out
fluctuations in PV output caused by factors such as shading, clouds, or variations in
solar irradiance, thereby improving system stability and efficiency.

Zhang et al. [12] connected an appropriate supercapacitor in parallel with the PV
system in order to further mitigate the fluctuations in the PV system. The simulation
results demonstrated that the designed supercapacitor structure has better performance
than conventional structures.

Keshavarzi and Ali [13] introduced an integrated and cost-effective photovoltaic-
supercapacitor (PVSC) system, merging the energy storage capability of the
supercapacitor (SC) directly into the PV array. This integration facilitates bidirectional
power flow, ensuring system stability during grid disturbances occurring throughout
the day, night, and under cloudy conditions. The efficacy of this system was assessed
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through simulation analysis and compared against that of a basic PV system and a
conventional SC system, where the full energy storage is parallel-connected with the
PV. The results indicate that the proposed PVSC system enhances the dynamic
performance of the grid system it is connected to. Figure 5 shows a parallel
supercapacitor structure.
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Figure 5. Power stage of a PV-supercapacitor energy storage system [13].

In a series configuration, supercapacitors are connected in series with the PV
modules, typically through a DC-DC converter or charge controller. This setup enables
the supercapacitors to store energy at a higher voltage level, enhancing their energy
storage capacity and efficiency. By storing energy at a higher voltage, supercapacitors
can minimize energy losses during charging and discharging cycles, leading to
improved overall system performance and energy yield. Series-connected
supercapacitors can also provide voltage support and regulation, ensuring optimal
operation of the PV system under varying load conditions.

System-level integration of supercapacitors with PV systems involves the
incorporation of advanced power electronics and control algorithms to optimize
energy management and performance. This may include the use of maximum power
point tracking (MPPT) algorithms to maximize energy harvest from the PV array, as
well as intelligent energy management systems to dynamically allocate energy
between the PV modules and supercapacitors based on real-time demand and
operating conditions. Such integration schemes enable PV systems to operate more
efficiently and autonomously, reducing reliance on external energy sources and
enhancing overall system resilience.

Han et al. [14] conducted research on a sizeable dispatchable grid-connected
photovoltaic (PV) system designed to feed power directly into the grid for centralized
dispatch rather than supplying electricity solely to a local load. To optimize the
utilization of solar energy, the system incorporates a hybrid electricity storage solution
comprising both batteries and supercapacitors alongside the PV array.

Sahin and Blaabjerg [15] investigated and analyzed the advantages of
incorporating supercapacitors in a hybrid energy storage system. Their study proposes
a hybrid system that harnesses photovoltaic energy and stores it using both batteries
and supercapacitors, aiming to address key challenges on both fronts. Using
MATLAB/Simulink, they designed models for the supercapacitor, photovoltaic
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system, and the proposed hybrid setup rated at 6 kW. Figure 6 illustrates a
MATLAB/Simulink model of a supercapacitor. Additionally, they introduced a novel
topology aimed at enhancing energy storage capacity with supercapacitors in a passive
storage setup. This topology focuses on temporarily storing instantaneous peak
currents in supercapacitors, leading to voltage stabilization on both ends and reducing
the load on batteries. Consequently, this approach extends battery lifespan and reduces
overall system costs.
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Figure 6. MATLAB/Simulink model of a supercapacitor [15].

Yang and Hu [16] introduced an innovative dynamic inertia control strategy for
supercapacitors in multi-area autonomous microgrid (MQG) clusters, utilizing a fuzzy-
based approach. Javadpoor and Nazarpour [17] explored a hybrid photovoltaic (PV)-
hydrogen/fuel cell (FC) system comprising fundamental components such as a PV
array, a fuel cell, alkaline water electrolysis, and a hydrogen storage tank. Zhao et al.
[18] introduced a multiobjective optimization approach for electric vehicle-
supercapacitor hybrid energy storage systems aimed at aligning with the output of
photovoltaic projects. Sabhahit et al. [19] outline control strategies tailored for a
hybrid power system integrating photovoltaics, fuel cells, and a supercapacitor bank,
designed for use in isolated load scenarios. Tummuru et al. [20] have introduced rapid-
response DC-link voltage-dependent energy management strategies designed for a
hybrid energy storage system powered by solar photovoltaic (PV) energy.

Hossain et al. [21] outlined a comprehensive approach involving the design and
execution of a universal ramp-rate-based compensation technique. This strategy is
aimed at stabilizing solar power output and swiftly meeting sudden load demands
within grid-connected microgrids. It leverages a hybrid multilevel storage system
incorporated into the DC link of the power converter. This system includes high-
capacity buffer storage like battery systems and hydrogen storage, comprising a proton
exchange membrane electrolyzer and a fuel cell. Additionally, short-term cache
storage, such as supercapacitors, is employed to enhance system efficiency.

Xiong and Nour [22] acknowledged the importance of energy storage by
conducting simulations of a comprehensive PV-battery-supercapacitor model using
MATLAB/Simulink. This simulation aimed to generate a flat load profile, enhancing
predictability from a network management perspective. Regowski et al. [23] provided
findings from measurements and parameter comparisons of an energy storage system
comprising supercapacitor batteries and a conventional lead-acid solution. This system
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was specifically tailored for use in photovoltaic micro-installations. Given the lack of
dependable and cost-effective PV module characterization systems, the development
and analysis of a smart, digital, and portable test setup is of considerable importance.
Pal et al. [24] have addressed this need by devising and evaluating such a model in
their study. In their setup, supercapacitors serve as the load for the photovoltaic
module being tested.

Abbassi et al. [25] have introduced a novel approach for optimally determining
the size of a hybrid energy storage system (HESS) using a statistical method. This
method is designed to leverage the capacity distribution of a hybrid supercapacitor-
battery system within an autonomous photovoltaic (PV)/wind power generation setup.

Palla and Kumar [26] introduced an algorithm designed to coordinate the control
of photovoltaic systems and ultracapacitor-based energy storage systems. Their
proposed system is shown in Figure 7. The aim is to mitigate the impacts of abrupt
variations in solar irradiance and address low-voltage occurrences at the point of
common coupling. Furthermore, their study presents an enhanced multi-mode
operational scheme for controlling ultracapacitor-based energy storage systems. This
scheme accounts for various constraints associated with both charging and discharging
modes.
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Figure 7. Configuration of a typical PV-Ultracapacitor system.

Benavides et al. [27] have introduced a power smoothing technique employing
supercapacitors within a grid-connected photovoltaic system. This method operates
through two distinct stages: prediction and correction, aimed at enhancing power
stability.

Roy et al. [28] investigated a HESS integrating both a battery and a
supercapacitor for managing solar power dispatch in hourly increments over a full day
for 1 MW grid-connected PV arrays. The HESS operates autonomously, utilizing the
PV array for charging rather than relying on grid power, ensuring immunity to
fluctuations in electricity prices. While the battery and supercapacitor are designed to
deliver consistent, predetermined power levels, their primary function does not include
providing ancillary services for grid operation.

In summary, the integration of supercapacitors in PV systems offers significant
benefits in terms of energy storage, management, and system performance. Whether
deployed in parallel or series configurations or integrated at the system level with
advanced control strategies, supercapacitors enhance the reliability, efficiency, and
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sustainability of photovoltaic installations, contributing to the broader transition
towards a clean and renewable energy future.

4. Advantages and challenges

The integration of supercapacitors in photovoltaic systems offers a range of
advantages that contribute to improved system performance, reliability, and
efficiency. One of the key advantages is the rapid charge and discharge capabilities of
supercapacitors, which enable them to respond quickly to fluctuations in solar
irradiance and load demand. This ability to store and release energy rapidly makes
supercapacitors well-suited for applications requiring high-power bursts, such as grid
stabilization, frequency regulation, and peak shaving.

Another advantage of supercapacitors is their long cycle life and robust
performance under diverse operating conditions. Unlike conventional batteries, which
degrade over time due to chemical reactions and electrode wear, supercapacitors
undergo minimal degradation even after thousands or millions of charge and discharge
cycles. This longevity ensures the reliability and durability of the energy storage
system, reducing maintenance requirements and overall lifecycle costs.

Supercapacitors also offer high efficiency and energy density compared to other
energy storage technologies, such as batteries. Their high charge/discharge efficiency
and low internal resistance result in minimal energy losses during energy conversion
processes, maximizing overall system efficiency. Additionally, supercapacitors can
achieve high energy densities when combined with advanced electrode materials and
electrolytes, further enhancing their energy storage capacity and performance.

Despite these advantages, the integration of supercapacitors in PV systems
presents certain challenges and limitations that must be addressed. One of the primary
challenges is the relatively low energy density of supercapacitors compared to
batteries, which limits their ability to store large amounts of energy over extended
periods. This constraint may necessitate the use of hybrid energy storage systems
combining supercapacitors with batteries or other storage technologies to achieve the
desired energy storage capacity while maintaining high power density and efficiency.

Cost is another factor to consider when integrating supercapacitors into PV
systems. While supercapacitors offer long-term cost savings due to their extended
lifecycle and minimal maintenance requirements, their initial capital costs can be
higher than those of traditional battery systems. However, ongoing advancements in
supercapacitor technology, along with economies of scale in manufacturing, are
expected to drive down costs and improve cost-effectiveness over time.

Temperature sensitivity is another challenge associated with supercapacitors, as
their performance and lifespan can be affected by temperature variations. Extreme
temperatures can degrade electrode materials, reduce electrolyte conductivity, and
compromise overall system efficiency and reliability. Therefore, proper thermal
management strategies must be implemented to mitigate temperature-related effects
and ensure optimal performance of the integrated PV and supercapacitor systems.

In summary, while the integration of supercapacitors in PV systems offers
numerous advantages in terms of performance, reliability, and efficiency, it also
presents certain challenges and considerations that must be addressed. By overcoming
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these challenges through ongoing research, innovation, and technological
advancements, supercapacitors have the potential to play a significant role in
enhancing the sustainability and viability of solar energy systems.

5. Recent developments and case studies

In recent years, there have been significant advancements in the development and
integration of supercapacitors in photovoltaic systems, driven by a growing demand
for reliable and efficient renewable energy solutions. These advancements encompass
a wide range of areas, including materials science, device engineering, system design,
and control algorithms, aimed at improving the performance, durability, and cost-
effectiveness of integrated PV and supercapacitor systems.

One area of innovation in supercapacitor technology is the development of
advanced electrode materials with enhanced energy storage capacities and improved
electrochemical properties. Researchers have explored novel carbon-based materials,
such as carbon nanotubes, graphene, and activated carbon composites, as well as
transition metal oxides and conducting polymers, to increase the energy density and
power density of supercapacitors. These materials offer higher specific surface areas,
greater charge storage capacities, and faster charge/discharge rates, enabling the
development of supercapacitors with superior performance characteristics for PV
energy storage applications.

Zhang et al. [29] primarily discuss recent progress and obstacles in flexible
supercapacitors, with a focus on the synthesis and performance of flexible substrates.
Jietal. [30] emphasized the principle of designing electrode materials, which involves
comprehending the connections between the structural design, properties, and
components of electrode materials and how these factors influence their
electrochemical performance. Jiang et al. [31] have provided a recent review of
carbon-based nanostructured electrode materials, encompassing structures ranging
from zero-dimensional to three-dimensional. Their analysis delves into the impact of
nanostructuring on supercapacitor properties, such as specific capacitance, rate
capability, and cycle stability. The insights gained from this exploration may serve as
valuable guidance for the design of electrodes in the development of the next
generation of EDLCs. Grace and Ramachandran [32] discussed advancements in the
development of nanostructured materials for supercapacitor electrodes. Baig et al. [33]
outlined the operational principles and obstacles associated with various advanced
materials utilized in supercapacitor electrodes, along with proposed strategies for
addressing these challenges.

In addition to material advancements, there have been notable developments in
the design and fabrication of supercapacitor devices tailored for integration with PV
systems. These include the development of flexible and lightweight supercapacitors
compatible with flexible PV modules and building-integrated photovoltaics (BIPV)
applications. Such devices offer enhanced mechanical flexibility, conformability, and
durability, enabling seamless integration into various architectural and structural
elements while maintaining high energy storage performance.

Maddala et al. [34] showcased the remarkable photovoltaic power conversion
efficiency (PCE) of 11.12% achieved through single-wall carbon nanohorn-assisted
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carbon counter electrodes in dye-sensitized solar cells (DSSCs). This efficiency
surpassed that of platinum (9.41%), motivating the fabrication of a dye-sensitized solar
module (DSSM) comprising six series-connected DSSCs arranged in a bifacial
configuration for building-integrated photovoltaic applications. The DSSM achieved
an impressive champion PCE of 19.71%. To further enhance this efficiency, an
integrated device, termed a photocapacitor, was developed, combining the DSSM with
a supercapacitor.

Several case studies and real-world implementations highlight the effectiveness
and benefits of integrating supercapacitors into PV systems across different scales and
applications. For example, in off-grid and remote arecas where access to reliable
electricity is limited, standalone PV systems with integrated supercapacitors provide
a cost-effective and sustainable energy solution. These systems can store excess solar
energy during the day and deliver it during periods of high demand or low sunlight,
ensuring continuous power supply for lighting, communication, and other essential
services. In grid-connected PV installations, supercapacitors serve as valuable assets
for enhancing grid stability, power quality, and energy management. By providing fast
response times and high-power support, supercapacitors can mitigate voltage
fluctuations, frequency variations, and transient disturbances caused by intermittent
renewable energy sources such as solar power. Furthermore, supercapacitors enable
grid operators to implement demand response strategies, peak shaving, and energy
arbitrage schemes, optimizing the use of renewable energy resources and reducing
reliance on fossil fuels.

Hamdan et al. [35] discussed methods to enhance the stability of grid-connected
photovoltaic systems by incorporating supercapacitors. Figure 8 shows their
supercapacitor model. Their approach focuses on applying this technique to
photovoltaic systems, utilizing the perturbation and observation (P&Q) algorithm for
maximum power point tracking. The P&O algorithm serves to optimize power
extraction from the photovoltaic system under study.
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Figure 8. Schematic diagram of the SC model [35].

Vargas et al. [36] introduced a model designed for harmonic transient simulation
of a standalone photovoltaic system, incorporating a hybrid energy storage system
comprised of batteries and supercapacitors. This model utilizes a newly introduced
technique for harmonic domain modeling.

Ramineni et al. [37] have devised and applied an energy management (EM)
model to a foundational electric vehicle (EV) model powered by solar energy.
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Predicting the driver cycle of the EV poses a significant challenge in any EM model.
The core structure incorporates solar panels, supercapacitors, batteries, DC-DC
converters, and appropriate control models.

Alam et al. [38] introduced a control strategy for supercapacitors within a
microgrid composed of multiple clusters integrating various renewable energy sources
and generators, including wind power, solar photovoltaics, solar thermal power (STP),
fuel cells, aqua electrolyzers, and diesel generators. Initially, they developed a small-
signal model to aid in control design. This model was then combined with a fractional-
order supercapacitor controller to stabilize the microgrid frequency. Additionally,
optimization of controller parameters was conducted to ensure robust performance.

Arkhangelski et al. [39] investigated a Hybrid Renewable Energy System
(HRES) as a dependable power supply source when connected to the grid. Grid
connection imposes limitations on the power output and harmonic content of the
HRES, necessitating the use of multiple control systems and subsystems such as
measurement normalization, current control, active harmonic compensation, and
synchronization, as detailed in their study. Special emphasis was placed on
interactions within the storage system of the HRES. Combining supercapacitors and
batteries was identified as a method to enhance the durability of the HRES.

Diaz-Gonzalez et al. [40], the authors introduced a two-level controller designed
to oversee a hybrid energy storage solution for integrating photovoltaic plants into
distribution grids. This HESS involves linking a lead-acid battery pack with a
supercapacitor pack via a modular power electronics cabinet. Figure 9 shows the
active power results of their study. As depicted, the peak power exchanged with the
grid is significantly diminished, ensuring that maximum values remain below 6 kW.
Additionally, concerning apparent power, the values remain below the maximum
threshold set by grid ratings. This power limitation is achieved through the coordinated
operation of both the battery and supercapacitor packs.

2 4 6 8
Time (s) <104

Figure 9. The total active power output of the PV plant with and without the
contribution of the hybrid energy storage solution [40].

Mbouteu Megaptche et al. [41], the authors discussed the utilization of a Demand
Response-Fuzzy Inference System Controller (DR-FIS) to regulate the operation of
loads. This controller was employed for the sizing optimization of systems comprising
photovoltaic/wind turbine/battery/supercapacitor and photovoltaic/wind
turbine/battery/diesel generator setups, operating autonomously in a health center
located in northern Cameroon. The optimization process utilized multi-objective
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particle swarm optimization (MOPSO) and multi-objective genetic algorithm
(MOGA) methods.

Overall, recent developments in supercapacitor technology and case studies of
integrated PV and supercapacitor systems demonstrate the potential for these solutions
to drive the transition towards a more sustainable and resilient energy future. By
leveraging advancements in materials science, device engineering, and system
integration, integrated PV and supercapacitor systems offer scalable, reliable, and
cost-effective solutions for meeting the growing demand for clean energy worldwide.

6. Future directions and opportunities

As the demand for renewable energy continues to rise and the need for sustainable
energy solutions becomes increasingly urgent, the integration of supercapacitors in
photovoltaic systems presents exciting opportunities for further innovation and
advancement. Looking ahead, several key areas emerge as focal points for future
research, development, and implementation of integrated PV and supercapacitor
systems.

One area of focus is the continued advancement of supercapacitor technology to
improve energy density, power density, and efficiency. Ongoing research efforts aim
to develop new electrode materials, electrolytes, and device architectures capable of
enhancing the energy storage capacity and performance of supercapacitors while
maintaining their fast charge/discharge capabilities and long cycle life. Advances in
nanomaterials, hybrid energy storage systems, and manufacturing processes hold
promise for achieving breakthroughs in supercapacitor performance and cost-
effectiveness.

Another area of interest is the integration of supercapacitors with emerging PV
technologies, such as perovskite solar cells, tandem solar cells, and organic
photovoltaics. These next-generation PV technologies offer higher efficiency, lower
manufacturing costs, and greater flexibility compared to traditional silicon-based solar
cells, opening up new opportunities for integrated PV and supercapacitor systems in a
variety of applications. By combining the advantages of advanced PV technologies
with the energy storage capabilities of supercapacitors, researchers aim to develop
highly efficient, lightweight, and cost-effective solutions for distributed energy
generation, grid integration, and electrification initiatives.

In addition to technological advancements, future research efforts will focus on
addressing key challenges and barriers to the widespread adoption of integrated PV
and supercapacitor systems. These challenges include cost competitiveness, system
scalability, standardization, and regulatory frameworks. Collaborative research
initiatives involving academia, industry, and government agencies are needed to
overcome these challenges and accelerate the deployment of integrated PV and
supercapacitor systems on a global scale.

Furthermore, the development of advanced control algorithms and energy
management strategies will play a crucial role in optimizing the operation and
performance of integrated PV and supercapacitor systems. By leveraging real-time
data, predictive analytics, and machine learning techniques, researchers can develop
intelligent control systems capable of maximizing energy harvest, optimizing energy
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storage, and minimizing grid impact. These advanced control strategies will enable
integrated PV and supercapacitor systems to operate autonomously, adaptively, and
efficiently under diverse operating conditions and grid environments.

In summary, the integration of supercapacitors in PV systems holds tremendous
potential for shaping the future of renewable energy and accelerating the transition
towards a sustainable energy landscape. By focusing on technological innovation,
research collaboration, and policy support, stakeholders can unlock new opportunities
and overcome barriers to the widespread adoption of integrated PV and supercapacitor
systems, paving the way for a cleaner, greener, and more resilient energy future.

7. Conclusions

The integration of supercapacitors in photovoltaic (PV) systems represents a
promising approach for addressing the energy storage challenges associated with solar
energy and advancing the transition towards a sustainable energy future. Through this
exploration, it is evident that supercapacitors offer unique advantages such as high
power density, rapid charge/discharge capabilities, and long cycle life, making them
well-suited for applications requiring efficient and reliable energy storage. The
number of academic publications regarding the use of supercapacitors in PV energy
systems has increased over the years. Figure 10 shows the number of academic
publications involving the use of supercapacitors in photovoltaic energy systems in
the last fifteen years [42]. Studies on the subject have doubled in the last five years.
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Figure 10. Number of publications by years [42].

By harnessing the complementary strengths of supercapacitors and PV
technology, integrated systems can achieve greater energy autonomy, reliability, and
efficiency. Supercapacitors enable PV systems to capture surplus energy during
periods of high sunlight and deliver it during periods of low irradiance or high demand,
thereby enhancing overall system performance and stability. The integration of
supercapacitors also facilitates grid integration, demand response, and energy
management strategies, enabling PV systems to contribute to grid stability and
resilience.

Furthermore, recent developments in supercapacitor technology and case studies
of integrated PV and supercapacitor systems demonstrate the feasibility and
effectiveness of this approach across a wide range of applications and scales. From
off-grid installations in remote areas to grid-connected systems in urban environments,
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integrated PV and supercapacitor systems offer scalable, reliable, and cost-effective
solutions for meeting the growing demand for clean energy worldwide.

Looking ahead, there are exciting opportunities for further innovation and
advancement in the field of integrated PV and supercapacitor systems. Future research
efforts will focus on enhancing the energy density, efficiency, and cost-effectiveness
of supercapacitors, as well as exploring new materials, device architectures, and
system integration strategies. Collaborative research initiatives involving academia,
industry, and government agencies will be essential for overcoming key challenges
and accelerating the adoption of integrated PV and supercapacitor systems on a global
scale.

In conclusion, the integration of supercapacitors in PV systems holds tremendous
potential for driving the transition towards a more sustainable, resilient, and efficient
energy landscape. By leveraging advancements in technology, research collaboration,
and policy support, stakeholders can unlock new opportunities and overcome barriers
to the widespread adoption of integrated PV and supercapacitor systems, ultimately
contributing to a cleaner, greener, and more sustainable future for generations to come.
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