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Research Article

Improving the Performance of a VSG in the Distorted Grid Using Third-Order
Generalized Integrator

, and Ali Akbarzadeh Kalat

Faculty of Electrical Engineering, Shahrood University of Technology, Shahrood, Iran

Ramin Arjmandzadeh, Mahdi Banejad

* Corresponding Author: m.banejad@shahroodut.ac.ir

Abstract: In conventional power systems, most of the power is produced by synchronous generators in the electric
grid that have heavy and rotating rotors. As a result, there is an inherent inertia in the rotor of these generators. The
presence of inertia in the grid prevents sudden frequency changes during imbalance situations, thus, the frequency
stability of the grid is maintained. Today, with the increase of renewable energy sources that are usually connected to
the network by power electronic equipment. Such resources do not have rotating materials, therefore, the overall
inertia of the grid decreases and the stability of the system deteriorates. To solve the problem of lack of inertia in the
power electronic-based grid, the notion of the virtual synchronous generator (VSG) technology has been introduced
in recent years. This technology can imitate the behavior of traditional synchronous generators for inverters
connected to the grid. In this way, the inverters connected to the grid act like a synchronous generator during
imbalance. One of the problems associated with the converters-based microgrid is the existence of DC deviations and
additional harmonics, which disrupt the work of the converters. Therefore, in this article, a third-order generalized
integrator (TOGI) -based VSG for grid-connected inverters is employed so that the system stability is maintained in
the conditions of additional harmonics and DC deviation. To show the effectiveness of the proposed method, time
domain simulations have been performed in Simulink/MATLAB software. The results of the simulation verify the
performance of the proposed method.

Keywords: Virtual synchronous generator, grid stability, distributed resources, dc deviations, additional harmonics.

Article history
Received 24 November 2023; Revised 11 December 2023; Accepted 05 January 2024; Published online 05 March 2024.
© 2024 Published by Shahid Chamran University of Ahvaz & Iranian Association of Electrical and Electronics Engineers (IAEEE)

How to cite this article
P Check for
LY
. I’ updates

using third-order generalized integrator," J. Appl. Res. Electr. Eng., vol. 3, no. 1, pp. 1-8, 2024.

DOI: 10.22055/jaree.2024.45355.1091

R. Arjmandzadeh, M. Banejad, and A. Akbarzadeh Kalat, "Improving the performance of a VSG in the distorted grid
mechanical friction and electrical losses in the motor of

1. INTRODUCTION

In traditional power systems, synchronous generators
with heavy and rotating rotors are commonly used to
generate power. The rotational motion of these rotors is
primarily responsible for providing the inertia for the entire
power systems inertia, which is crucial for maintaining
stability. When there is an imbalance between power
generation and consumption within the grid, the speed of the
rotor adjusts to accommodate this imbalance, resulting in
frequency deviations. However, due to the inherent inertia of
these rotors, sudden changes in speed are prevented, ensuring
the stability of the network's frequency. Besides inertia,
another key factor is the damping coefficient resulting from

synchronous generators. This can significantly impact the
stability of the electrical network. Currently, there is a global
shift toward utilizing more renewable resources in power
systems. As distributed energy sources are increasingly
connected to grids via power electronic devices, which
usually do not have inherent inertia, the overall rotational
inertia of the network is decreasing. This is because
renewable resources are usually interfaced through
electronics that lack of the physical spinning components
compared to traditional synchronous generators that have
rotational masses.

As inertia levels decrease across the grid, it becomes
more sensitive to disturbances and imbalances. The network
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reacts faster to these disturbances, posing greater stability
challenges for the system. Even minor imbalances causes
cascading failures, widespread blackouts, and the need for
power outages. One solution to enhancing stability under
these conditions is providing virtual inertia from non-inertial
resources. Recent work has acknowledged virtual
synchronous generators as an approach that can mimic the
behavior of a synchronous generator using power inverters
connected to the network. By emulating synchronous
generator characteristics, non-inertial sources act similarly to
high inertia synchronous machines, compensating for the
lack of physical rotating masses. This helps stabilize grid
frequency in the cases of electrical disturbance [1].

By adjusting key parameters such as virtual inertia and
damping rate, the output reaction of a VSG can be altered.
The experts have examined different control setups with the
goal of eliminating fluctuations in both power and frequency.
A variety of control architectures have been evaluated as a
way to reduce variations and keeping stability through the
VSG response. By modifying the virtual inertia and damping
emulated by the inverter, the VSG output response can be
tailored to best maintain system frequency and power
transfer under varying conditions of the electrical network.
The virtual inertia and damping have been modeled by the
inverter can allow the VSG to adapt its behavior by changing
grid situations [2, 3]. A general overview and detailed
investigation of various VSG designs and their structures
have been given in [4], that has outline different VSG models
as well as an in-depth discussion of their architectures. The
concept of adaptive virtual inertia has been introduced in [5],
which can effectively suppress the power and frequency
fluctuations in VSGs. A small signal model of the VSG
control loop has been analyzed to tune parameters in [6],
obtaining optimal inertia (J) and damping (D) values. Also,
in [7], the problems of designing VSG parameters have
discussed and a method based on Lyapunov has been
presented for designing VSG parameters. A VSG-based
approach has been presented in [8] to address the reduced
inertia challenge in distribution grids. In this reference a
virtual inertial control has been developed to increase the
inertia of a DC microgrid and reduce voltage fluctuation
rates. The VSGs can produce significant damping torque to
eliminate low-frequency oscillations in grids [9]. The inertia
response characteristics of permanent magnet wind energy
conversion systems using VSG control have been evaluated
and comparing them to synchronous generators in in [10].
While virtual resistance helps synchronous resonance
suppression, it has negative impacts on VSG transient
stability [11]. As a result virtual resistance effects on
transience has been investigated in this reference and has
been proposed a method for suppressing transient
fluctuations using virtual resistance. Aa microgrid model
with several VSGs and real synchronous generators have
been used in [12] to define the voltage angle deviations from
the center of inertia angle to analyze transient stability. Also,
in [13], a control method has been presented to improve
transient power angle stability (TPAS) and suppression fault
current when a fault occurs in the grid.

As mentioned earlier, in recent times, there has been
significant growth in grid-connected microgrid systems
driven by the need to improve renewable energy availability
and reliability during high demand periods. To ensure

accurate synchronization of renewable sources with the main
grid, Phase-Locked Loop (PLL) controllers have emerged as
a key solution [14]. The PLL technique is one of the most
widely used and established methods for synchronization in
power systems [15]. However, if DC deviation components
exist in the voltage and current signals, they can induce
frequency and phase fluctuations estimated by the PLL.
Eliminating these low frequency oscillations has posed a
challenge [16].

The novelty of this paper is to use a VSG-based control
method for grid-connected inverters is which can provide
virtual inertia for new microgrids, it can also maintain the
stability of the system and enhances the stability of dynamics
of the system in the presence of DC deviation component and
additional harmonics in the voltage and current VSG signals.
In this design, instead of the voltage and current signals being
used directly to calculate the power, first they pass through a
TOGI and the harmonic and DC deviation removal operation
takes place, and then the signals without DC deviation and
additional harmonics are used to calculate the transmitted
power.

The remaining Sections of the article are organized as
follows: Section 2 provides a concise conceptual description
and overview of the general structure of a VSG. Section 3
introduces a proposed method aiming at eliminating the DC
deviation component from VSG signals, ensuring that its
performance remains unaffected. Section 4 focuses on
carrying out the time domain simulations based on the
principles outlined in Section 3, validating the effectiveness
of the proposed approach through simulation results. Finally,
Section 5 concludes the article, summarizing the key findings
and implications of the study.

2. GENERAL CONCEPT AND STRUCTURE OF A VSG

Fig. 1 illustrates the concept of a VSG. Based on the
information depicted in this figure, it can be inferred that
distributed energy sources like solar and wind energy can be
regarded as providing the necessary energy that is an analogy
to the rotor of synchronous generators. Additionally, inverters
can be viewed as analogous to synchronous generators within
the framework of VSG, according to the principles of VSG,
when the VSG control method and theory are implemented in
all grid-connected inverters, they can be treated collectively
as an equivalent synchronous generator [17]. VSG is
comprised of three primary components. An inverter, an
energy storage system typically utilizing capacitors, and
VSG control, as depicted in Fig. 2. When an imbalance in
power occurs within the grid, the capacitor is utilized to
either release or store energy. Thereby preventing frequency
deviations. If power consumption exceeds generation, the
required power is drawn from the capacitor. Conversely, if
generation surpasses consumption, the surplus energy is
stored in the capacitor. This process is controlled by the VSG
control. The VSG control Section incorporates the oscillation
equation of synchronous generators, which can be expressed
as follows:

Po—Pe+D(w0—w)=]a)% 1
where, Py, P., D, ], w and w, are the active power reference,
VSG active power, damping coefficient, virtual inertia, VSG
angular frequency and nominal frequency, respectively.
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Fig. 2: General structure of a VSG.

3. PROPOSED METHOD FOR REMOVING THE DC
DEVIATION COMPONENT AND ADDITIONAL
HARMONICS TO IMPROVE VSG PERFORMANCE

As stated previously, the PLL plays a crucial role in the
synchronization and closed-loop control of single-phase grid-
connected systems (SPGCS), including photovoltaic systems,
fuel cells, batteries, and wind systems [18, 19]. PLLs are
responsible for accurately detecting the frequency and phase
angle, which directly impacts the power quality, reliability,
and stability of SPGCS [20]. The second-order generalized
integrator (SOGI) algorithm depicted in Fig. 3 is considered
one of the most effective PLL techniques for converters is
being connected to a single-phase grid. In Fig. 3, u, Ksoai,
and w, are the input signal, damping coefficient, and
resonance frequency, respectively.

When examining the output signals ui and u; in TPGI, it
is observed that they possess identical amplitudes but exhibit
a phase shift of 90 degrees. Both ul and u2 share the same
amplitude and phase characteristics. However, in the
presence of a DC offset component within the input signal, a
notable distinction emerges. Specifically, ul has no DC offset
while u2 is significantly influenced by the DC offset. This
discrepancy in behavior can pose challenges and
complications in some cases.

The existence of a DC offset in PLL input is a
fundamental issue due to inducing frequency fluctuations in
the acquired phase and frequency [21, 22]. The detrimental
impact of DC offset components in the grid voltage on
synchronization unit performance is evident. It manifests as
oscillatory behavior and offset errors in the estimation of grid
information [23]. DC offset can arise from: voltage sensor
offsets, disparities between semiconductor devices. A/D
conversion and so on. To tackle this problem, this section

T -y ul

T

=
' "J‘uz

Fig. 3: General structure of a SOGI.
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Fig. 4: General block diagram of a simple VSG.

introduces a method for eliminating the DC offset from the
output voltage and current signals of VSG. Fig. 4 illustrates
the general block diagram of a simplified VSG, serving as a
visual representation for further discussion.

In the power calculation section, VSG power is
calculated as follows:

Poue = Valy + Vol + VI, @
1
Qout - ﬁ(la(vb -+ LV —Va) + 1. (Va

- W) 3)

where V,, ,, and V, are the voltages of phase a, b, and c,
respectively, and I, I,, and I. are also the currents of phase
a, b, and c. If there is a DC deviation in any of the parameters
mentioned in (2) and (3), it can introduce calculation errors
in power calculations. These errors can propagate through
the VSG control cycle, leading to successive errors and
potential instability. The dynamical coupling between
frequency and voltage of a VSG a has been studied in [25].
In this reference a unified model is presented to study the
voltage and frequency analysis. In reference [26], TOGI
algorithm is introduced to address DC deviations in single-
phase systems. The TOGI algorithm eliminates the influence
of the DC offset component in u, by incorporating an
additional loop to the SOGI. In this article, the TOGI-based
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algorithm is utilized to generate the afy axes of voltage and
current for the VSG, enabling the extraction of the
fundamental components of voltage and current and
facilitating power calculation. To achieve this, six TOGIs are
employed, with two TOGIs per phase (one for voltage and
one for current). Fig. 5 illustrates the process of extracting
the aff components of phase (a) voltage and current using the
TOGI-based algorithm. Similarly, TOGI is considered in
phases b and c. In this case, the VSG active and reactive
powers can be calculated as follows.

Pout

_ (Vaalaa + Vaglap) | (Vbalba + Voplnp)

2 2
Vealca + Vegl
+ ( calca cB CB) (4)
2
Qout
_ (Vaalag + Vaplae) =~ (Vbadbg + Voplba)
Veal 2V I 2
+
+ ( ca‘cP cB coc) (5)

2

Using this approach, the VSG active and reactive powers
are computed independent of any DC deviations, ensuring
the delivery of power to the load with the desired quality and
enhancing the system's stability. The modified version of
Fig. 4 is represented as Fig. 6, incorporating the suggested
method.

4, SIMULATIONS

Simulations are carried out using the
Simulink/MATLAB software. This analyzes and compares
the transient performance, steady state characteristics, and
stability of the system in different sections, in comparison to
conventional VSG control. The VSG was connected to the
grid and operated alongside a local load of 15KW, with the
simulation duration set for 6 seconds. Two scenarios are
considered to evaluate the proposed design. The first scenario
involved the presence of unwanted DC deviations in the VSG
voltage and current signals. The second scenario is the
connection of the studied VSG to a harmonic grid. Therefore,
the proposed design should be able to perform well in both of
these scenarios and maintain the stability of the system.
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The simulation parameters for the proposed VSG are @ 5 (a) ' ] ‘ ! ' ! !
provided in Table 1. To assess the implementation and  S1r
effectiv_eness of the pro_posed stratggy, time domgin g 50 X
simulations are conducted in the following under scenarios g !
involving DC deviations in VSG voltage and current signals, g 40+
as well as a harmonically distorted with harmonic content. E 48 , i ! ! , , ! i i
4.1. Scenario 1: DC Deviation in the Voltage and 115 225 3 35 4 45 5 35 6
Current VSG Signals -5 . _ | _ | . |
In this Section, both the proposed VSG and conventional @ 5L ®
VSG are simulated while voltage and current signals have DC g‘
deviation and the results of the simulations are then g 30
compared. DC deviation can cause grid instability. Therefore, g 49r
the proposed VSG should be able to reduce the effect of DC & 48 Y S S TR Y R S
deviation. In 2.5s, a DC deviation is injected in the phase a 115 2 25 3 35 4 45 5 35 6
voltage of both controllers (proposed VSG and normal VSG). Time(S)
The value of this deviation is 100V. Fig. 7 and Fig. 8 show
the system frequency and output power of VSGs, Fig. 7: System frequency: (a) proposed VVSG control,
respectively. As it can be seen from these figures, the (b) conventional VSG control.
proposed TOGI-based method removes the DC deviation e
value from its signals. 3T — T — T
It becomes stable with an acceptable transient and follows its § 2t @
reference values without any fluctuations. However, the DC § 1l ’
deviation greatly affected the control performance of é
conventional VSG. The performance of this controller ) T N R— PR —
fluctuates greatly in these conditions and even the frequency 1 15 2 25 3 35 4 45 § 55 6
and power fluctuate outside the allowed range. This is despite <10t

the fact that the DC deviation occurred with a relatively low
amplitude and only in phase (a). If it occurs in other phases
with higher amplitudes, it can worsen the situation.

Power (W)
N~ W
P
=
=

1t
4.2. Scenario 2: Performance of the Proposed VSG
Connected to a Harmonically Grid 0f—
In scenario 2, the simulations are carried out for both the 15 225 3 35 4 43 5 55 ¢
proposed VSG and conventional VSG in the presence of a Time(S)
harmonic grid. The grid to which the VSG is connected is Fig. 8: Output power of VSGs: (a) proposed VSG

considered to have a third order harmonic with an amplitude

! control, (b) conventional VSG control.
of 0.2pu and a phase of -25 degrees, spanning from 2s to 4s

seconds. Both the proposed and conventional VSG controls 2 @ ‘ L
are connected to this grid, enabling a comparison of their 51
respective responses. Fig. 9 displays the system frequency, 50

IR |

while Fig. 10 illustrates the output power of the VSGs. Both
figures are for the conditions that the third harmonic is
present. These simulation results provide a basis for 48 : ‘ : L L
evaluating the performance and effectiveness of each control
approach in the presence of harmonic distortion.

49

Frequency(Hz)

-~ T T T
Table 1: Simulation parameters. g
Parameter Value g
Nominal frequency 50 Hz g
switching frequency 14 KHz g
Grid voltage 220V <3 ! L !
DC bus voltage 800 V 45 § 58 6
Virtual inertia J 0.023 Time(S)
Damping coefficient D 796
Filter inductance Lt 15mH Fig. 9: System frequency: (a) proposed VSG control,
Filter capacitor Ct 150 pF (b) conventional VSG control.
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Fig. 10: Output power of VSGs: (a) proposed VSG
control, (b) conventional VSG control.

As Fig. 9 and Fig. 10 show, in time interval between 2s
to 4s, when the additional harmonic is injected, the proposed
VSG remove the effect of the excess harmonic well and has
only a very small fluctuation, which is within the permissible
range. but the conventional VSG has not been able to remove
the additional harmonic effect and as it is known, the system
has a strong oscillation in 2 to 4 seconds. The advantages of
the proposed design include easy implementation, low
calculation time, improvement of VVSG stability in harmonic
conditions and the presence of DC deviations in voltage
signal, applicable for single-phase and three-phase inverters,
without the need to connect with other system components
and low cost.

5. CONCLUSION

This article focuses on enhancing the stability of a VSG
in the presence of harmonically distorted conditions and DC
deviations in its voltage and current signals. It begins by
providing a brief overview of the general and conceptual
structure of a VSG. Subsequently, a method utilizing TOGI
is introduced to eliminate DC deviations from the VSG's
voltage and current signals. To evaluate the effectiveness and
efficiency of this proposed approach, the time domain
simulations are conducted in Simulink/ MATLAB software,
by considering two scenarios: 1) the presence of DC
deviations in the VSG's voltage and current signals, and 2)
the VSG connected to a harmonically distorted grid. The
simulation results clearly indicate the effectiveness of the
proposed design in enhancing the stability of the VSG.
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Abstract: The utilization of distributed generation (DG) in today's power systems has led to the emergence of the concept
of microgrids, in addition to changing the mode of generating and supplying the energy required for network electrical
loads. When a microgrid operates in the island mode, energy generation sources are responsible for controlling the
microgrid’s voltage and frequency. As the microgrid frequency is proportional to the amount of power generated by the
DG, the microgrid requires a precise power-sharing strategy. Considering that DGs do not usually have stable output
power despite the importance of power stability, the present paper addresses the voltage and frequency control of an
islanded microgrid by considering the power generation uncertainties caused by disturbances and the varying power
output of DGs. Given that the disturbance on the first DG's input current is 0.2 A, which is approximately 2.2% of the
steady-state value, a simulation was performed, and it was observed that the maximum voltage variation of each bus in
the worst case was 0.59% for the first bus and 0.53% for the second bus, which means that the controller could control
the voltage and frequency values within the permissible range. If the controller is not used, the change in the frequency
of each bus will be 10 times, and the voltage change will be 5 times as great as that of the case the controller is used.
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updates

and voltage stabilization. Frequency and voltage are highly
variable concerning active and reactive power variations,
The incorporation of DGs in today's power systems has respectively.
changed the mode of electrical energy generation and supply
for electrical loads inside microgrids. This form of the use of
DGs does not suffer from energy losses occurring in energy
transmission lines, and it covers the discussion of reserve
services and the provision of the demanded reactive power.
Connecting these resources to the grid requires the adoption
of power electronic converters. An electronic power
converter can respond to fast load changes and provide fast
and flexible control of voltage and frequency, so active and
reactive power can be properly controlled. However, the use
of DG units complicates the structure and brings about
challenges in the operation, control, stability, protection, and
security of power distribution networks [1]. Therefore, there
are new strategies for connecting these resources to the power
system. Islanded microgrids are inherently weak in frequency

1. INTRODUCTION

Ref. [2] proposed an optimization-based scheme for
simultaneous frequency and voltage control in islanded
microgrids in which the DG unit with the largest capacity
served as the master controller, ensuring proper load sharing.
In [3]. a finite-time event-triggered control was proposed for
frequency and voltage in islanded AC microgrids, enabling
efficient power sharing among distributed generators. A two-
stage economic plan was suggested in [4] for integrating
synchronous distributed generations (SDGs) into distribution
networks. The results on standard distribution networks
confirmed improved protection coordination and economic
indices compared to power flow studies. The authors in [5]
attempted a control strategy for microgrid PV inverters,
ensuring seamless transitions between grid-connected and
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islanding modes. The approach enhanced overall microgrid
reliability by mitigating transient variations in voltage,
current, phase, frequency, and DC-link voltage. Ref. [6]
focused on a washout filter-based power-sharing approach in
microgrids, eliminating voltage and frequency deviations
without secondary control or communication links. Ref. [7]
introduced a multi-agent-based adaptive controller for
microgrids, addressing uncertainties in distributed generating
resources. Compared to a secondary voltage controller, it
demonstrated faster convergence and improved performance
in handling load changes. Researchers in [8] presented an
event-triggered  distributed control for islanded AC
microgrids, allowing asynchronous communication without
synchronization, effectively reducing communication rates.
A fully distributed optimal control for AC microgrids was
introduced in [9], emphasizing transient responses. The
proposed two-loop control optimized local frequency and
voltage adjustments, effectively solving the distributed
optimization problem with  ADMM and the Lyapunov
function approach. Ref. [10] focused on a novel distributed
control scheme for islanded microgrids, ensuring finite-time
restoration of generator frequencies, active power sharing,
and voltage regulation. Ref. [11] investigated efficient
islanded microgrid frequency control by coordinating
reactive power between a solid oxide fuel cell (SOFC) and a
battery, reducing the need for energy storage and eliminating
reserve capacity. Ref. [12] introduced a multi-agent adaptive
controller for microgrids, comparing its performance with a
secondary voltage controller. Ref. [13] explored improving
microgrid control during grid-independent operation. It
presented a novel optimization approach in which teaching-
learning-based optimization and harmonic search algorithms
were combined to enhance voltage and frequency regulation.
Researchers in [14] introduced a novel evolutionary
algorithm for unit commitment, addressing societal quality of
life improvement with thermal and wind units. Ref. [15]
proposed disturbance observer-based control for regulating
frequency and voltage in a low-inertia microgrid with solar
PV and a diesel generator. A distributed control approach was
proposed in [16] for islanded microgrids, optimizing reactive
power-sharing and addressing voltage/frequency drop issues.
A decoupled double synchronous reference frame-based
virtual synchronous generator (VSG) was introduced in [17]
for improved performance in unbalanced conditions within an
islanded microgrid. The method enhanced controllability,
accuracy, and robustness under heavy loads by separating
positive and negative components. Ref. [18] optimally
allocated DG units in networks with unbalanced loads using
a modified group search optimizer (GSO) algorithm. Ref. [19]
investigated an efficient power control technique for inverter-
based DG in an islanded microgrid and emphasized improved
electricity quality during islanded operation. The control
method integrated internal current and external power control
loops. An adaptive virtual impedance control method
optimized by the multi-objective particle swarm optimization
(MOPSO) algorithm was considered for efficient voltage and
frequency control in microgrids [20]. Ref. [21] introduced a
fixed-time control approach for islanded AC microgrids that
utilized a multi-agent consensus method with an adaptive
fuzzy fixed-time secondary voltage controller and a
secondary frequency controller based on the control barrier
function. A disturbance-observer-based control (DOBC) was
proposed in [22] for efficient frequency and voltage
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regulation in power systems with high renewable energy
sources (RES). Ref. [23] introduced two event-triggered
fault-tolerant control (ETFTC) algorithms for voltage
restoration in microgrids, addressing bias faults in distributed
generators' actuators and reliability in distributed control
applications. Researchers in [24] discussed an advanced
power-sharing control method using sliding mode control in
microgrids. It improved voltage quality and enhanced power-
sharing accuracy among inverters, even during
communication interruptions.

Noting that DGs usually lack stable output power, the
present study aimed to design a controller for voltage and
frequency control of the islanded microgrid by considering
disturbance in the input power of DGs. Based on the literature
review, it is evident that no study on voltage and frequency
control of microgrids has ever considered the full dynamic
model of the resources and microgrid, as well as power
disturbances simultaneously. Many references have
presented voltage and frequency control but neglected the
dynamics of DGs or power input disturbances. Also, some
previous studies have discussed input disturbances and the
dynamics of DGs, but the only control challenge they have
considered has been the frequency control of the microgrid.
Indeed, none of the references has been completely modeled.

This paper considers the dynamics of each DG to
eliminate power input disturbances, maintain the voltage and
frequency within the permissible range, and consequently
preserve the microgrid’s stability (with electronic power
converters). The controller also makes the necessary changes
in power electronic settings to eliminate disturbances and
accomplish the control objectives.

Accordingly, the highlights of this paper are as follows:

e Presentation of a method for voltage and frequency
control of islanded microgrids

e Designing a multi-output controller

e Considering the dynamics of each DG with power
converters and power generation uncertainties

e Changing and controlling the switching method of
power converters of DGs

e Increasing the velocity of response to changes and
maintaining the closed-loop stability.

The rest of the paper is organized as follows. Section 2
discusses multivariable systems and how to design controllers
for these systems. In Section 3, the target microgrid is
modeled, and mathematical equations are obtained. Section 4
studies the dynamic model of each DG and presents its
mathematical equations. Section 5 provides the state-space
model of the system and the system matrices for simulation.
In Section 6, a simulation is performed according to the
equations expressed in Section 5, and the results are presented.
Section 7 concludes the paper.

2. DESIGNING MULTIVARIABLE CONTROLLERS

2.1. Multivariable Linear Systems

Most control system analysis and design systems are based
on the system’s mathematical model. A system model may be
a mathematical and analytical model of the system. Physical
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systems and many non-physical systems can be described by
a system of nonlinear differential equations and algebraic
equations [25, 26]. By linearizing these equations around
operating points, we can obtain the system’s differential and
algebraic linear equations. This way, linear control systems
are analyzed and designed around the designated operating
points. In the study on multivariable control systems, the
system is described by linear state-space models, transfer
function matrix, system matrix, and fractional matrix. The
description of the space state or internal description is given
in (1) and (2) [27]:

x(t) = Ax(t) + Bu(t) + E.w(t) (e
y(t) = C.x(t) + Du(t) + F.w(t) )
where vector x shows the state variables, u is the input vector,
y is the output vector, w is the disturbance vector, and the
matrices A, B, C, D, E, and F are dimensioned. The control
systems are designed with two objectives: stabilizing and
improving the closed-loop operation. If the open-loop system
is stable, the main purpose during designing the control
system will be to improve the performance of the set of
system behaviors. If the exact model of the open-loop system
is available, or in other terms, the system's behavior is not
uncertain, the desired control objectives can be achieved
without feedback. However, practical systems are always
associated with some uncertainty, which needs the use of

feedback.

2.2. Design of a PI Controller for Multivariable Systems

Consider a multivariable system described using the
state-space equations and the output shown in Fig. 1.

The corresponding transfer function matrix for the
system is obtained as (3) [27]:

G(s) =C.(sl - A)'B 3)

where G(S) is an (mxI) transfer function matrix.

Note that the open-loop system must be stable and
controllable for controller design. Therefore, all the
eigenvalues of matrix A should be placed on the left half of
the imaginary, which will be proven as follows.

Consider the multivariable system given in (1) and (2).
Assuming that the assumptions are correct, the multivariable
PI controller is considered as (4):

U = (K, +- 2)e(9) @)
The matrices K, and K, are defined as:

K, =aeK (5)
K, =K (6)
() ~e() Ko |u(s) y(s)

: Kt~ 1G0T

Fig. 1: A multivariable closed-loop system.
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where ¢ is a setting parameter, a is a positive real number, and
K as the design matrix is defined by (7):

K=G'(GG")'X (7
Here G=G(0)and X is:
o 0 .. 0
0o,
=l o ®
0 - 0 o,
witho; >0.

The most important advantage of the controller designed
in this article is the control of multiple parameters, the
stability of the closed loop system, and the appropriate
response speed. The controller is designed below based on the
system matrix.

3. MODELING AND MATHEMATICAL EQUATIONS OF THE
MICROGRID

The islanded microgrid under study is shown in Fig. 2
[28]. This microgrid involves the interconnection of two DGs
via a line and two local complex interconnected loads. This
study modeled energy sources using a boost converter and an
inverter to the main microgrid with constant loads. Different
current (power) oscillations of DG1 are modeled as a
disturbance that causes frequency and voltage deviations.

Current equations are written according to the matrix
given in (9) [29]:

Ial _ Ya +Yc _Yc \Z 9

Ll LY Ye+Y v ©)
According to (9), equation (10) is obtained:

V. o=Y"l (10)

If voltage and current equations are considered in the
following sequence, equations (11) and (12) are obtained:

Vr :Vrd + jVrq (11)
I=1,+jl, (12)
Equations (9) and (10) yield (13), (14), and (15):
L, +Z.Z, 13
vzo+2Z,+2, (13)
yAvA
7 = —_  Ta™b
A v (14)
272 +727
_ a“™h b“c (15)

2 7.+2,+2,

Fig. 2: The studied islanded microgrid [28].
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These are also expressed as (16)-(19):

Z, =R, +jX, (16)
Z,=R,+ X, (17)
Zy =Ry + jXy (18)
Zy, =Ry + Xy (19)

As a result, according to the above equations, equations
(20)-(23) are obtained'

=Ryl =Xl + Rl = Xy, (20)
Vr =X,y +Ry! ot Xplog +R,1 2 (21)
Vi =Ryl = Xy lig + Ry lhg = Xplyg (22)
Vrq = Xy hg + Ry lig + X155 + Ryl (23)

4. MODELING AND MATHEMATICAL EQUATIONS OF DG
UNITS

Both DGs contain a DC/DC converter, an AC/DC
inverter, and an LC filter, as shown in Fig. 3. The active
power is controlled by the controller’s switching function.
DC-bus voltage is regulated by the switching function in the
dq axis of the inverter. Therefore, the voltage and frequency
of buses connected to resources are system outputs, and
switching functions are controlled by converters and inverters
of each DG. The input disturbance is also considered a change
in the input current and, as a result, a change in the generating
power of the first DG. The input voltage to the DC/DC
converter is determined by the switching function (¢;) of
each resource. DC-bus voltage (V) and output current of

the converter ( I, ) are indicated by the switch function (¢, )

scr

and DG current. The output voltage of each inverter (Vuli and
V,, ) is expressed by the switching function (K, and K, ) and
the DC-bus voltage (V). The input current of the inverter
(1,) isafunction of the switching function (K, and K, ) and

the output current (Id, and Iq. ) of the AC bus. The input
voltage sources are connected to a DC/DC converter by a
resistor and inductor (in and LXi ), as in Fig. 3. The input
voltage to the converter (Vh ) is a function of the input voltage
(Vi ), input current (1;, ), and resistor and inductor (R, and

L, ). The DC/DC converter is filtered by a capacitor (C,.)

and connected to an AC/DC inverter. The input current to the
inverter is equal to the difference between the output current
of the converter (1, ) and the capacitor current. The inverter

output and AC side are modeled in this section. The inverter
is connected to the grid by an RL filter, as shown in Fig. 3.

The inverter output currents ( Idi and Iqi ) are equivalent to the
output currents I, or 1,, as given in Fig. 2. In the equations,
R, and L. are the resistance and inductance of the line,V,
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and ti are voltages of the bus system in the dg axes, and V.
is the DC-bus voltage.

In Fig. 3, the input source with an index i = 1, 2 is related
to DG1 and DG2, respectively.

The power equation for each of the sources is obtained
by (24):
Pi :Vdi Idi +VQi IQi (24)
Also, equations (25)-(29) are obtained considering the
DC/DC converter and the AC/DC inverter:

Vi =Ky Vo (25)
V, =K, Vo, (26)
I, = a1y, (27)
Vh =g, 'VDC, (28)
I, =Ky 1y +K, 1, (29)

By establishing KVL at the output of each inverter,
equations (30) and (31) are expressed:

. . 1 1
Idi a LacI .Idi +Tci.VDCi 'Kdi +a)i.|qi _:ci.vrdi (30)
. Ny 1 1
|CIi = L | _'\/DCi'in +a)i'|qi _L_'qui (31)

On the other hand, according to (27) and (28) and writing
a KVL at the input of each converter, Equation (32) is
provided:

. R
L =Li'vin, _Li'VDC, 0 ——

%

I'Iin
L i

XI

(32)

X

Also, by writing the KCL in the node to which the
capacitor is connected and considering (28) and (29), we have:
1 1
=—aa.l, ——(Ky 1y, +K, 1)

i*hin
CDC. DC;

(33)

The output frequency of each inverter is obtained using
the droop character [28]:

=0, -K, (P-F) (34)

To ensure each inverter’s voltage and frequency control,
their output voltage and frequency are required.

These quantities are measured using a low-pass filter
with a cut-off frequency of @, . According to Fig. 4, the power

equation in the Laplace domain is formulated as [28]:

a)f
Pmeas (S) = P(S) (35)
S+ w;
By substituting (35) in (34), we have:
A.CU. =-—w; Ao, — o, K, AP, (36)
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R L R I Vr
N v ac; ac;
rw—m“— I scr; I m;
Iini + ++ +
—— Boost | A
DG ==Cpe,
Vi, T ViilConverter N e Inverter

Grid

Fig. 3: The dynamics of each DG.

Vv
.

| A —»| Normal Switching Method

(i) I +
Input
S Ty | Power Measurment
4—®<— %, [Calculation
P

4—3| Block

Droop Low Pass Filter
hanging Inpu
Power of DG

Fig. 4: Diagram of frequency control of each DG unit.

As is seen, these equations are nonlinear, but they should
be linear and controllable in the form of state space equations
to control the network. The following is allocated to this e
process.

Fig. 5 shows the performance flowchart of the proposed . Calculate New
method. Phase-Fired

v

Normal Switching Method

5. STATE-SPACE MODEL OF THE SYSTEM

The state variables ( 4x) include small variations in the
DG’s input current ( 4l,,), DC-bus voltage ( AV, ), inverter *
current in the d-axis direction ( Al ), inverter current in the Voltage & Frequency
g-axis direction (41, ), and output frequency ( Aw). Changes, : Control
also considered in the output ( Ay ), are the variation rate of "

each parameter from its steady state. Therefore, equations
(30)-(33) are linearized around their initial stable points, so
we have (37)-(40).

Designed controller

Fig. 5: The performance flowchart of the proposed

method.
. =Ry 1 1 1
Ald = Ald +_'VDCO"AKd' +_'Kd0"AVDC' +0)0A1q +1q0..A0J,: __'AVrd (37)
1 LaCi 13 LaCi L 13 LaCi L 13 3 L L LaCi 3
. —Ry, 1 1 1
Alq, = Algy+ T Voco AKqy + T— Koo BVc, + @op Ala; + laog- A = 7— Vhg, (38)
1 1 Ry,
Alml L_xi.A]/ini L i .aoi.AVDCi L_xi.VDCOi.Aai _L_xi.AIl‘ni (39)
. 1 1 1
AVDCl = m.aoi.All’ni +§.1inoi.Aai _E(Kdoi'Aldi +1d0i‘AKdi +Kq0i'AIqi + Iqu'Aqul‘) (40)
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AV, and AVrq in (37) and (38) are replaced by the

network power flow equation given in (20)-(23). Also, after
placing (25)-(26) in (24) and linearizing it, AR, is obtained
as (36), (see (41)).

In matrices A and B, values with zero indexes are initial
values of parameters determined by the dynamics of DG
sources and microgrid values, as listed below. In the case of
matrices C and W, due to the small variations of voltage
across the g-axis, the control of voltage in the g-axis direction
is not considered in the literature, and only the control of
voltage along the d-axis and the frequency control of each bus
are the control objectives. Yet, voltage variations in the g-axis
direction are considered in this study. Therefore, the purpose

is to control the frequency and voltage of buses in the d-axis.
Therefore, the output matrix C is obtained as (46). Also, in
the case of the matrix W, which is the disturbance matrix of
the system, this disturbance is only related to the first DG. For
the input disturbance to the system, only the change in the
input current of the first DG is considered, and in this way,
the disturbance matrix (W) is obtained as (47).

Considering the general form of state equations and
concerning the linear equations observed in (36)-(41), (42),
and (43) are formulated (see (42) and (43)).

Given matrices, matrices A and B are obtained as (44)
and (45). Also, according to the dynamical equations of the
system, the values of matrices D and F are zero.

Aw, = —wy,. dw; — w5, Kp.. (Igo,- (Vbco,- AKa; + Kao,- AVie,) + Vao,- Ala, + 1g0,- (Voeo,- 4Kq, + Kqo,- AVpe,) + Vo, Alq,) (41)
Ax = [Aly, Al Al AVpe, Aw, Aly, Al Al,, AVpe, Aw,]T (42)
Au=[bay AK, AK, Aa, AK, AK, T (43)
_Raq Ry X11 Kdo; Ry, X1z
v Ly " Lw ° Tuy fon T L 0 0 0
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In matrices A and B, values with zero indexes are initial
values of parameters determined by the dynamics of DG
sources and microgrid values, which are listed below.

In the case of matrices C and W, due to the small
variation of voltage across the g-axis, the control of voltage
in the g-axis direction is not considered in the literature, and
only the control of voltage along the d-axis and the frequency
control of each bus are the control objectives. Yet, the voltage
changes in the g-axis direction are considered in this study.
Therefore, the purpose is to control the frequency and voltage
of buses in the d-axis. Thus, the output matrix C is obtained
as (46). Also, in the case of matrix W, which is the
disturbance matrix of the system, this disturbance is only
related to the first DG. For the input disturbance to the system,
only the change in the input current of the first DG is
considered, and in this way, the disturbance matrix (W) is
obtained as (47).

Given that the matrices A, B, C, and W are known and
considering the values of the system as listed in Tables 1 and
2, and also assuming that the disturbance to the input current
of the first generator is 0.15 A, i.e., almost 1.6% of its steady-
state value, the simulations are performed.

Based on Tables 1 and 2, the system's controllability
must be examined. According to Section 2.B, for controller
design, all eigenvalues of matrix A must have a negative real
part. In Table 3, the eigenvalues of matrix A are given.

Table 1: The values of the microgrid parameters.

Parameter Value
Z, 13+6i
Z, 25+13i
Z, 0.5+3i
Table 2: The values of DG parameters.
Parameter Unit Val:l)uGeIor Val:l)ug;or
Rge Q 0.5 0.6
Lac mH 5 6
Vico \Y 135 140
Lo A 6.4 5.9
Igo A -3 -2.7
Vao \% 127 129.9
Vo \% 0 4.7
fo Hz 50 50
Wy rad/sec 100m 100w
Wy rad/sec 37.7 37.7
Ccp uF 5 4
K, Hz/watt 0.005 0.006
R, Q 0.05 0.05
L, H 0.03 0.03
Iino A 9 9
Vino V 50 56
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Table 3: The eigenvalues of matrix A.

The Eigenvalues of Matrix A
100.2 +6457.80i

-100.2 - 6457.80i

-1682.1 + 6381.9i
-1682.1 - 6381.9i
-3002.8
-0.5
-123.6
-105.6
-36.9
-37.7

6. SIMULATION

It is observed that all eigenvalues of matrix A have a
negative real part, so the system is stable and has the
necessary conditions for controller design. For the system’s
stability and considering the values of the system matrices (A,
B, C, and W), we can design a suitable controller for this
system. According to Section 2.B, the controller is
implemented using (4)-(8) and applied to the system.

A set of simulation studies is carried out in MATLAB to
verify the performance of the proposed controller.

1) Case 1: Given that the disturbance on the first DG's
input current is 0.2 A, which is approximately 2.2% of the
steady-state value, simulation is performed. Initially, this
disturbance was entered as an incremental step in 0.5 seconds.

It is seen that the maximum variation rate is 0.005% for
the first bus and 0.007% for the second bus. Also, the
maximum voltage variation of each bus in the worst case is
0.59% for the first bus and 0.53% for the second bus, which
means the controller can control the voltage and frequency
values within the permissible range. If the controller is not
used, the change in the frequency of each bus is 10 times, and
the voltage change is 5 times as great as that of the case the
controller is used. Thus, the controller eliminated the
disturbances caused by the variation in input power of the DG
and improved the transient and steady-state stability, as
illustrated in Figs. 6-8.

2) Case 2: In the next step, the disturbance is applied to
the system as a ramp function in 5 seconds. After 3 seconds,
the amount of disturbance on the input current of the first DG
reaches 0.2 A.

In this case, it is also observed that the controller, while
maintaining the transient and steady-state stability, like in
case 1, has managed to hold the maximum overshoot of the
microgrid frequency in 0.004% and maintain the settling time
at time 8 s where the overshoot and settling time decreased
10% and 2 seconds compared to uncontrolled mode. In
addition, in this case, frequency changes in buses 1 and 2 are
0.003% and 0.004%, and their voltage changes are 0.02% and
0.025%, respectively, reflecting the proper performance of
the designed controller, as shown in Figs. 9-11.
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disturbance in the input current of DG1. 7. CONCLUSION

In this research, a method was proposed for controlling
A the voltage and frequency in the islanded microgrid supplied
v . &Av : . . e
o a2 by multiple DGs, considering the uncertainties of the
productive power of DGs. Many references have proposed
the dynamics of sources by considering the generality of
S sources.|t was observed that the controller can control the
o 04 frequency and voltage oscillations of each bus caused by the
2 0 disturbance on the input current of the DG1 and reduce it to
)
f

zero, where the microgrid supplied the load without any
problem. It is worth noting that if the proposed controller is
a not used, the frequency and voltage of each bus will have a
0 S ——— slower response, and higher changes will occur (voltage and
o e L ; frequency have been higher overshoot). Given that the
time [sec] disturbance on the first DG's input current is 0.2 A, which is

approximately 2.2% of the steady-state value, simulation was
performed, and it was observed that the maximum voltage
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Ao, & Ao, bus and 0.53% for the second bus, which means the controller
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controller is used. In contrast, these changes are greater in

T other references, so the controller improves frequency and
o voltage variations. Also, it was observed that the changes in
ot voltage and frequency were dependent on the microgrid
parameters and the power change characteristics (amount and
5 5 7 E duration of change). Voltage and frequency variations
depended on the change in power generation and system

Fig. 9: Angle frequency variations for buses 1 and 2 when parameters. In this paper, it was also observed that the
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In terms of the stability and performance indices against the
uncertainties of the input current (input power), it is
sufficiently robust and maintains both the bus frequency and
voltage in the allowed range. Also, for the controller design,
only frequency and output voltage of the inverters are
required, so more sensors should be adopted.
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Abstract: An obstacle in managing economic dispatch is the integration of diverse factors such as pollution and heat. By
introducing the price penalty coefficient, this class of two-objective problems is transformable to a single-objective form.
The formulation considers various practical constraints of the system, including non-smooth cost functions, the balance
of production, demand, and losses, and the limitation of power generation by active generators. One of the fundamental
difficulties in tackling these types of complex problems lies in the algorithms and solvers employed to identify optimal
solutions for a range of operation problems. The rain optimization algorithm (ROA) has been utilized in this paper. ROA
is derived from the inherent tendency of raindrops to seek out the lowest areas on the earth's surface. This algorithm
possesses exceptional efficacy in resolving problems characterized by stringent constraints and is adept at circumventing
local optima. To validate the proposed method for cost and emission reduction, the scheme under consideration has been
developed using software on standard systems. The implementation of the scenarios has revealed that the limits of the
power system have led to a decrease in the overall generation cost of fossil fuel generation units. In this article, the ROA
algorithm managed to plan the production with an optimal cost of 38481.54 dollars in case 1, which obtained a more
optimal value than all the compared algorithms. This reduction in cost is considered one of the triumphs of the
optimization problems. The results showcased and juxtaposed in the software simulation verify the effective performance
of the suggested approach in comparison to prior research.
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« drop percentage volume tha_t can be absorbed,
depending on the soil property
Bi.vi.ci A power plants pollution coefficient
M Daily hours
m An hour of the day and night
UR; Maximum ramp rate
Ecost Total power plant emission cost
B Inequality constraints
PS Pattern Search
L Transmission line losses
Ramp rate
LR Lagrange relaxation
LI Lambda Iteration
MHBA ol bee solony
QP Quadratic Programming
NR Newton-Raphson
ANN Artificial Neural Networks
AHNN Adaptive Hopfield neural network
DHS Differential harmony search method
Hybrid Particle swam optimization and
HPSO-GSA g Gravitational searcr?algorithm
JAYA_TLBO JAYA and 'I(;;?icntllir;gtilgirnmg-based

1. INTRODUCTION
1.1. Research Motivation

Industrialized nations have endeavored to substitute
renewable energies for fossil fuels since the 19th century,
driven by concerns over air pollution, climate change, and
escalating fuel expenses. The studies on power system
operation indicate that the concern of economic-emission
dispatch (EED) is focused on efficiently supplying the
anticipated generation for loads while maintaining a balance
between generation and demand. The utilization of
contractive methods typically yields favorable outcomes.
However, when the research space becomes non-linear and
non-continuous, the problem-solving process gets highly
intricate and the convergence of this strategy to find the
ideal solution occurs at a notably slow pace. One of the
issues that is important for the power grid today is the cost
of production, but with international commitments, the
issue of reducing pollutant emissions has also become one
of the concerns of producers. Therefore, manufacturers
should think of a method for cheap production and at the
same time without producing pollution. One of the solutions
that can help to solve this problem is the optimal planning
of the production of power plant units. Various methods
have been proposed to solve these problems. In general,
these methods are divided into three categories: classical,
meta-heuristic and artificial intelligence. Among them,
artificial intelligence and meta-heuristic methods are more
popular than classical methods due to their speed and
accuracy. In this article, ROA meta-heuristic method is used
to solve the EED problem.
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P PO\t/)ver plants total_power generation
ased on pollution power flow
roandr, Drop radius
R Total radius
DR; Minimum ramp rate
A Constraints of equality
\" Valve-point loading effects
N Voltage limits
P Prohibited Operating Zones
T Start time limit
BBO Biogeography-based optimizer
GA_WOA Genetic algorithm-v'vhale optimization
algorithm
Differential evolution-crossover
DE-CQPSO quantum PSO
IABC Incremental artificial bee colony
CBBO Improveo(l) gi?r?]?;iirzghy-based
GA Genetic algorithm
PSO Particle swam optimization
DE Differential evolution
Differential evolution-Biogeography-
DE-BBO based optimizer

1.2. Research Background and Literature Review

The EED problem has been solved by various
optimization methods based on numerical and metaheuristic
methods, which have been briefly examined in this section.
In general, these methods can be classified into three
categories, which include classic or traditional, modern, and
combined methods. The objective of optimization is to
identify the optimal solution that meets the constraints and
requirements of the problem. Multiple options may exist,
and the ideal solution is chosen after conducting a thorough
comparison. Traditional methods are generally based on
iteration techniques, which face issues such as high number
of iterations and huge calculations, and finally, even in
different states of the system, there is a possibility of
divergence. The other category is the new methods which
are defined based on the search space and have subsets of
stochastic, heuristic, metaheuristic, etc., where all possible
solutions are examined and finally the best solution is
selected. Yet, in multi-objective problems where the
objective function is transformed into a single function with
defined variables, and considering the need to correct the
problems of the previous two methods, the combined
method helps significantly in the optimization problem and
ultimately leads to more accurate solutions. However, not
all these methods can solve all the optimization problems
with non-smooth, non-continuous functions in the nonlinear
solution space with acceptable efficiency, considering that
research space is evolving and innovating. In the following,
articles related to the described methods are reviewed.
Power plants use the process of energy conversion to
produce electricity, and the main costs of electricity
production have roots in fuel costs. On the one hand, the
ability to produce electricity with a high capacity is
important, which can be achieved by using coal-fueled
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steam power plants. Moreover, reducing the negative
effects on the environment is an issue that can be
investigated. It is necessary to manage the system by
optimizing the economic problem and reducing greenhouse
gas emissions. In recent years, economic power distribution
in systems has been the focus of researchers, but the
problem of pollution caused by fossil fuels has not been paid
special attention in these studies. In the proposed model, the
problem will be transformed into an economic-emission
multi-objective function, and in the same way, a new model
of the said problem will be presented, where the
optimization algorithm will be investigated to solve the
economic power distribution problem by considering the
pollution function in multi-area power systems, the general
concept of which can be defined in different structures.
Algorithms used are classified according to their results into
traditional, modern, and combined methods, each of which
has been investigated to solve the issues of the previous
methods. To validate the efficacy and application of the
suggested approaches, different test systems have been used
under different practical conditions. Table 1 summarizes the
widely used systems in power planning problems.

1.2.1. Review of conventional EED methods

Conventional (traditional) techniques are among the
common methods when it comes to solving the economic
power/pollution problem. Among them are quadratic
programming method, Newton-Raphson method, Lambda
iteration, and Lagrangian relaxation [1-5]. The quadratic
programming method was first developed [1-2] to deal with
the economic dispatch problem by taking the line current
limitations into account. The formulation of the problem
with this method enables adopting a linear network model
and operational constraints besides the explicit presentation
of the costs exposed by transmission loss. After that, the
Newton-Raphson technique was adopted [3] to address the
economic dispatch problem by observing the same line
current constraints. This method was formulated based on a
Jacobian replacement matrix with transmission losses in
terms of sensitivity factors, line current, and line resistance.
The convergence of the mentioned method was achieved
linearly with a very low speed. Next, the Lambda iteration
technique was discussed [4] and implemented on 3, 6, 13,
and 26-unit test systems. The method presented directly
calculates the optimal value of Lambda for a certain power
demand and is considered an efficient method for online
information transmission.

In that method, generator limitations and transmission
line losses were considered as problem constraints to prove
its efficiency. Among other traditional methods, one can
mention the technique based on Lagrangian relaxation for
the EED problem [5]. In this reference, limitation on the
generator, line current, and transmission line losses were
considered. To perform this dispatch, the operation point of
the system and network losses are also considered in the
optimization process.

Issues such as the limitation of generators, line current,
voltage profile, line losses, etc. are considered in these
methods for the EED problem and finding the best optimal
solution [6]. By carefully examining the mentioned
methods, it can be seen that all of them have a high
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Table 1: Introducing the test systems adopted for solving
the economic/emission dispatch problem.

TEST NUMBER OF THERMAL
SYSTEM GENERATION UNITS
Test system 1 3- IEEE3 ELD
Test system 2 4- GENERATION
Test system 3 5- IEEE14 BUS
Test system 4 6- IEEE30 BUS
Test system 5 6- IEEE26 BUS
Test system 6 7- IEEE57 BUS
Test system 7 8- IEEE25 BUS
Test system 8 10- IEEE39 BUS
Test system 9 10- IEEE24 BUS

Test system 10

13- IEEE13 ELD

14 -GENERATION
15- GENERATION
19- IEEE118 BUS
20 GENERATION
26 GENERATION
30 GENERATION
38 GENERATION
40- IEEE13 ELD
54 GENERATION

Test system 11
Test system 12
Test system 13
Test system 14
Test system 15
Test system 16
Test system 17
Test system 18
Test system 19

Test system 20 57 GENERATION
Test system 21 69- IEEE300 BUS
Test system 22 110 GENERATION
Test system 23 120 GENERATION
Test system 24 140 GENERATION

dependence on the initial solutions and also have a weak
convergence or finally converge with some local optima,
even in some solutions, the solution diverges. Regrettably,
this technique is also accompanied by two fundamental
limitations. Firstly, this approach is unsuitable for resolving
non-convex or non-linear problems. Secondly, due to the
high calculation time and sometimes exponential
calculation time, it was unable to effectively handle a
significant amount of inequality constraints, and it
controlled and improved only one solution in one run,
failing to solve two-variable problems.

1.2.2. Review of recent EED methods

The methods that are included in this category are
based on education-oriented, innovative, or meta-heuristic
methods. Among the famous techniques of this category
that were used for the EED problem are the methods of
artificial neural networks, improved artificial bee colony
optimization  algorithm, improved  biogeography
optimization algorithm based on the Cauchy operator, the
differential evolutionary optimization algorithm, the elitist
multi-objective evolutionary optimization algorithm, and
the particle swarm optimization algorithm [7-14]. Solving
the economic dispatch problem by considering the
piecewise quadratic cost function, based on the adaptive
Hopfield artificial neural networks method, was proposed
[7]. The method was tested on 3, 4, 40 and 120-unit test
systems and its successful results confirmed the
performance of the suggested scheme. An improved
incremental artificial bee colony method was used to deal
with the EED problem by observing the constraints of
generators and transmission line losses [8]. Based on the
local search with better convergence efficiency,
modifications to the classical artificial bee colony algorithm
further improved the performance and provided near-
optimal solutions. In [9-10], the biogeography-based
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optimizer algorithm and improved biogeography-based
optimization methods were presented to address the EED
problem. In [9], the problem of the convex nonlinear cost
function minimization was considered, where the voltage
and current constraints of the transmission line were added
to the problem constraints. In [10], based on the Cauchy
operator with improved capabilities of local and global
exploration and convergence rate, the biogeography
optimization algorithm applied to the EED problem
achieved more suitable results. In another study, the EED
problem was addressed using a differential evolutionary
optimization algorithm in the form of a multifaceted
nonlinear problem [11]. The results of this technique
showed that the solution converged on the local optimum
and performed poorly for more complex calculations. The
EED problem was presented [12-13] using the basic method
of genetic optimization algorithm as well as its improved
method in the form of an elitist multi-objective evolutionary
algorithm. This technique provided possible solutions and,
as a result, a more suitable Pareto optimal front than the
multi-objective problem, which presented a better view of
the solution space. Another stochastic optimization
approach called particle swarm optimization was employed
by [13]. This approach offers numerous benefits that are
well-suited for non-convex optimization problems
characterized by stringent constraints. The effectiveness of
the suggested technique was assessed in a system consisting
of 10 units, taking into account limitations on the generator,
valve-point loading effects, and transmission losses. In
another study, the economic-environmental dynamic
dispatching problem including wind energy, solar
photovoltaic, thermal and water power plants, taking into
account the limits of slope rate limits and the influence of
valve-point loading, was solved by adopting the multi-
objective particle swarm optimization [14].

1.2.3. Review of combined EED methods

In the combined methods, several algorithms are used
to benefit their advantages and reduce their weaknesses in
solving more complicated problems. So, they are impactful
in finding global optimal solutions of economic
power/pollution problems with different constraints. In
[15], the combination of differential evolutionary and
biogeographic algorithms was presented to solve the
problem of EED of thermal power plants in power systems.
The combination of both methods increased the accuracy
and speed of the implementation results on the EED
problem. In [16], the challenge of non-convex economic
dispatching was solved by combining differential
evolutionary mechanisms and harmony search algorithm. In
that study, the proposed method was tested on 6, 10, 13, 15,
24, and 40 generation units with constraints such as the
effects of valve-point loading, multi-fuel, slope rate limits,
and prohibited operating zones. In [17], a new combination
of Java methods and teaching-learning-based optimization
was utilized to solve the challenge of economic distribution
in non-convex and non-smooth conditions. The method was
tested and evaluated on 5, 10 and 40-unit systems. The
accuracy and speed of the results compared to other
methods were also examined. Reference [18] presented a
combination of the non-dominant elitist sorting algorithm
and a modified distance-crowding sorting method to obtain
a Pareto optimal front with a uniform distribution for EED
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problem. In that reference, the slope rate limits and the
prohibited operating ones were modeled on three standard
IEEE 6, 19, and 57-unit systems to evaluate the proposed
method. In [19], a method based on the combination of bat-
inspired algorithm and artificial bee colony with search
strategy to solve large-scale, highly nonlinear, non-convex,
non-smooth, non-differential, and non-continuous problems
related to EED problem was introduced. In [20], a method
composed of genetic algorithm and whale optimization was
presented to obtain global optimal results for EED
problems. The efficacy of this proposed methodology was
examined on four distinct test systems and its performance
was contrasted with other heuristic approaches. In [21], to
solve the challenge of EED, a method relying on the
combination of particle swarm optimization and time-
varying acceleration coefficient was proposed.

The distribution of greenhouse gas emissions
considered in this reference consisted of multi-objective
optimization  problems of combined economic-
environmental dispatching of heat and power and dynamic
economic-environmental dispatching taking into account
various operational limitations. The main theoretical
solutions and innovations presented in that study proposed
a new test case by observing the maximum practical
limitations such as the limits of the slope rate, the prohibited
operating zones, and the creation of a novel methodology to
choose the most optimal compromise options and guarantee
a diverse range of Parto solutions that are more suitable for
economic-environmental dynamic dispatch problems. And
finally, a hybrid method called Differential Evolutionary
Crossover Quantum  Particle Swarm  Optimization
Algorithm was introduced [22] to deal with the EED
problem. In that research, the authors took advantage of the
rapid convergence of the differential evolutionary approach
and the diversity of particles of genetic algorithm crossover
operators. Table 2 summarizes the methods presented in the
reviewed references.

1.3. Contributions and Novelty

The contribution and innovation of this article is to
solve EED problem based on rain optimization algorithm
(ROA). In general, this article has two main contributions
and objectives. The first objective is to formulate and solve
the problem of economic dispatch combined with the
pollution emission caused by the emission of greenhouse
gases in fossil fuel power plants using the ROA method.
The second objective is to consider the practical limitations
in the EED problem. Since the cost function of a fossil fuel
power plant is not smooth in practice and has knee-shaped
points on the third curve, EED will be investigated
considering this limitation. In summary, the innovations of
this article are as follows:

e Solving the ED problem with two objective functions
to reduce cost and pollutant

e Using the new ROA algorithm to optimize the ED
problem

e  Checking and verifying the results obtained with other
methods
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1.4. Paper Organization

The subsequent sections of the paper are structured as
follows. Section 2 presents the modeling of the EED
problem, and then using the ROA for deal with the problem
is fully introduced. In Section 3, implementation of the
scheme in standard networks in MATLAB software are
presented. Also, in this section, the test results of the
suggested algorithm and those presented in the background
research are reviewed in detail, and eventually, Section 4
provides the conclusion of the paper.

2. PROPOSED METHOD

This section presents solving the emission dispatch problem
based on the ROA method. In order to explain the problem,
the equations and formulation of economic dispatch are first
given, then the emission dispatch problem and the
combination of these two dispatches are provided in the
form of EED in the next subsections. In the rest of this
section, the general theory of the ROA and finally the
complete flowchart of the implementation of the EED
problem are provided.

2.1. Economic Dispatch

The economic dispatch problem minimizes the fuel
cost function for the generation of a certain amount of
power while satisfying the restrictions governing the
generation. In this paper, the fuel cost function is modelled
using a smooth quadratic and a cubic function. However, in
fact, the cost function is not smooth and has local maxima
and minima. To show this feature of the quadratic cost
function and the second part of the function, the absolute

value cost is a sinusoidal function, which are called non-
smooth functions [14]. For this purpose, the cost of fuel
used to produce P; in the ith power plant is determined by
Fi.

2.1.1. Smooth Quadratic Function of Fuel Cost

In this model, the smooth quadratic function of fuel
cost is given in terms of the power generation of the power
plant. Equations (1) and (2) show the model considered in
this paper.

n
minimize Fcost = Z(ai + b;P; + ¢;P?) )

i=1

Fcost= Fi+F, + - ......+F, 2

2.1.2. Non-smooth Function of Fuel Cost

The non-smooth function of fuel cost is provided in (3)
for minimization purposes.
n

minimize Fcost = Z a; + b;P; 3)

i=1

+ |e; x sin(fi (Pininy — PO
2.1.3.Constraints

The problem constraints, including the generation and
consumption equality condition, taking into account losses,
generation limits of generators, and applying the slope rate
of power plants, are given in (4)-(8).

Table 2: Summary and summation of previously presented algorithms based on references

Ref. Optimization Test system Abbreviated constraints |
method A[BJ]Cc[M[N]JP]LI]IRI[TI[VI][S]LF
[1 LR 1-4-8
3, [2] LI land1-5
g8 | @ PS 3.110-18-3-8
=k
E £ [4] QP 3-11-13-16-20
[5] NR 3-4-7
[71 ANN 1-2-18-23
[8l AHNN 1-4
8 [ BBO 1-4-5-10-14-18-22
% [10] IABC 1-3-4-18
% [11] CBBO 4-5-18
§ [12] GA 1-4
[13] PSO 1-3-4-13
[14] DE 5
[15] DE-BBO 1-4
" [16] DHS 10-18
= [17] | HPSO-GSA 1-10-18
2 [18] | JAYA-TLBO 5-9-10
2 [19] MHBA 2-10
o) - -
g o) | CSABA 8
[21] GA-WOA 1-3-8-18-20
[22] DE-CQPSO 4-9

23
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n
> R=R+R (4)
i=1
n n n
Po= > D PiBy By ) BoiPi+ Bog (5)
=1 j=1 i=1
Pi.min = Pl =< Pi.max (6)
Pim— Bm—1) < UR; ien.meM (7
Pim—1) —Bm <DR; ien.meM 8)

Fig. 1 shows the fuel cost function model of power
plants with smooth functions considering the slope rate of
power plants.

2.2. Emission Dispatch

The main goal of solving emission dispatch problems
is to reduce the output emission of power plants. By
examining the amount of pollutant, i.e., NOx and SOx
output from power plants, it is seen that many factors impact
the emission rate of power plants, the most important of
which is the active power output. The relationship between
these two variables is nonlinear.

The simplest emission model according to the 1SO
standard for emission dispatch is a quadratic function.
However, the research shows that the emission cost function
of a power plant is assumed to be the sum of a quadratic
function and an exponential function in terms of active
power generation so that a more accurate solution can be
achieved [15].

2.2.1. Smooth quadratic function of fuel cost

Equations (9) and (10) express the minimization and
smooth functions of fuel cost:

n
minimize Ecost = Z

i=

1(0»’1' + BiPi + viP? ®)

Ecost =Ey + E; +--Ey (10)

2.2.2. Non-smooth function of fuel cost

Equation (11) presents the non-smooth function model
of fuel cost.

n
minimize Ecost = Z (a; + B;P; + y;P? + 8;e*Pi)(11)
i=1
Fig. 2 illustrates the emission cost functions of plants
using non-smooth functions.

2.3. EED Problem

Economic dispatch and emission dispatch problems are
used together in this part of the paper to optimize fuel cost
and reduce the amount of emission of power plants. The
formulation of the EED problem is provided by
considerations made on the objective functions of economic
dispatch and emission dispatch.

The multi-objective EED problem becomes a single-
objective problem by defining the price penalty coefficient.

/

Cost ($/h)

e

—/
Output Power (MW)

Fig. 1: Fuel cost functions of power plants with smooth
functions by applying the slope rate of power plants.

Emission

Output Power (MW)

Fig. 2: Model of emission cost functions of power
plants with non-smooth functions.

The price penalty coefficient method is proposed based on
the PSO algorithm to obtain the optimal Pareto curve, which
is one of the best possible solutions to solve the EED
problem. The optimal Pareto curve shows the relationship
between the results of economic and emission dispatches,
and the optimal point of this curve is obtained by
determining the penalty coefficient of power plants.

The EED can find the optimal point from the Pareto
curve considering the objectives of the problem, i.e., the
cost and emission reduction. To convert the multi-objective
EED into a single-objective problem, the penalty
coefficients of power plants must be obtained.

The necessary equations to implement the proposed
method are given in Equations (12)-(17).

Py, = (Az—yﬁi) e (12)
min (Z)T = [Fl(PGl)El(PGl)]
; (13)
miny = [F(PG)] + hi ) [F(PG)]
Fi(Pi.max)
hi N Ei (Pi.max) (14)

Thus, the cost and emission functions in (13) are
transformed into the objective function.
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n n
Fo= D [R(PGT; Fy = Y [E(PG)]
i=1 i=1
n
\ Frotar = Z(ai + hia) + (b; + hif;)P;
i=1
+(c; + hiy)P? (15)

Frotar = F1 + hiF

By defining the mass coefficient w; and ws, the
relationship between the total cost of EED can be calculated
based on the cost obtained from economic dispatch, F1, and
emission dispatch, F»:

Frotar = WiFy + hW1 F, (16)
if{Wlmz V:VZV; v L w=1-w

Frotar = WiFy + (1 — W)hF, (7)
O

For w=1 and w=0, the economic/emission dispatch
equation is transformed into the economic and emission
dispatch equations, respectively.

Overall, the aim of performing EED is to obtain the
mass coefficient in the range of 0 < W <1 so that an
optimal point is found on the Pareto curve [23].

2.4. Rain Optimization Algorithm

Metaheuristic optimization methods are employed to
address intricate global challenges across several domains.
These algorithms aim to replicate natural processes by
employing iterative sequences to discover a rapid and
efficient resolution to complex issues. This section aims to
thoroughly investigate the behavior of rain.

A raindrop can serve as a model for any solution. In
certain issue scenarios, certain points inside the solution
space are chosen at random, analogous to the random
distribution of raindrops on the ground. The primary
characteristic of every raindrop is its radius. Over time, the
radius of each raindrop undergoes a process of diminishing
and subsequent enlargement when the raindrop merges with
other drops. After the initial population of solutions is
created, the radius of each drop can be randomly decided
within an appropriate range.

During each iteration, every droplet examines its
immediate environment based on its size. Isolated droplets
without any connections just consider the largest area they
cover. When a problem is resolved in n-dimensional space,
every individual element comprises n variables. Hence, the
initial stage involves scrutinizing the lower and upper
bounds of the variable, as these bounds are dictated by the
drop's radius.

Subsequently, the two endpoints of the second variable
are subjected to testing, and this process is repeated until the
final variable is reached.

Currently, the cost of the first descent is being revised
as it descends. These declines are not yet in their ultimate
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stage, and although the cost function is lowering, it is
moving downward in a consistent path.

This process is carried out for every individual
instance, after which the expense and location of each
instance are ascertained. Based on (18) and (19), the radius
of each drop undergoes modifications in two distinct states:

1. If two drops with radii r; and r; are close to each
other and have a common area with each other;
they can join together to form a larger drop of
radius R:

R=(r+ rH)in (18)

where, n is the number of variables in each drop.

2. If adrop of radius r; does not move, a percentage
of its volume can be absorbed, depending on the
soil property, denoted by a.

R=(arM)V/n (19)

where, o is the proportion of drop volume that can be
absorbed in each iteration, ranging from 0 to 100%. The
minimum drop radius is denoted as rmin, and any drops with
radii smaller than this value are excluded. It is evident that
the population size reduces over a few iterations, and more
significant declines occur with bigger amplitudes.
Expanding the research range for each drop leads to a
proportional improvement in the local search capability of
the drops, corresponding to the size of the drops.

Consequently, as the number of iterations grows, the
weak drops with low amplitude will either vanish or merge
with stronger drops that have a wider radius. This will lead
to a significant reduction in the original population, thereby
expediting the discovery of accurate solutions.

The subsequent discussion outlines the fundamental
distinctions between ROA and search-based algorithms. In
the context of the ROA, the starting population number
undergoes changes in each iteration as a result of
neighboring drops attaching or being absorbed by the soil,
despite the implementation of various search algorithms.

This challenge improves the algorithm's search
capability and significantly reduces the cost of
optimization. Following each repetition, the dimensions of
each droplet undergo modifications as a result of
neighboring droplets adhering to them or being absorbed by
the soil. This action enhances the search capability of each
item and classifies the items based on their significance. In
numerous other search algorithms, every population (drop)
in each iteration is composed of randomly chosen
neighboring points, and the drop is randomly enhanced by
one step. Conversely, in ROA, every drop identifies the
optimal route to reach the minimal point. Once the path is
discovered, it descends gradually, with the cost function
decreasing in a single iteration.

This results in the rapid departure of the original
population from the incompatible sites. Essentially, the
technique requires the user to input specified parameters
such as the beginning number of raindrops (population size)
and the initial radius of each raindrop (search space) in the
first stage. Subsequently, a numerical value is allocated to
every droplet based on the cost function.
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Subsequently, every droplet commences its descent.
Hence, the cost function scrutinizes the endpoints of each
drop. Once a droplet is set in motion, it will persist in its
trajectory until it reaches a point of minimal elevation along
its course. This scenario is replicated for every individual
drop.

Along the path, nearby drops can join each other and
significantly increase the speed of the algorithm. When a
drop reaches the minimum point, its radius gradually
decreases, thus significantly enhancing the response
accuracy. This strategy enables the algorithm to identify all
the largest (end) points of the objective function.

When it rains, raindrops fall on the surface of the earth.
After some time, it is observed that some of these drops
connect to each other and form more significant drops that
can move under the influence of their force on the surface
to places with a lower level of the earth's surface. Along the
path, other amazing things happen to these drops. Some
drops may move to other drops and join them, or some of
each drop may vaporize or be absorbed depending on
different soil properties such as the nature of the soil
surface, including permeability, leakiness, and soil
moisture. In addition, a portion of the soil undergoes
dissolution in the water.

During this process, the drops that land on the level
surface can be fully absorbed by the soil and vanish,
whereas the ones that fall on the inclined area descend and
merge with other drops, resulting in the formation of a water
stream. Certain streams have the potential to interconnect
and create a river.

Obstacles in the passage of streams or rivers can lead
to the formation of lakes, highlighting the significance of
water volume in such cases. Following the cessation of
rainfall, the water currents and rivers converge into nearby
lakes, and over time, smaller lakes may dissipate as a result
of water evaporation or absorption by the soil. Therefore,
depending on the surface topology and soil characteristics,
only a few significant lakes remain.

These lakes represent a local minimum and deeper
lakes represent a global minimum. As the type of rain
changes, the previous scenario may change slightly. For
example, if heavy rain is accompanied by large drops, all
the drops will connect very quickly and, without absorption
and evaporation, will lead to flooding. Only the global
minimum can be discerned in this scenario, as all the local
minima are interconnected as a result of intense rainfall.

In contrast, in the presence of light rain characterized
by little droplets, the soil has the capacity to absorb all the
drops, so preventing any runoff. Hence, it is evident that
establishing the parameters when utilizing the ROA holds
great significance. The particle movement in the suggested
technique bears resemblance to slope-based optimization
methods and conventional single-point algorithms, such as
hill climbing, slope optimization algorithm, and rainfall
optimization. These strategies iteratively tweak a single
parameter to determine if modifying it enhances the cost
performance. Nevertheless, the ROA employs a collection
of answers that all converge towards the optimal outcome
concurrently.

During each iteration of this movement, certain traits
undergo changes. For instance, their dimensions may
undergo alterations or they may vanish. Furthermore, the
ROA has the capability to identify all points of maximum
rather than solely minimum or maximum points. Fig. 3
shows the flowchart of the ROA.

2.5. The Ultimate Flowchart of the Proposed Algorithm

In this subsection, the final flowchart for solving the
EED problem based on the ROA is given in a general
format. The flowchart is designed in two blocks according
to Fig. 4.

3. SIMULATION AND RESULTS

This section applies the ROA to deal with the EED
problem. For evaluation and comparison purposes, the
results obtained from the implementation of the suggested
design together with similar optimization algorithms are
used. The successful results of the implementation of the
proposed design in comparison with the rest of algorithms
confirm the acceptable performance of the suggested. Five

S B

Setting the mitial parameters:
Number of repetitions, Number of initial population, droplet size, rain
rate and soil absorption (nPop-maxit-nVarmin-Varmax-InitR-Speed-o)

l

Generating initial population droplet randomly

l

Calculating the objective function for each of drops
and sorting its population

l

Updating drops position by XieXi-Ri, X=XiRi
Calculating objective function for new drops and replacing
previous position by new one if there is an improvement

l

Move the desired diameter in the same direction and at the zame
drop speed, reduce the diameter of the drop according to the
absorption coefficient of the soil. make close drops into one drop

l

Eemove the weaker droplets and produce new drops according
to the speed of rain

|

Check the iteration
tmber condition

Fig. 3: Flowchart of the ROA [24].
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ROA.
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* For t=1:1000 \

If Sum(PG)=PD+Ploss then exit the loop

If Sum(PG)>PD+Ploss then PG=PG-0.1
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increasing the slope of the power plant should

e End
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of|

V
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Fig. 4: Flowchart of solving the EED problem by ROA.

different cases have been used for this evaluation. Table 1
lists the definitions of each of the cases. The information
included for each case includes test system, number of units,
power demand, heat demand, and system losses. In Table 3,
the information required for each case is given. The power
generation units provide function inputs in each case
depending on the design of the problem so that it is possible
to compare the emission rate and the fuel cost rate of each
scenario according to the power consumption of the load.
For each test system, the convergence behavior of the
objective function can also be observed using the ROA
method. All simulations were conducted on a computer
using MATLAB software.

3.1. Evaluation of Case |

According to the information provided in Table 3, Case |
includes three generator units. According to the results
presented in Table 4, it can be seen in this test system that
the technique proposed in this paper has outperformed the
techniques presented in other references. According to the
result obtained with the value of 11.658, the ROA optimized
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the consumption of generator units to create a better fuel
cost and emission rate and reduce losses. Next, Fig. 5
presents the convergence behaviour of the objective
function by ROA. emission rate obtained using the ROA are
presented in Table 5. By comparing the techniques
mentioned in Table 5, it is observed that the ROA provides
the lowest emission rate while the SFLA gives the best fuel
cost.

3.2. Evaluation of Case 11

In this scenario, simulations have been performed on
the 10-bus test system. The optimal fuel cost and the target
convergence behavior of the ROA for this scenario is shown
in Fig. 6.

3.3. Evaluation of Case Il Test System

Case |11 was simulated on the IEEE 30-bus system. Table 6
shows the optimal power allocation that provides the best
fuel cost in this case. The convergence curve of the
objective function concerning the best optimization report
is provided in Fig. 7.
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3.4. Evaluation of Case 1V test system

Table 7 presents the outcomes of Case IV for various
optimization strategies. The ROA vyields the most
favourable outcome for this system, while the CSOA ranks
third in terms of performance. Fig. 8 illustrates the
convergence of the objective function in this scenario.

3.5. Evaluation of Case V

For the experimental system of Case V, the power allocation
achieved for fourteen generators is displayed in Table 8.
Based on the comparison study and the data presented in the
table, it can be concluded that the suggested algorithm has
achieved the smallest fuel cost and emission rate.
Furthermore, the Fig. 9 illustrates the convergence pattern
of the objective function.

4, CONCLUSION AND FUTURE TRENDS

In this paper, the optimization of the EED problem was
carried out using the ROA. To realize this, various
limitations, such as cost functions with non-smooth points,
reducing the amount of pollution, limitations of power
generation, and considering losses as well as thermal power
plants of the system are taken into account. In this research,
the proposed algorithm was applied to reduce cost and
emission in the EED model on 3, 10, 6, 40, and 15-unit

Also, in the case 2, the ROA algorithm was able to
increase the value of the Fe function to 3886.7, which is
much lower than other algorithms, and this shows the power
of this algorithm in solving EED problems. In case 2, the
ROA algorithm was able to reduce the value of the FC
economic objective function to 1.1338, which is much
lower compared to the PSO, GSA, KKO, etc. algorithms. In
case 3, it can be seen that the FC and FE target function
values for rain optimization algorithm are 603.65 and
0.2013, respectively. As the results of all three case studies
showed, the ROA algorithm has been able to reduce the cost
and environmental pollution in the best way in all cases,
which indicates the strength and accuracy of this algorithm
in finding the global optimum. A summary of the
contributions of the paper include:

Reduction of system losses compared to economic
dispatch,

Reduction of emission compared to economic
dispatch, and

Reduction of total cost compared to economic
dispatch and emission dispatch

Table 3: Different cases considered for

problem testing and evaluation

Problem Case No. of units

systems. The findings of simulation confirmed the Power demand (MW) | Loss
effectiveness of the ROA method in achieving the best ((:Zaselll 130 2500000
solution for the problem. In this article, the ROA algorithm ase
. . . CEED | Case lll 6 2834 o3
managed to plan the production with an optimal cost of
. . . . Case IV 40 10500 -
38481.54 dollars in case 1, which obtained a more optimal -
. Case V 19 950
value than all the compared algorithms.
Table 4: Obtained results for Case I.
Case 1 Gl G2 G3 C Fc FE LP
FA 128.884 | 192.585 | 190.282 | 39209.93 = 311.15 11.693
BA 128.828 | 192.579 @ 190.285 | 39209.94 - 311.15 11.693
HYB | 128.834 = 192567 | 190.291 | 39209.96 = 311.15 11.693
GA 128.997 | 192.683 190.110 39220 - 311.27 11.696
PSO 128.984 | 192.645 @ 190.063 @ 39210.20 = 311.15 11.691
FPA | 128.807 | 192590 | 190.295 | 39210.15 - 311.155 11.693
MSFLA | 128.338 | 191.946  191.389 @ 32209.81 = 311.163 11.692
KKO | 129.011 | 192.303 | 190.274 | 39199.7 25490.5 311.013 11.687
ROA | 129.394 | 192.270 @ 190.875 | 3848154 | 25459.2 311.06 11.658
Table 5: Obtained results for Case Il.
Case 2 | NSGA-2| PDE SPEA-2 GSA PSO EMOC FPA LFA KKO ROA
Gl 51.9515 | 54.9853 | 5.97612 | 5.99924 55 55 53.188 | 5.99204 | 5.99234 | 57.654
G2 67.2584 | 79.3803 | 72.813 | 7.95869 80 80 79.975 | 7.86798 | 7.89148 | 79.548
G3 73.6879 | 83.9842 | 7.11288 | 7.43419 | 81.14 | 8.55943 | 78.105 | 7.71688 | 7.79468 | 83.538
G4 91.3554 | 86.5942 | 8.60883 85 84.213 | 8.60314 | 97.119 | 7.10558 | 8.74798 | 87.866
G5 134.0522 | 144.4386 | 1.24323 | 1.10634 | 1.33773 | 1.56324 | 152.74 | 1.62724 | 15.8149 | 145.79
G6 174.9504 | 165.7756 | 1.91887 | 1.56706 | 1.50866 | 1.24816 | 163.08 | 1.09365 | 16.5550 | 17.6510
G7 |289.4350|283.2122| 2.20238 | 2.87499 | 2.83389 300 258.61 | 2.99549 | 26.1742 | 288.77
G8 | 314.0556|312.7709| 3.40232 | 3.23871 | 3.58241 | 3.34941 | 302.22 | 3.22190 | 30.8578 | 316.91
G9 455.6978 | 440.1135| 4.88144 | 4.17754 | 4.33632 | 4.91831 | 433.21 | 4.32434 | 43.3070 | 430.88
G10 |431.8054|432.6783| 4.90252 | 4.63062 | 4.15984 | 4.31333 | 466.70 | 4.69473 | 46.0391 | 455.65
Fe 1.13539 | 1.1351 11352 | 1.1349 11342 | 1.13445 | 1.1337 | 1.13246 | 1.13481 | 1.1338
Fe 4130.2 | 41111 | 4109.1 | 41114 | 4120.1 | 4119.83 | 3997.7 | 4138.9 | 3988.52 | 3886.7
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And, below are the suggestions for future studies:

e Implementing EED for systems with multi-piece
fuel cost curve with non-smooth functions
considering wind energy uncertainty, and

e Implementing EED by considering the dynamic
model for the slope constraints of power plants and
using virtual power plants for problem solving and
investigating their effects.

Table 6: Obtained results for Case IlI.

Case 3| MHBA | FSBF NSBF KKO ROA
Gl | 1094 | 19.43 17.80 12.9546 13.6
G2 | 2985 | 37.26 33.66 32.2445 38.7
G3 | 5829 | 6857 7292 | 5451935 70.5
G4 | 9948 | 59.19 59.08 96.9029 87.6
G5 | 5181 | 60.85 57.66 52.9564 58.9
G6 | 36.20 | 4061 44.74 36.548 43.6
Fc | 607.39 |619.3679 | 619.6086 | 605.68 603.65
Fe | 02208 | 0.2015 | 0.2027 | 0.217897 | 0.2013
Lr | 3204 | 251 2.46 2.396 2.42
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Table 7: Obtained results for Case V.

Case4 | NSGA-1l | SPEA-2 GSA MABC MABC FPA ISA KKO ROA
G1 113.8685 | 113.9694 | 113.9989 | 110.7998 110.8998 43.405 43.567 114 113.65
G2 113.6381 114 113.9896 | 110.7998 110.7998 113.95 11356 | 113.045 | 113.47
G3 120 119.8719 | 199.9995 97.3999 97.3999 105.86 105.76 | 119.744 | 11152
G4 179.94 179.9284 | 179.7857 | 174.5504 174.5486 169.65 169.43 | 181.102 180.6
G5 180.7887 97 97 87.7999 97 96.659 96.62 96.5081 96.66
G6 140 139.2721 | 139.0128 | 105.3999 105.3999 139.02 139.23 | 139.796 | 139.55
G7 300 300 299.9885 | 259.5996 259.9556 273.28 273.36 | 299.686 295.8
G8 299.0084 | 298.2706 300 284.5996 284.5996 285.15 285.15 | 298.619 | 288.76
G9 298.8890 | 290.5228 | 296.2025 | 284.5996 284.5996 241.96 24154 | 289.447 290.5
G10 131.6132 | 131.4832 | 130.3850 130 130 131.26 131.26 | 131.386 132.5
G11 2465138 | 244.6704 | 2457475 | 318.1921 318.2129 312.13 312.12 | 241.114 250.6
G12 318.8748 | 317.2003 | 318.2101 | 243.5996 243.5996 362.58 362.45 | 318.381 350.3
G13 395.7224 | 394.7358 | 394.6257 | 394.2793 394.2793 346.24 346.34 | 395.689 395.8
Gl14 | 394.1369 | 394.6223 | 395.2016 | 394.2793 394.2793 306.06 306.06 393.82 395.1
G15 3055781 | 304.7271 | 306.0014 | 394.2793 394.2793 358.78 35854 | 305.891 355.4
G16 394.6968 | 394.7289 | 394.1005 | 394.2793 394.2793 260.68 260.23 | 394.283 394.8
G17 | 489.4234 | 487.9857 | 489.2569 | 399.5195 399.5195 415.19 41526 | 489.706 | 489.43
G18 | 488.2701 | 4885321 | 488.7598 | 399.5195 399.5195 423.94 42356 | 487.897 488.3
G19 500.8 501.1683 | 499.2320 | 506.1985 506.1716 549.12 549.03 | 500.104 537.5
G20 | 455.2006 | 456.4324 | 455.2821 | 506.1985 506.2206 496.7 496.74 | 455719 500.4
G21 | 434.6639 | 434.7877 | 434.45202 | 514.1472 514.105 539.17 538.76 | 434.334 520.4
G22 434.15 4343937 | 433.8125 | 514.1455 514.1472 546.46 546.46 434.86 5445
G23 | 445.8385 | 445.0772 | 4455136 | 514.5237 514.5664 540.06 540.56 446.6 533.3
G24 | 450.7509 | 451.8970 | 452.0547 | 514.5386 514.4868 514.5 514.55 451 500.4
G25 | 491.2745 | 492.3946 | 492.8864 | 433.5196 433.5195 453.46 453.67 | 451.259 490.5
G26 | 436.3418 | 436.9926 | 433.3695 | 433.5195 433.5196 517.31 | 516.891 | 4357721 | 500.6
G27 11.2457 10.7784 110.0026 10 10 14.881 14.345 11.079 12.45
G28 10 10.2955 10.0246 10 10 18.79 18.64 10.3466 15.4
G29 12.0714 13.7018 10.0125 10 10 26.611 26578 | 12.2337 11.65
G30 97 96.2431 96.9125 97 87.8042 59.581 59.565 | 96.6001 96.1
G31 189.4926 | 190.0000 | 189.9689 159.733 159.733 183.48 183.36 | 189.436 | 188.76
G32 174.7971 | 174.2196 175 159.733 159.7331 183.39 182.87 | 175.188 176.5

G33 189.2845 190 189.0181 159.733 159.733 189.02 189.22 | 189.992 189.4
G34 200 200 200 200 200 198.73 198.65 | 198.679 199.8
G35 199.9138 200 200 200 200 198.77 198.76 199.89 198.6
G36 199.5066 200 199.9978 200 200 182.23 182.45 | 199.905 | 19852
G37 108.3061 110 109.9969 89.1141 89.1141 39.673 39.635 | 108.554 | 109.89
G38 110 102.6912 | 109.0126 89.1141 89.1141 81.596 81.625 109.71 109.6
G39 107.7899 | 1085560 | 109.4560 | 89.1141 89.1141 42.96 42.91 108.639 109.4
G40 | 4215609 | 421.8521 | 421.9987 56.1879 506.1951 537.17 537.15 | 421.912 588.8
F. 1.5283 1.2581 12.2587 | 1.24490903 | 1.2449116 | 1.23170 | 1.23034 | 1.25852 1.21
Fe 2.1095 2.1110 2.1093 | 2.56560267 | 2.5656026 2.0846 2.0643 | 2.10837 2.55
Table 8: Obtained results for Case V.

Case 5 CSAISA ISA HSA DE PSO GA KKO ROA
Gl 102.6468 100.3485 100.3839 100.5473 100.7363 100.8578 65.43 68.65
G2 59.1816 58.8270 58.6583 58.5372 58.2314 58.3547 75.2154 | 76.55
G3 50.0599 50.8309 50.8302 50.8474 50.5242 50.9973 69.7721 69.5
G4 70.3498 73.3932 73.5292 73.0932 73.3238 73.4352 76.7522 75.34
G5 63.1042 59.1153 59.1846 59.9323 59.7272 59.4636 78.5975 77.44
G6 51.0080 50.1468 50.9231 50.7397 50.2726 50.6254 74.8284 73.23
G7 50.0000 507470 50.2832 50.5360 50.8362 50.5363 64.9154 65.4
G8 51.0166 53.2494 53.0220 53.2324 53.5242 53.1321 64.005 65.5
G9 83.9497 85.1551 85.8231 85.4235 85.4355 85.3546 73.8251 70.43

G10 87.1409 92.1870 92.6484 92.5426 92.0388 92.7522 66.2354 60.33
Gl1 58.6019 61.3470 91.9233 61.5243 61.6493 61.4368 68.8125 70.4
G12 119.1476 121.8597 121.4353 121.6357 121.7468 121.2463 65.6357 66.53
G13 50.0000 50.0000 50.4352 50.5367 50.6484 50.7468 64.8102 66.42
Gl4 50.0000 50.0000 50.5327 50.6382 50.8202 50.4373 50.0000 50.33
G15 7.2070 7.2069 7.3536 7.6388 7.8447 7.4357 8.854 8.88
Fc 4352.39 4353.57 4366.27 4387.44 4427.26 4453.85 4304.62 4277.6
Fe 135.23 136.46 144.85 153.42 176.75 184.38 108.85 104.7
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Abstract: In this paper a new improved diode-based circuit is introduced for output voltage limiting of immittance-based
constant current Load Resonant Converters (LRCs). The proposed Diode-based Voltage-Limiter (DVL) is very reliable
and simple, and also has the minimum number of components. Moreover, limiting values are flexible and can be varied
according to the design requirements. All of the positive characteristics of the LRC operation are preserved in this
technique, such as Zero Voltage Switching (ZVS) of the inverter switches and Zero Current Switching (ZCS) of the
rectifier diodes. A 150W converter with a 300kHz switching frequency is considered as a sample prototype. The circuit
simulation is presented based on the real model of the semiconductor devices in the OrCAD environment to have
maximum accordance with the real conditions. Simulation results demonstrate an accurate clamping ability of the output
voltage for overload conditions without any characteristics variation.

Keywords: Diode-based Voltage-Limiter (DVL), Immittance Passive Resonant Tank (IPRT), Load Resonant Converter
(LRC).
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the IPRT in a defined switching frequency. An important
problem in this type of the LRCs is occurs when the load
Load Resonant Converters (LRCs) [1], [2] are used increases. In this condition, the output voltage increases
widely as constant current or voltage sources in applications accordingly to control the output current in a predefined
such as high-voltage power supplies [3], induction heaters constant value. This phenomenon can damage the load or the

1. INTRODUCTION

[4], driver for illumination systems [5], electric arc welders LRC in a specific application such as chargers and electric arc
[6], battery or capacitor chargers [7], [8], power factor welders. For example, in the battery charger that is charged
correctors [9], and contactless power transfers [10]. with a constant current LRC, the output voltage should be
Therefore, robust output against load variation is an important limited to a defined voltage when the battery charging
characteristic in the LRCs design [11], [12]. A simple and procedure is near to the full-load condition. Otherwise, the
reliable technique to achieve load regulation ability in LRCs output voltage increases to high values and the battery
is utilization of Immittance Passive Resonant Tanks (IPRTS) lifetime is reduced. Or, in the electric arc welders, if the arc
in LRCs. This feature has been investigated deeply in is offed, the open-circuit condition occurs and the LRC can
previous works for IPRTs with various number of reactive be damaged due to very high output voltage [17]. Therefore,
component [13-16]. In this method, the robust load regulation in the IPRT-based LRCs, a voltage clamper should be
capability can be achieved based on a topological technique; considered to protect the converter properly.

thus, utilization of complex controller can be eliminated. In To solve the mentioned drawback, a method is applying
the IPRT-based LRCs, the output voltage is varied according a control circuit to tune the output voltage based on a

to the various load values and the output current remain predefined reference value. In this way, the complexity and
constant based on the inherent load-independent operation of cost of the LRC controller increases. An alternative technique
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is utilization of a clamping circuit, which limits the output
voltage topologically. Based on this perspective, a simple
circuit topology is presented in [17] using two clamping
diode, which demonstrated in Fig. 1. As can be seen, if the
IPRT output voltage is less than the Vi, two diodes are
reverse biased; and if the IPRT output voltage is more that the
Vin, two diode are direct biased and the output voltage is
clamped to the Vi,. Although, this circuit is not a general
method for various IPRT topologies and conditions because
a predefined assumption is considered, which the maximum
output voltage of the IPRT in the full-load condition is equal
to the Vin. This assumption is correct when the IPRT voltage
gain is a specific value, which restricts degrees of freedom for
the optimum design of the IPRT parameters value. Also, this
topology is considered for clamping the output voltage to the
Vin, While in some conditions it is wanted to clamp the output
voltage to the higher values. In this paper, a new improve
Diode-based Voltage-Limiter (DVL) is introduced, which
have the follows feature that can be considered as its main
features:

e It has high flexibility in variation the border of the
clamping voltage that can be tunable according to
the converter application and also can be applied in
LRCs with various IPRT topologies.

e This flexible topological structure for voltage
clamping has minimum number of components
increment;

e The positive operation characteristics of the LRC,
such as Zero Voltage Switching (ZVS) of the
inverter switches and Zero Current Switching (ZCS)
of the rectifier diode are preserved in case of
utilizing DVL circuit.

Some other topologies have been offered in [17] with
more operation flexibility. Although, they do not have the
first circuit simplicity, reliability, and correctness, and also
use the higher number of the components with more
complicated structures. In [18] explores using a concept
called duality to design new current-based DC-DC
converters. Duality involves creating a mirror image of an
existing circuit, where specific components are swapped.
This paper applies this idea to traditional voltage-based DC-
DC converters, including buck, boost, fly-back, cuk, sepic,
and zeta designs. In [19] a tuneable band-pass filter built with
an operational transconductance amplifier. This filter acts as
an anti-aliasing filter for an analog-to-digital converter. An
AAF is crucial to block unwanted signals before they reach
the ADC, ensuring accurate digital conversion. Therefore, a
new simple topology should be proposed to cover weaknesses
of the presented circuit in Fig. 1 with the same simplicity.
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Fig. 1: The presented clamping circuit in [17].
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2. PRoPOSED DVL DESIGN

Table 1 provides samples of the appropriate type sizes
and styles to use. The main paper sections must be organized
as follows: The new proposed DVL is presented in Fig. 2 to
clamp the output voltage of a typical IPRT-based LRCs,
named LCCLC-LRC. The fifth-order LCCLC-IPRT topology
is a sample and can be replaced with the other IPRT
structures. This DVL is composed of the two diodes, similar
to Fig. 1, and only two extra zener diodes that connected two
the previous diodes directly. Each pair of two diodes (a usual
and a zener) are act in half cycle of the LRC operation.
Therefore, by analyzing of a pair, the similar condition exists
for the other pair.

In the positive cycle, if the IPRT output voltage is less than
Vin, De2 in Fig. 2 is reverse biased and LRC is operated in the
usual condition. If the IPRT output voltage is more than Vin,
D, is forward biased and the LRC will operated in the
clamping mode based on the following expression:

Vbreak,nc1&pes = Vpri,full —Vin 1)

In which, Vs is the maximum output voltage of the
IPRT in the full-load condition, and Vbreakpcignez IS the
breakdown voltage of the zener diodes that should be defined
based on difference between the Vyrifuni and Vi to limit the
output voltage of the LRC to the full-load condition.

Expression (1) is true for the condition that DVL clamps
the output voltage to the full-load condition. To obtain a
higher value for clamping of the output voltage, the
breakdown voltage of the zener diodes should be increased
by a required extra voltage (Vexwra), Which is considered in
problem description. In this condition, the breakdown voltage
of the DVL zener diodes is defined as:

Vbreak,Dcl&Dc3 = (Vpri,full - Vm) + Vextra

2

3. SIMULATION RESULTS

To demonstrate the proposed DVL ability and its
operation correctness, a 150W LCCLC-LRC prototype with
300kHz switching frequency is considered as a sample
circuit. In the designed converter, Vin=24V, lout=3.5A, and
RL=12Q. The detail design procedure and analysis of the
LCCLC-LRC have been introduced in [8] and to avoid from
prolongation, the operation characteristics and components
value are considered similar. Therefore, the value of the
components, according to Fig. 2, are defined as:
L1=L2=2.6uH, C1=C2=335nF, C3=168nF, Cf=47pF, and n
(transformer turn ratio) =1.75. A 48V supply is applied due
to using half-bridge inverter at the input of the converter.

lout
—

XD, ¥ D;
sec.
R|*
ol [
sec.
P S R
XD, XD,

Fig. 2: The proposed DVL structure for output voltage
clamping of the LCCLC-LRC.

D
X D




First Author et al.

Journal of Applied Research in Electrical Engineering, Vol. 3, No. 1, pp. 33-39, 2024

The OrCAD software is applied for simulation of the
LCCLC-LRC due to high ability in real modelling of the
components circuit with more accordance to real
experimental conditions in comparison with the other
simulator. The LCCLC-LRC schematic is presented in Fig. 3.
IRFP150 is used as the inverter switches, and IR2113 is
applied as the switches driver. A 1Q resistor is used to model
the ohmic losses of the LCCLC-LRC. LCCLC-LRC
prototype is presented in Fig. 3. Operation waveforms of the
designed LCCLC-LRC in nominal load are presented in Fig.
4. The LCCLC-LRC operation waveforms in half-load, full-
load, and twice of the full-load conditions are presented in
Fig. 5, for clamping the output voltage to the full-load case.
Therefore, the breakdown voltage of the zener diodes is the

difference between the maximum voltage of the IPRT output
(43V) and Vin, which is equal to 18V according to (1). It is
clear that the LCCLC-LRC has the normal operation in half-
load and full-load conditions. In twice of full-load condition,
the output voltage of the IPRT is clamped to 43V, which is
the full-load condition voltage. Therefore, the LRC output
voltage clamped to the predefined value in the full-load
condition. As can be seen in Fig. 4, the voltage and current of
the rectifier diodes are in phase and switching losses of this
part is minimum. Also, the ZVS operation of the inverter
switches is preserved in heavy loads. Thus, the switching
losses in the inverter part is very low, and a low switching
losses is due to the turn-off current of the switches.
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Fig. 3: The proposed DVL schematic circuit in OrCAD.
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load. (a) Voltage and current at secondary side of the transformer; (b) output voltage and current. Blue: voltage, red: current.
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To demonstrate the flexibility of the proposed DVL for
various limiting conditions, another simulation is performed
for a higher voltage limitation than the full-load condition. In
this case, the limitation value is considered in twice the full-
load condition (86V). The simulation results are presented in
Fig. 6. It can be seen that the output voltage is in the normal
condition until R(=24Q. The output voltage is clamped to
86V in the higher values of the 2R, such as 36Q), without
affecting the ZVS of the inverter switches and ZCS of the
rectifier diodes. The output current and voltage of the
LCCLC-LRC as a function of the Ry, are presented in Fig. 7
and also Fig. 8 respectively for voltage clamping in the full-
load case. As can be seen, the output current is nearly constant
in light- to full-load condition. When the load is higher than
the full case, the constant current mode converts to the
constant voltage mode. In this condition, the output voltage
remain constant with the load increasing. Therefore, the
output current decrease proportionally.

4, CONCLUSION

A new general diode-based circuit (DVL) is presented in
this paper for clamping the output voltage of the constant
current IPRT-based LRCs for protecting the load and
converter in the heavy-load conditions. This topology is very
simple and reliable with high precision. Due to applying only
four diodes (two usual and two zener) the DVL cost and
complexity is very low in comparison with other controller-
based methods. The output voltage clamping ability of the
proposed DVL is examined with a sample LRC (LCCLC-
LRC) prototype that designed in the past works.

RL =12 |if RL<fuII—Ioad; Constant Current mode

3.5 If RL>fuII-Ioad; Constant Voltage mode |-

251

15| Load increase

1

[} 1I0 26 3I0 40
Fig. 7: LCCLC-LRC output current using DVL as a
function of Ry.

Output voltage remain constat in RL

values that are higher that the full-load

Load increase

10 20 30
Fig. 8: LCCLC-LRC output voltage using DVL as a
function of RL.
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The simulation results, using the OrCAD and real model
of the components, demonstrates that the introduced circuit
can operate successfully in the various load values without
affecting the main positive characteristics of the basic
converter, such as ZVS of the inverter switches and ZCS of
the rectifier diodes.
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Abstract: Piezoelectric energy harvesting from air conditioner compressors is a promising technology for
generating renewable electricity. This study comprehensively compares the energy harvesting potential
derived from mechanical vibrations in compressors across various air conditioner brands, harnessing
piezoelectric systems. Initially, a data collection system rooted in Internet of Things (IoT) technology is
employed to capture vibration signals from different branded air conditioner compressors. The acquired data
undergoes pre-processing and is subsequently analyzed in MATLAB Simulink to gauge its energy harvesting
potential through a piezoelectric framework. Notably, the maximum voltage harvested demonstrated strong
positive correlations with both the compressor vibrational frequency (0.7892) and velocity (0.7855),
emphasizing their role in determining available mechanical energy for conversion to electrical power.
Furthermore, a moderate positive correlation (0.0659) was observed between the harvested voltage and the
compressor's rated power, indicating its influence on energy conversion. An additional positive correlation
(0.2839) between temperature and harvested voltage was attributed to the increased electrical conductivity of
compressor materials at higher temperatures. Conclusively, the compressor's frequency and velocity emerged
as primary determinants of the maximum voltage harnessed, with rated power having a less pronounced yet
contributory effect. This research provides valuable insights for optimizing energy harvesting from air
conditioner compressors, highlighting the pivotal role of operational parameters.
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renewable energy sources, including solar, wind, and nuclear
fusion.  Although these renewables offer reduced
While reliable, conventional electricity generation environmental  footprints, their reliability can be
methodologies, like hydroelectric and thermal power stations, compromised by unpredictable environmental conditions,
pose significant environmental challenges. These include the such as fluctuating sunlight and wind patterns [2].
depletion of natural resources, emission of greenhouse gases,
and contribution to air pollution [1]. In pursuit of more eco-
friendly alternatives, nations globally are turning to

1. INTRODUCTION

Recently, piezo energy harvesting has emerged as a
promising avenue for energy generation. This technique
captures renewable, environmentally friendly electricity from
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mechanical vibrations, movements, and pressure, positioning
it as a sustainable energy alternative [3]. Many mechanical
devices in daily use, for instance, air conditioners, dispense
several joules of mechanical energy as vibrations. This
energy, primarily overlooked and wasted, holds the potential
for conversion into usable power. Consequently, piezoelectric
energy harvesting has attracted considerable research interest
recently [4], as evidenced by numerous studies and
publications.

Y. Li et al. [5] introduced a hybrid energy harvester that
combines electromagnetic, piezoelectric, and triboelectric
mechanisms to harness ocean wave energy. Their approach
utilised a shaking energy harvesting mechanism,
encompassing gear and  pendulum  components,
supplemented by piezoelectric and electromagnetic
generators. While the system could power at least 90 LEDs
and environmental sensors, its effectiveness was constrained
by the low frequency of ocean waves. W.M. Jayarathne et al.
[6] presented a piezoelectric vibration energy harvester
tailored for vehicular energy extraction. The model employed
lead zirconate titanate as the piezoelectric medium and
resonant frequency analysis within a cantilever configuration.
Despite Finite Element Analysis (FEA) projecting an output
of 5.99V, real-world motorcycle tests produced only 3.56V.
Such discrepancies underscored the influence of dynamic
road conditions and material inconsistencies. In their work,
Abishek Ray et al. [7] explored the applicability of a modified
cantilever design for vibration energy harvesting using
piezoelectric sensors. They incorporated unique structural
features, including a stair-shaped sidewall and a beam-
integrated hole, to modulate the resonant frequency. The
subsequent Finite Element Analysis, employing unimorph
PZT-5H piezoelectric material, suggested promising
outcomes, though structural modifications did pose
challenges to the system's mechanical integrity. V.J. Caetano
et al. [8] embarked on an experimental journey to engineer
versatile piezoelectric devices that accommodate varied
environmental excitation frequencies. Their innovative
designs, especially the pizza-shaped prototype, were
contrasted against conventional beam structures. The results
favored the novel designs, especially when subjected to
harmonic excitations. Corina et al. [9] ventured into
optimizing a dual-stage piezoelectric energy harvesting
circuit tailored for the SMDI10T2R111WL transducer's
SPICE model. Although their approach, encompassing
synchronous buck configuration, showcased improved
efficiency, specific results stemming from the piezoelectric
transducer appeared unfeasible. Delving into the domain of
human-centric energy harnessing, S. Mariem et al. [10]
investigated the potential of converting human breathing
patterns into electricity via piezoelectric systems. Their
simulations underscored the impact of cantilever dimensions
on energy optimization, revealing some insightful
correlations. Z. Wang et al. [11] showcased a piezoelectric
energy harvester leveraging rotational magnetic excitation.
Despite the promising voltage outcomes, the generated power
remained suboptimal due to the resonance frequency
constraints inherent to their design.

Contrasting conventional piezoelectric structures, R.
Newton et al. [12] championed the efficacy of an E-shaped
design. Their comparative analysis, rooted in simulation,
posited the superiority of the E-shaped model, though it
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necessitated further efficiency refinements. Lastly, N.
Burham et al. [4] delved into vehicular energy harvesting
using piezoelectric mechanisms. Their empirical assessments
highlighted the pronounced influence of vehicle attributes,
such as weight and speed, on voltage outputs while
underscoring the longevity challenges transducers face in
such dynamic environments.

This study comprehensively compares the energy
harvesting potential derived from mechanical vibrations in
COMpressors across various air conditioner brands, harnessing
piezoelectric systems. Initially, a data collection system
rooted in Internet of Things (10T) technology is employed to
capture vibration signals from different branded air
conditioner compressors. The acquired data undergoes pre-
processing and is subsequently analyzed in MATLAB
Simulink to gauge its energy harvesting potential through a
piezoelectric framework. This paper is outlined as follows:
Section 2 introduces the foundational theory of piezoelectric
energy harvesting. Section 3 presents the proposed block
diagram for the experimental design, detailing each block’s
component selection and functionalities. Section 4 discusses
the experimental approach for data collection, while Section
5 delves into the related simulations. Results are discussed in
Section 6, ending with conclusions in Section 7.

2. PIEZOELECTRIC ENERGY HARVESTING

Piezoelectricity refers to a unique phenomenon where
certain materials, upon experiencing mechanical stress,
generate an internal electric charge separation. These
materials often possess crystal lattices devoid of central
symmetry. When subjected to pressure, the relative
movement of their positive and negative ions creates an
electric voltage. Even though the material remains electrically
neutral, the charge displacement induces an electric field,
producing electricity. The resultant piezoelectric voltage
exhibits pulsatory characteristics, requiring extensive
processing for real-world applications [13].

2.1. Electrical and Mechanical Behaviour of Piezoelectric
Material

The electrical and mechanical behaviour of the
piezoelectric material can be represented by (1) and (2).

S = SET+ th
D= d,T+ ¢"E

)
@

Equations (1) and (2) contain the following parameters:
'S' represents mechanical strain, 'E' denotes the electric field,
‘T signifies the applied mechanical stress, and 'D' is the
electric displacement. Meanwhile, 's®' is the elasticity matrix
maintained at a constant electric field, '™ stands for the
permittivity matrix under consistent mechanical strain, and
'd¢ is the matrix defining the piezoelectric coefficient.

2.2. Inertia Mass and Resonant Frequency in Vibrational
Analysis
The power density of a piezoelectric material is related
strongly to the vibration’s frequency and amplitude by (3).

3
Bes = 4H3n1ﬁ'es YZmax (3)

Equation (3) includes parameters pivotal to vibrational
dynamics for piezoelectric energy harvesting. Here, 'm' stands
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for the inertia mass, which reflects the resistance of an object
to any change in its velocity, including a change in direction.
Inertia mass is central to understanding how vibrations will
affect the piezoelectric material. The term 'fres' represents the
resonant frequency. It is the specific frequency at which a
system naturally oscillates with maximum amplitude due to
external periodic driving forces. In piezoelectric systems,
aligning the resonant frequency with expected external
vibrations can substantially optimize energy capture. The
parameter 'y' denotes the amplitude of the vibrations,
indicating the maximum displacement of a point on the beam
from its rest position. In many scenarios, the amplitude
correlates directly with the amount of energy that can be
harvested: larger amplitudes often mean more significant
energy potential. Lastly, 'zmax' is the paramount amplitude of
vibrations, signifying the utmost extent to which a point on
the beam can deviate from its equilibrium state during
oscillation.

From (3), the resonance can significantly amplify the
vibrations of the beam, leading to a larger deflection and, in
the piezoelectric materials, a higher generated voltage or
power. Thus, designing a piezoelectric cantilever beam to
have a natural frequency that matches or is close to the
frequency of expected vibrations can optimize energy
harvesting.

From the Euler-Bernoulli Beam theory, the natural
frequency of a cantilever beam can be determined by (4) [14].

El

= @
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In (4), 'E" is Young's modulus of elasticity, provides a
measure of the stiffness of a material. The parameter 'I', is the
area moment of inertia used for determining a beam's
resistance to bending and deflection. Also, 'I' is the length of
the beam, and 'kn', a constant, relies on the mode of vibration
being analyzed. The value ‘kn' is taken as 3.52 for the first
mode of vibration (mode 1).

3. METHODS AND MATERIALS FOR EXPERIMENTAL
DESIGN AND SETUP

This study adopted a four-phase methodology to
guarantee meticulous and thorough investigations. A
summary of these phases is presented in Fig. 1. This study
randomly selected various air conditioner brands to ensure a
representative sample of popular models in Ghana’s market.
A robust Internet of Things (IoT) system was developed to
capture vibrational data from these air conditioners. The
system interfaced directly with the compressors, logging
vibrational data into an Excel sheet. After data collection, pre-
processing techniques were employed to extract essential
features. These features were then integrated into a
piezoelectric energy harvester model in MATLAB Simulink.
This methodology enabled the simulation of the vibrational
dynamics, offering profound insights into the energy
generation capabilities of the examined air conditioner units.
Details of each step in the proposed methodology are
explained in the sub-sections.
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Selection of different brands of air
conditioners

!

IoT system setup for data collection

|

Data collection and preprocessing

|

Analysis in MATLAB Simulink

Fig. 1: Block diagram for experimental design.

3.1. Selection of Different Air Conditioner Brands for
Experimental Setup

This study purposefully selected seven different air
conditioner brands to ensure the representation of commonly
used air conditioner types in Ghana. This was aimed at
diversifying the array of air conditioning systems in the
energy harvesting analysis. Each air conditioner unit was
installed at different locations, each characterized by unique
patterns of operation that could influence the voltage
generated over time: Details of the location and usage
patterns of each unit is provided in Table 1.

Again, the electrical specifications i.e., rated input
power, rated input current of the air conditioners are given in
Table 2.

3.2. 10T System Set-up for Data Collection

In this study, we developed an Internet of Things (1oT)
framework to acquire and document vibrational data from
multiple air conditioner models. The system incorporates
numerous pivotal elements and methodologies, ensuring
precise and trustworthy data gathering. The setup consists of
a sensor, microcontroller, and computer with Arduino IDE
and Microsoft Excel installed. This setup was integral to the
experiment process, enabling the subsequent analysis of
energy generation potential based on the recorded vibrations.
Fig. 2 depicts the aforementioned setup, and details of the
data collection processes are elaborated below.

A critical component of the 10T setup is the selection of
an appropriate sensor capable of accurately detecting and
measuring mechanical vibrations. For this purpose, an MPU-
6050 GYRO+ACCELEROMETER sensor was selected due
to its dual-axis accelerometer and gyroscope, which enabled
comprehensive measurement of linear accelerations and
rotational movements, aligning with the experiment's
objective of capturing air conditioner vibrations in detail [15].
This sensor is connected physically and interfaced between
the air conditioner compressor and an Arduino Uno
microcontroller to sense vibrations. Also, to ensure precise
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and consistent measurements, a calibration process is carried
out on the MPU-6050 to adjust its sensitivity and offset
parameters to eliminate any potential biases or inaccuracies
in the collected data. The Arduino UNO is a central
processing unit responsible for data acquisition and
communication with the sensor. It is programmed to read the
sensor data from the AC compressor continuously and sends
it to a connected computer for storage in Excel and further
analysis. The connection of MPU-6050
GYRO+ACCELEROMETER sensor to the Arduino Uno
microcontroller is shown in Fig. 3. The physical setup of the
10T system which involves connection to AC compressor and
laptop is shown in Fig. 4.

Table 1: Description of AC brands.

AC Brand Location Usage pattern
Chigo Lecture’s Operates intermittently
office aligned with lecturer’s
office hours
Nasco Lecturer’s Operates intermittently
office aligned with lecturer’s
office hours
LG Lecturer’s Operates intermittently
office aligned with lecturer’s
office hours
Beko Student’s Operates based on
room on student’s daily routine but
university remained operational
campus throughout the evenings.
Frigidaire Installed in a Operates throughout the
laboratory daytime during lab hours
and remain off in the
evening.
TCL Lecturer’s Operates when the room
office is needed for activities
Hisense Office of Operates throughout the
teaching daytime during office
assistants hours

Table 2: Ratings of selected air conditioners.

Air Rated Rated Year of

Conditioner Input Input Installation
Type Power Current
(W) (A)

TCL 3430 12 >10 years
Beko 1800 9.5 >10 years
Hisense 1010 4.5 < 3years
LG 5000 8.5 > 5 years
Frigidaire 2122 9.46 >10 years
Nasco 1561 8.5 > 5 years
Chigo 1730 7.9 > 10 years
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Fig. 2: 10T setup for data collection.

ARDUIND > MPU 6050
5V>VCC

GND > GND
A4 > SDA
A5 > SCL

Fig. 3: Arduino Uno connected to MPU6050 GYRO+
Accelerometer.

Fig. 4: Physical set of 10T system for data colection.

3.3. Data Collection and Pre-processing

Vibration data was gathered at temperatures of 16°C,
20°C, and 24°C specifically for TCL, Beko, and Hisense
while maintaining a steady 17°C for other units. Every data
entry in the Excel file was marked with a timestamp of 0.01s
to ensure accurate alignment with the air conditioner units’
respective operational states and usage patterns. This data
was securely stored in a designated Excel file, allowing
further analysis and processing. The data underwent a fast
Fourier transform (FFT) treatment during the pre-processing
phase. This involved importing the data into MATLAB and
executing an FFT through custom code. The output of this
transformation was a complex dataset, capturing the signal in
its frequency, phase and acceleration spectrum. This FFT
outcome was subsequently recorded in the Excel file. Sample
outputs of vibration data analysis from the AC brands are
shown in Figs. 5-7.

Tables 3 and 4 provide information about the different air
conditioner types, the operating temperatures at which the
vibrational data was collected, the frequency of the dominant
vibration and its velocity from the Fourier analysis. The
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maximum frequency and velocity are fed into the
piezoelectric model in Simulink to harness the energy for
further analysis.

3.4. Simulation and Analysis in MATLAB Simulink
The block diagram in Fig. 8 is employed to model the
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piezoelectric energy harvester in MATLAB Simulink
software.

3.5. Description of Each Block

Air conditioner vibration data and piezoelectric
transducer: this serves as the source of vibrational data for
energy harvesting. The vibration energy in a piezoelectric
harvesting system consists of two parts, which are the
mechanical and electrical parts. The mechanical part provides
energy from the surrounding environment, which in this work
represents the air conditioner compressor. This is transferred
into the piezo device or transducer to vibrate its input and
harvest energy. The vibrational source is modelled as a
sinusoidal signal used to represent engines that rotate at a
constant speed which is the case of an air conditioner
compressor when set at a certain temperature shown in Fig.9.

The process of harvesting the vibrations from the air
conditioner compressor is further modelled as a piezo bender
connected to a vibration system within the energy harvesting
system, as illustrated in Fig. 10. The piezo bender block
shows a piezoelectric bimorph cantilever beam device, with
its parameters used for the simulation detailed in Table 3. This
device is modelled to vibrate and generate electrical potential
by harnessing vibrational energy. Furthermore, the piezo
bender has a tip mass and an unencumbered rotational free
end on its right side. Including the tip mass serves multiple
purposes, including the modulation of the system's resonance
frequency, thereby optimizing its performance. Additionally,

; it enhances the mechanical responsiveness of the system,
E oo} g ;75 particularly during  low-amplitude  vibrations,  thereby
2 150| augmenting the overall output power. Applying an external
Bl “ | force induces mass displacement, leading to deformation in
- “L‘ | the interconnected piezo element. These deformations yield a
E R L charge accumulation and voltage differential across the
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Fig. 6: Frequency, phase and time spectrum of Beko
vibrational data at an operating temperature of 24°C
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Fig. 10: Piezo bender connected to a vibrational source in
Simulink.

Again, in this work, the vibration data collected form the
different brands of air conditioners are used. Specifically, the
dominant frequency component of the vibration and its
velocity are set to the sinusoidal subsystem in Simulink
shown in Fig. 11 to simulate the production of mechanical
vibrations from the AC compressor.

Rectifier: In this research, a full-wave bridge rectifier is
employed in conjunction with a piezo bender to facilitate the
conversion of alternating current or voltage (AC) generated
during the bending of the piezo device into direct current
(DC). The rectification process transforms the sinusoidally
varying AC input generated by the piezo bender into a
pulsating DC voltage. The rectifier assembly comprises four
diodes and a capacitor, serving as a filtering component to
attenuate voltage ripple, as illustrated in Fig. 12. The resultant
pulsating DC output voltage from the rectifier subsequently
undergoes further refinement through a low pass filter,
effectively reducing distortions and ensuring a smoother
output.

Table 3: Cantilever beam parameters.

Parameter Dimension
Beam Length 31.75mm
Beam Width 12.7mm
Beam thickness 0.5mm
Capacitance 15nF
Rated Drive Voltage, Vrated 180V
Free deflection at VVrated 0.233mm
Blocking Force at Vrated -0.414N
[ ] Block Parameters: PS Sine Wave
PS Sine Wave Auto Apply @
m Description
Parameters
Amplitude 0.25 mfs (]
Bias 0 mfs (]
Frequency specification ~ Frequency (SI) ]
Frequency (SI) 185 Hz a
Phase 0 rad D

Fig. 11: Sinusoidal vibration source parameters.
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Fig. 12: Full-wave rectifier bridge subsystem with four
diodes and one capacitor

Converter: In this study, the DC-DC converter is
represented by a buck converter block, as depicted in Fig. 13.
The buck converter regulates the voltage to transfer the
maximum possible power to the load and ensures that the
power transfer is unidirectional. Also, a pulse generator
controls the converter in an open loop with a fixed switching
frequency and duty cycle.

Actuator/Sensor: The DC voltage generated is applied to
power a battery and a load depicted in Fig. 14. Initially, the
energy harvester charges a battery. Then, the energy harvester
and the battery power up a constant load. The battery cannot
hold a charge since its voltage source varies with the amount
of charge and resistance connected in series. The source
battery's output will be precisely or very close to 3 volts if the
internal resistance is adjusted to 2 ohms and the nominal
voltage is 3 volts. This is the case since the nominal voltage
is also 3 volts.

>
Pulse ‘
Generator L
>G 2+

Buck Converter

Fig. 13: Simscape buck converter model.

j—»—u-

Fig. 14: Actuator circuit of battery and load.
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4, SIMSCAPE MODEL OF PIEZOELECTRIC HARVESTER

The Simscape model in Fig. 15 from the existing
literature was utilized to simulate energy harvesting from the
air conditioner compressors.

5. RESULTS AND ANALYSIS

In this section, a detailed exploration of the maximum
DC voltage outputs harvested from air conditioner
compressors under varying conditions, encompassing
different temperature settings and diverse compressor brands
is presented. Again, the findings from the experimentation are
analyzed and interpreted. The primary objective of this study
was to assess the energy harvesting capabilities of seven
prominent air conditioner compressor brands—TCL, Beko,
LG, NASCO, Frigidaire, Chigo and Hisense on the Ghanaian
market—while subjecting them to different operating
temperatures. As energy harvesting from air conditioner
compressors gains increasing significance in the context of
sustainable and energy-efficient technologies, understanding
the variables that influence their performance becomes
paramount. The results presented in the preceding sub-
sections summarize the intricate relationship between
temperature and these compressors' maximum DC voltage
output that can be harvested with a piezoelectric harvester.
Additionally, these findings shed light on the disparities in
energy harvesting potential across the assessed brands,
serving as a valuable guide for decision-making in various
applications reliant on air-conditioner compressor energy
output.

5.1. Comparison of the Output Voltages of TCL, Beko
and Hisense at an Operating Temperature of 16°C

The results in Table 4 present the maximum DC voltage
harvested from the air conditioner units of three brands (TCL,
Beko and Hisense) operating at a temperature of 16°C, 200C
and 240C. This data is crucial in understanding how various
factors such as vibration frequency, signal velocity, rated
power, and the year of installation of the ACs influence their
energy harvesting capabilities. Again, Table 4 shows the
comparison of the average values of the frequency, velocity
and maximum DC voltage harvested from the brands of ACs
across all temperatures.

:»—D”—— B

i}~
Pulse
Generator 'J
Diode
no
. I{.ML ¥ |
S "

Air Conditionerl Piezo Bender

alb—

dc battery voltage

Discrete

d rectified voltage
Low-Pass Filter

(Discrete or Continuous)

acvoltage

Fig. 15: Simscape model of piezoelectric harvester.
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Table 4: Maximum voltage harnessed from different brands
of air conditioners.

Air Temperatu  Maximu  Velocit Maximu
condition re m y of m DC
or tvpe °C) Frequenc Signal Voltage
P y (Hz) (mg s) Harveste
d (V)
TCL 16 140.80 0.60 5.03
Beko 20 141.11 0.90 6.52
Hisense 24 144.53 0.70 6.01
Beko 16 152.53 0.84 8.61
Frigidaire 20 154.13 0.74 8.29
Nasco 24 155.20 0.90 10.01
Hisense 16 125.33 0.50 3.24

TCL: At 16°C, the maximum frequency is 140.80 Hz,
the velocity of the signal is 0.60 m/s, and the maximum DC
voltage harvested is 5.03 V. As the temperature rises to 20°C,
there is a slight increase in frequency to 141.11 Hz, a rise in
signal velocity to 0.90 m/s, and an increase in harvested
voltage to 6.52 V. At 24°C, the frequency further increases to
144.53 Hz, the velocity drops slightly to 0.70 m/s, while the
harvested voltage drops marginally to 6.01 V.

Beko: Starting at 16°C, the maximum frequency is
152.53 Hz with a signal velocity of 0.84 m/s, and the
harvested voltage is 8.61 V. At 20°C, the frequency slightly
increases to 154.13 Hz, the signal velocity decreases to 0.74
m/s, but the harvested voltage decreases slightly to 8.29 V.
By 24°C, the frequency has increased to 155.20 Hz, the signal
velocity rises to 0.90 m/s, and the harvested voltage notably
jumps to 10.01 V.

Hisense: At 16°C, Hisense shows the lowest frequency
of 125.33 Hz compared to the other two brands, with a signal
velocity of 0.50 m/s and harvested voltage of 3.24 V. At
20°C, there is a significant jump in frequency to 149.87 Hz,
but the signal velocity remains the same at 0.50 m/s, leading
to a harvested voltage of 5.74 V. At 24°C, the frequency
slightly rises to 150.93 Hz, the velocity decreases to 0.40 m/s,
and the voltage drops to 5.02 V.

Among the three brands, Beko consistently demonstrates
the highest maximum frequency and harvested voltage across
all temperatures. The high vibration velocity and frequency
in the Beko and TCL air conditioners leading to higher
voltage outputs can also be due to the wear and tear in some
AC components, such as the fan, motor or compressor since
they were installed about ten years ago. The low vibration
velocity and frequency in the case of Hisense AC may be due
to how new it is. Technological advancements have led to the
developing of quieter and more efficient air conditioning
units such as the Hisense brand. Again, modern air
conditioners often incorporate features that minimize
vibrations, such as better insulation, improved motor designs,
and advanced compressor technologies. Clearly, the
efficiency and capability of air conditioners to harness
voltage vary based on the brand, year of installation and
temperature. This information could be crucial for users or
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industries aiming to optimize energy harnessing from air
conditioners. The output voltage of the rectifier at
temperatures of 16°C, 20°C and 24°C for TCL, Beko and
Hisense are shown in Figs. 16-18.
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Fig. 16: Rectified voltage at 16°C.
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Fig. 17: Rectified voltage at 20°C.
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Fig. 18: Rectified voltage at 24°C.

5.2. Comparison of the Output Voltage Harnessed from
LG, NASCO, Frigidaire and ChlGO Air
Conditioners at Different Operating Temperatures

Table 5 shows the maximum DC voltage harnessed from
LG, NASCO, Frigidaire, and ChIGO air conditioner
vibrations at a constant temperature of 17°C. The results show
that the maximum voltage harnessed increases with
frequency and velocity. A more detailed discussion is given
below.

From Table 5, there is notable variations in vibrational
frequency and velocity among the four brands of AC
producing significant variation in the voltage harnessed.
Frigidaire, with the highest frequency of 252.27 Hz and
velocity of 0.70m/s, demonstrates the highest maximum DC
voltage harvested, measuring 6.72 V. With the next highest
frequency of 145.60 Hz and a velocity of 0.6m/s, LG
generates a maximum DC voltage of 5.60 V, showcasing a
similar trend of higher frequency resulting in higher voltage
output. Chicago, with a frequency of 133.87 Hz and velocity
of 0.70m/s, and NASCO, at 128.00 Hz and a velocity of
0.50m/s, yield lower DC voltage outputs of 4.78 V and 3.53
V, respectively, further supporting the correlation between
frequency and harvested voltage. It is clear that the amount of
electricity that can be generated is limited by the frequency
and velocity of the vibration, as well as the year of installation
of the air conditioner. The output voltage of the rectifier is
shown in Fig. 19.

Table 5: Maximum voltage harnessed from vibrations of
different air conditioners at a constant temperature.

Air Temperat Maximu  Velocity Maxim
conditio  ure(oC) m of Signal  um DC
ner type Frequenc (m/s) Voltage

y (H2) Harvest
ed (V)

LG 17 145.60 0.60 5.60
NASC 17 128.00 0.50 3.53

0]

Frigidai 17 252.27 0.70 6.72
re
ChliGO 17 133.87 0.70 4.78
8
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Fig. 19: Rectified output voltage at 17°C.
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5.3. Correlation Between Maximum DC Voltage
Harnessed and Temperature, Power Rating,
Frequency and Velocity

The correlation table to study the impact of operating
temperature (T), power rating (P), frequency (F) and velocity
(S) of vibration signal on the amount of voltage (M) harvested
from the ACs is shown in Table 6.

The results from Table 6 shows a strong positive
correlation of 0.7892 and 0.7855 between the maximum
voltage harnessed and the frequency and velocity respectively
of the air conditioner compressor signal. This is because the
frequency and velocity of the compressor determine the
amount of mechanical energy available to be converted into
electrical energy. The higher the frequency and velocity, the
more mechanical energy is available and the higher the
maximum voltage harnessed. There is also a positive
correlation of 0.0659 between the maximum voltage
harnessed and the rated power of the air conditioner
compressor. This is because the rated power of the
compressor is a measure of the amount of mechanical power
it consumes. The higher the rated power, the more mechanical
power can be converted into electrical energy. However, the
correlation between the maximum voltage harnessed and the
rated power is less intense than the correlation between the
maximum voltage harnessed and the frequency and velocity
of the compressor. Again, there is a positive correlation of
0.2839 between temperature and maximum voltage
harvested, which can be explained by the fact that the
electrical conductivity of the materials used in the compressor
increases with temperature. This means more electrons can
flow through the circuit, producing higher voltage output. The
Table shows that the compressor's frequency and velocity
primarily determine the maximum voltage harnessed from an
air conditioner compressor. The rated power of the
compressor also has a positive effect on the maximum voltage
harnessed, but the effect is not more substantial.

6. CONCLUSION

The energy harvesting potential of various air
conditioner brands on the Ghanaian market has been
explored. The study unveiled significant insights into the eco-
friendly energy-harnessing landscape through systematic
experimentation and analysis. It was evident that different air
conditioner brands, each with unique design and operational
characteristics,  exhibit  varying energy  harvesting
capabilities. The study established a strong positive
correlation between the frequency and velocity of air
conditioner compressor vibrations and the maximum voltage
harnessed.

Table 6: Correlation matrix.

T P F S M
T 1.0000
P 0.0000 1.0000
F 04893 -0.1187 1.0000
S 0.0466 0.4898 0.3218  1.0000
M 0.2839 0.0659 0.7892  0.7855  1.0000
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This correlation underlines the significance of
mechanical energy, available in vibrations, in influencing the
electrical energy output. Moreover, factors like the rated
power of the compressor and the operating temperature also
correlate with the amount of voltage harnessed. The rated
power, indicative of the compressor's mechanical power
consumption, revealed a less intense yet positive correlation
with the harvested voltage. Simultaneously, the positive
correlation between temperature and harvested voltage points
towards the increased electrical conductivity of compressor
materials at higher temperatures. Again, the year of
installation also manifested as a significant determinant of
energy harvesting efficiency.

Furthermore, brand-specific analyses showcased brands
like Beko consistently outperforming others, emphasizing the
brand-to-brand variability in energy-harnessing capabilities.
The technological strides made in recent years, with brands
focusing on quieter and more efficient units, were also
evident in the research findings. This research is paramount
in light of the growing global emphasis on sustainable energy
solutions. The detailed insights from the study can guide
consumers and industries in optimizing energy harnessing
from everyday appliances like air conditioners. Moreover, the
findings can spur further innovations in piezoelectric energy
harvesting, pushing the boundaries of eco-friendly energy
generation. In essence, this research not only underscores the
untapped potential of mechanical vibrations in energy
generation but also paves the way for more comprehensive
studies and technological advancements in this domain.

7. FURTHER RESEARCH

While this study analyzed selected brands of air
conditioners available in the Ghanaian market, further
research should encompass a broader range of local and
international brands. This would provide a more
comprehensive understanding of the energy harvesting
potential across different manufacturing and design
philosophies. Long-term studies on air conditioner units
should be conducted to understand the wear and tear effects
on energy harvesting capabilities over extended periods. This
would provide insights into the longevity and sustainability
of such energy harvesting methods.
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Abstract: In the last few years, there has been growing attention to isolated DC microgrids (MGs) with robust voltage
control and efficient responding to demand in the face of fluctuating demands and supply amounts. This attention is due
to significant voltage mismatches originating from the sudden transitions of the load demand and the active power of the
supplies, such as photovoltaic (PV) systems. To address these goals, a novel nonlinear robust voltage control strategy with
a cascaded design consisting of proportional-integral (PI) and sliding mode control (SMC) techniques is developed in this
research for the battery energy storage system (BESS). Additionally, this research considers a fuel cell as another power
supply in addition to a solar PV system. For maximum power point tracking (MPPT) of the PV system, a novel
backstepping sliding mode control (BSMC) technique is developed as well. The effective functioning of the suggested
cascaded control strategy is examined using MATLAB/Simulink. The outcomes of the simulation represent the
effectiveness of the proposed approach in robustly regulating the voltage level of the DC link at 50 V with small deviations
in tracking, and quick reaction to fluctuations in both demand and supply sides, as well as guaranteeing an even
distribution of responses to demand fluctuations from the DC MG.
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generation, for example, is affected by the climate and sunlight

1.~ INTRODUCTION accessibility. To tackle this constraint and provide a

1.1. Motivations continuous and reliable energy supply, rising attention is being
. . placed on combining RESs with BESSs within MG. The

The global shift away from conventional energy sources, power balance between the generating and consumption sides
notably fossil fuels, and toward renewable energy sources is maintained by adding BESSs into MG. BESSs are critical
(RESs) such as solar PV systems keeps on gaining traction. in storing surplus energy created during maximum generation
This trend is being motivated by growing awareness of the intervals and providing it during weak or zero power
considerable disadvantages connected with the use of fossil generation time frames. This coordination improves the MG's
fuels. These negatives include the discha.rge _of green_ho_use reliability by optimizing power dispatch. By effectively
gases and contaminants, the gradual dwindling of limited controlling the flow of power, the MG becomes healthier and
resources, which leads to crises in the energy sector, financial stable, lowering the danger of disturbances. Furthermore,
obligations, and the deterioration of current energy systems' concerted attempts in power sharing among various domains
functionality. Deployment of RESs, notably PV systems, isa  enable greater RES use while mitigating the effect of their
possible approach for reducing the environmental effect of intermittent behavior. This implies that variations in
conventhna_ll supplies of energy. Nevertheless, the intermittent renewable energy production, such as those induced by shifts
characteristic of RESs must be addressed. Solar energy in weather, can be minimized through concerted activities,
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resulting in a more seamless integration of RES into the grid
structure [1, 2]. As a fundamental configuration, energy
communities (ECs) are defined as a collection of demands and
supplies that exchange energy on a local distribution grid [3].
ECs are not considered as islanded MGs. MGs are responsive
electric power systems that can be divided into DC and AC
MGs. DC MGs have various benefits over AC MGs [4-6]. The
absence of frequency and reactive power characteristics is a
considerable benefit. Maintaining a constant frequency and
regulating reactive power in AC systems are challenging and
need extra control techniques. DC MGs eliminate the
requirement for frequency synchronization and reactive power
control by running on a consistent voltage range. Additionally,
DC MGs provide improved and more precise system
operation. The lack of frequency variations enables greater
control over power flow and voltage values. This improved
degree of control leads to a more robust and rapid energy
delivery system, which is critical for managing current power
grid needs [7]. The great reliability of DC MGs is a further
significant benefit. The DC design's straightforwardness, with
a fewer number of elements and less complexity, leads to
better system reliability. This is especially beneficial in
situations where grid resilience and robustness are required,
such as critical facilities and distant sites. Furthermore, DC
MGs enable greener solutions for preserving the environment.
The removal of some power conversion procedures, as well as
the intrinsic efficiency of DC transmission, decreases energy
losses and has minimal effect on the ecosystem. This is
consistent with the global quest for renewable and
environmentally friendly energy options [8]. Fig. 1 represents
the architectural framework of the suggested DC MG design.
This arrangement is a simplified and effective structure that
combines multiple components ideally to provide secure and
renewable energy delivery. The PV system, a critical RES, sits
at the heart of the entire framework. A DC-DC step-up
converter appropriately connects the PV array to the DC link.
This converter is an important component of the system
because it allows for the effective transformation of the
produced DC voltage from the PV array to the appropriate
useful voltage of the DC bus. This procedure is critical for
guaranteeing the energy generated by the solar panels is
adequately absorbed and incorporated into the MG.
Furthermore, a fuel cell is considered as the second power
supply to help the PV system in properly meeting the load
demand. This power supply source is linked to the DC bus
through a unidirectional DC-DC converter which is managed
by SMC. Finally, the proposed DC MG includes a BESS to
improve versatility and robustness. A DC-DC bidirectional
converter properly connects the BESS to the DC link. This
reversible converter manages the two-way flow of power
between the DC link and the BESS. The bidirectional
converter facilitates the storing of surplus energy in the BESS
during periods of extra production. When the energy request
exceeds the immediate supplies of the PV system and fuel cell,
the converter permits the transfer of stored energy from the
BESS, assuring an uninterrupted and reliable power supply to
the MG. The proposed layout has many benefits. The
integration of the PV array, fuel cell and BESS via specialized
DC-DC converters enables a more straightforward and
regulated energy flow, reducing energy losses and improving
overall system efficiency. Furthermore, the BESS-connected
converter's bidirectional capabilities provide a layer of
flexibility, allowing the MG to rapidly respond to changes in
both consumption and supply sides, which lead to various
voltage drops and spikes. These voltage mismatches are
addressed and suppressed by the proposed control algorithm.
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1.2. Literature Review

In recent years, the robust voltage control and equal
responding to demand of isolated DC MGs including PV,
BESS, and other power supplies have arisen as major focuses
of academic inquiry. The necessity to overcome the issues
provided by fluctuating loads and supply variations is driving
growing curiosity in these areas. Isolated DC MGs, which are
meant to function independently of the main utility grid, must
deal with wunpredictable and unexpected situations,
necessitating complex control systems for maximum
efficiency. Robust voltage control is an essential part of this
solution. Voltage stability, an important feature of MG
functioning, is critical to guaranteeing the MG system's
steady and reliable performance, especially in the face of
unpredictable variations in both demand and supply. As
demand varies during the day, and RESs bring
unpredictability into the supply combination, voltage stability
becomes critical. Voltage stability refers to the MG's
capability to preserve proper voltage levels within accepted
boundaries, avoiding voltage spikes or under-voltages that
could cause malfunctions or operational disturbances. In the
face of shifting consumption patterns and intermittent
renewable energy production, enhanced monitoring, control,
and administration solutions are critical for dynamically
altering voltage levels and optimizing performance to meet
the MG's developing requirements. Researchers have been
actively investigating novel regulation strategies for
maintaining a steady voltage profile, hence improving the
resilience of DC MG [9, 10]. At the same time, demand
response is the process of regulating and altering customer
usage of energy in reaction to evolving circumstances inside
the MG. Finding a harmonic balance between generation and
demand is critical for grid stability and avoiding instabilities
that can contribute to power outages. Consequently, a broad
range of control systems for MGs have been presented in the
literature, including droop control, SMC, droop-SMC, fuzzy
logic, artificial intelligence (Al), and model predictive control
(MPC) strategies. An adaptive droop control technique for
DC MG has been defined in [11], with the main goal of
successfully handling voltage control issues and guaranteeing
an equal flow of current within the DC MG structure. By
dynamically adjusting droop characteristics, this approach
enhances voltage stability and promotes a balanced flow of
current, thereby optimizing the performance and reliability of
DC microgrid systems. [12] introduces a unique converter
control approach based on a configurable variable droop
coefficient. The fundamental goal of this strategy is to
maintain voltage stability when there are considerable and
rapid variations in power inside the system. [13] makes a
substantial addition by presenting a unique adaptive droop
control approach specially developed to support an integral
feed-forward SMC within the PV-BESS DC MG framework
to considerably increase each BESS converter's voltage
response speed. [14] suggests integrating universal droop
control with SMC to provide distributed energy resource
(DER) integration and power-sharing management for the
DC MG, therefore solving the DC MG's power stability. [15]
advances sustainable energy integration by utilizing SMC and
PWM pulses to enhance PV power production while
maintaining DC voltage stability in an integrated system
comprised of PV, wind, and BESS. In order to indicate the
operational advantage of DC MG, [16] develops an SMC with
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an integrated design and compares it to a simple PI control
method. This comparative study highlights the enhanced
effectiveness of operation and performance benefits given by
the SMC in DC MG structures. In [17], the contributors have
proposed an adaptive SMC particularly designed for dc-dc
step-up converters, which is systematically implemented
within the framework of PV-Wind-BESS-EV DC MG that
serves CPLs in order to guarantee the maintaining adequate
stability margins, especially when encountered with
significant and sudden changes in load demand. In [18], an
important breakthrough in control methods is proposed by the
introduction of an adaptive fuzzy integrated fractional order
controller that is particularly developed for a DC MG
consisting of a hybrid energy storage system (HESS) to
improve DC link voltage regulation, addressing and
eliminating imbalances between consumption and supply
within the MG. The artificial neural networks (ANNS) control
approach is presented in [19] as a particular type of Artificial
Intelligence (Al) for a DC MG consisting of DERs and BESS
in order to enable efficient control of power converters while
preserving efficiency, thus enhancing the general adaptability
of the system and ensuring that the DC link voltage continues
to be inside the admitted boundaries, improving the system's
stability and reliability. [20] entails a decentralized model
predictive control (DMPC) structure aimed at preserving
voltage stability and equal power dispatch within a DC MG
characterized by constant power loads (CPLs). This approach
contributes to improve system performance and reliability by
dynamically controlling voltage levels and guaranteeing
equal power sharing across the grid. [21] also compares a
unique model predictive control (MPC) approach and linear
control strategy in view of successfully managing the DC link
voltage level of a DC-DC step-up converter while also
preserving the stability of the DC MG in the face of dynamic
load behavior.

1.2.1. Gaps and Contributions

Given the information presented thus far, it is undeniable
that there are significant gaps in the existing corpus of
literature. In [11-14] obtaining accurate control and proper
power sharing in droop control schemes can be difficult,
resulting in voltage error and unequal supply usage,
particularly in systems with fluctuating loads and operating
cases. Droop control techniques are also easily affected by
modifications in system variables. The changes in such
variables can have an impact on the precision of droop
calculations. These solutions have generally been intended
for unidirectional power flow, which may restrict their
usefulness in bidirectional power flow structures, particularly
those that incorporate RESs and BESSs. Finally, these
systems may have response time restrictions, especially in
circumstances requiring quick and exact modifications.
Although using a single SMC technique in [15-17] provides
robust and rapid functionality in the face of uncertainty, it
suffers from chattering issues due to high-frequency
fluctuations or fast switching of duty cycle near the sliding
surface, which can cause probable steady-state challenges and
undesired damage to the materials in physical structures. The
fuzzy logic control strategy, which is used in [18], is based on
cognitive principles and fuzzy logic sets, which leads to
issues in the exact modeling of complicated system
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characteristics. Precise fuzzy principles can be challenging to
expand, especially in nonlinear systems that have time-
dependent dynamics. These controllers may have difficulty
adapting to abrupt alterations in system characteristics. They
are built to cope with slowly shifting conditions and may
show shortcomings in quickly shifting surroundings. More
sophisticated control approaches may be necessary in some
circumstances for successful control in extremely nonlinear
or unpredictable cases. In [19], knowing the network's
underlying functions and procedures for making decisions
might be difficult, resulting in an absence of clarity.
Furthermore, the network's functionality is heavily impacted
by the type of training data. In cases when the data is
restricted or prejudiced, the ANN might be unable to
generalize effectively to previously encountered instances.
As a result, ANNs may experience difficulties responding to
fast-changing systems. MPC strategies in [20, 21] are
computationally complicated and take a significant amount of
computing time and money to implement due to the large
uncertainties in the modeling of the system, which may
restrict applications that operate in real-time, especially in
systems that demand quick reactions. Additionally, MPC
only depends on the precise model of the system for
forecasting, and any differences between the model and the
real system performance might result in poor functionality.
As a result, MPC is affected by model uncertainty, variable
changes, and disruptions.

According to the gaps found in the existing literature
above, the following are the goals and contributions of this
research:

l. A novel nonlinear robust control strategy, which
combines the advantages of PI control with SMC, is
introduced for a PV-BESS-fuel cell DC MG with the
primary goals of assuring robust DC link voltage
regulation and providing evenly-distributed
response to fluctuating load demands and solar
exposures.

1. A BSMC approach, whose basic concept is the
utilization of MPPT to maximize peak power
harvesting from solar PV systems, is used to
improve the efficiency of solar output power
extraction by continuously and automatically
controlling the operating point of the PV system to
coincide with the MPP.
In comparison to other control approaches, the
suggested method notably has lower DC link voltage
oscillations, more robust functioning, more rapid
dynamic responsiveness, and less chattering
influences. These distinguishing traits contribute to
the suggested control approach's effectiveness.

1.3. Paper Arrangement

The remainder of the paper is organized in the following
order: The suggested DC MG concept is described in Section
2. Section 3 presents formulations of the suggested control
technique. Section 4 depicts simulation findings and
scenarios. Section 5 finally concludes the paper.
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Fig. 1: DC MG structure.

2. MODEL DESCRIPTION
2.1. PV Array

Solar PV systems stand out as a superior alternative to
standard DC MG power sources when it comes to power
supply possibilities. The capability of PV systems to generate
zero greenhouse gases contributes greatly to ecological
sustainability while at the same time lowering power
production costs. Solar irradiation and cell temperature are
important parameters affecting the efficiency of PV systems
since they directly affect the output power of the PV panels.
A systematic strategy is used to maximize the system's
performance. The solar array is smoothly incorporated into
the DC link via a DC-DC step-up converter, which is an
important component in guaranteeing an optimized power
supply to satisfy the load needs. The requirement to run at the
maximum power based on the P-V curve is an essential
concept guiding the operation of solar PV arrays. This exact
position on the curve ensures that the panels generate the
highest amount of power feasible. The MPP-based BSMC is
used to attain this level of accuracy in operation. This
complex control system successfully tracks and adjusts for
variations in the irradiation amount, ensuring that the PV
array runs at its highest productivity point constantly. The PV
module under discussion, the KC200GH-2P type, has 54
series-connected cells, each of which contributes to its total
electrical properties. Table 1 provides a complete summary
of the electrical characteristics, providing an in-depth look
into the module's parameters and performance characteristics.
These metrics include a variety of key data points, such as
voltage, current, and power levels and provide a thorough
insight of the module's behavior under varied situations.

Table 1: The electrical specifications of the PV panel.

Parameters Values
MPP voltage V,,pp, 26.6 [V]
MPP current Iy, 7.55[A]
Maximum power Py, 200 [W]
Short circuit current I, 8.21 [A]
Open circuit voltage V. 329 V]
Temperature coefficient of SC current K, 0.00479
Diode ideality factor n 1.8

Cell temperature T 25[C]
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2.2. Fuel Cell

A fuel cell, by incorporating an additional power source
into the system, plays a supporting function in improving the
ability to respond of the PV system to variable load demands.
The fuel cell, which operates at a constant power output of
100 W, is purposefully utilized to offer an extra energy
supply, guaranteeing a steady and reliable power supply to
satisfy the dynamic demands of the load. A unidirectional
DC-DC boost converter is the vital component developed for
effectively carrying energy from the fuel cell to the system,
facilitating the connection between the fuel cell and the DC
link. SMC approach is used to regulate this converter, which
is a robust and adaptive control method noted for its
capability to tolerate inconsistencies and disturbances in the
system. This adaptive control method enables accurate power
output modification, guaranteeing that the fuel cell's extra
energy instinctively supports the PV system's reaction to
variable load demands. The integrated functioning of those
parts not only improves the total reliability of the power
production but also maximizes the use of RESs,
demonstrating a comprehensive method for greener and
responsive power systems.

2.3. Battery Energy Storage System

A BESS performs a crucial act in properly regulating the
power imbalance that frequently occurs between supply and
consumption inside a DC MG. A bidirectional DC-DC
converter is used to provide a smooth link between the BESS
and the DC link. This converter acts as an important interface,
facilitating the regulated flow of electrical power between the
BESS and the MG, as well as charging and discharging
activities as necessary. The deployment of a PI-SMC strategy
can be a complex and versatile control method designed to
assure the DC MG's efficient and steady performance. This
controller is critical in coordinating the BESS's charging and
discharging operations, dynamically answering to changes in
power demand and generation. This multidimensional
strategy for BESS control not only tackles power discrepancy
issues but also improves the overall reliability and efficiency
of the DC MG, demonstrating the need for cutting-edge
control tactics in present-day energy management. By
synchronizing the power flow with the system's changing
needs, the PI-SMC controller helps the DC MG's proper and
balanced functioning by efficiently managing the following
two operation phases:

Charging mode: The BESS plays a critical role during
charging in effectively handling the extra power supplied by
both the PV system and the fuel cell. This occurs when the
needed output power to fulfill the demanded power is less
than the total amount of power provided by the solar PV and
the fuel cell. The BESS works as a repository for unused
energy during this period, successfully gathering extra power
that would otherwise go wasted. The energy storage system
provides for the most efficient use of produced power,
reducing waste and assuring a long-term solution to energy
management. This mode is critical for system balance since it
facilitates the storing of more energy during periods of ample
supply, allowing the BESS to satisfy load demand effortlessly
in later time frames when generation may be inadequate.

Discharging mode: In this phase, a scenario occurs in
which one of the suppliers is unable to entirely match the
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desired load power. In such cases, the system easily switches
to utilizing the stored energy of the BESS, commencing a
discharge operation to compensate for the shortage in total
power generated by the PV array and the fuel cell. This mode
is critical for providing an uninterrupted power supply,
particularly when fluctuating solar irradiation or
unanticipated changes in load demand influence the
capability of the PV array and the fuel cell to produce
adequate power on their own. The BESS acts as a dependable
backup, delivering stored energy to meet the disparity
between the total generation and the needed load power.

3. CONTROL STRATEGY FORMULATION
3.1. MPPT Control

A robust MPP-based BSMC control algorithm has been
developed to enhance the productivity of the PV system. To
guarantee maximum output power, the BSMC algorithm has
two meticulously built control loops. The first control loop,
dubbed the MPP block, takes advantage of both the PV
voltage and the PV current. This block is in charge of
determining the maximum point of the PV system and then
creating the MPP voltage. In the second control loop, the
MPP voltage acts as a critical reference value [22]. In the
BSMC algorithm, the secondary control loop is in charge of
producing the control signal that governs overall system
behaviour. As shown in Fig. 2, this is accomplished by
analyzing a variety of input values, comprising the voltage
and current values of the PV, MPP reference voltage, inductor
current, and output voltage. Each of these characteristics is
critical in selecting the best operating conditions for the PV
system. This dual-loop control technique enables meticulous
and continuous performance improvement of the PV system.
The system can adjust to shifting climatic circumstances and
fluctuations in solar input by utilizing the MPP-based BSMC,
guaranteeing that the PV system runs at the highest possible
efficiency. The complicated interaction of these control loops
and taking into account many factors result in the overall
control system's resilient and adaptable behaviour, improving
the PV system's reliability and output in the presence of
various operating conditions.

Ly = Ny - Ly = Ny + Iqe [exp (ZLNS) - 1] 1)

where the quantity of cells linked in parallel and series are
represented as N,, and N; respectively. The cells arranged in

parallel enhance current output, whereas the cells arranged in

Vpv
lpv
Vov Control
Vpy-ref upv Signal
lpv
IL-pv
Vo

Fig. 2: MPP tracking strategy.

series boost voltage potential. To obtain the necessary voltage
and current rates, the PV arrays frequently use a mixture of
parallel and series connections. Moreover, I, depicts the
electric current produced by PV cells as a result of solar
exposure that falls on them. Factors such as sun irradiation
and cell temperature impact this number. Additionally, V,,
indicates the electrical potential differential between the solar
cell terminals. The voltage produced is determined by the
solar cell’s properties as well as its operational circumstances.
Finally y shows a fixed value as the following equation:
nT-kp

=" )
where g = 1.6 x 10719 describes the amount of an electron's
electrical charge, which is essential in comprehending electric
currents and the functioning of semiconductor technologies.
Also, n symbolizes the ideality factor of the P-N junction.
This factor, also known as the diode ideality factor, is a metric
that compensates for departures from a perfect operation of a
diode. It takes into account recombination and other non-ideal
phenomena. Furthermore, the Boltzmann constant is
displayed as kz = 1.3805 x 10~23, which is important in
statistical mechanics and is utilized to connect the average
kinetic energy of molecules in gas form to their temperature.
Eventually T reflects the cell's temperature in absolute terms,
which is a key variable in semiconductor physics because it
affects the energy flow of charge transporters, which
determines the general behavior of semiconductor
technologies.

Isat = Isatr (TET)S exp (? [Tir - %]) (3)

where I, points out the cell's reverse bias saturation current,
which quantifies the leakage current while the system is in
reverse bias mode. In other words, it measures the movement
of minority carriers throughout the dwindling zone. E; = 1.1
reflects the semiconductor's energy gap which is the least
amount of energy necessary for an electron to pass from the
band known as the valence to the conduction region to
transmit electricity. The reverse bias saturation current at the
reference temperature T, is indicated as Iy, Which is given
as the following equation[22]:

I.
Lyger = m (4)

yNs

where I, represents the short circuit current which is used to
calculate the greatest amount of current that a circuit can
supply when it is closed with no resistance. Also, V. exhibits
the open circuit voltage which offers information on the
potential gap across the circuit when no current is flowing.
The photocurrent L,,, which is the electric current produced
by the capture of solar exposure in a PV cell, is dependent on
the cell temperature and sun irradiances by the following
expression [22]:

Ipn = 1073+ E[ly, + Ko (T = T,)] ®)

where E denotes the amount of solar exposure that comes
from the sun per unit area. Solar exposure shifts which are
impacted by factors like as geographic position, time of day,
and climate, have a direct effect on the quantity of energy a
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PV system can generate. Additionally, K. depicts the
temperature coefficient of short circuit current which
measures the effect of temperature fluctuations on a solar
cell's short-circuit current. The solar cell functionality may
suffer as temperatures increase, and short circuit current
drops. Thus, PV output power P,, can be obtained as follows
by taking (1) into account:

Vpv

va = Vpu ' Ipv = va ' Np (Iph — Lsar [exp (y-ll)\ls) - 1]) (6)
Then, the PV array’s unidirectional Step-up converter
formulations [22] are considered as follows:

Wy _ Ip _ py
( a ¢ C1

dIva (7)

- fl(x) + gl(x) upu

dVo

= fz(x) + gz(x) Upy
where,

Re

l(fl(x) T Ly [Vp" +Vp - R+R¢ IL —pv (R+RE - 1) VI’]

= o+ £ w—c;:;c—l)vaJ o

£6) = [ pv+mcvo]
lgz(x) C(R—JrR)IL —pv
According to the expressions above, the DC link
output voltage of the DC MG and the current

value of the PV inductor are displayed as V, and

I,_py respectively, L,, is the value of PV
inductor, C depicts the capacitor value of the
DC bus, V, =0.82 defines the diode voltage in
a PV module which is associated with the
voltage drop across the bypass diode during
reverse  bias conditions especially in  scenarios
where shading or low-light conditions, R
illustrates the value of the resistive load and R,

corresponds to 39.6 Q. To create the desired PV

or MPP voltage, the MPP section is developed
according to the subsequent form [22]:

Py _ d(Vpvlpv) _ Vv _

dlyy  dlpy Voo + Ipw dlyy 0 ©)

Considering (9) in light of (1), the PV voltage 14, is achieved
as the following expression:

Voo = ¥ - N - log (P2 2A0e)

Isat

(10)

The derivation result of the PV voltage V},,, concerning the PV
current I,,, is depicted as follows:

AVpy _ N 1
ar, Vs \ oot
pv satTiph~Ipv

Replacing (10) and (11) in (9), the subsequent expression is
achieved [22]:

(11)

log (Isat+1ph—1pv) _ 1 (12)

Isat Isat+Iph—Ipy
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The expression that follows represents a relationship between
the intended peak power current I, and the photocurrent I,,,.
This mathematical equation is an important tool for analyzing
and optimizing solar systems. Maximizing power production
is a key aim in the field of solar energy production, and this
formula gives insights into how to achieve the objective.

Ip = 091" 1Ly, (13)

Eventually, the needed desired value of the PV or MPP
voltage Vy,,_,.r is produced [22] by substituting I, with I,
in (9):

Isat+0.09-1ph)

Isat

va—ref =y Ny lOg( (14)
As the main role of the BSMC algorithm, it must force the PV
voltage V},,, to track and match the desired PV voltage level
Vpv—rer 10 achieve the peak power. The errors in the tracking
of the PV voltage [22] and inductor current are illustrated as
the following equations:

{el = va - va—ref (15)

€ = IL—pv - IL—pv—Tef

where I, _p,,_r.; exhibits the desired inductor current, which
will be described thereafter. Firstly, the time derivation result
of the PV voltage error e; concerning (7) is achieved as the
following expression [22]:

Ty _ IL-pv
C1 C1

€ = — Vpv—ref (16)

The equation above is revised as the following expression:
17)

In order to stablize the control

expression is suggested as:

a7, subsequent

I pv-ref = =G ( va—ref —Myeg — Mgy - Sign(el)) (18)

where M, and M, are positive values and define the gains
of the controller. Then, by introducing the Lyapunov

. 1
candidate as V; = 5612’ one can be found:

1 32 IL— —ref .
Vi=e é =¢ (g: - C_1 - —pgl L va—ref)
é; ,
=e T M, - e; — My, - sign(e;)
1
=222 M e — My, el (19)
c 1 1 1sw 1

Secondly, by taking derivative of e, = 1;_,, — I _py—ress
one can be achieved:
€, = iL—pv - iL—pv—ref

=fi(x) + g1 (x) - Upy — iL—pv—ref (20)
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The Lyapunov candidate function is selected as the following
expression in order to stabilize (20):

VZ =V1+%'ezz (21)

By taking time derivative of the equation above and applying
(19), one finds:

. _ ej-ey . 2 . A
Vy,=— P —M;-ef — Mg, le]| + ey é;
61 'ez
_ 52 .
== — M, -ef — My, e
(o

(22)

+e; (fl (x) + 01 (x) “Upy — jL—pv—ref)

Therefore, the subsequent regulation command is suggested:

Upy = g1 (x)( fl(x) + IL pv-ref + - MZ €; M25w
sign(e) ) (23)

where M, >0 and M,,, >0 are the gains of

the control method. The remainder of evidence

is available in [23] for more detail.

3.2. SMC Current Control

The fuel cell as an additional power supply to help the PV
system to properly meet the load demand is controlled by the
SMC current controller. The sliding surface in the SMC
strategy describes a situation in which the regulated current
takes a specified path. The controller's goal is to drive actual
current onto this sliding surface, guaranteeing that the fuel
cell performs under the specified current level. The SMC
strategy is robust against uncertainties, fluctuations in fuel
cell properties, and disturbances from outside, making it
suitable for practical uses characterized by changing and
unforeseen circumstances. The proposed SMC current
controller for regulating the fuel cell current is clearly
illustrated in Fig. 3. Additionally, the SMC subsystem design
is indicated as Fig. 4. Finally, the SMC parameters for this
design are depicted in Table 2.

w Vfcl

e (24)

_(1 - ufcl) o + dfcl

where I¢.;, Ve and Lg; are the fuel cell’s voltage, current and
inductance respectively. Moreover, the u;., represent the
current control signal and dg. indicates the lumped

\

I
lhref 1 S
Signal

Vo

Fig. 3: SMC current controller.
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EfcliLfcl

Fig. 4: SMC subsystem for fuel cell.

uncertainty term for the unknown diode current of the fuel

cell lo., which assumed to be confined to:

|dra (D] < Arei (25)

where As; defines the known positive constant. The error of
the fuel cell current e, is defined as the following
expression:

erct = Irct = Irci—ref (26)

where Ir;_..r indicates the desired fuel cell current. By
taking derivative of (26) and replacing (24), the following
expression can be obtained:

érer = Irer — Irci—rer

=-(1

The subsequent control rule is suggested to stabilize the
existing error dynamics (27):

1 Vie .
- ufcl) EVO L + dfcl (t) Ifcl—ref (27)

jfcl—ref + Kfcl " €rcl +

Lrci [Vral
ufcl =1- L L
Vo \Lfcl

Kfcl—sg ) Sgn(efcl)> (28)

where K¢, and K., are the control and the sliding gains
respectively.

3.3. PI-SMC Voltage Control

An advanced control method known as P1-SMC has been
presented to guarantee stable voltage control and efficient
response to demand inside the DC MG. The overall
configuration of this enhanced control method is clearly
displayed in Fig. 5, highlighting the critical role it performs
in improving the stability and functionality of the DC MG.
Moreover, the SMC subsystem for this configuration is
designed as Fig. 6. The SMC subsystem parameters are also
demonstrated in Table 2. The PI regulator creates the desired
battery current I, _,.. for the SMC by acquiring the potential
error between the reference DC link voltage V_(o-ref) and its
actual value V_o. Then, the SMC block gets the BESS current
I_b, the DC link voltage V_o, and the desired BESS current
I_(b-ref) to maintain the DC link voltage VV_o at the pre-
defined voltage range, as well as manage the power sharing
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Fig. 6: SMC subsystem for BESS.

Table 2: SMC subsystem parameters.

Parameters Values
Lithium-lon battery nominal potential E}, 20 [V], 6.5 [Ah]
Fuel cell nominal voltage Ef, 20[V]

Battery inductance L, 3.3[mH]

Fuel cell inductance Lg, 3.3[mH]
lambda 10

SMC constant K, 100000

among the PV system, the fuel cell, and BESS to properly
supply the fluctuating demanded power.

vy

1
- = A —uply +do(0)
dal Ve 14
= _(1_ub)i+i+db(t)

(29)

where the BESS voltage is defined as V,, the DC bus
capacitance is indicated as C, and L, shows the BESS
inductor. Moreover, because the load current I, and diode
current of the BESS 1,, are not known, the lumped parametric
uncertainty terms of the output and the BESS are displayed as

do(t) = %(low +1op, — 10) and d, (t), which supposed to
be confined to:

{|d0(f)| <4,

1y (0] < A, (30)

where the noted positive fixed values are represented as A,
and A,. Defining the voltage and current tracking errors as
the following expressions:

{eo =V - Vo—ref (31)

ep =Ip = lp_rer

The subsequent expression of the PI control method is
used to generate the desired BESS current for the SMC
approach.

Ib—ref = Kp - eo + Ki - f eodt (32)
where the proportional and integral gains are represented as
K, and K;. The time derivation result of the BEES current

error e, is obtained as the following formula:
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ép = ib - ib—ref

= —(1—u) 2+ 2+ dp(O) = Iy ey (33)
Lp Lp
Eventually, the following SMC concept is suggested to
produce the control signal or duty cycle of the voltage
tracking u,, as the following equation [24]:
Ly [ Vp

u,=1- VT,(E - ib—ref + Ky ep + Kp_sg 'Sgn(eb)> (34)

where the control and sliding gains of the BESS are indicated
as K, and Kj,_,, respectively.

3.4. Stability Authentication

Lyapunov stability analysis is whether a dynamic system
identified by a group of differential equations will develop
toward a stable state or demonstrate instability over time.
Introducing the Lyapunov function as the following equation:

1 1 1
Viotar = Va + Vi +Vy = ef +5-efa +3 ) (35)
The following expression is resulted by taking derivative
of (35) as follows:

; 2 2 2 L&
Viotar = —€3 —€fqg— ey — S-S

S —ef—efy—e,f—6-S*—p-|S| (36)
where V,,.; < 0 as the result of positive § and B. This
specific derivative of the Lyapunov function assures that the
system's paths go towards, instead of away from, the
equilibrium point. This ensures that any fluctuation or
disruption in the system will result in a return to stable
condition.

4, SCENARIOS AND SIMULATION OUTCOMES

The proposed isolated DC MG and the proposed
methodology are rigorously simulated in a software
framework of MATLAB@R2020b/Simulink for result
processing and to demonstrate the robust and effective
functioning of the novel control structure. This simulation
tool enabled comprehensive output analysis and verification
of the control mechanism's effectiveness in a software-based
setting. All simulations are performed on a 64-bit PC (Intel
Core i5 CPU, 8G RAM, and Windows 7). Table 3 clearly
summarizes the DC MG parameters, which are required for
the simulation. This detailed simulation not only confirms the
suggested control technique but also acts as a significant
milestone in analyzing and assuring the most effective
operation of the MG under different operating scenarios. The
P1-SMC control technique is proposed for the DC-DC buck-
boost converter to reach the robust regulation of the DC link
voltage and ensure an evenly distributed and efficient
response to demand and input variations. The operating
flowchart of the proposed control strategy is indicated as Fig.
7, inwhich P,,, Ps, P, and P, demonstrate the output power
of PV, fuel cell, BESS and load respectively. As depicted in
this figure, if the total output power of the PV and fuel cell is
larger than the output load power, the BESS switches to
charging mode and the surplus power is stored in the BESS
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in order to maintain the balance between generation and
consumption. Moreover, if the total supply of the PV and fuel
cell is lower than the demanded output power, the BESS
switches to discharging mode and the deficit supply power is
provided by BESS. Finally, while the total generation amount
meets the demanded load power, the BESS plays a pivotal
role in offsetting losses within the MG. The proportional and
integral parameters of the P1 control method equal K;, = 0.01
and K; =5 respectively. A set of simulations containing
shifts in both load demand and solar irradiation are
undertaken to assess the effectiveness of the suggested
controller, as depicted in Fig. 8 and, Fig. 9 respectively. These
dynamic scenarios are intended to put the controller's
capability to respond to changes in its operating conditions to
the test. The output load varies inextricably with the needed
load power, but variations in solar exposure have a direct
influence on the generated PV power. To put it another way,
the connection between the resistive load and asked load
power is such that a rise in resistive load is equivalent to a
drop in demanded load power. A reduction in the resistive
load, on the other hand, indicates an increase in the requested
power, establishing a direct relationship between load
changes and the power requested by the system. In the
meantime, changes in sun irradiation rates have an evident
impact on the amount of PV production. As sun irradiance
decreases, so does the output power of the PV system,
resulting in a drop in produced PV power. All these changes
on both the generation and consumption sides present
dynamic difficulties to the system, increasing the tracking
error of the DC MG output voltage e, and threatening voltage
stability. The interaction between variations in solar
irradiance and load demand has an immediate effect on the
DC link voltage balance, rendering it subject to swings that
might jeopardize the whole system's stability. The suggested
nonlinear robust controller's capability is well demonstrated
in Fig. 10, displaying its extraordinary ability to preserve the
DC link voltage at the desired level of 50 V in a variety of
challenging scenarios, such as different load demands and sun
exposure amounts, which lead to potential voltage drops and
spikes. Significantly, the control unit has an outstanding
capability to suppress voltage drops and spikes and retain the
DC bus voltage with minimal fluctuations and at a high-speed
rate. Additionally, the efficient demand response among the
PV, fuel cell and BESS to supply the requested demand is
fulfilled as indicated in Fig. 11 considering the subsequent
scenarios. Fig. 12 and Fig. 13 also display the output load
current and the output load power respectively, which are
changed by the declared step variations.

4.1. Scenario 1: An Increase in Demand (2 <t < 4)

In this case, a decrease in resistive load to 6.25 Q is
followed by a rise in necessary load power, which now
reaches 400 W. As a result, the BESS must switch smoothly
into discharging mode to augment total power production and
satisfy the increased load power requirement. This
operational adjustment is necessary because the total power
produced by the PV system and the fuel cell is inadequate to
meet the increased load power need. The BESS successfully
provides more power to compensate for the shortage by
discharging, guaranteeing the total delivered power
corresponds with the increasing load demand.
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v
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Fig. 7: Flowchart of BESS PI-SMC Controller.

4.2. Scenario 2: A Decrease in Demand (6 <t < 8)

In this scenario, a fall in required load power to 200 W is
accompanied by a rise in resistive load to 12.5 Q. This
modification causes a change in the power sharing approach,
in which the generation units, which include the PV system
and the fuel cell, successfully meet the required power
demand. As a result, the excess power produced during this
time is smartly routed to the BESS for storage. This crucial
management guarantees that the power provided by the
generation units meets the decreased load power demand and
facilitates surplus energy storage in the BESS.

4.3. Scenario 3: No Change in Demand

Since the required output demand is exactly aligned with
the total power generation of the PV system and the fuel cell,
which equals 300 W, the BESS is not used for demand
support. At a resistive load rating of 8.33 Q, this balance
between demanded and produced power eliminates the need
for BESS involvement in satisfying the load demand. Instead,
the BESS is critical in meeting the MG losses, guaranteeing
the whole system functions at peak efficiency and in balance.

4.4. Scenario 4: A Decrease in Irradiance (10 <t<12)

The sun irradiation is reduced to 500 W /m? during this
specific time frame. As a result, the produced power from the

Table 3: DC MG parameters.

Parameters Values
DC bus capacitance C 1000 [pF]
PV capacitance C; 1000 [uF]
PV inductor Ly, 1.21 [mH]
Battery inductance L,, 3.3 [mH]
Fuel cell output power Pr; 100 [W]
Switching frequency f; 50 [kHz]

Load powers P,
Variable resistive load values R; ;44

400, 300, 200 [W]
6.25,8.33,12.5 [Q]
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PV system drops to around 100 W. In reaction to the decrease 1500
in PV power production, and in order to maintain an
uninterrupted power supply to satisfy the requested load
demand, the BESS quickly changes to discharging mode
again. By switching to this mode, the BESS compensates for
the reduced PV power by giving the required power to meet
the load requirement. In addition to deal with voltage drops
and spikes due to shifts in supply and demand, and preserve
the DC link voltage at the reference voltage level, as the main
goal of the research, to maintain the overall stability of the 0 ‘ : : : : :
MG’s system, the novel MPP-based BSMC technique is 0 2 N 6 (s00) 8 10 12 "
presented as a unique method for the DC-DC step-up . . .

converter in the PV system. The fundamental goal of this Fig. 9: Step change in solar irradiation.

strategy is to effectively maximize the power production from
the PV panels by tracking the MPP as effectively as possible.
This critical work is depicted in Fig. 14, where it is clear that °

80
the suggested technique allows the PV output voltage 1, to o-ref

swiftly match its desired value or the MPP voltage Vy,_r.r < oof N I

which equals 26.6 V. Moreover, the PV output current equals o 7 's V
almost 7.55 A as indicated in Fig. 15. Thus, the derived peak 4or 60 60
power arrives at 200 W in solar exposure amount of ok = = L
1000 W /m? and the cell temperature of 25 C as illustrated in 20r /

Fig. 16. It's also worth noting that the suggested MPP-based ‘ * | 005 s 12 s
BSMC method is intended to solve the unpredictable 0 2 4 6 8 10 12 14
behavior of solar irradiation levels. In practice, the quantity t(sec)

of solar irradiation falling on the PV panels can vary fast, as Fig. 10: DC bus voltage.
illustrated by a change from 1000 W/m? to 500 W /m? at

10 < t < 12 in Fig. 9. In reaction to such shift, the MPPT 700 T T T T
controller expertly modifies the PV array's operation point, 600 P
allowing for maximum energy harvesting under variable so0 - P |
irradiance circumstances. Fig. 17-Fig. 19 clearly point out the

BESS voltage, output power and current respectively, in
which the BESS charging and discharging modes are visible.
As demonstrated in Fig. 19, the magnitude of the BESS
current equals to 5 A. The sign of the current is positive and
negative for BESS discharging and charging modes
respectively. As a result, the multiplication of the BESS
current and voltage represent the BESS discharging and

-
o
o
o

a
o
o

Irradiance (W/m2)

100 T T

100 l

Demand Response (W)
S
o
.
—
Y

charging output power as represented in Fig. 18. Finally, the -100 1
output current and power of the fuel cell are indicated in Fig. 200 | . ‘ ‘ | .
20 and Fig. 21, respectively. 2 4 6 8 10 12 14

t (sec)
Fig. 11: Efficient balanced demand response.

14 T T 12 T T
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Fig. 8: Step changes in load. Fig. 12: Load current.
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Fig. 17: BESS voltage.
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Fig. 18: BESS output power.
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Fig. 20: Fuel cell current.
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Fig. 21: Fuel cell output power.

5. CONCLUSION

In the face of fluctuating load and varying sun radiation
exposures, this research developed a robust PI-SMC as a
nonlinear cascaded controller for voltage control and efficient
response to demand of a freestanding DC MG comprising of
PV, BESS, and fuel cell. In order to successfully reach the
MPP and extract the highest feasible output from the solar
array, an MPP-based BSMC technique is additionally
proposed and examined. Furthermore, BESS is becoming
accessible to aid in the power distribution of the PV system
and fuel cell. The suggested control approach fulfills the
charging and discharging process of the BESS to react to the
changing demanded power and save the extra power. The
functionality of the proposed control method is demonstrated
by modelling the DC MG under demand changes and varied
solar irradiations. This technique ensures efficient and robust
control of the DC link voltage with extremely tiny variations
and rapid response. This model is also applicable over
extended time frames and for consumers with larger demand
through installing extra PV modules and taking into account
the precise power sharing among the PV system, the BESS,
and the fuel cell. Furthermore, the devised regulating
approach is simple to adopt and ensures system stability. In
regard to significance, this study contributes to the
development of DC MG control approaches by providing a
straightforward yet efficient and robust control method.
Future studies could focus on numerical comparisons with
current benchmark and as well as prior efforts to evaluate the
proposed methodology’s effectiveness.
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Abstract: This paper discusses the application of the principle of duality to conventional voltage-based DC-DC
converters, such as buck, boost, fly-back, cuk, sepic, and zeta topologies, in order to obtain their current-based DC-DC
converters. The duality approach involves finding the dual of a circuit, which is a circuit equivalent to the original
circuit but with certain parameters swapped. Therefore, this paper presents a comprehensive study on achieving the
most commonly used topologies of DC-DC current converters by applying the duality approach to their DC-DC voltage
converters. This approach serves as a solution for applications where a current source is available and there is a need
for output current control. An application of these current converters is to power current-based loads, such as light-
emitting diodes (LEDs), and to provide conversion for current sources, such as photovoltaics (PV). As an advantage,
these converters do not require additional inductors at their input or output terminals. Additionally, the paper provides
a detailed explanation of the principle of operation and mathematical analysis of the conversion ratio for the discussed
current converters. The proposed current converters and their application as an interface between a PV and a high-
power LED were simulated using MATLAB to verify the mathematical equations. Overall, this paper provides a useful
study guideline for understanding the principle of duality and the application of DC-DC current converters for
current-based loads and sources.
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NOMENCLATURE Ry Series bonding resistance (Q2)
Symbol Variables Description Ly Series bonding inductance

D Transistor ON duty cycle Cp Parallel bonding capacitance
T Sampling period time Z1ED Impedance of an LED

G Current conversion ratio Ipn Light current (A)
TVS Total voltage stress (V) Iy Diode reverse saturation current (A)
TCS Total current stress (A) Qq Diode ideality factor

Vpy PV module voltage (V) ng Number of cells in series

Ipy PV module current (A) R, Series resistance (Q)

T4 Differential resistance (Q) R, Shunt resistance (Q)

G Junction capacitance k Boltzmann’s constant

Cse Space-charge capacitance T, Cell temperature

Cq4 Diffusion capacitance q Charge of an electron
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1. INTRODUCTION

The classical switched-mode power converters (SMPCs)
have been the dominant power converters for DC-DC power
conversion in recent times [1-3]. Classical SMPCs typically
use inductors and capacitors as energy storage components
and are well-suited for providing DC power supplies and
low-voltage DC drives [4, 5]. DC-DC converters with high-
frequency switching devices are used to achieve the
modulation or demodulation of output voltages at the same
power levels [6, 7]. They are typically fed by a constant
power source and can be divided into different types of
structures [8-10]. These structures are obtained by making
changes in the component configurations of basic
converters, such as the buck and boost converters. Hence,
new converter topologies have been developed, such as the
fly-back, cuk, sepic, and zeta converters, which have
different features and are suitable for different applications
[11].

Another type of power converter has recently been
introduced for current conversion applications. These
converters are designed to control the output or load currents
[12-21]. There are several methods to achieve the current
converters, each coming with its own advantages and
disadvantages, like those introduced in [17-21]. However,
there is another way to access DC-DC current converters by
making changes in DC-DC voltage converters. These
changes are made by applying the principle of duality in the
circuit of the voltage converters [12-16]. Some of the
advantages of this method are its simplicity, applicability,
and ease of implementation. Ref. [15] and [16] present a
current DC-DC buck converter obtained by applying the
principle of duality to the conventional voltage DC-DC buck
converter. To conduct a comprehensive study and achieve
conventional DC-DC current converters, this article was
selected as the basis of our work. Furthermore, in addition to
buck converter, other topologies of conventional DC-DC
voltage converters were also examined. These DC-DC
current converters are particularly  well-suited  for
applications that require precise control of output current,
such as powering current-based loads like light-emitting
diodes (LEDs). The converters can also be used to convert
current sources, such as photovoltaic (PV) cells, to produce
multiple or fractional current outputs [22, 23]. Since the
source and load currents that are connected to these DC-DC
current converters are constant, so we need to obtain a
constant current at the input and output terminals of the
converters. However, the main difference between these
proposed converters and other conventional current
converters is that it does not need to use some equipment,
such as inductors, at their input and output terminals to filter
the current ripple. Actually, these proposed DC-DC current
converters perform current filtering in their internal
structure, and there is no need to use additional elements,
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Table 1: Duality relationship between components and
wiring system.

Components/terms in the Their Dual
original circuit
Voltage source Current source
Current source Voltage source
Resistance Conductance
Conductance Resistance
Inductance Capacitance
Capacitance Inductance
Transistor Transistor
Diode Diode

Star wiring system
Delta wiring system
Volt second balance of the

Delta wiring system
Star wiring system
Ampere second balance of the

inductors capacitors
Ampere second balance of the Volt second balance of the
capacitors inductors

Parallel Connection
Series connection
Node
Mesh

Series connection
Parallel Connection
Mesh
Node

which is their main advantage over other current converters.

In this paper, Section 2 first introduces the duality
principle. Then, the structures of the conventional DC-DC
current converters, including the buck, boost, fly-back, cuk,
sepic, and zeta converters are proposed, and their
semiconductor ratings are calculated. Also, the circuit
models of a photovoltaic (PV) system and a high-power
LED as examples of current sources and loads, respectively,
which can be used with the proposed DC-DC current
converters, are described. Section 3 verifies the feasibility of
the proposed new type DC-DC current converters and the
principle of duality by using simulation results obtained
from MATLAB. Eventually, Section 4 presents the
conclusions.

2. METHODOLOGY
2.1. Duality Principle

The principle of duality is a fundamental concept that
states the existence of a correspondence between different
circuit elements and variables. This principle allows for the
transformation of a given circuit into an equivalent dual
circuit by interchanging certain elements and variables while
maintaining the same overall behavior and functionality.
One common application of the principle of duality is in
circuit analysis in which voltage and current sources are
interchanged and elements and wiring connections are
replaced with their dual counterparts. This dual circuit
exhibits the same behavior and response as the original
circuit but with different element configurations.
Furthermore, the characterizing equations, e.g., Kirchhoff's
laws and Ohm's law, remain the same in both circuits, but
the roles of voltage and current are interchanged. Table 1
presents the duality relationships between components and
wiring connections in electrical circuits.
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By applying the principle of duality, the circuit analysis
and design can be simplified. Complex circuits can be
transformed into more manageable dual circuits, which may
exhibit similar characteristics but in a different
configuration. This enables researchers to leverage their
understanding of circuit properties and behavior in one
domain to analyze and solve problems in the corresponding
dual domain.

2.2. Proposed Current-Type Converters

In DC-DC current converters, capacitor C is used to
regulate the current conversion ratio, while inductor L is
used as a filter for the output terminal. Unlike voltage-type
converters, which operate based on volt-second balance,
current-type converters operate based on the ampere-second
balance of capacitor C. This means that to maintain a steady
state, the quantity of charge flowing into capacitor C during
one switching cycle should be equal to that flowing out of it.
Or, the current integration of capacitor C should be equal to
zero during one switching cycle.

Hence, the mentioned DC-DC current converters are
proposed as follows, respectively.

2.2.1. Current DC-DC buck converter
By applying the principle of duality to the conventional

voltage buck converter (Fig. 1), the proposed current buck
converter is derived as depicted in Fig. 2. The proposed
current buck converter operates in the following two modes,
depending on whether switch S is ON or OFF:

State 1[0 <t < DTg]: As shown in Fig. 3(a), in this
interval, S is turned ON, and diode D is in reversed bias.
Thus, capacitor C is discharged through inductor and load.
The current flowing through inductor and load is equal and
increases linearly.

State 2 [DT, < t < Tg]: According to Fig. 3(b), in this
state, switch S is turned OFF when diode D is in forward
bias. Hence, the current source charges capacitor C, and
inductor L releases its energy into the output load.

By applying the ampere-second balance on C, we have:

DTs(—loue) + (1 = D)Ts(in — Ioue) = 0 @

Hence, the current conversion ratio of the proposed

converter is:

_ Tout
GBuck L
mn

=1-D @)

2.2.2. Current DC-DC Boost converter
Fig. 4 depicts the conventional voltage boost converter.

By applying the duality principle to it, the proposed current
boost converter is obtained as shown in Fig. 5. And its
operation modes are as below:

State 1[0 <t < DT,]: Based on Fig. 6(a), in this
mode, S is turned ON and D is in reversed bias. Therefore, L
is charged through the input current source and C.

State 2 [DT, <t < T,]: As shown in Fig. 6(b), S is
turned OFF where D is in forward bias. Thus, the input
current source charges C, and L releases its energy into the
output load.
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Fig. 1: The conventional voltage buck converter.
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Fig. 2: The proposed current buck converter.
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Fig. 3: The equivalent circuits of the proposed current buck
converter: (a) ON state and (b) OFF state.
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Fig. 4: The conventional voltage boost converter.

S L
Al J‘—g + l+/out
Mlin = DA RL

Fig. 5: The proposed current boost converter.

By applying the ampere-second balance on C, we have:

DTS(Iin - Iout) + (1 - D)Ts(lin) =0 (3)
Thus, the current conversion ratio is obtained as:
I 1
Gpoost = Z_I:lt = D (4)

2.2.3. Current DC-DC Fly-back converter
The principle of duality is applied to the conventional
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Fig. 6: The equivalent circuits of the proposed current boost
converter: (a) ON state and (b) OFF state.
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Fig. 10: The conventional voltage cuk converter.
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Fig. 11: The proposed current cuk converter.
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Fig. 7: The conventional voltage fly-back converter. . Lo ,
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Fig. 8: The proposed current fly-back converter.
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Fig. 9: The equivalent circuits of the proposed current fly-
back converter: (a) ON state and (b) OFF state.

Voltage fly-back converter (Shown in Fig. 7). Hence, the
proposed current fly-back converter is derived as exhibited
in Fig. 8. Its two operation modes are as follows:

State 1[0 <t < DT]: In this state, switch S is turned
ON, and D is in reversed bias, according to Fig. 9(a). Thus,

(b)
Fig. 12: The equivalent circuits of the proposed current cuk
converter: (a) ON state and (b) OFF state.

The input current source and C are charging inductor L and
output load in series.

State 2 [DT, <t < T,]: Fig. 9(b) shows this interval.
So, S is turned OFF and D is in forward bias. The input
current source charges capacitor C.

To obtain the current conversion ratio, the ampere-
second balance on C is applied as:

DTs(Iout) + (1 - D)Ts(lin) =0 (5)
Hence, the current conversion ratio is:
I 1-D
GFly—back = Z_I:: =~ (6)

2.2.4. Current DC-DC Cuk converter

Fig. 10 shows the conventional voltage cuk converter.
By applying the principle of duality to it, the proposed
current cuk converter is derived (Fig. 11) whose ON and
OFF operation modes are as follows:

State 1[0 <t < DT]: In this interval, S in ON and D
is in reversed bias as shown in Fig. 12(a). Hence, C; charges
L, and C, charges L,, which is in series with the output
load. So, the currents of all inductors increase linearly.

State 2 [DT, <t < Tg]: Based on Fig. 12(b), in this
operation mode, switch S is turned OFF and diode D is in
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forward bias. Thus, the input current source charges C; and
the inductors release their energy into C,.
By applying the ampere-second balance on C;, C,, we
have:
{DTS(Im ~1,,) + (1= D)T;(In) = 0
DTs(=Ioue) + (1 = DYTs(~1y, = loue) = 0

Thus, the average current across L, is determined as:
1

U]

I, =351l (®)
and, the current conversion ratio is obtained as:
_ oyt _ _1-D
GCuk - Iin - D (9)

2.2.5. Current DC-DC Sepic converter

The principle of duality is applied to the conventional
voltage sepic converter as shown in Fig. 13. Then, the
proposed current sepic converter is obtained as displayed in
Fig. 14. The operation modes of the proposed circuit are as
below:

State 1[0 <t < DT,]: As shown in Fig. 15(a), in this
mode, S is turned ON, and D is in reversed bias. Therefore,
L, and L, are charged by C; and C,, respectively, where the
output load is in series with L.

State 2 [DT, <t < Tg]: S is turned OFF, and D is in
forward bias, according to Fig. 15(b). Hence, the input
current source charges C, and C, is fed by L;.

If the amp-second balance is applied on C; and C,, we
will have:

{DTS(Iout) +(1- D)Ts(_ILl) =0 (10)
DTS(Iin - IL1 - Iout) + (1 - D)Ts(lin) =0
Hence, the current across L, is calculated as:
D
IL1 = Elout (11)

Therefore, the current conversion ratio of the proposed
converter is as follows:

_ loyt _ 1-D

GSepic - K D (12)

2.2.6. Current DC-DC Zeta converter
By applying the principle of duality to the conventional

voltage zeta converter which is shown in Fig. 16, the
proposed current zeta converter is derived as shown in Fig.
17. Its two states of operation modes are described as
follows:

State 1[0 <t < DTy]: According to Fig. 18(a), in this
operation mode, S is turned ON, and D is in reversed bias.
Subsequently, C; charges L, and L,, which is in series
combination with the output load, is fed by C,.

State 2 [DT, < t < T]: As the circuitry of this state is
shown in Fig. 18(b), switch S is turned OFF, and D is in
forward bias. Thus, the input current source charges €, and
inductor L; is discharged into C,.

Similarly, by applying the ampere-second balance on C;
and C, , we have:

{DTS(ILI) +1-D)T,(I;;) =0

(13)
DTS(_Iout) +(1- D)Ts(lin - IL1 - Iout) =0
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Fig. 13: The conventional voltage sepic converter.
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Fig. 15: The equivalent circuits of the proposed current
sepic converter: (a) ON state and (b) OFF state.
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Fig. 16: The conventional voltage zeta converter.

C1
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Ic1
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Fig. 17: The proposed current zeta converter.

And, the average current across L, is:

1-D
I, =——F"1in (14)
Hence, the current conversion ratio is obtained as:
— fow _ 12D
GZeta - Iin - D (15)
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(b)
Fig. 18: Equivalent circuits of proposed Current Zeta
converter: (a) ON state and (b) OFF state.

2.3. Semiconductor Rating

The expressions for the average ON-state current and
the average OFF-state voltage across the switch and diode
for each of the proposed current converters are as follows:

Ve =V
Boost structure: 3-2D (16)
Iy = —F1In
1
Vs = 1o Vin
Buck and fly-back structures: 1 @an
Iy = 2 Iy
1
. VS ~ 1D Vin
Cuk, sepic, and zeta structures: 1 (18)
IS =2 Iin
D

Therefore, the values of the total current stress (TCS)
and total voltage stress (TVS) of each current DC-DC
converter semiconductor device are listed in Table 2.

2.4. Equivalent Circuit Model of Photovoltaic (PV)

The simple equivalent circuit model for a PV cell
includes a real diode in parallel with an ideal current source.
The diode represents the non-linear I-V characteristic of the
cell, where the current is proportional to the solar flux, and
the voltage is limited by the built-in potential of the cell.
However, in the case of shading, the simple model is not
sufficient to accurately predict the behavior of the PV cell.
To account for this issue, a more complex equivalent circuit
model is required, which includes resistive elements such as
the parallel leakage resistance R, and series resistance Ry
[24]. Such a circuit is depicted in Fig. 19. By applying the
current balance equation with the Shockley diode equation
to a point to the left of R, we can obtain an equation that
relates the current through the diode and the current through
the resistor as:

Vpy+Rslpy
IPV = Iph - Id - Ip = Iph ol 10 <e nsViQq —_ 1)
__Vpv+Rslpy (19)
Rp
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Table 2: The value of the total voltage and current stress.

Current DC-DC TVS TCS

Converter
Buck Vin /(1 = D) Iin/ D
Boost V; B -2D)/D

Fly-back Vin /(1 = D) Iin/ D
Cuk Vin /(1 = D) Iin/ D2
Sepic Vin /(1 = D) I/ D?
Zeta Vin /(1= D) Iin/ D?

Rs lpy
lq / P
/ph () D Rp Vi, Current DC-DC

Converters

Fig. 19: The single-diode electrical PV module equivalent
circuit.

where
Ve = kT:/q (20)
While a single PV cell may not produce enough voltage
to power most household appliances or electronic devices,
multiple cells can be connected in series to produce a higher
voltage. A module consisting of several prewired cells
connected in series is commonly used as the basic building
block for PV applications. So, one of the most important
considerations in PV system design is the configuration of
the PV modules, specifically how many modules should be
connected in series and how many in parallel to meet the
energy requirements of the system. [25].

2.5. Equivalent Circuit Model of High-power LED

Packaging is an important consideration for high-power
LEDs with large areas to ensure good heat dissipation and a
longer lifetime. One important component in LED
packaging is the electrostatic discharge (ESD) protection
diode. The ESD protection diode, typically a Zener diode, is
used to shunt the ESD current away from the LED chip and
prevent damage [26]. In LED packaging, the ESD protection
diode is often modeled as a single capacitor for simplicity,
even though its accurate model cannot be obtained due to its
integration into the package. Fig. 20 shows the equivalent
circuit for high-power LEDs [27]. The impedance of an
LED can be expressed as below:

. 1 1
Zigp = Rp + jwly +m//(Rs+jw—C},//Td) (21)
in which C; = C, + C, is the junction capacitance.

3. TESTRESULTS

Fig. 21 provides the input and output current waveforms
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1 Ry Ly s
R
mmococls ot larat |
| |
| Parasitic | Intrinsic LED
Fig. 20: The equivalent circuit model for the high-power
LED.

of all proposed DC-DC current converters used as an
interface between a PV cell and a high-power LED load.

The simulation parameters for the PV system, high-
power LED, and proposed DC-DC current converters are
consistent, except for some, which have been listed below:
In order to produce the required electrical output power in
the PV system, the module has 36 cells in series, except for
the fly-back topology whose module requires 50 cells in
series. Another PV parameter is I,,, = 5 A for all topologies,
except for the fly-back and zeta structures which is I, =
7 A. Also, R, = 1000 Q and R, p, = 0.3 Q.

A 50-W and approximately 18-V high-power LED is
considered the load and its parameters are R, = 0.27 Q,
Ry zp =2.61Q0, R;=707Q, L,=245nH, C,=
14.4 nF, and C; =0.2mF.

The parameters for the proposed DC-DC current
converters arelL =L, =1mH, L =0.04mH,C =C, =
50 uF, f; =10 KHz, and C; = 10 uF, except for the zeta
topology in which we have C; = 6 uF. Besides, in order to
implement the control system on these current converters,
the PWM method is used by applying specific pulse signals
with defined amplitudes to the switches. So, its details are as
follows: the ON time duty cycle is considered 40% for all
topologies, except for the boost and fly-back topologies, in
which it is considered 90% and 70% to avoid working at
DCM mode, respectively.

According to Figs. 21(c) and 21(d), the fly-back and
cuk converters have equal negative output currents as their
equal negative current conversion ratio are calculated by Eq.
(6) and (9), respectively. Furthermore, based on Eq. (12) and
Fig. 21(e), the sepic topology has the same current
conversion ratio and output current as the fly-back and cuk
topologies but in a reversed direction.

Also, based on Eg. (12) and (15) and Figs. 21(e) and
21(f), respectively, the sepic and zeta topologies have the
same current conversion ratio and output currents.

To show the stability of the new topologies in a wide
range of operations, there are some other results about input
voltages of the proposed DC-DC current converters, which
are shown in Fig. 22.

Furthermore, the graph of the proposed converters’
current gain versus their OFF time duty cycle is depicted in
Fig. 23. It is shown that the buck topology hasa positive

70

L~

— i-In
i- out
[ [
0.01 0.012 0.014 0.016 0.018 0.02
Time(s)

@)

Current (A)
—

0 0.002 0.004 0.006 0.008

— i-In

— iUt

Current (A)
w S 1

1

[N
|

0
0 0.002 0.004 0.006 0.008

0.01 0.012 0.014 0.016 0.018 0.02
Time (s)
(b)
8 T T T T T T
~6 ]
<
:’4 — i [
52 — i out|
30
2r =
-4 1 1 1 1 1 1
0 0002 0004 0006 0.008 001 0012 0014 0016 0018 0.02
Time (s)
(c)
Gh T T T T
~ 4 7
< —i-In_| |
E 2 — i out
5o
O
2F -
-4 1 1 1 1
0 0002 0004 0006 0.008 001 0012 0014 0016 0018 0.02
Time (s)
(d)
6 T T T T T T
<y
=
o
5
2
O e j-In
0 1 1 1 1 1 1
0 0.002 0.004 0.006 0.008 0.01 0.012 0.014 0.016 0.018 0.02
Time (s)
(e)
8 T T T T ‘ T
=6 | \
@4 —j-out| |
3
2 4
0 1 1 1 1 1
0 0.002 0.004 0.006 0.008 0.01 0.012 0.014 0.016 0.018 0.02
Time (s)
()

Fig. 21: The input and output currents of the proposed
current DC-DC converters: (a) buck, (b) boost, (c) fly-back,
(d) cuk, (e) sepic, and (f) zeta.
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limited current gain, the boost, sepic, and zeta topologies
have positive unlimited current gains, and the fly-back and
cuk topologies have negative unlimited current gains.

However, it is notable that these results are obtained
theoretically based on their calculated current gain
equations.

4, CONCLUSIONS

This paper explained several current-based DC-DC
converters, including buck, boost, flyback, cuk, sepic, and
zeta topologies, as viable solutions for applications that
require current control. The proposed converters were
derived using the principle of duality, which allows for the
conversion of a voltage-based circuit into a current-based
circuit. A detailed analysis of the circuit configurations and
operation principles of the proposed current conversion
circuits, and also mathematical equations for the proposed
converters were presented. Besides, the semiconductor
rating and the values of the total current stress (TCS) and the
total voltage stress (TVS) were calculated for each current
DC-DC converter’s semiconductor device. In addition, the
paper described a practical case study in which the proposed
current converters were applied to a photovoltaic system and
a high-power LED load. The circuit models of the PV
system and LED load were described in detail, and
simulations were provided in MATLAB to demonstrate the
feasibility of the proposed converters in this application and
the principle of duality and to verify the mathematical
equations of the proposed DC-DC current converters.
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Abstract: In this article, the distributed continuous-time convex Optimization Problem (OP) is investigated over
undirected and balanced directed graphs. The cost function of the distributed convex OP is determined as the sum of
local convex functions where each of them is known only for one agent. The proposed algorithm consists of two main
steps. The first step is a consensus-based scheme which is in combination with the gradient descent method. Employing
the Lyapunov theory and LaSalle’s invariance principle, the convergence to the Optimal Solution (OS) is analyzed.
Moreover, inspired by the average consensus, in the second step the Optimal Value (OV) of the distributed convex OP is
calculated. Using consensus concepts converges to the OV is substantiated in the second step. Therefore, the offered
algorithm can calculate the OS and the OV of the distributed convex OP with no need for the strong convexity assumption.
Beyond the theoretical findings, the results from simulations are also showcased to demonstrate the efficiency and
accuracy of the proposed algorithm.
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distributed consensus are widely implemented to solve the
distributed Optimization Problem (OP). The objective of the

Over the last few years, a lot of research has been done distributed OP is to determine the Optimal Solution (OS) for
on Multi-Agent Systems (MASs) [1-4]. Researchers have the cost function through the application of distributed
shown a keen interest in MASs due to the agents' ability to algorithms. It should be noted that the distributed
reach consensus on a value through their mutual interactions optimization does not need a long-distance communication
[5]. It should be mentioned that this value, named consensus system and a data fusion center; thus, the load balance for the
value, is the mean of the initial conditions of agents. network becomes better [8]. Also, due to the time-varying
communication topology, energy constraints, the large size of
the network and privacy problems, distributed optimization
methods have received much attention [8-10]. The distributed
OP has been used in distributed estimation [8], power
distribution systems [11], economic dispatch in power
systems [12, 13], federated learning [14] and formation
control [15].

1. INTRODUCTION

Due to the extensive application of MASs, the design and
analysis of distributed algorithms have emerged as a
significant area of research [6]. Distributed algorithms
achieve the specified objectives by relying solely on local
calculations and the exchange of information between each
agent and its neighbors the distributed algorithms based on
consensus are the predominant ones. The complexities of
distributed consensus algorithms are enormous. Therefore, In general, the OPs are divided into constrained OP [16,
designing an appropriate distributed consensus algorithm is a 17] and unconstrained OP [16, 18]. It should be pointed out
critical and challenging problem [7]. Algorithms that utilize that the unconstrained OP is discussed in this article. An
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unconstrained OP is convex if and only if the cost function is
convex. The cost function in the distributed convex OP
consists of the sum of local convex functions, each of them is
known only for one agent. It is worth mentioning that the goal
of the distributed convex OP is to minimize the total cost
function by using local information and computation.

Subgradient-based approaches are commonly employed
to solve the distributed convex OP [19]. In [20], the
distributed convex OP under non-smooth and smooth cost
functions has been investigated. In the mentioned reference,
the communication network has been considered to be
undirected. By combining the gradient algorithm and
consensus algorithm, a novel distributed algorithm for the
distributed convex optimization over the directed graph has
been designed in [21]. The designed algorithm has been
named as push-pull gradient algorithm because all agents
push and pull information (gradient information and the
optimization variables) through the communication network.
For the distributed convex OP, an asynchronous algorithm
has been designed by Zhang and You [22]. In the
asynchronous algorithm, each agent iteratively calculates the
OS by using the currently available local information, but in
the synchronous algorithm, each agent waits for information
updates from other agents and then goes to the next iteration
of the algorithm. It should be noted that asynchrony causes
difficulties in optimization algorithm design. In all the above-
mentioned studies, the distributed discrete-time OP has been
investigated. On the other hand, the studies about the
distributed continuous-time OP are discussed in the next
paragraph. It should be mentioned that for solving the
distributed continuous-time OP, an algorithm is often
designed using control theory such as Lyapunov theory and
LaSalle’s invariance principle.

In [23], a novel consensus-based algorithm has been
designed for the distributed convex OP. In the mentioned
reference, the convergence of the designed algorithm to the
OS has been guaranteed over the weight-balanced directed
graph, by using the Lyapunov theory. For undirected graphs,
the distributed convex OP has been studied by Li et al. [24].
Therefore, an event-triggered controller has been designed to
solve the OP. It should be noted that the linear MAS with
heterogeneous dynamics has been studied in the mentioned
reference. In heterogeneous MASs, unlike homogeneous
MASs, the agents do not have the same dynamics. Based on
the event-triggered mechanism, a distributed optimization
algorithm has been designed by Shi et al. [25]. The major
advantage of this algorithm is communication resource
saving. Inspired by second-order consensus, a novel
subgradient-based algorithm for distributed convex OP is
presented in [26]. The proposed algorithm can only calculate
the OS of the distributed convex OP. In [27], a proposed
algorithm addresses the distributed convex OP, and the
communication network is assumed to be undirected.
Furthermore, by applying the Lyapunov theory, the
exponential convergence of the suggested algorithm has been
proved with no need for the strong convexity assumption.

The calculation of the Optimal Value (OV) has not been
investigated in any of the above-mentioned studies. It should
be emphasized that the design of the distributed algorithm for
calculating the OV is an important problem with complexity
because each agent has access to only a part of the total cost
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function. Based on the explanations provided, this paper
presents an algorithm that integrates the gradient method with
the consensus algorithm of the MAS. Two theorems for the
convergence of the offered algorithm to the OS and the OV
are presented and by application of mathematical tools from
control theory and convex optimization they are proved.

The main contribution to the article is listed as follows:
e Achieving higher accuracy than similar algorithms;

e Efficiency of the algorithm for balanced directed
graphs;

e Calculating both the OS and the OV.

The subsequent sections of the paper are organized as
follows. Section 2 introduces the graph of the MAS and the
distributed OP along with several beneficial assumptions and
lemmas. Section 3 presents the proposed algorithm and
examines its convergence to the OS and QV, utilizing the
Lyapunov theory and the consensus concepts. Then, in
Section 4, the simulation results are given to show the
optimization ability of the offered algorithm. In the end,
Section 5 concludes the article.

Notations. R* and R denote the positive real numbers
set and the real numbers set R* and R, respectively. The
Euclidean norm and the Kronecker product are represented
by ||. || and ®, respectively.

2. BAsic CONCEPTS AND PROBLEM STATEMENT

This section begins by presenting the communication
network model and the required concepts and assumptions for
the communication network are stated. Then, the OP is
presented and the necessary concepts pertaining to the convex
optimization are outlined.

2.1. Communication Network

In this article, to model the communication network, the
principles of the MAS and graph theory are employed. To do
that, a graph is used to model the communication between the
agents. It is assumed that the graph of the MAS is undirected
and balanced directed. Thus, G = (V, &, A) is defined as a
graph that includes the set of nodes V = [V,,V,, -+, V, ], the
set of edges £ cV xV and the adjacency matrix A =
{ai;}”_1 € R™™ where n is the number of agents. If the

agent 4 is capable of receiving the data sent by the agent 7,
then a,; > 0, otherwise a,; = 0.

Definition 1 [28]. A path is defined as a series of nodes
connected in such a way that each pair of adjacent nodes is
linked by an edge. In graph theory, the path can be directed
or undirected.

Definition 2 [28]. An undirected graph is called
connected when there is an undirected path between any two
distinct nodes.

Definition 3 [28]. In directed graphs, if there is a directed
path between any two arbitrary nodes; then, the graph is
called to be strongly connected.
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An indispensable condition for the consensus of MAS is
that the graph is connected or strongly connected [28]. Hence,
Assumptions 1 and 2 are presented.

Assumption 1. The graph G is undirected and connected.

Assumption 2. The graph G is assumed to be directed
and strongly connected.

The definition of the Laplacian matrix corresponding to
graph g is as follows:

L= {"’M}M:l,..,n € R™™,
—a;;, if i+ 7
. n 1)
S Y ay ifi=g
=1

It is apparent that 1,, = [1,1,...,1]T € R" serves as a
right eigenvector of the Laplacian matrix; thus, one has
£1, = 0.

Definition 4 [28]. The graph is termed balanced if
din(V)) = d oyt (V,) holds for all nodes where d;,(V;) =
Yi—1ay and doy (V) = Xi-1ay; -

Assumption 3 [29]. The graph G is supposed to be
balanced.

2.2. Distributed OP Formulation

In this article, the distributed unconstrained OP is
investigated. Therefore, the OP is defined as the following
equation.

n
min f(x) = ) £,(x) @
x€R
i=1
where f(x): RV - R is the total cost function, x € RV is the
optimization variable and f;(x):RY - R is the local cost
function Every local cost function is both convex and
differentiable. Each local cost function is exclusively known

to a single agent. It seems obvious that the total cost function
is convex because it consists of the sum of convex functions.

The vector x* € RN and the scalar f* = f(x*) represent
the OS and the OV of the OP in (2), respectively.

Two lemmas are given in the following which will be
used in Section 3 in the design and convergence analysis of
the offered algorithm.

Lemma 1 [30]. If the following inequality holds for
every x € RN and y € R¥, then the function f(x):RY - R
is convex.

Vf@) & -0 < FO) - f@) @)
where Vf(x): R¥ —» RN denotes the gradient of the function
f ().

Lemma 2 [30]. For each convex function f(x):RY - R
and for each x,y € R¥, the subsequent inequality holds.

(VGO — VF(3) (x =) 2 0 @

Remark 1. If f(x) —%llxll% is convex, then f(x) is

termed strongly convex [20]. In [8, 20, 24, 25], for the design
of the optimization algorithm, it has been assumed that the
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cost function is strongly convex. Unlike the mentioned
references, the strong convexity assumption is not required
for the convergence of the offered algorithm in this article.

3. DESIGN AND ANALYSIS OF THE DISTRIBUTED
OPTIMIZATION ALGORITHM

In this section, an innovative two-step consensus-based
algorithm is introduced that combines calculating OS and OV.
Then, the convergence analysis of this algorithm is performed
using the concepts of MAS and consensus. First, based on the
concept of consensus, the OS is calculated, and the
convergence is investigated using the Lyapunov theory. Then,
another consensus-based scheme is proposed to calculate the
OV and the convergence analysis of this step is performed
using the concepts of the MAS and consensus. At the end of
this section, the algorithm resulting from the combination of
these two steps is fully introduced, and its features are stated.
Fig. 1 shows the general scheme of the algorithm.

Step 1: Computing OS

Based on the concept of average consensus, for a MAS
with n agents, where the optimization variable of each agent
is called x;,i = 1, ...,n, the following relations is used to
compute the OS.

(o )
£

X I_()?:Rﬂndo_u} H MAS
¢ initial condition :

OP: min f() = Y fi0)
=1

v;: optimization variable,
;_/ Local

Xi information

P e e e e e e e e e e e e e e

) ) M
%(t) =.. h

Auxiliary variables:

Vi Zi

f)', (0):Random initial cundiliun.i
Pz =1y i
15z(0) = 0y i=2,...n

Step 1:
Computing OS

. o

- ——— e ————

Convergence time: £,
OS: x*, y¥, z¥%

pETTEEEEEEEEEEEEEETYEEEEEES - A Y
G = ..
wi = qi(0)/z,1(0)

Step 2:
Computing OV

1.’
| Initial condition:
I q:(t) = fi(x(t))

_———— e ——

)

Fig. 1: The method overview.
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n

20 = ) ay (1,0 - x(0)

= ©)
'HUZ a;j (J’;'(t) - y/i(t)) - Qg¢(x¢(t))
=1
y:i(t) = wx;(t) (6)
20 = ) ay (70 - 2.0) ™

i=1

Parameters @ € R and ¢ € R* are constant and g;(x;(t)) is
the gradient of the function f;(x) at x,(t). The initial
conditions for the variables x,(t) =

[x¢,1(t),xi,2(t), ---:xi,N(t)]T € RV and y:(t) =
[ym (®),y:2(0), ...,yi‘N(t)]T € RY are chosen randomly and
the initial conditions for the wvariable z;(t) =
[2;1(£), 2,2 (D), ...,zin(t)]T € RN are selected as z;(0) =
1y,2,(0) = 0y, -+, 2,(0) = 0y , where 1y =
[1 1]ixy and Oy = [0 0]Txn-

Remark 2. The variable z;(t) has no relationship to the
variables x;(t) and y,;(t) because (7) is a first-order
consensus for the variable z,(t). It should be pointed out that
in the step 2, the consensus values of variable z;(t) will be
used. Therefore, the variable z;(t) should be defined in the
first step so that it has converged to the consensus values
before executing the second step.

Considering (5) and (6) for all agents and using the
matrix form, step 1 is written as follows:

X(t) = —L,X(t) —wL Y (£) — 0G(X(D)) ®)
Y(t) = wX(t) 9)
where X@) = [xI@), ... xI®]” , Y(t) =

T
i (@), . ym O17, 6(X(@®) = [g] (x1(D)), ..., gh (xn(D))]
a.nd LI =L ® IN'
On the other hand, for the OSs X* € R¥* and Y* € RM"
the following equations can be written. It should be noted that

the OS of all agents is collected in the vector X* which is
definedas X* =1, @ x™.

—L X" —wLl,)Y"—0oG(X?)
Y*=wX*

According to the property (A® B)(CQ® D) =(AC) ®
(BD), one has
LiX =LA, x)

(10)
(11)

i =

= (£1,) ® (yx") (12)
= ONn
0O - 0
where Oy, = [ l .
0 .. Olyxn

Finally, according to (8)-(12), the convergence error of
the variables is given by:

éx(t) = —Lye,(t) —wLie,(t) (13)

7

—o (6(x(®) - 6x")

é,(t) = we,(t) (14)
Theorem 1 [26]. Under Assumption 1, and according to
Lemma 1 and 2, the convergence of the algorithm defined in
(5) and (6) to the OS of the distributed unconstrained OP
defined in (2) is guaranteed.

The proof can be followed by [26]. L]
Step 2: Computing OV

For calculating the OV, the following relations are
introduced:

1.0= a, (40 -q®), forezr @9
=1
=22 orese, (16)

where g, € R, w; € R and ¢, is the time that all agents
converge to OS x*. In this algorithm, initial conditions for
variables g, (t) are chosen as q,(t.) = f;(x;(t.)). It should
be mentioned that f; (x;(t.)) = fi(x*).

It is important to define a method for each agent to
calculate the time t, based on the local information. For each
agent, this method is defined as follows:

n

z Qg (xj(tk) - xi(tk)) <e¢

if{ 7=1 17)

=>tk=tC
&

xi () —x;(tg_y) < €
where ¢ is a very small positive constant.

Remark 3. It should be noted that at time t. the
differences between the variable x;(t) and the optimization
variable of its neighbors are zero and the value of the variable
x,(t) does not change because it has been converged to the
OS. Therefore, in (17), the value of constant & should be
considered zero and inequalities should be replaced by
equalities, but due to the computational errors in the
simulation software and the communication noise in the
practical implementation, the parameter ¢ is assumed to be a
very small positive constant. If the constant € is selected
smaller, then the proposed algorithm has a higher accuracy.
For example, e = 107 is a good choice for the simulation.

Theorem 2. Under Assumption 1, the optimization
algorithm defined in (15) and (16) converges to the OV of the
problem defined in (2).

Proof. Based on the first-order consensus algorithm and
according to [28], all agents reach the consensus in the second
algorithm and gq,(t) for 4 =1,2,..,n converges to

%Z;f‘:l q.(t.). As mentioned before, the initial conditions are
selected as q;(t.) = f;(x*). Thus, the consensus value of
variables q,;(t) for i =1,2,...,n is% m_ fi(x*). On the
other hand, according to (7), z;(t) for i = 1,2, ...,n reach the
consensus with the consensus vector %2221 z,(0) where in
the first algorithm, initial conditions are chosen as z,(0) =
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1y,2,(0) = 0y, -+, 2,(0) = 0y . Therefore, z;(t) for i =
1,2,...,n converges to %xl,v or in other words, the

consensus value for z; 1 (t) is % Finally, according to (16),

parameters w,(t) for 4i=12,..,n converges to
>, fi(x*). Hence, it is proved that in the second algorithm,
all agents reach the ov.
|

Remark 4. Inspired by [23], by changing the coordinate,
Theorem 1 can be proved for balanced directed networks. In
addition, the proof of Theorem 2 is also true for balanced
directed networks. Therefore, under Assumptions 2 and 3, the
algorithm presented in this article is effective for directed
networks and the simulation outcomes of Example 2 in
Section 4 indicate the correctness of this claim.

Remark 5. In [23, 27], the distributed continuous-time
OP has been investigated over the undirected graph and the
balanced directed graph. The algorithm presented in the
mentioned references is the same, but different methods have
been used to analyze the convergence of the algorithm. It
should be emphasized that the algorithm designed in the
mentioned references only calculates the OS, while the
offered algorithm in this article has the ability to calculate the
OV, too. Therefore, the proposed algorithm in this article has
an advantage over the algorithm designed in [23, 27].

Remark 6. In [8], the distributed discrete-time OP has
been studied on undirected networks and an algorithm has
been presented for calculating the OS and OV. It should be
noted that in [8], the OP has been considered as rg%v fx) =

% " fi(x). According to (2), it is clear that the OP
considered in this article is more comprehensive.

At the end of this section, a new algorithm is presented
in the following (Algorithm 1) by combining the two

mentioned algorithms. This algorithm has the ability to
calculate the OS and OV.

Algorithm 1. The offered optimization algorithm

1. Each agent initializes the variables x;(t), y;(t)
and z;(t).

2. Each agent updates the optimization variable x;(t)
by (5).

3. Each agent updates the variable y,(t) by (6).

4. Each agent updates the variable z;(t) by (7).

o

Each agent evaluates the condition (17)1 until this
condition is satisfied.

ift >t then

Each agent updates the variable q;(t) by (15).
Each agent calculates the variable w,;(t) by (16).
end if.

© © N o

4. NUMERICAL SIMULATION

In this section, two numerical examples are simulated by
MATLAB software and the outcomes of simulation are given
to show the ability of the offered algorithm in the distributed
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continuous-time convex optimization on undirected and
balanced directed graphs.

Example 1. For wireless-sensor networks, a distributed
parameter estimation problem is considered as a numerical
example. For a sensor network, the parameter estimation
problem is defined as [8]

(18)
i=1
where v = [0.1,0.2, ...,1]. In this example, the OS is x* =

0.55 and the OV is f* = 0.0825. The algorithm parameters
are selected as

w =2, 0 =4, e=10"° (19)
The adjacency matrix is determined as follows:
0 2 0 0 0 0 0 0 0 O
2 01 0 0 0 0 0 00
010 3 0O0O0OO0TO0TUO
0O 0 3 01 0 0 0 0O
4=]0 001050000 (20)
0 0005 01000
0 000010 2 00
0O 0 0 0 0 0 2 0 6 O
0O 0 0 0 0 0 0 6 0 1
0 0 00O OO O 0 10

The simulation outcomes of this example are shown in
Figs. 2-4. The variable x,(t) for all agents is shown in Fig. 2
and the absolute value of convergence errors are shown in Fig.
3. According to Figs. 2 and 3, it is clear that the optimization
variable x;(t) for all agents has been converged to x* = 0.55.

In order to evaluate the offered algori3hm, this
example is also simulated using the algorithm presented in
[27]. Thus, the outcomes of simulation related to the
algorithm designed in [27] are shown in Figs. 5 and 6. First
of all, it should be noted that the calculation of the OV has not
been studied in [27]. Therefore, our offered algorithm has an
advantage due to the calculation of the OV. On the other hand,
by comparing Figs. 2 and 5, it can be seen that the offered
algorithm has a faster rate of convergence than the algorithm
designed in [27].

0.8

0.6 .

0.4

x(0

0.2

-0.2

-0.4

0 10 20 30 40 50
Time(s)

Fig. 2: Trajectories of variable x;(t).
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Fig. 3: Convergence errors using the offered algorithm.

In Fig. 4, the OV is shown by the dashed line. As shown
in Fig. 4, all the agents have reached a consensus on the OV.

0.3
— W
w.
0.25 w.
— W
W,
0.2 | w,

— W,

e W

= o0as|
= - w,

e % N e AW N e

0.1

0.05 f
/

0 10 20 30 40 50
Time(s)

Fig. 4: Trajectories of variable w, (t).

=~ 0.4

(1) 10 20 30 40 50
Time(s)

Fig. 5: Trajectories of variable x;(t) [27].
Example 2. The distributed OP is defined as

5
min fG) = ) fi(2) @)

where f;(x) fori = 1,2, ..., 5 are given by
i) =x-2,  f(x0)=x*+2,
i) =Gx+1D?%  filx) =4x*, (22)
fs(x) = e*!

0.6
—_—e,l
le,,!
0.5 lesl
—_—e
le sl
0.4 le gl
—_—le
é — e gl
oF 0.3 le ol
lexiol
0.2
b N
0 L n p— . e
0 10 20 30 40 50
Time(s)

Fig. 6: Convergence errors using the algorithm presented in
[27].

The OSandthe OV are x* = —0.4483 and f* = 0.4536,
respectively. The algorithm parameters are chosenas @ = 3,
o=2ande =105,

The communication network model is shown in Fig. 7.
In Figs. 8-10, the simulation outcomes of this example are
shown. In Fig. 8, the optimization variable x,;(t) for all agents
is shown and the dashed line shows the OS.

As shown in Fig. 9, the convergence errors for all agents
have been converged to zero. In Fig. 10, the variable w;(t) is
shown. It should be noted that the OV is shown by the dashed
line in Fig. 10. In Fig. 10, the variable w; (t) for all agents has
been converged to the OV f* = 0.4536.

0 5 10 15 20
Time(s)

Fig. 8: Trajectories of variable x;(t).



E. Nazemorroaya et al.

Journal of Applied Research in Electrical Engineering, VVol. Vol. 3, No. 1, pp. 74-82, 2024

le le

_|exl\

[ZSp—

<2 xs!

e 0

10 15
Time(s)

20

Fig. 9: Convergence errors.

‘_w

w. w

1

10

w,(0)

-10 [

-15

0 5 10 15
Time(s)

Fig. 10: Trajectories of variable w; (t).
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5. CONCLUSION

The distributed continuous-time convex OP for
undirected and directed balanced networks is the main focus
of research in this article. Unlike other references, this article
tries to address the calculation of OV in the distributed
convex OP. By using the concepts of consensus and gradient
descent method, a novel algorithm has been proposed to
calculate the OS and the OV. The convergence of the offered
algorithm to the OS and the OV has been ensured using the
Lyapunov theory, LaSalle’s invariance principle and average
consensus concepts. Compared to the presented results in [27]
where OV is not calculated, the offered algorithm has faster
convergence for the same example. The convergence time in
[27] is 50 seconds and the convergence time of the offered
algorithm is about 10 seconds. Eventually, the offered
algorithm provides a new perspective for researchers in
solving distributed continuous-time convex OPs.
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Abstract: In this study, the effect of the width of the n- and p-strips and gap between the electrodes on output
characteristics of the IBC-SHJ solar cell, including short-circuit current density, open-circuit voltage, fill factor, and
efficiency, was investigated using Silvaco ATHENA and ATLAS simulation software. In this regard, the efficiency of the
IBC-SHJ solar cell was improved by developing the geometry of the back contacts. The values for the short-circuit
current density, open-circuit voltage, fill factor, and efficiency of the solar cell were analysed using physical phenomena
and the distribution of the electric field and electric potential for the aforementioned parameters. The results have shown
that the width of the n- and p-strips is one of the most effective parameters for improving the efficiency. Moreover, a
maximum efficiency of 23.52% was achieved for IBC-SHJ with improved solar cell parameters, focusing on the
elimination of additional ARCs and greater structural periodicity. Thus, a simple structure with no complexity in the
fabrication process is proposed. The results show that the best width of the p-strip, n-strip, and gap between the electrodes
is 400 pm, 80 pm, and 30 pm, respectively, to achieve improved efficiency.
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of 20.43% [8]. In 2016, M. Belarbi et. al. achieved an

1. INTRODUCTION efficiency of 23.20% by improving the cell deposition

The main renewable energy sources such as wind and parameters [9]. Taking into account a periodicity of the IBC-
solar energy are not only abundant and affordable, but are also SHJ structure and simultaneously adding further layers and
considered a suitable alternative to fossil fuels. Among the anti-reflective coatings with textured structures on the front
renewable energy sources, solar energy has a high potential side as well as the use of TCO layers in the rear part of the
to be converted into other types of energy [1-3]. So far, much cell, an efficiency of 27.41% was achieved by J. Bao et. al.
research has been done to increase the efficiency of silicon in 2020 [10]. The removal of the amorphous silicon layers

solar cells with the common finger contact structure [4-5]. In and the use of a silver contact in addition to the aluminium
recent years, the design of the contact geometry of the cell has contact for increase the cell current, modelling two samples
been one of the areas of interest for researchers to achieve of IBC solar cells including planar and pyramidal textured
optimal efficiency [6-7]. One of the most important structures ones, with a focus on optimizing the texturing of the front

presented in this field is the silicon heterojunction solar cell surface. In [11], A. R. M. Rais et. al. reported that the
with interdigitated back contacts [7]. The fact that all contacts efficiency of planar and pyramidal textured solar cells were
are arranged behind the cell eliminates the shadow effect and 22.36% and 23.31%, respectively [11]. However, it should be
increases the short-circuit current [8]. In addition, the use of noted that the increase in efficiency in the studies [10] and
the heterojunction structure leads to an increase in the open [11] requires an increase in the complexity of the structure,
circuit voltage due to the use of the intrinsic hydrogenated a- the manufacturing cost due to the use of silver contacts and
Si buffer layer [8]. Over the past 10 years, research has been thus an increase in the challenges of the manufacturing
conducted to increase the efficiency of IBC-SHJ cells. In process. In this research work, the aim is to design and

2013, Silvaco presented the IBC-SHJ cell with an efficiency simulate an improved silicon heterojunction solar cell with
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interdigitated back contacts, which has the simplest structure
compared to other research works and also has the least
fabrication challenges. In fact, the efficiency of the IBC-SHJ
solar cells have been improved by developing the geometry
of the back contacts. In this regard, the effect of the width of
the n- and p-strip and gap between the electrodes on the
output characteristics of the IBC-SHJ solar cell including Js,
Vo, FF and Eff have been investigated. To model the IBC-
SHJ solar cell, ATHENA and ATLAS toolboxes have been
used, respectively, to deposit different layers of the cell and
simulate its electrical behavior in Silvaco software. To
increase the accuracy of the simulation of the structure, the
trap levels of the amorphous silicon layers have been
modelled. MATLAB software was also used to draw the
diagrams as accurately as possible. In the second part of this
research, the analysis of the electric field distribution and its
effect on the charge carrier transport in the IBC-SHJ cell is
presented. In the third part, the mathematical relationships
that determine the density of states (DOS) model and the
particle transport have been investigated. In the fourth part,
the effect of the width of the n- and p-strip and gap between
the electrodes on the output characteristics of the IBC-SHJ
solar cell including Js, Vo, FF and Eff have been
investigated. In addition, the results were compared with
those of previous studies. In the fifth section, the main results
of the proposed IBC-SHJ cell structure are presented.

2. ANALYSIS OF ELECTRIC FIELD DISTRIBUTION AND
ITS EFFECT ON CARRIER TRANSPORT

To create anode and cathode electrodes, a structure of n-
type and p-type layers of hydrogenated a-Si is deposited on
the back side of the IBC-SHJ cell so that the layers are one in
between. Depending on the doping concentration of the c-Si
substrate, these n- and p-type layers play the role of the
emitter or the back surface field (BSF). As shown in Figure
1, the width of the elementary structure (pitch) of the cell is
equal to the distance between the opposing electrodes, taking
into account the gap between them. It is possible to create the
periodicity in more complex structures, which of course poses
more challenges in fabrication. In this research, the
dimensions and the type of materials used in the different
layers have been selected according to the criterion of
reproducibility, so that the simulation results can contribute
to the improvement of the fabrication process [12].

It is worth noting that in Fig. 1, the thickness of SiNy, n-
type c-Si, defective c-Si, i-a-Si, emitter/a-Si, BSF/a-Si, and
electrode/Al layers are 75 nm, 150 pum, 1 nm, 6 nm, 20 nm,
20 nm, 0.2 pm, respectively. Moreover, the optimal doping
concentration of the emitter and BSF regions is 2x10'° cm™®
and 4.3x10' cm, respectively. The substrate used to
improve deposition parameters is an n-type c-Si wafer with a
thickness of 300 pm and a width of 1750 pm, which is
equivalent to one cell pitch. The resistivity of the substrate is
equal to 2 Q.cm.

Also, using n-type c-Si substrate will lead to an increase
in Vi as a result of increasing efficiency [13, 14]. On the front
surface of the cell, a SiNx layer with a thickness of 75 nm has
been used as an anti-reflection coating, for this purpose, the
physical model of concentration mobility (CONMOB) has
been used in the simulation [15-17]. Therefore, due to not
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Fig. 1: Schematic of the simulated IBC-SHJ structure along
with the approximated regions of space charge in the upper
and lower areas of the cell .

choosing the same type of impurity for ARC layers and c-Si
substrate, the existence of an electric field on the top of the
cell that leads to more drift of the photocarriers and prevents
their recombination will be inevitable. According to Figure 1,
the presence of anti-reflection coating with the opposite
doping concentration of the substrate leads to the creation of
a space charge region in the front part of the cell. The internal
electric field created in this space charge region will prevent
the recombination of the generated photocarriers and move
them towards the back contacts of the cell. Also, near the back
contacts, due to the presence of the back p-n junction, another
space charge region is created, which facilitates the drift of
the electron and hole carriers towards the electrode of the
same name, and by preventing the recombination of
photocarriers, it will increase the photocurrent of the cell.

As shown in Fig. 2, the distribution of electric field and
potential at the rear of back contact prevent the recombination
of photocarriers. In fact, the design of two space charge areas
in the upper and lower parts of the cell, in addition to
preventing the recombination of photocarriers, leads to drift
them towards the interdigitated back contacts.

Consideration of electric field distribution of IBC-SHJ
solar cell structure is so important. In the front part of the cell
where there is the maximum photo generation rate, the
electric field increases so that the photocarriers are separated
and reach the back contacts with the lowest recombination
rate. Also, the electric field reaches its maximum value near
the back contacts; because in this part of the structure, the
amount of carrier collection in metal contacts must reach its
highest value. Therefore, the electric field must be large
enough to collect more photocarriers at the metal contacts by
separating them as much as possible.

3. PHYSICAL MODELS AND EQUATIONS USED IN
SIMULATION

3.1. Physical Models

In order to match the numerical modelling and
experimental results as much as possible, in this research, we
have tried to use accurate physical models to describe the
behaviour of IBC-SHJ cells. In this regard, the band gap
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Fig. 2: (a) Electric field distribution, and (b) Electric
potential distribution of space charge region at the rear of
back contacts.

narrowing (BGN) model has been used to reduce the energy
gap [8]. In fact, the narrowing of the band gap shows how
applying a high doping concentration (greater than 10%® cm®)
changes the band gap by reducing the energy of the
conduction band and increasing the energy of the valence
band [8]. On the other hand, in order to model different
recombination mechanisms, Fermi, Shockley-Read-Hall
(SRH), Auger and surface recombination models are also
included in the simulation. Meanwhile, carrier recombination
is also modelled as a function of doping concentration via
SRH and Auger mechanisms [18-20].

Disordered materials such as amorphous silicon contain
a large amount of defect states in their energy band gap.
Therefore, the density of state (DOS) model in the energy
bandgap is used to model amorphous silicon devices. The
density model of the defect states is described as a
combination of the tail of the band using the exponential
decay function and the mid of the band using the Gaussian
distribution function. It is assumed that the total density of
states, g(E), is composed of four bands: two tail bands (a
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donor-like valence band and an acceptor-like conduction
band) and two deep level bands (one acceptor-like and the
other donor-like) which are modelled using a Gaussian
distribution. g(E) is modeled according to (1) [8]:

9(E) = gra(E) + grp(E) + gga(E) + ggp(E) ()

In (1), E is the trap energy, Ec is the conduction band
energy, Ev is the valence band energy and the subscripts (T,
G, A, D) stand for tail, Gaussian (deep level), acceptor and
donor states respectively. The components of g(E) are
defined as follows [15]:

9ra(E) = Npsexp [27¢] )
gro(E) = Nppexp |27 ®)
96a(E) = Nosexp [~ [222=]'] @
9o (E) = Nopexp [ [E222]'] ©)

For an exponential tail distribution, the DOS is described
by its conduction and valence band edge intercept densities
(Nz4 and Nypp), and by its characteristic decay energy (Wr4
and Wrp). For Gaussian distributions, the DOS is described
by its total density of states (N;, and Ngp), its characteristic
decay energy (W, and Wep), and its peak energy distribution
(Ega4 and Egp). The energy distribution of exponential band
tail and Gaussian distribution of trap states in the middle of
the energy gap are key parameters for high accuracy
simulation.

For the c-Si/a-Si interface on the back surface, the
thermionic emission model has been used, in which the
distribution function of the defect states at the interface of two
layers, one for holes and the other for electrons, is modeled.
In order to model the interface between the defects-free
crystalline silicon layer and the amorphous silicon layer as
much as possible, a defective c-Si thin layer has been used
between the two layers [15]. The Sopra database is also used
for the refractive index of a-Si layers [21, 22]. AM1.5G solar
spectrum has been used to simulate sunlight in standard
conditions with a light intensity of 1000 W/m? and a
temperature of 26°C.

3.2. Equations of Carrier Transport

The specialized software used in this research to design
and simulation the IBC-SHJ solar cell is Silvaco software.
The Athena tool in this software models and simulates the
fabrication process in the Monte Carlo method and in
conditions very similar to the new technologies presented in
the field of semiconductor devices fabrication. In addition,
the Atlas tool simulates the electrical behaviour of cell
designed in Athena. It uses the drift-diffusion model based on
the discretization of differential equations and solving
equations using numerical solutions such as Gumel, Newton-
Raphson and Block methods. Output characteristics extracted
from Atlas tool are Fill Factor (FF) and Efficiency (y)
obtained from (6) and (7), respectively [15, 19]:

FF = VmppImpp (6)
Voclsc
n = Pout _ VoclscFF %

Pin Plight
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In (6), Vimpp and Impp represent the voltage and current at
the maximum power point, respectively.

Three sets of basic equations are used to simulate the
solar cell in the Silvaco software based on the drift-diffusion
model. These equations are: Poisson's equation, carrier's
continuity equations and transport (current) equations.
Poisson's equation specifies the relationship between
electrostatic potential () and the space charge density () and
is expressed as follows [19]:

div(eVy) = —p (®)

In (8), ¢ is the permeability coefficient of the environment.
The local space charge density represents carriers (electrons
and holes) and ionized impurities. On the other hand, carriers
continuity equations specify the gradient of electron and hole
carriers in terms of time and are defined as follows [8]:

on 1,.
Ezadl‘l?]n'l'Gn—Rn

©)

L (10)

=~ div], + G, ~ R,
In (9) and (10), n and p are electrons and holes
concentration respectively. J Indicates the current density, G
indicates the photo generation rate and R indicates the
recombination rate for the respective carriers. Electric charge
is also represented by q. Also, the transport equations that
determine the gradient of electron and hole carriers in terms
of location and are defined as follows [15]:

Tn = quanE + gD, Vn(x) (12)

o = quypE — qD,Vp(x) (12)

In (11) and (12), un and wp are electron and hole
mobilities, respectively, E is electric field and D, and Dy, are
electrons and holes diffusion coefficients, respectively.

3.3. Ray Tracing

Ray tracing is one of the simplest models of optical
simulation. In this study, the ray tracing optical model has
also been employed. This optical model primarily disregards
the wave nature of light and traces direct paths towards rays
passing through boundaries. Reflected and transmitted
components are calculated based on the Fresnel equations,
and incoming rays at each boundary are divided into two
parts. Following these steps, the system traces the trajectories
of both these rays. The simplified Fresnel equations with
Snell's laws are as follows:

_ tan(0;—6;)

= tan(6;+6;) (13)
tp = sin(zis.:zgt;f&:f_ag (14)
= o) "
S o

In the equations for 7, and 7;, representing the reflection
of p- and s-polarized rays, t,, and t, indicate the transmission
of p- and s-polarized rays, respectively. 8; and 8, denote the
angles of incidence and transmission with respect to the
surface normal vector. Also, reflecting and refracting rays
each present at their respective angles relative to the surface
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normal vector. The incident angles are also specified in the
equations in this illustration. The refractive index of the upper
medium (n;, smaller than the refractive index of the lower
medium ny), is such that the refracted ray approaches the
normal vector of the boundary.

4, RESULTS AND DISCUSSION

In this research, in order to improve the characteristics of
the IBC-SHJ cell, one of the most effective parameter as the
width of the n- and p-strip and the gap width between
electrodes are improved.

In the following, the influence of the mentioned
parameters on the output characteristics of Js¢, Voc, FF and Eff
is investigated to improve the efficiency of the IBC-SHJ solar
cell. 1t should be noted that to investigate the effect of each
parameter, other parameters of the cell are considered
constant.

4.1. Effect of p-Strip Width

The Js, Voo, FF and Eff graphs considered with the
change of p-strip width are presented in Fig. 3.

Increasing the width of p-strip, increases the current. But
at the same time, it does not have much effect on the voltage.
As can be seen in Fig. 3, Js increases with increasing the p-
strip width. Because the width of metal contact is equal to the
p-strip. On the other hand increasing the width of metal
contact decreases the cell series resistance and thus, increases
the cell current. Generally, in the IBC-SHJ structure, the p-
strip width is set to be larger than the n-strip width. Holes are
the minority carriers of the substrate. By choosing a larger
width for the p-strip region, it will be possible to collect more
minority carriers in the metal contacts. It significantly reduces
the possibility of recombination in the substrate and this leads
to an increase the cell current. Meanwhile, Vo increases with
increasing the p-strip width. But the voltage increase is very
small and insignificant. Increasing the width of p-strip does
not have much effect on the voltage. On the other hand, the
FF decreases as the p-strip width increases. Because,
increasing the width of p-strip, increases ls.. Therefore,
according to (6), FF decreases. Also, the efficiency of the cell
decreases with the increase of the p-strip width. Considering
the simulation, the most optimal value for p-strip width is
equal to 400 um.

4.2. Effect of Gap Width between Electrodes

The width of the gap between the electrodes is one of the
key parameters in controlling the current of the cell. Because
it can lead to shunting the electrodes if it not adjusted
accurately. On the other hand, its excessive increase reduces
the photocurrent by reducing the optimal value of the n- and
p-strip width and increasing the cell series resistance. Next,
the Js, Voo, FF and Eff graphs considering the change of gap
width between the electrodes are presented in Fig. 4.
Increasing the gap width between the electrodes leads to
decrease the current but does not have a great effect on the
voltage. As shown in Fig. 4, Js decreases with increasing gap
width. In fact, the gap region between the electrodes has an
important effect on the photocurrent of the cell by influencing
the n- and p-strip width. On the other hand, due to the increase
in cell resistance, Vo increases with a low slope.
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Fig. 3: Effect of p-strip width on Jsc, Voc, FF and Eff, the
doping concentration of Emitter and BSF regions is equal to
2x10% cm® and 4.3x10' cm3, respectively.

According to Fig. 4, as the gap width increases, ls
increases and thus, FF decreases. Also, cell efficiency
decreases. Because the recombination of the minority carriers
between the p- and the n-strip increases due to the increase in
the lateral distance travelled. In other words, the increase of
the gap width corresponds to an additional lateral distance for
the minority photocarriers generated in the c-Si substrate and
in the upper part of the n-strip. This extra distance increases
the probability of recombination before reaching the p-strip.
In addition, by increasing the width of the gap between the
electrodes, the possibility of recombination at the interface
between the c-Si substrate and the gap region increases.
Therefore, according to all reasons mentioned above, the gap
width should be set as low as possible to obtain the optimal
value for cell efficiency. As a result, the most optimal value
for the gap width equal to 30 um is obtained.

4.3. Effect of n-Strip Width

The Js, Vo, FF and Eff graphs with changing the n-strip
width are presented in Fig. 5. Increasing the n-strip width
increases the cell current. But it has little effect on the voltage.
In this situation, due to the increase of the average lateral
distance that the minority carriers must travel to reach the p-
strip, Jsc decreases and increases the probability of carrier
recombination and decreases the cell current. According to
the Voc graph, Vo decreases with a small slope. As the n-strip
width increases to 580 um, FF increases and then decreases.
Because its increase up to 580 pm, increases the Iy, and for
more than 580 pm, ls increases. Therefore, according to (6),
it can be seen that FF increases until reaching a width of 580
pm and then decreases from this value. On the other hand, the
efficiency decreases with the decrease of Js.. Therefore, the
n-strip should be set as low as possible to obtain the best Js
values. In fact, a larger width leads to an increase in series
resistance against with the current of majority carriers
(electrons). As a result, the most optimal value for the n-strip
width is equal to 80 um. Therefore, in the proposed IBC-SHJ
solar cell, the most improved value for the width of p-strip,
gap and n-strip is equal to 400um, 30um and 80um
respectively. Proposed values of IBC-SHJ cell efficiency at
different p-strip, gap, and n-strip widths are given in Tables
1, 2 and 3, respectively. Also in Table 4, the width of p-strip,
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Fig. 4: Effect of gap width on Js, Vo, FF and Eff, doping
concentration of Emitter and BSF regions is equal to 2x10%°
cm® and 4.3x10' cm3, respectively.
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Fig. 5: Effect of n-strip width on Js, Voc, FF and Eff, doping
concentration of Emitter and BSF regions is equal to 2x10%°
cm and 4.3x108 cm'3, respectively.

gap and n-strip and Efficiency of the proposed IBC-SHJ solar
cell compared to previous research.

As mentioned preview and as shown in Table 4, in the
proposed IBC-SHJ solar cell, the most improved value for the
width of p-strip, gap and n-strip is equal to 400pm, 30um and
80pm respectively. Generally, in the IBC-SHJ structure, the
p-strip width is set to be larger than the n-strip width. Because
holes are the minority carriers of the substrate then by
choosing a larger width for the p-strip region, it will be
possible to collect more minority carriers in the metal
contacts. It significantly reduces the possibility of
recombination in the substrate and this leads to an increase
the cell current and cell efficiency. On the other hand, the gap
region between the electrodes has an important effect on the
photocurrent of the cell by influencing the n- and p-strip
width. Because the recombination of the minority carriers
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Table 1: IBC-SHJ cell efficiency at different p-strip width.

p-strip width (pum) Efficiency (%)
400 23.52
650 23.48
900 23.40
1150 23.31
1400 23.20

Table 2: IBC-SHJ cell efficiency at different gap width.

Gap width (um) Efficiency (%)
30 23.52
80 23.42
180 23.16

Table 3: IBC-SHJ cell efficiency at different n-strip width.

n-strip width (um) Efficiency (%)
80 23.52
330 22.88
580 21.53
830 19.83
1080 18.05

Table 4: The width of p-strip, gap and n-strip and efficiency
of the proposed IBC-SHJ solar cell compared with previous

stuctures.
Ref. Parameters
p-Strip Gap n-Strip Efficiency (%)

width width width

(um) (um) (um)
[8] 1200 50 500 20.43
[9] 950 50 180 23.20
Proposed 400 30 80 23.52

structure

between the p- and the n-strip increases due to the increase in
the lateral distance travelled. In other words, the increase of
the gap width corresponds to an additional lateral distance for
the minority photocarriers generated in the c-Si substrate and
in the upper part of the n-strip. Finally, increasing the n-strip
width, due to the increase of the average lateral distance that
the minority carriers must travel to reach the p-strip, Js
decreases and increases the probability of carrier
recombination and decreases the cell current. Therefore, the
n-strip should be set as low as possible to obtain the best Js
values.

5. CONCLUSION

In this research, one of the most effective parameters for
the efficiency of the IBC-SHJ cell was investigated, namely
the width of the n- and p-strip and the gap width between the
electrodes. Our improved IBC-SHJ solar cell yields a short-
circuit current density of 37.42 mA/cm? and an open-circuit
voltage of 745 mV with a cell efficiency of 23.52% and a fill
factor of 84.30 under AM1.5G without additional ARCs and
more structural periodicity. Thus, a simple structure with
improved conversion efficiency is proposed. The simulation
shows that the efficiency of the cell depends on the width of
the p-strip, gap and n-strip, so these parameters can be
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improved accordingly. The results show that the optimum
width of the p-strip, the gap between the electrodes and the n-
strip is 400um, 30um and 80um respectively. The presence
of an antireflective coating with the opposite concentration of
the substrate, by creating a space charge region and its electric
field in the front part of the cell, prevents the photocarriers
from recombining and drifts them to the rear contacts of the
cell, so that they are collected in the rear contact of the same
name due to the existence of the rear p-n junction and the
resulting electric field.
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Abstract: The healthy operation of high-power transformers plays a crucial role in the reliability of power systems. Given
the thermal model of transformers under heavy-load and high-temperature conditions, the hot spot temperature
exceeding the maximum allowable value may result in oil dissolution and cascading. This paper uses a thermal model of
transformers to analyze the hot spot temperature load level under predicted ambient temperature, which may cross the
healthy conditions. Then, an Incentive-Based Demand Response (IBDR) and a thermal model of transformers are used
to determine optimal load curtailment. On the other hand, as the paper uses the demand response (DR) for security
reasons, the risk of load participation in IBDR programs should be minimized. Hence, a Response Fatigue Index (RFI)
is employed to maintain the comfort level of demands participated in DR. Also, the feasible solution area for multi-
objective optimization is determined, given costs and RFI, using the sequential solution of a single-objective problem with
cost reduction as the objective and RFI as the constraint with different levels of maximum acceptable RFI. The developed
model was applied to a real substation in Iran as a test case. The results show that DR can enhance the reliability and life
expectancy of the transformer while keeping the comfort level of loads as high as possible.
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051 The increase in top oil temperature compared
to the ambient temperature at the nominal load

Ou The maximum temperature rise of top oil at
load K

0 The initial value of temperature rise of top oil
att=0

Bamb Ambient temperature

To Time constant of transformer oil at rated load

Pr Total loss at rated load

¢ Heat capacity of the transformer

n Oil exponent

k Loading ratio

R The ratio of load losses to no-load losses at
rated load

1. INTRODUCTION
1.1. Problem Statement

Power transformers are often the most expensive
components in a power distribution system. Their lifetime
depends on the conditions of the paper insulation, which
deteriorates due to heat loss, and the loss depends on the load
speed of the transformer. In unexpected situations, overloads
occur in healthy transformers of substations. The acceptable
overloads defined by standards [1, 2] are at the expense of the
transformer’s life. In a heavily used system, contingencies
with the overload time are severe, resulting in significant
wear and tear of the transformers. Therefore, it is necessary
to reduce the overload of transformers to extend their life.

Also, slight Load Factor (LF) and redundancy
requirements impair the efficiency of transformers. In fact,
transformers are generally designed and operated with a 40-
60% nominal load to maintain system reliability at a desired
level [3]. Almost one-quarter of distribution system
equipment in the United States is operated for only 440 hours
at peak loads [4]. Also, as the load increases, it is necessary
to upgrade the transformers. The conventional method of
system amplification for growing loads has high capital costs
[5]. Therefore, applications tend to increase the LF of existing
equipment [3]. Based on [6], it can be said that a distribution
transformer loses 12-15% due to aging and overload.
Therefore, it is necessary to check the basic and essential
factors affecting the load, lifetime, and operation of
transformers with new methods of monitoring the state of
transformers so that by using them, we can use the capacity
of network equipment in the best possible way.

1.2. Literature Review

A solution based on fuzzy logic is proposed in [6] to
increase the life of distribution transformers. This solution
tries to provide a good prediction for transformer loading.
Some factors, such as reverse power currents, increase in
ambient temperature, and voltage distortion, increase the
temperature of the transformer coils, thereby impairing the
transformer’s performance.

A solution to increase transformers’ life is the Demand
Response (DR) [7], which is used by changing the load in
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smart networks and shows the best performance when the
load reaches its maximum. With this method, the efficiency
of the transformer increases, and it also saves money in terms
of amplifiers. Therefore, the idea of the DR method to extend
transformers’ life is implemented in the worst conditions by
applying maximum heat to the transformer windings before
the temperature of the transformer windings rises too high.
However, this method is unsuitable for oil temperature and
the effects on the transformer. On the other hand, it does not
provide a solution for the transformer’s life. Smart meters use
DR methods to prevent customers’ excessive energy demand
and reduce the effect of the load on the transformer. These
methods provide their management programs based on the
clustered data of the smart meters [8].

This method does not provide an idea for changes in
ambient temperature, excessive effects caused by
overloading, and failure rates. In [9], the researchers
conducted various studies of the DR method on the
transformer's life, one of which was the hot spot, which was
considered a desirable method. However, they did not provide
an optimal type of DR. Furthermore, this method fails to track
the rise in the failure rate. In fact, the failure rate is important
in the reliability assessment of power systems, and a fixed
value is currently considered for it. Therefore, this
investigation gave acceptable results, but it did not positively
affect the accuracy of the failure rate because it did not
consider the heterogeneity in the component population. In
[10], a risk-based model was investigated, in which the risk
caused by different measurements was evaluated to obtain the
failure rate in the population. So, 12 power transformers were
applied, and the failure rate obtained showed the maintenance
performance. These transformers usually had a higher failure
rate over a longer period.

Online monitoring, as well as the continuous removal of
damage from oil, was used in [11] to increase the
transformer’s life and efficiency in charging electric vehicles.
Transformers, including both medium-pressure and low-
pressure ones, have been analyzed by many researchers [12].
In [13], the authors proposed a model to improve the use of
transformers by keeping the HST under certain limits using
DR.

In [14], the numerical health index of a transformer was
calculated based on six components, including insulation
resistance, the amount of water, tan 5, and dissolved gases.
These components were combined using a neural network.
The results revealed that these six components accurately
showed the health status of the transformer. This study did
not consider the transformer failure rate index, which is the
main reason for replacing the transformer. The authors in [15]
presented the health index of the studied 69-kV transformers
with the help of gas measurements in oil, oil analysis, and
aldehyde analysis in oil. Finally, due to the existing
uncertainties, the fuzzy method was used for evaluation, and
the calculated index was also fuzzy. In [16], a health index
method was provided for transformers using equipment life
criteria, equipment loading pattern during its lifetime,
periodic service and repairs, internal errors occurring in the
equipment history, substation location, transformer
manufacturer, winding insulation test, the amount of water in
the oil, insulating strength, analysis of gases in the oil, the
resistance of the coils, and the power factor of the coil.
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In [17], indicators such as insulation resistance,
inspection and routine testing of power transformers,
thermographic analyses, oil quality, analysis of undissolved
gases in the oil, periodic testing and inspection of tap changer,
tan 5, excitation current, coil resistance, and partial failure
were used to determine the remaining life or relative health of
the transformer. In [18], a method was provided for
calculating the specific failure rate for each transformer based
on its failure history, reliability measurements, undissolved
gases, and furfuraldehyde. This study was conducted on 30
transformers, and the new index was compared with previous
indices and asset management methods. In [19], a method
was presented for ranking equipment based on the need for
preventive maintenance. This rating took the initial condition
of the equipment (after the previous overhaul), operating
conditions, and environmental conditions during its operation
into account.

The researchers in [20] evaluated the effect of lifetime,
environmental conditions, and preventive and corrective
repairs on the failure rate of transformers with the help of
transformer failure and repair history information. Also, Ref.
[21] used past information on the failure rate of transformers
to evaluate their reliability for the current conditions.
However, the transformer conditions were not considered. In
summary, Table 1 provides a good comparison between some
references and the research reported in this article.

1.3. Innovation and Research Contributions

So far, no research has studied the effect of DR on
reducing the unreliability arising from transformers at
unexpected times in the case of overload. Two important
points considered in this article to accurately evaluate the
failure rate include:

Table 1: The comparison of references

RENO. ity model 09 recponte
[8.9] - - - v
[10] - - v .
[11] v - v .
[12] v - v ;
[13] - - - v
[14] v - - _
[15] v - - }
[16] v - v .
[17] v - - B
[18] v - B, }
[19] - - v .
[20] ; v v .
[21] - v v .
Proposed - v v v

1- The effect of loading on failure rate

2- The effect of special operating conditions
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In this situation, the temperature of the hot spot exceeds
the permissible limit and negatively affects the failure rate of
the transformer. These two cases are clearly the main research
contributions compared to other studies, as they have not been
considered in any of the references.

1.4. Research Purposes

This paper proposes the direct effects of DR on the
transformer using the transformer’s thermal model to
determine the accurate time of load curtailment. The dynamic
thermal model is developed based on existing standards.
Online condition evaluation is then done using the loading
and ambient temperature data, and the reliability cost is
analyzed for optimal determination of load curtailment
considering load response fatigue and demand dissatisfaction
to keep load motivation for participation in DRPs.

The contributions of this paper can be itemized as
follows:

e Employing a thermal model in studying transformer
operation considering DR

e Proposing a new method for monitoring transformer
status and load response

e Reducing the DR risk using the Response Fatigue
Index (RFI)

e Using sequential single-objective optimization with
different RFI to find the Pareto front of the solution

2. DEVELOPED MODELLING

In the developed model, the direct effects of DR on the
transformer’s loading level must be considered. The
mathematical model consists of an optimization problem to
model transformer operation incorporating DR. Then, a
thermal model of the transformer is developed based on
available standards. Finally, the transformer’s degradation
cost due to unhealthy conditions (i.e., heavy load or high
ambient temperature) is expressed using a short-term virtual
model for the failure rate of transformers, which is a function
of thermal conditions.

2.1. Optimization Problem

The objective functions are the transformer degradation
cost, incentives paid to responsive loads, and the cost of
dissatisfaction for DRs, as expressed in (1) [24]:

OF = ZLl{Costfegr + Inct,(APPR) + V. } (@)

where the first term expresses the transformer’s degradation
cost caused by the high-temperature operation, which is given
in (2) [14].

Cost®™ = (e2°97)ce vt 7
Degr-

where Cost, “"is the degradation cost due to operation in
unhealthy conditions. The term &”°9" is the loss of life, which
is explained in the next section. C¢ is the transformer’s wear-

out cost and can be calculated by (3) [25].
Cd=Cost™v/LT 3)

where Cost™ is the investment cost of the transformer, and
LT is the useful lifetime of the transformer. Also,
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Inct,(APPR) represents the incentive paid to the loads
participating in an incentive-based program. Lastly, V,
represents the load dissatisfaction due to shifting from the
desired consumption time modeled by (4). Note that the term
in parenthesis represents APPR [24].

Ve = X vPR (PI{OPR — PEF)

(4)

where vPR > 0 is defined as the load’s inelasticity parameter
[14]. The higher amounts of vP® indicate that the consumer
insists on consuming load i at the initial time. Equation (5)
gives demand response fatigue (DRF) based on [25].

ZiviDRTlgiissat

DRF =¥, nw< e ) x 100% )
where t455¢¢ js the duration of the customer dissatisfaction
due to the shifting of appliance i from the most convenient
time, T/ in a DRP. Equation (6) limits DRF to the given

amount of DRF™%* [25].
DRF < DRF™%x
2.2. Thermal Model

According to the IEEE standard [26], the temperature
rise of oil over the ambient temperature can be expressed by

(7):

dbo

(6)

T, e =8, + 6,,0,(0) = 0 (7
By solving this equation, we get (8) [14]:
0, = (0, — 6)(1 —e /T + 6, 8

where 6, is the maximum top oil temperature at load factor K,
which is determined by (9) and (10) [27].

6, = 6, (KZXR+1)n

R+1
1

©)
(10)

K =
Irated

and T, is the time constant of transformer oil at a rated load

as shown by (11) [27].

_ %n
Pfl

o (11)
According to the above information, the oil temperature

above the trans is obtained from (12) [22,31] :

Orop = (B + Oump) = (6, — 0)(1— e ET0) + 6, +

eamb (12)
For practical use to predict and make an estimation, the

above parameters in (12) are discretized using the Euler

method as shown in (13) [17]:

abolk] _ Bolk]—Bo[k—1]

at Aty

(13)

where At is the sampling period. Equation (13) can be written
as (14) [23]:

o ()
T L

0 90 [k _ 1] + 1l rated
To+At To+At R+1

0,[k] = (14)

If the load is close to the nominal load or more precisely,
R>1, (15) and (16) can be used [23].
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2n

Bu =? efl (Iralted) (15)
K 2n

oulkl == 5 (L) (19

Using the above equations, the following model can be
extracted by (17) [23]:

_ T _ Atopy ( 1[k] \*" _ _
0ok = To+At Oolk — 1] + To+At (Imtgd) = Kiolk
1] + K, I[k]*" (17)

To use the above equation, we must estimate parameters
K1 and K and, subsequently, T, and 5. For this, since K; and
K2 seem to be linear, the least squares method can be used
(n=1). In fact, state n=1 corresponds to the Oil Forced Air
Forced (OFAF) cooling system. According to the definition
of 6,, the top oil temperature can be expressed as (18) [25]:

Htop = 90 + Qamb (18)

According to (17) and (18), the top oil temperature can
be written as (19) [25]:

Htop [k] = K, (etop [k —1] = Ogmp[k —1]) + Kll[k]zn +
Gamb [k] (19)
2.2.1. Improved model

Since the model cannot follow the dynamics of the
ambient temperature, the relationships must be modified.
There are lots of modified models to include dynamic thermal
models in the literature, but there are no easy-to-use
correction factors, e.g., the effect of the coolers’ thermal
resistance and top-oil and hot-spot gradients. For example,
the authors in [28, 29] have proposed a simple model for the
thermal monitoring of Oil-Directed Air Forced (ODAF)
transformers. In this paper, (18) replaces (7), and (20) is
obtained for dynamic condition consideration [26].

T, Beop = _Btop + Ogmp + 6y (20)

dt
whose parameters are similar to (7). When this equation is
solved, it results in (21) [30]:
Htop = (gu + Hamb - etop,i)(l - e_(t/TO)) + Btop,i (21)

The discrete form of (21) can be expressed as (22) [26]
in which R, To, and 6q are defined by (23), (24), and (25),
respectively [26]:

K
-1 23)
K, At
To = 12—Kz (24)
To (K1 +K3)
On =" (25)

2.3. Variable Failure Rate Depending on the
Temperature

According to the estimated models, the hot-spot
temperature can be obtained and used to extract the duration
of occurrences of unauthorized temperature in the hot spot
during the equipment’s lifetime. In this way, a model for the
transformer failure rate is presented in this study by (26) [26].
DU
s i (26)

=1+
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2.4. Degradation Cost

The term & °9" in (2) represents the degradation
coefficient, which is related to the transformer’s failure rate
as (27) [18]:

P =+ (- @7)

According to (27) and (2), the value of a transformer falls
to n times its annualized cost as the failure rate equals zero.
On the other hand, it decreases with the growth of A,. Using
the results of the previous parts, an algorithm can be obtained
for the optimal loading of the transformer. The lost lifetime
index (LOL) is one of the important indices in evaluating the
results of such modeling, which is defined according to (28)
[32].

Faai
LOL% = ¥I_; ~72- % 100 (28)

where F,, is the definition called the aging intensity
factor and is defined as (29), and 6, is the temperature of the
trans hot spot. Also, NIL is the transformer’s normal
insulation lifetime provided by its manufacturer [32].

We assume that the load curve and ambient temperature are
known. The goal is to find the maximum coefficient that, if
multiplied by the load curve, the oil temperature and the
temperature of the hot spots, as well as the amount of lost
life of the transformer, do not exceed the permissible limits.

Using the results, we can propose an algorithm to
calculate the productivity, which is specified in Fig. 1. The
algorithm should determine the maximum delivered peak
load (maximum load factor) of the transformer according to
the limitations. It should also calculate the temperature of the
oil above the transformer, the temperature of the hot spots,
and the amount of lost life of the transformer hour by hour.
The inputs of this algorithm are as follows:

1- Load and temperature curves and thermal limitations
and the maximum allowable life that is lost

2- The coefficients of the model obtained from the
loading data in the previous days

The output is as follows:

1- Displaying the maximum load factor (F) and the
maximum load that can be delivered by the transformer;

NIL NIL
Fys = exp ([g] - [9H+273D (29) 2- Calculating oil temperature and temperature of hot
T _ At AtBﬂR I[k] Até’efl _ 2 _ _
Brop = ez Otop [k = 11+ 2 Oamp ] + s () o+ iy = Kl TKI? + (1= K2) Oy [K] + KB [
1] + K, (22)
/ Take the thermal /
limits from the input

Y

'?ake ambient
temperature, load and
oil temperature at any

moment

/

Va

/.

Y

oil temperature

Calculate hot spot temperature and

Oil temperature and

within the permissible
range?

NO
A 4

decrease the load by

2%.

Y

temperature of hot spots

Show the
maximum allowed
load

Study time is over?

YES
Y

Increase the load
YES% by 1%.

Calculate hot spot temperature, oil
temperature and amount of lost
life for the obtained load curve.

Fig. 1: Prediction flowchart of the maximum transferable load of the transformer.

94



A. Moghadami et al.

Journal of Applied Research in Electrical Engineering, Vol. 3, No. 1, pp. 90-98, 2024

spots and the amount of the lost life of the transformer
according to the obtained load factor;

For a better understanding of the issue, Fig. 1 displays
the flowchart of the algorithm for predicting the maximum
load that can be delivered by the transformer.

3. NUMERICAL STUDIES

The numerical studies consist of two main parts: testing
the prediction model to prove the proposed thermal model
and conducting case studies for DR analysis and optimal
solution area for two objective functions.

3.1. Prediction of Top Oil Temperature

There are several models for predicting the temperature
of transformers, which can be used according to the
coefficients given by the transformer manufacturer and the
information that is measured. However, most of these models
require measurements that are not usually done, or the
information is unavailable. As a result, they cannot be used in
practice. Variables that are typically measured are ambient
temperature, transformer top oil temperature, and load. In this
section, using these data, we obtained a model for predicting
the oil temperature in the next moments. Then, using the
model obtained, we predicted the temperature of the hot spots
for the next moments. To evaluate the model, we used the
load and temperature data of a 180-MVA, 230/63-kV
transformer with OFAF cooling made by Toshiba located in
Ghorkhane Station between July and March 2013. The capital
cost of this transformer was considered 8 M$, and the
parameter i was considered 0.5 while Ainj was considered 1.

These data are manually recorded hour by hour in offices.
The data was transferred to MATLAB software, and these
data were processed. An example of data for 1000 hours of
loading in the time interval from July 26 to March 4 is shown
in Fig. 2.

The simulation results and the measured values with the
improved model are shown in Fig. 3. It can be seen that, in
this case, the model could respond to the variation of ambient
temperature and load. The error values of RMSE=1.36, and
the maximum error is Max Error = 3.5°C.

As can be seen in Fig. 3, the transformer thermal
modeling method used in this paper was able to predict the
temperature of the transformer oil well. In Fig. 3, the
predicted temperature from the proposed thermal model is
shown in red color. It can also be seen that the blue lines,
which are the actual temperature of the transformer oil, have
a slight difference from the red lines, and as the yellow lines
show, this difference is a value of zero. Finally, all these
comparisons express the accuracy and efficiency of the
thermal model proposed for the transformer in this article.

3.2. Case Studies

The hypothetical loading profile and ambient
temperature for the horizon of 760 hours for the current
problem were considered as depicted in Fig. 4. Two case
studies are presented in this section to show the effect of DR
on the transformer operation as follows:

e Casel: Operation without DR
e Case2: Operation with DR
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Fig. 3: Prediction with the improved model.
3.2.1. Casel

Fig. 5 depicts the predicted oil temperature, while the
horizontal line is the limit of allowable temperature. As can
be seen in this figure, the permissible temperature of
transformer oil during the 760-hour period under
investigation was higher than the threshold of 90°C in most
of the hours, which is shown by the black horizontal line in
Fig. 5. The reason for this issue is that the transformer is not
used optimally, and the transformer loading is considered in
the first case when the DR program has not yet been
implemented.Also, as the results of Table 2 show, the cost of
transformer failure is 0.0143 million dollars, which is
obtained because the transformer is operated in suboptimal
conditions. Therefore, if it is possible to optimize the
operating conditions by using DR programs, this cost can be
reduced. In the next case, the effect of the DR program has
been examined.

3.2.2. Case?2

The result of changes in the objective function in terms
of the maximum value of the acceptable load response fatigue
constraint is drawn in Fig. 6. From Fig. 6, it can be concluded
that if the maximum response fatigue index exceeds about
5.5, no improvement in the cost objective is achieved. Hence,
the Pareto solution area for the problem is the area in the
depicted rectangle. As the cost function is the main objective,
the maximum optimal value for RFI™ = 5.5 is selected in
this case study. In this case, 0.18 $/MWh is considered the
incentive for 20% of loads participated in DRP. The results
of Case 2 are presented in Table 3. As can be seen in Table 3,
the degradation cost of the transformer decreased to 0.0090
million dollars. The reason for this reduction was the
implementation of the DR program, which optimized
transformer loading. Of course, this work was done by paying
a 0.000414-dollar incentive to the subscribers participating in
the DR program and paying a 0.000054 dissatisfaction fee to
the subscribers who did not participate in the plan. The total
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Fig. 6: The cost objective function value relative to the
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Table 2: The costs for Case 1(M$).

Degradation cost of transformers 0.0143
Incentive paid to responsive load 0
Dissatisfaction cost 0
Total cost 0.0143

Table 3: The costs for Case 2 (M$).

Degradation cost of transformers 0.0090
Incentive paid to responsive load 0.000414
Dissatisfaction cost 0.000054
Total cost 0.0095

cost, as seen in Table 3, is $0.0095 million. This cost is
significantly lower than that in Case 1 due to the
implementation of the DR program. The results in Table 3
versus Table 2 revealed that with very low cost paid as the
incentive, a great operation cost reduction can be obtained as
degradation cost. Fig. 7 depicts the predicted oil temperature
with DR As shown in Fig. 7, unlike Fig. 5, the amount of
transformer temperature fluctuations in all 760 hours studied
is below the threshold limit of 90°C. This reduction is due to
the implementation of optimal operation of the transformer
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and the management of the transformer load during
operation. In order to check the validity of the results of this
article, they were qualitatively compared with those of a
similar article. The results in that article were examined in
two cases, with the DR and without it, as presented in Table
4.

As can be seen, after implementing the DR program with
the modeling method proposed in this article, the LOL rate
decreased from 0.0102 to 0.0056, which indicates the
effectiveness of the DR method and also the accuracy of the
RLS thermal model. Also, compared to reference [33], the
DR method in this article managed to perform better; that is,
it increased the LOL index from 0.00692 to 0.0056.

4, CONCLUSION

In this paper, the heavy-load and high-temperature
conditions for power transformers were alleviated by DR.
The standard thermal model for power transformers based on
loading level and ambient temperature was used to investigate
the effect of DR programs on the hot spot temperature. On the
other hand, a temperature-related failure rate was developed
to accurately measure the amount of DR effect on transformer
healthy operation. To prevent DR application being tedious
for loads, the DR fatigue index was also considered an
objective function, and the proposed multi-objective
optimization was solved by putting RFI as a constraint with
different values. Also, as this article showed, by spending
0.0005 million dollars to implement the load response
program, the degradation cost of transformers can be reduced
by 33.5664%. This reduction shows the capacity of the
method proposed in this article for the optimal use and
thermal modeling of the transformer. Hence, the Pareto front
of the objective functions was obtained. Numerical studies
prove that the proposed method can allocate the DR programs
for transformer life extension. On the other hand, the
implementation of the DR program in transformers has
caused the percentage of the transformer’s loss of life to
decrease significantly so that the LOL percentage decreased
from 0.0102 to 0.0056. It means that the lifespan of the
transformer was improved and increased by about 45%.
Finally, it can be said that the important results obtained in
this article are as follows:

e The positive effect of implementing the DR
program in reducing transformer failures

e Increasing the lifetime of transformers by
implementing DR programs

e Reducing the temperature of transformer oil and
less need for periodical repairs due to the
implementation of DR programs
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Table 4: Comparison of the amount of LOL of the

transformer.

Without DR
Maximum load Hot spot LOL index  LOL index
can be delivered  temperature in [33] (%) this paper
(pu) ©) (%)
1.65 115 0.00726 0.0102

With DR
Maximum load Hot spot LOL index  LOL index
can be delivered  temperature in [33] (%) this paper
(pu) © (%)
1.6 110 0.00692 0.0056

Future researchers are suggested to use the interest rate
and the inflation rate to perform economic calculations from
a long-term perspective for the economic analysis of the
effects of the DR program on the cost of transformer repairs.
In addition, this study addressed the effect of consumption
time programs for a certain percentage of times, so it is
suggested that the percentage of participation be considered
as one of the optimization variables in future research.
Finally, due to the direct effect of ambient temperature on oil
temperature, it is suggested that the design of load response
programs be taken into account with regard to ambient
temperature changes during the day.
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Abstract: Renewable energy sources are particularly important in clean energy transitions and must be
considered in Generation Expansion Planning (GEP) problems due to low cost, ease of installation, and ability
to implement Demand Response (DR) programs. However, challenges such as the stochastic nature of
renewable energy sources, consumer unawareness regarding participation in DR programs, and difficulties
in integrating some resources have posed challenges to the use of these resources in the GEP problem. This
paper addresses these challenges by using the Weibull distribution function to model wind power plants’
uncertainty and rewards and penalties to motivate consumer participation in the GEP problem. To achieve
these objectives, initially, the adequacy assessment of the generation system is performed analytically using
the reliability index, which includes Expected Energy Not Supplied (EENS), considering the forced outage
rate of generators in the DIgSILENT power factory through Python programming. Subsequently, an
optimized GEP model is presented to enhance the generation system's adequacy against short-term demand
for the next year. In this model, wind farms and the DR program are integrated and optimized using the
genetic algorithm, employing Python programming. The genetic algorithm selects the humber of existing
turbines in the wind power plant and the level of consumer participation needed to reduce the EENS to the
desired value at the minimum cost. Validation of the proposed model is conducted on a 9-bus network. The
strength of the presented method lies in its applicability to real-world networks modeled in the DIgSILENT
Power Factory.

Keywords: System adequacy assessment, generation expansion planning, wind power plant, uncertainty, demand response,
reliability.
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sufficient capacity to meet the load demand at any given
moment to ensure the reliability of the power system [1]. To

Electricity as one of the vital energy sources plays a achieve reliable generation for the demand sector, it is
significant role in meeting the daily needs of modern society necessary to first assess the adequacy of the generation
and ensuring the future development of humanity. Given this network to obtain information about its capability to meet the
issue, the generation segment of the power system must have demand load for the desired horizon (e.g., short-term, such as
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the upcoming year). After obtaining sufficient information, a
Generation Expansion Planning (GEP) model is employed to
address production shortages [2]. In this regard, it is
preferable to utilize renewable energy sources and/or demand
response programs in the GEP model, as both are proposed
solutions for environmental sustainability in the future [3, 4].
The deployment of renewable resources and demand
response (DR) programs, due to their environmental benefits,
lower costs, and rapid implementation capabilities in short-
term horizons, is a highly suitable solution for balancing
generation and consumption. However, it comes with
challenges that require special attention. Failure to address or
adequately model these challenges may result in additional
costs or network outages [4, 5]. Regarding wind energy

utilization, wind speed exhibits random and variable behavior.

Additionally, people lack the necessary awareness to
participate in the generation sector in DR programs.
Therefore, the use of these resources in generation
development planning faces challenges that must be
addressed with appropriate methods [6-8].

Another challenge facing power system planners is the
large-scale dimensions of power grids, which complicates the
optimization of generation planning considering practical
parameters and constraints. In such cases, simplifications are
employed, and results are extracted [9]. If a method can be
implemented on industrial software where the entire power
grid at the national or regional level is fully modeled, more
realistic results can be provided, thereby reducing future
challenges and additional costs imposed on the network. The
efficiency indices of power generation can be calculated
using deterministic or probabilistic methods. As renewable
energy sources and flexible load demand increase gradually,
the priority has shifted from deterministic methods to
probabilistic ones [10]. Probabilistic methods for assessing
adequacy indices are divided into two main approaches:;
analytical methods and Monte Carlo simulation. Power
system adequacy is determined based on the actual presence
of power generation units when they are available and capable
of generating electricity, as well as during failures or
unplanned outages [11]. For adequacy evaluation, the
analytical method, if conducted using precise and appropriate
models, can provide accurate results with power generation
adequacy indices. On the other hand, the Monte Carlo
simulation method requires a large number of iterations to
achieve more accurate results and typically demands
significant computational time, especially when applied to
large-scale systems [12]. Therefore, adequacy assessment and
generation expansion planning are vital components of the
energy infrastructure for modern society, and if not properly
evaluated and planned, society will face serious challenges.
In reliability assessment, the study of generation adequacy
focuses on the system's ability to meet the requested load
demand without considering the transmission line facilities
and distribution system [13]. After evaluating the adequacy
of the network, any future shortages should be addressed
through generation expansion planning. In reference [14], the
optimization problem of generation expansion planning has
been modeled using the General Algebraic Modeling System
(GAMS). The GEP problem involves determining the optimal
investment in the generation network with various objectives
such as maximizing profits, minimizing production costs,
reducing outage costs, and increasing the share of renewable
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energy resources [15]. In [16], a mathematical model is
presented for the optimal measurement of energy storage in
GEP for old systems with high penetration of renewable
energies to increase production. Also in [17] wind turbine
uncertainty and demand response are considered only for the
transmission system and the production sector is not
considered. Therefore, other suitable approaches can
contribute to improving generation planning alongside the
use of renewable sources to enhance short-term adequacy.
These approaches not only reduce costs but also increase the
flexibility in meeting the required load at any given moment.
One of these solutions is peak load reduction, where Demand
Response (DR) serves as a cost-effective resource, improving
system adequacy [18, 19]. Furthermore, in [20], demand
response (DR) programs and renewable energy sources have
been utilized to enhance network resilience in coping with
potential disruptions to input energy carriers, only on a daily
basis (one or a few days ahead), optimal planning has been
performed. However, in the development of production
studies, planning should be done annually (short-term,
medium-term, long-term). In [21], thermal generators with
similar characteristics are clustered together using clustering
techniques. Each cluster shares information among its
members and exchanges power, enabling the improvement of
power generation adequacy. Furthermore, in [22], energy
shifting to periods with lower demand has been utilized to
improve adequacy. To achieve this, battery systems are
employed to store energy during low-demand periods using
the Monte Carlo method.

Based on the above statements, the efforts made by
others to improve efficiency indicate that these resources
alone are insufficient in increasing efficiency. Therefore, this
article simultaneously utilizes two key sources, namely wind
power plants and a DR program. To address the stochastic
nature of wind speed, the Weibull distribution function has
been employed to model the uncertainty of wind power plants.
In addition, in the DR program, tools such as rewards are used
to encourage consumer participation to participate with the
production sector in the proposed GEP model. This model
integrates wind power plant and DR program by using a
genetic algorithm. The genetic algorithm works in such a way
that what percentage of the contribution amount that the
consumer can have, along with how many of the existing
turbines of the wind power plant, can be chosen so that the
EENS is reduced to the desired amount with the minimum
cost. The proposed GEP model provides the most optimal
mode to the planners so that the planners can make the right
decision to increase the network adequacy in the present and
short term.

Furthermore, to ensure the practicality of the proposed
method, the implementation approach of the proposed
method on real-world networks modeled in the DIGSILENT
software has been emphasized.

As can be seen in Table 1, past works in the GEP model
have not fully evaluated the production adequacy and only
renewable resources have been used. But in this article, in the
first step, the network adequacy has been investigated. Due to
the high importance of Demand Response (DR) due to its
cost-effectiveness and zero environmental pollution, it has
been added to the GEP model alongside wind power plants.
Additionally, in this paper, Python software and DIgSILENT
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Table 1: Summary of reviewed articles.

Adequacy assessment

Consider demand response

Generation Expansion Planning

Reference EENS Solution method rerﬁ/lvr;%le OprtTi]r;ihzg(tjion
energy source
[3] * MILP
[4] *
[11] * Analytical in Python
[13] * MILP
[14] * MILP
[15] * Gurobi
[16] *
[17] *
[18] *
An Analytical with
In this article  * proglragr;hrg?ng in * * GA
DIgSILENT

are linked to facilitate computational development. This
capability is provided in any real industrial network.

The organization of this paper is as follows: In Section 2,
the research methodology is introduced. Section 3 describes
the results and simulations. Section 4 discusses the
conclusions.

In summary, the innovations and contributions of this
paper are as follows:

1- This article evaluates generation adequacy using
analytical methods with Python programming in
DIgSILENT.

2- Simultaneous use of wind power plant and load
response programs to implement the generation expansion
planning (GEP) to improve the adequacy of the generation
system in the short term.

3- The use of genetic algorithms in GEP.

2. METHODOLOGY

In this section, the formulation of indices for evaluating
adequacy, uncertainty, and wind power generation capacity,
as well as the development planning of the power plant, is
presented.

2.1. Modeling the Adequacy Evaluation Index

In [21, 23], the reliability index (EENS), which is used to
assess the adequacy of generation, has been examined.

2.1.1. Expected energy not supplied (EENS)

This index indicates the amount of energy that is not
supplied by the electricity generation system in the event of a
power outage. Energy non-supply can lead to significant

damages and losses for customers and even society as a whole.
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The formula for calculating this index is based on the total
expected energy that is not supplied under specific conditions
and the probability of occurrence of these conditions, along
with the unit of energy measurement and the number of
specific conditions. By using this index, the amount of lost
energy and the damages associated with power outages can
be estimated and analyzed.

EENS =T * YiesCip; 1)

In (1), c; represents the capacity that has a probability p;
of not being met within the time period T.

2.2. Wind Power Plant Model

2.2.1. Considering the uncertainty of the wind power plant
with the Weibull distribution function

The Weibull distribution is utilized to study and analyze
wind characteristics at wind sites. This distribution is well-
suited to the wind speed distribution under specific conditions.
Therefore, by using the Weibull distribution, the wind power
generation at wind sites can be estimated, and wind
characteristics can be investigated. The probability density
function (PDF) of this distribution is as follows [24, 25].

filn) =E Qe " @

In (2), k represents the shape parameter, and c represents the
scale parameter.

2.2.2.  The relationship between the output power of the
wind power plant and the wind speed

The relationship between the power output of wind
turbines and wind speed is depicted in Fig. 1. The
mathematical equation can be expressed as follows [26, 27].
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Performance
v region 2

Performance
region 1 ¥

Power Output

vy

Wind Speed
Fig. 1: Power curve vs. wind speed curve showing the
overall cost of wind turbines in a wind farm per year.

0 o<V <V,
JU+BV +CVR) Py, VSV <y
Pr= 3)
Pr V<V <V,
0 V=V,

In (3), V represents the wind speed variable, V; is the cut-
in speed at which the wind turbine begins generating
electricity, Vy is the rated speed at which the wind turbine
produces maximum power, Py is the rated power of the wind
turbine, and V,, is the cut-out speed, beyond which the wind
turbine stops and does not generate any power.

The constants A, B, and C are obtained using the following
equations:

1

= 4
VI=VRWVI+V R -4V IVR) Ly B)?) @)
1 Vi+v
= oy 4+ V)5 % = 30V, + V)l (5)
_ 1 _ VI+VR\3
= ooy 2 =405 (6)
2.3. Power Plant Development Planning
2.3.1.  Objective function

The total cost (Ciprqr), Which is used as an objective
function to reduce costs (wind turbine, expected energy not
supplied, demand response), is expressed as the main
objective as follows:

Ciotar = Cwi + Cpns + Cpg
2.3.2. Cost Model for Wind Farm

()

To calculate the cost of wind turbines in a wind farm, a
cost model introduced in [28, 29] is employed. In [28], the
model assumes that with an increase in the number of turbines
(nwe), the cost per year for the turbines decreases, and the
maximum reduction reaches one-third of the turbine cost.
(Cost,,) represents the cost of one wind turbine per year.
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2 1 _ 2
Cost=n,, (§+ge 0.00174nwt)

®)
©)

Costioea) = Costy X Cost

2.3.3. Energy Not Served Cost

A generating unit may experience outage due to
unforeseen failures, referred to as Forced Outage Rate (FOR).
This rate represents the percentage of time that a generating
unit is unavailable due to unexpected failures. Due to the
forced outage rate of generating units and based on demand
and available reserves, a portion of the energy demand may
not be met. This portion is referred to as Energy Not Supplied
(ENS). Its formula is as follows:

Cens = Yt=1 Costgys, X ENS,

2.3.4.

(10)
Demand Response Cost

In the demand response cost formula Cpg represent the
amount of power that consumers can actively participate in
demand response management. This amount is typically
expressed as a percentage of the total consumed load. Here,
DR, indicates the amount of power that consumers can
reduce in a participatory manner, up to 30% of their load or
equivalently, the capacity that is saved through consumer
participation in demand reduction.

In this context, Costpy represents the cost per megawatt
of reduced power that the electricity producer receives from
consumers' participatory reduction. Therefore, the set of costs
Cpg in this formula represents the expenses related to
consumer participation in load management and power
reduction.

CDR = COStDR X DRlevel X Loadpeak (11)

2.3.5. The decision variable

In this article, the decision variables in power plant
development planning include the number of wind turbines
(n,¢) and the level of consumer participation (DR ye;) in the
power generation network.

2.3.6.  Constraints in the problem

The power range of wind turbines (p,,;) and the demand
response level (DR, ..;) are constrained by (12) and (13), and
the reliability model range in (14) is provided.

Pwt <Lx PeakLoad (12)
DRLevel =nX PeakLoad (13)
EENS < EENS, 45 (14)

2.4. Proposed Methodology Flowchart

The generation of the GEP model's performance
flowchart is depicted in Fig. 2. This model, informed by the
adequacy assessment data, evaluates the system's capacity to
meet the demanded load. Employing a genetic algorithm in
Python, it strives to balance generation and demand in the
short term (next year) by integrating wind energy and demand
response programs.



H.R. Safaetal.

Journal of Applied Research in Electrical Engineering, VVol. 3, No. 1, pp. 99-109, 2024

. Demand response input data:
The cost that the generation unit
pays to the consumer in exchange

| . Input network

Fr———
* Power plant develop

=
The GEP model includes a maximum
of 50 wind turbines from the desired I
l wind farm alongside a maximum 30%
participation of consumers with the
I generation section

Fig. 2: Flowchart of

3. RESULTS AND SIMULATION

In this section, the examination of the given data
(including network type, generators, required software, and
system specifications) and simulation for validating the
proposed method have been addressed.

3.1. Introduction of Test Network and Production
System Model

Using the analytical method, the adequacy of generation
units has been evaluated under normal conditions (without
forced outages) and based on their forced outage rates. Only
generation units and loads are considered in the adequacy
assessment, while transmission lines and distribution
networks are not taken into account. In this paper, the IEEE
9-bus test system with a peak load of 900 megawatts (Fig. 3)
has been utilized in DIgSILENT. The generators in the
network under study are listed in Table 2.

ssss

Fig. 3: The 9-bus test network model in DIGSILENT

r-———

the installed generators, FOR, Peak - I

Calculation of generation system I
adequacy with equation (1) [

P —

i If EENS< EENS,,.x

" -
data: The power of E Wind power input data:
Wind speed data, specifications of

wind turbines

load |

Calculating the power of a wind |
I turbine from the desired wind
. farm, using equation 3, taking
' into account the uncertainty of

ment planning based on [

the data obtained from the generation
i system adequacy assessment. [

I Solve GEP model with equations I
(7)-(14) using GA

_____ |
[

the proposed GEP model.

Table 2: Generator specifications and their forced outage

rates
. . Generating Forced Outage
Generating Unit Capacity (MW) Rate (FOR)
Gy 202 0.04
G, 200 0.02
G3 250 0.01

3.2. Required Software and Systems

Simulations were conducted using Python in the system
whose specifications are provided in Table 3 for the short
term (one year).

3.3. Simulation Results Related to Adequacy
3.3.1.  The value of Expected Energy Not Supplied (EENS)

The load duration curve consists of three parts (base,
intermediate, and peak load), as shown in Fig. 4, where all
power plants are online but the generation network still has a
shortfall of 248 megawatts. The unmet energy is examined in
Table 4 for both cases of no generator outages and individual
generator outages.

1
ENS =t x E(Loadpeak — Poweryepe) = 47.310769

EENS = ENS * q1q,q5 = 44.06487198 (MWh/Year)

Table 3: System specifications

System Model P553UJ

Processor Intel(R) Core (TM) i5-6198DU CPU@
2.30GHZ (4CPUS), ~2.4GHZ
Memory 819MB RAM
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Fig. 4: Load continuity curve in terms of perionite.

Table 4: Results of expected energy not served for the initial network.

out ofiflar;/?s\llty (cD) Probability (p;) t EENS | = t; * Z Py
ieS
0 0.96x% 0.98 x 0.99 = 0.38153546 44.0648719754
0.931392
202 0.04 x 0.98 x 0.99 0.69230769 5.427143327
= (0.038808
200 0.96x 0.02 X 0.99 = 0.68923076 2.620179657
0.019008
250 0.96x 0.98 X 0.01 = 0.76615384 1.801993832
9.408 x 1073

Z EENS; = 54.8393514092

[} 8 10 12 14
wind_speed

Power wind turbine(P,, )=, Py, X P(V)
P,,(=0.9MW

Fig. 5: Average annual power of each wind turbine considering wind speed uncertainty.
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3.4. Results of the Wind Power Plant

Wind speed data has been collected by a meteorological
station. Considering the specifications of the wind turbine
provided in Table 5, the average annual power of each wind
turbine (py:) has been obtained, taking into account the
uncertainty of wind speed with the Weibull distribution
function as shown in Fig. 5. Its value is equal to 0.9 MW.

3.5. Data Related to the Generation Development

In this section Table 6, the information regarding the
wind turbine, including the wind turbine investment cost
(Cost,), energy not served cost (Costgys,), demand response
(Costpg), is provided.

3.6. Simulation Results

Simulation in a 9-node network, as depicted in Fig. 3, has
been conducted as follows:

First, the network adequacy in the current state is
evaluated in scenarios with and without the generator's exit.
Based on this evaluation, the Expected Energy Not Supplied
(EENS) is determined. Therefore, after gathering information
about the current state of the network, necessary measures
have been taken to improve and enhance the network
adequacy in the current and short-term periods. These actions
have been carried out using the proposed GEP model, as
shown in Fig. 2. The model integrates wind power plant and
Demand Response (DR) program using the genetic algorithm.
The genetic algorithm considers two factors: firstly, Table 6
which includes three costs (the reward cost given to
consumers for participation, the installation cost of each wind
turbine, and the cost of unsupplied energy); and secondly, the
maximum participation power of the consumer, which is 83%
higher than the total participation power of wind turbines. In
the proposed GEP model, the genetic algorithm operates by
determining what percentage of consumer participation,
along with how many of the existing wind turbines in the
wind power plant, should be selected to reduce the EENS to

Table 5 :Wind turbine specifications.

Technical specifications of the 2-megawatt Samen (AV928) wind
turbines under license of the Avantis Energy Germany.

Startup speed 3m/s
Rated speed 9m/s
Cut-off speed 20m/s

Table 6: Costs (wind turbine, EENS, and demand response)

Cost, 1624000 ($/MW)/25
Costgys, 5.5*%1000*8760 ($/MWh)
Costpp 2*1000*8760 ($/MWh)
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the desired level with minimum cost. The results in Table 7
show information about various scenarios of consumer
participation along with the participation of wind turbines,
along with the costs associated with these scenarios. And the
reduced EENS values resulting from these participations are
displayed in Table 8. In Table 8, the first column indicates the
number of generator outputs, where column A represents the
amount of power shortage in the current network state
without generator outputs, and G, to G, are the generators
removed from the network. The EENS results in Table 8 are
presented under two conditions. EENS; to EENS,
correspond to participation scenarios, and EENS,, represents
the scenario without participation. In the power generation
system, the baseline load is set equal to the capacity of the
generator that exceeds that of the other generators. In this
regard, the maximum total participation of consumers and
wind power plant is set to be greater than or equal to the
capacity of the fixed generator Gz, which produces more
power compared to generators Gi and Gz ( Fjen,,, <

Poaximum contrivution) - 1N Table 7, the total power of
participations corresponding to scenarios 1 to 5 fails to meet
this condition. The results in Table 8 (EENS, to EENSs)
indicate that, considering the participation limits set in
scenarios 1 to 5, the combination of maximum consumer
participation along with wind turbines by the genetic
algorithm within this range does not satisfy the condition
( EENS; < 4MWh ). However, the total power of
participations corresponding to scenarios 6 to 9 satisfies the
condition (Pyen,,. < Pmaximum contribution)- The results in
Table 8 (EENS, to EENS,) indicate that, considering the
participation limits set in scenarios 6 to 9, the combination of
consumer participation with wind turbine participation by the
genetic algorithm within these ranges satisfies the condition
( EENS; <4MWh ). The costs associated with these
participations in Fig. 7 indicate that they are higher compared
to the EENS cost in a year without participation. To ensure
that participation in the production sector is profitable,
considering that the consumer participation cost is
significantly higher compared to the wind turbines, it has
been reduced by 42.5%. Based on the new cost for consumer
participation, Table 9 re-evaluates the participation scenarios
corresponding to scenarios 6 to 9 that satisfy the condition
(EENS; < 4MWh). The proposed model selects the best
participation mode for each constraint based on their
participation scenarios with the minimum cost, and Table 10
displays the EENS values related to the new participations
where the condition (EENS; < 4MWHh) is satisfied. In Table
9, the participation range (n=46, i=23) determined by the
proposed GEP model is the optimal mode. Considering the
newly obtained EENS values (shown in Fig. 6 and Table 10),
it can be observed that the condition (3.91MWh < 4MWh) is
satisfied with the minimum cost within this range. In scenario
2, power production is more profitable compared to other
scenarios in Table 9. The costs of all scenarios are compared
in Fig. 7.
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Table 7 :Comparison table of the results of the participation of the number of wind turbines next to the participation of the
consumer, considering the total costs for improving the adequacy of the electricity generation system

Scenario Pyen, . (MW) Ppaximum contribution(MW)  The maximum number of Total cost Number Consumer
=(nxPy) + turbines (n) and the maximum of wind  participation
Pyen, ., (MW) (DRleveli X Loadpeak) load participation percentage (i) turbines percentage
< Pmaximum contribution Acc. to (12) and (13)
- n=10
1 9+90=99 i 10% 2878713513 10 10
_ n=30
2 27+90=117 i =10% 2711209422 30 10
- n=20
3 18+180=198 i = 20% 3541154965 20 20
- n=230
4 27+180=207 i = 20% 3498372560 30 20
- n=>50
5 45+180=225 i = 20% 3426020585 50 20
_ n=30
6 27+270=297 i =30% 4041727163 29 24.4
7 45+270=315 _n_= 5(? 3933851414 47 23
250 i=30%
— n=10
8 9+270=279 i =30% 4294743428 9 26
9 18+270=288 =20 4295942587 16 26.11
i=30%
Table 8: EENS results considering wind turbines and demand response.
Generator ~ Capacity EENS, EENS, EENS; EENS, EENSs EENS, EENS, EENSg EENSy, EENS,, EENS;
exited outed (MWh) < EENSyax
(Mw) = =t
G * Z CiPi
i€esS
A A (No 19.14 16.06 2.92 2.22 1.08 0.056 0 0.0002 0.0016  44.064
exit
gen)=248
A,Gyq G;=202 23.51 20.18 5.70 4.88 3.52 2.12 1.96 1.97 1.98 50.109
A,G4, G, G,=200 25.62 22.18 7.04 6.17 4.70 3.12 2.9 2.92 2.94 53.044
A,Gy,G,,G3  G3=250 26.99 23.48 7.99 7.09 5.56 3.88 3.63 3.65 3.67 54.839 EENS ;
< 4MWh

Table 9: Comparison table of the results of the participation of the number of wind turbines next to the participation of the
consumer, considering the total costs for improving the adequacy of the electricity generation system (Based on the new cost

of consumer participation).

Scenario Pen, . (MW) Prnaximum contribution (MW) The ma_ximum number of total cost Num_ber Consumer
=(nNX P, + (DRleveli X turbines (n) and the of wind participation
Pyen,,,. (MW) Loadpeak) maximum load participation turbines percentage
< Praximum contribution Acc. to (12) and (13) percentage (I)
1 27+270=297 In:::,)g&) 2486809821 29 254
2 45+270=315 i 2279302873 46 23
3 250 9+270=279 Inzzségo 2551641219 9 26
4 18+270=288 |2;§30 2573663747 18 26
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Table 10: EENS results considering wind turbines and demand response (Based on the new cost of consumer participation).

Generator Capacity outed EENS; EENS, EENS; EENS, EENS 5 EENS ; < EENS ;0%
exited (MW) = ¢ (MWh) = ¢, * Z iy
i€es
A A (No exit 0.0 0.06 0.05 0.0 44.064
gen)=248
A,G, G,=202 1.93 2.15 2.13 1.92 50.109
AGy, Gy G,=200 2.86 3.15 3.13 2.84 53.044
A,Gy, Gy, Gs G3=250 3.58 3.91 3.89 3.56 54,839 EENS ; < 4MWh
EAA(No exitgen) EA,G1G1=202 A,G1,G2 G2=200 A,G1,G2,G3 G3=250
K=
S
=
Fig. 6: EENS results for different modes (Based on the new cost of consumer participation).
62.53% 62.57% Percentage Changes
60 1
52.92%
-4
% 204
E 10
N -5.88% = 2:47%
7 «13.73%
b_;\“ ‘ ":,;0‘0' ‘ .\'G’P ‘ '5\" ‘)P;s\“ ‘ q,{,;\*‘ ‘ ‘_\Sg\" ‘q";\"
o & & o o,/q N . . ‘\,;\, » < e’/hb - o//q & ‘(/\’q, N

P
&

<<

Scenarios related to participation

Fig. 7: Comparing the results of the participation costs of the proposed GEP model with the EENS cost in the non-participation
mode in a year.

4.  Conclusions

In this article, a proposed GEP model has been utilized
to enhance network adequacy in the current and short-term
periods. Therefore, in this regard, considering Table 6 where
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the consumer participation cost exceeds the wind turbine
installation cost, and furthermore, the maximum power of
consumer participation exceeds the total power of wind
turbines in the wind power plant by 83%, the results should
favor maximal wind turbine participation, given their lower
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costs, compared to maximal consumer participation. The
impact of these higher costs and increased consumer power
can be observed in Tables 7 and 8. where scenarios of
participation that meet the condition (EENS; <4MWh) are
depicted, however, the costs in these participations, as shown
in Fig. 7, are high. In order to ensure profitability in the
production sector, the consumer participation cost has been
reduced by 42.5%. The results obtained in Tables 9 and 10
indicate that the condition (EENS; <4 MWh) has been met,
as shown in Fig. 6. The associated costs are shown in Fig. 7,
which demonstrate a reduction compared to the EENS cost in
a year without participation. The optimal participation mode,
as determined by the proposed GEP model while considering
the condition (EENS; < 4MWh) with minimum cost within
the range (n=46, i=23%), results in a 13.73% reduction in
participation cost compared to the EENS cost in a year
without participation.
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Abstract: In recent years, energy storage systems are increasingly used in power systems to store electricity when the
generated power is more than the required load. The advantages of the energy storage systems in the power system
include improved reliability, energy storage in non-peak times and production in peak times that results in the peak
reduction of the power system, storage at times of low electricity prices, and generate at times of high electricity prices,
and storage of the surplus production capacity of renewable energy resources such as wind turbines and photovoltaic
systems that their production is not controllable. Among different energy storage systems, pumped-storage generation
units can be integrated into electricity networks with high-energy storage capacity and no environmental effects. For this
purpose, in this research, the adequacy assessment of power systems, including pumped-storage generation units, is
studied. At first, the paper develops a reliability model for these energy storage systems considering the failure of
composed components, including the motor-generator, pump-turbine, control, protection, and measurement systems,
turbine housing, water channel, up and down reservoir, and transformer. To consider the effect of pumped-storage
generation plants on the reliability of the power system, the load duration curve of the system is modified. Then, the
proposed model is implemented for assessing the adequacy of power systems, considering the effect of generation and
transmission networks using an analytical method through the contingency analysis technique. To study the effectiveness
of the suggested reliability model, numerical results related to the reliability assessment of RBTS and IEEE-RTS are
presented. It is concluded from numerical outcomes that pumped storage power plants can improve the reliability indices
of the power systems. By integrating the understudied pumped storage generation unit into RBTS, the system load can
increase up to 15 MW.

Keywords: Contingency analysis, load duration curve, pumped-storage power plant, reliability, transmission system.
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be curtained. To solve this problem, energy storage devices
can be used in power systems to store surplus generated

When power system is operated, generated power should power from power plants, especially renewable resources
be equal to required load for setting frequency of electricity whose output is not controllable. These stored energies can
generated within the allowable range. If generated power is then be used during times when generated power is less than

1. INTRODUCTION

more than required demand, frequency of generated the required load. This leads to a reduction in power
electricity increases and so some of generated power of the fluctuations in the system. Other benefits of the energy
conventional power plants should be reduced, or generated storage systems in power system include: reliability of power

power of renewable generation units such as photovoltaic system is increased, energy storage systems can store the
systems and wind farms should be wasted. If generated power electricity at low costs during off-peak times and sell at high
of power system is less than required load, some of loads must costs during peak times, which are both economically viable
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and lead to peak reduction of the power system. Among
different energy storage systems including batteries,
capacitors, water electrolysis device -hydrogen tank- fuel cell
system, flywheels, compressed air system, super magnets and
pumped-storage systems, pumped-storage generation units
can be integrated into power system with high-energy storage
capacity. For this purpose, in the current research, impact of
pumped-storage generation plants on power system reliability
is examined.

For studying impact of pumped-storage systems on
different aspects of power system, many researches have been
performed. In [1], scheduling plan of a system containing
wind units, photovoltaic system and pumped-storage
generation unit is performed. In the proposed system,
penetration level of renewable energies especially pumped-
storage plant is significant and its voltage is extra high level.
This paper studied different uncertainties including generated
power of wind and photovoltaic units and operating range
constraint related to pumped-storage units. Paper [2] proposes
an approach for energy management of a hybrid system
including wind turbines and pumped-storage generation unit
to evaluate economic aspect related to this device. This paper
studies economic feasibility related to integration a wind unit
into a system containing a pumped-storage generation unit to
convert existing system to hybrid system composed of wind
and hydro power plants. Refrence [3] studies a pumped-
storage generation unit with variable speed to determine
required reserve of system. To this end, mixed-integer linear
programming method considering energy loss of power
electronic converters is proposed. Paper [4] studies different
electrical converters utilized in pumped-storage generation
units with variable speed, especially partial-scale converters
used in double fed induction machines. In this research, the
topologies, problems and future development of these devices
are investigated. In [5], pumped-storage generation plant is
used for maximizing generated energy of wind farms in the
power systems with transmission constraints. In this paper,
transmission congestion and wind power curtailment arisen
from mismatch of wind unit and required load are considered.
For minimizing the wind power curtailment, pumped-storage
generation unit is proposed in the paper. In [6], the
characteristics of double fed pumped-storage generation unit
with variable speed are performed. This technology is applied
to regulate the grid power fluctuations arisen from the
renewable resources. In this paper, topology of double fed
pumped-storage generation plant is introduced and
mathematical presentation associated to plant components is
developed. Paper [7] studies operation of pumped-storage
generation units at short-circuits conditions. To this end, this
paper proposes mixed integer programming method to study
the plant at short circuit conditions. Paper [8] studies dynamic
characteristics of islanded power systems equipped to
pumped-storage generation plants with high penetration level
of renewable energies. In the research, understudied pumped-
storage generation unit is equipped with Pelton turbines and
pumps with fixed speed. In [9], current status of pumped-
storage generation units installed in China are studied. In this
research, different advantages of these systems are reviewed.
In [10], a chronological production simulation platform used
for planning of pumped-storage generation plants in power
system containing wind units is described. In this research, a
unit commitment module is used to simulate daily dispatch
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related to different kinds of plants, and then, a simulation of
the wind farms operation is interconnected to the unit
commitment module to consider its variability impact on
daily dispatch program. Paper [11] performs a feasibility
study to construct a pumped storage generation plant using
abandoned mines. In this research, the natural conditions,
mine conditions, safety conditions, economic benefits,
resource utilization, ecological restoration and population
resettlement of pumped storage plant constructed using Shitai
mine are investigated. In [12], multi-method combination site
selection of pumped storage generation unit is performed,
taking into account the power structure optimization. In this
paper, a systematic assessment index system of pumped
storage generation unit site selection is developed from power
grid expansion planning, economic and environmental
benefits, hydrological, topographical, and geological and
construction conditions. Paper [13] presents nonlinear
modeling and operation stability of pumped storage
generation unit based on the variable speed technology. For
this purpose, basic equations of variable speed pumped
storage power plant are developed. To determine dynamic
response of variable speed pumped storage power plant,
nonlinear state equation in the form of reactive deviation
value considering supplementary conditions is derived. In
[14], influencing factors associated with modification
potential of abandoned coal mine into pumped storage
generation unit is analyzed. According to the principle of
pumped storage power plant and the characteristics of coal
mine roadway conditions, an analytical hierarchy process is
utilized in this paper to assess the main influencing factors
including elevation difference between the upper and lower
basins, basins capacity, roadway surrounding rock stability,
and roadway permeability. Paper [15] presents the prospect
of new pumped storage generation unit. In this paper, a new
type of pumped storage power plant based on the variable
speed technology with faster response speed, wider regulation
range and better stability is proposed. Paper [16] studies
developments and characteristics of pumped storage
generation units constructed in China. In this paper, the
current development status of the pumped storage generation
unit in some different countries, especially in China, based on
their own economic loads and network characteristics are
introduced. In [17], the operation of pumped storage
generation unit is optimized to boost the absorbability of
power grid to the renewable energy. In this research, a novel
optimization operation framework for a pumped storage
generation unit driven by peak-shaving and valley-filling
operation is proposed to boost the power system absorbability
to renewable energy inputs. Paper [18] analyzes the coupling
mechanisms of the pumped storage generation unit and the
eco-environment. For this purpose, the fuzzy comprehensive
assessment of the cloud model is established, and the
economic model is used to evaluate the influence factors.
Paper [19] performs an optimal dispatching of a power
system containing wind turbines, photovoltaic systems and
mine pumped storage generation units. In this paper, the
pumped storage generation units are considered to be utilized
from Lingxin coal mine located in Ningxia province of China.
The genetic algorithm-dog log optimization method is
utilized to minimize the operation cost of the system based on
the underground reservoir of mine. In [20], load frequency
control of pumped storage generation unit is performed based
on the second-order linear active disturbance rejection control
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strategy. In this paper, the load frequency model of the two-
area reheats steam turbine under nonlinear conditions such as
governor dead zone and generation rate constrains is
developed.

In the current research, reliability assessment of power
systems containing pumped-storage generation plants,
considering impact of transmission network, is performed. To
this end, the contributions of the research would be as
follows:

= Reliability modeling of pumped storage power plants
considering failure of composed components is
performed.

= A new technique based on the load duration curve
modification is introduced for reliability analysis of the
power system containing pumped storage power plant.

» Reliability assessment of power system containing
pumped storage power plant in HLI and HLII is
performed.

According to the aims of the paper, its organization
would be as follows: in the second section, structure of
pumped-storage generation plants is described. In third
section, reliability model of these units is developed, and
section four studies adequacy of the power system containing
pumped-storage generation plant. Adequacy assessment of
RBTS and IEEE-RTS including pumped-storage power
plants are presented in 5" section. The last section of the
paper is devoted on the research conclusion.

2. PUMPED-STORAGE POWER PLANTS

Fig. 1 presents topology of a typical pumped-storage
generation unit. Pumped-storage generation plant includes
the lower and upper reservoirs that are usually found naturally
in nature and if these reservoirs want to be made artificially,
they have to cost a lot. A channel called the penstock is made
to transfer the water between lower and upper reservoirs.
When the generated power exceeds the required load during
off-peak times, the cost of electricity is cheaper, and the
generator-motor machine acts as a motor, consuming the
excess electricity. In this condition, water moves from lower
basin to upper basin by pumping. If the generated power is
less than the required load during peak times, the cost of
electricity increases, prompting the release of water from the
upper basin to rotate the turbine. Thus, turbine and
consequently generator turns to generate electricity.
Generated power is transmitted to the main grid using of the
transformer.

Upper reservoir

Fig. 1: The structure of pumped-storage generation plant.

Thus, main components of a typical pumped storage
generation units are upper and lower reservoirs, the penstock,
turbine house, pump — turbine, motor — generator, control-
protection and measurement systems and transformer. The
pump — turbine and the generator — motor can be a single
device that they can be rotated in two directions. It is possible
to use from the independent motor and generator, and also
independent pump and turbine in the pumped-storage power
plants. Different electrical and mechanical losses including
the friction of the penstock wall, the friction of the pump, the
copper and the stray losses of motor lead the efficiency of the
pumped-storage power plant to be less than 100% and so, the
electrical power consumed by the motor for pumping water
from lower reservoir to upper basin is more than power
generated by generator.

3. RELIABILITY MODEL OF PUMPED-STORAGE
GENERATION PLANTS

This section develops a reliability model for pumped
storage generation plants considering failure of composed
components. All components of pumped-storage generation
plant including upper and lower reservoirs, penstock, pump —
turbine, motor — generator, control — protection and
measurement devices and transformer are presented through
Markov model with two states as shown in Fig. 2. The
proposed model consists of up and down states. Failure rate
(4) presents transition rates from up to down states, and repair
rate (L) presents rate of transitions from down to up states.
Availability (A) and unavailability (U) of each component of
pumped-storage generation unit can be obtained as [21]:

A=t _u=1-A @
A+

Failure of each component of pumped-storage generation
unit leads transferring water from lower basin to upper basin,
rotation of turbine, the electric power generation, or
transmitting the generated power to the grid fail and so, if one
or more components fails, the electric power of pumped-
storage generation unit transmitted to main grid is zero. Thus,
in the reliability modeling of plant, all composed components
of pumped-storage generation unit as presented in Fig. 3, are

series.
A
Down
state

)7
Fig. 2: 2-State Markov model of plant components.

- motor — generator

- pump — turbine

- control, protection and measurement devices
- turbine house

- penstock

- upper reservoir

- lower reservoir

8- transformer

Fig. 3: Reliability model of pumped-storage generation unit
considering failure of composed components.
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Equivalent failure and repair rates of reliability model of
pumped storage generation unit is calculated as [21]:

8
;Leq = Z A )
k=1
ie
%=iZ ©)
k=1 A

where, Aeq is equivalent failure rate of model, A is failure rate
of composed components, Leq is equivalent repair rate and i
is repair rate of composed components. In a power system
including N pumped storage generation units, reliability
model of these N pumped storage generation units can be
presented as Fig. 4. Probability of state k associated to this
model including N+1-k up units can be calculated as:

PK — N AN+1—kU k-1 (4)
N +1-k

4, ADEQUACY ANALYSIS OF POWER SYSTEMS
CONTAINING PUMPED-STORAGE GENERATION UNITS

Reliability of power system is defined as providing
required load of the power system according to the associated
standards. Two aspects of power system reliability are
adequacy and security. In adequacy analysis of power system,
adequate facilities must be provided for supplying required
load. In security studies of power system, response of the
power system to various disturbances such as outages of
power plants is investigated. Reliability analysis related to
power system can be performed in three hierarchical levels.
They are reliability study of the generation part (HLI),
reliability evaluation of generation and transmission parts
(HLIT) and reliability assessment of three sections of power
system including generation, transmission and distribution
parts (HLIII). This paper introduces proposed techniques
used for studying power system adequacy in HLI and HLII.

4.1. Adequacy Assessment of Power System Including
Pumped-Storage Generation Unit in HLI

For adequacy assessment of power system containing
pumped-storage generation plants in HLI, as presented in Fig.
5, all power plants and total load of system are connected to
common bus. In this level, reliability of transmission network
is considered to be 100% and failure of transmission network
is neglected. The model of power plants is presented by
capacity outage probability table (COPT). In COPT
associated with each unit, capacity and related probability of
all possible states are determined. By combining COPTs of
different power plants, total COPT of system is constructed.
Demand is presented by load duration curve that is a line
extended from maximum to minimum peak load during the
studied horizon time. By convolving the models of power

2

1

N-1 units
are up

N units
are up

NuEq

Fig. 4: Reliability model of N pumped storage generation
units.

Conventional
generation units

Load

power plant
Fig. 5: Adequacy assessment of power system including
pumped-storage generation plant in HLI.

plants and demand, reliability indices of power system are
obtained. These reliability indices are average times that load
is curtailed (loss of load expectation - LOEE) and average
energy that is not provided (expected energy not supplied -
EENS). Fig. 6 presents load duration curve of the system. For
determining power system reliability indices, each state of
total COPT is selected and reliability indices associated to
each state can be calculated. Then, reliability indices of the
power system are obtained by summing these reliability
indices weighted by the related probabilities as equations (5)
and (6).

LOLE=>"t xP, hours/year ®)

i=1

EENS =) ENS; xR (6)
i=1

where, t and ENS; are time of year that system load is curtailed
and energy of system that is not supplied related to state with
generation capacity i and probability P;. Other reliability
indices are peak demand that system can provide (peak load
carrying capability - PLCC) and difference in peak demand
that system can provide (increase in peak load carrying
capability - IPLCC). PLCC is maximum peak load that power
system can provide, so that reliability remains in permissible
range. IPLCC is amount of increased peak load with addition
of new power plant, so that reliability remains in permissible
range.

In this part, the impact of pumped storage power plant on
the reliability performance of power system is studied. The
charging and discharging of storage depends on time and
availability of water, which is not independent from load
variations. Thus, to accurately study the reliability of power
system containing pumped storage power plant, input data
including hourly load, hourly generated power of all power
plants, and hourly operation of pumped storage power plant
in motor or generator states are required. However, in the best
case, when the impact of pumped storage power plant on the
reliability of power system is maximum, the operation of
pumped storage power plant would be as below: the pumped
storage power plant acts as load in minimum load to pump
water from lower reservoir to the upper reservoir, and acts as
generator in maximum load to generate electricity through
releasing water from upper reservoir to the lower reservoir.

Thus, in this research, to consider the impact of pumped-
storage generation unit on reliability of power system, load
duration curve is modified as presented in Fig.7. At low
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Aload

area = ENS;

Maximum
peak load

Generation
Capacity i
Minimum
peak load

\ &3

8760h

Fig. 6: System load duration curve.

load

Imin+Pm

Imin

>

7 time

8760 h

Fig. 7: System load duration curve affected by pumped-
storage generation unit in optimal case.

level, pumped storage generation unit acts as a load (the
machine acts as a motor and the pump-turbine acts as a pump)
that consumes the electric power (Pm) for pumping water
from lower reservoir to upper basin. When, load is high, water
of upper basin is released and plant acts as a power plant (the
machine acts as a generator and the pump-turbine acts as a
turbine) that generates the electric power (Pg). In optimal
operation of pumped-storage generation unit, plant acts as a
load when the load is minimum, and the plant acts as a power
plant when the load is maximum. In the current research,
optimal operating plan related to pumped-storage generation
unit is performed and according to this operation, system load
duration curve is modified. Thus, consumed power of
pumped-storage generation unit (Pm) is added to minimum
load (Imin) and the maximum load (Imax) is reduced by the
amount of generated power of unit (Pg). Efficiency of
pumped-storage generation unit is less than 100% and so,
value of generated power is less than consumed power of
pumped-storage power plant.

Thus, for adequacy analysis of power system containing
maximum impact of pumped storage generation plant in HLI,
the following procedures should be tracked:

Step. 1. Equivalent failure rate and repair rate of pumped
storage generation plant are calculated as (2) and (3).

Step. 2. Capacity outage probability table of all
conventional generation units is obtained.

Step. 3. Total capacity outage probability table is
obtained by combining all capacity outage probability tables.

Step. 4. Reliability indices of power system without
pumped storage generation unit is calculated.

Step. 5. Load duration curve of the system by considering
impact of pumped storage generation plant is modified as Fig.
7.
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Step. 6. Reliability indices of power system with
modified load duration curve is calculated.

Step. 7. To calculate reliability indices of power system
containing pumped storage generation plant, the following
equation is used:

s=sU+sA )

In (7), s, so and s; are reliability index considering impact
of pumped storage generation plant, reliability index without
pumped storage generation unit and reliability index
considering modified load duration curve, U and A are
unavailability and availability of pumped storage generation
unit. The flowchart of adequacy analysis of power system
containing pumped storage generation unit is presented in
Fig. 8.

4.2. Adequacy Assessment of Composite Power System
Containing Pumped-Storage Power Plant

To study adequacy of composite power system
containing generation and transmission parts, integrated with
pumped-storage generation units, contingency analysis
approach is proposed. In the current research, power system
components such as power plants and transmission lines are
modeled by two-state reliability model (with down and up
states). Based on this model, composite power systems with
n power plants and m transmission lines have 2™"
contingencies. To reduce contingencies associated with large-
scale power system, state selection technique is proposed.
According to the state selection approach, high-probability
contingencies are considered and low-probability
contingencies are neglected. In this paper, to analyze different
contingencies of the composite power system, DC-type load
flow considers transmission lines capacity is implemented.
Thus, based on DC-type load flow, each contingency is
evaluated. If the contingency makes interruption of load at
load points, load shedding program is run for minimizing cost

of curtailed loads as (8).

Input reliability parameters of composed
components of pumped storage power plant
12
Calculate equivalent failure rate and repair rate of pumped
storage power plant and develop its reliability model
]

Determine capacity outage probability table of all conventional power plants
and combine all COPTSs to construct total COPT
¥
Calculate reliability index without
pumped storage power plant
v
Modify load duration curve of system considering
impact of pumped storage power plant
¥
Calculate reliability index according to modified
load duration curve of the system
v
Calculate reliability index according to equation

(7) considering pumped storage power plant

Fig. 8: Flowchart of adequacy analysis of power systems
containing pumped-storage generation units in HLI.
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interrupted load cost =>_ LVOLL, (8)

i=1

In (8), Liand VOLL,; are interrupted load and value of lost
load in $/kWh for bus i. For minimizing interrupted loads
cost, linear programming approach with interior point method
is implemented. Problem constrains includes:

o Balance between generated power and required load
minus interrupted load must be established.

o  Generated power of all power plants must be within
the allowable range.

o The curtailed load must be less than total load of
each bus.

o The power transferring by transmission lines must
be less than capacity of corresponding line.

According to the proposed approach, adequacy
assessment of composite power system containing pumped-
storage generation units can be performed. In adequacy
evaluation of power system in HLII, load is considered to be
constant and equal to maximum value. Thus, to consider the
impact of pumped-storage generation plant on the adequacy
indices of composite power system, capacity of these units is
considered as the generated power of them. In the current
research, important reliability indices of composite power
system such as probability of interrupted load (Qs), average
time of interrupted load or loss of load expectation (LOLE)
and average energy not provided or expected energy not
supplied (EENS) corresponding to load points are determined
as:

Qs = Z P B; 9)
i=1
LOLE =" PB; 8760 (10)
i=1
EENS = > L;P, x8760 (11)

i=1

In (10), P; presents probability related to state i, B; with
0 and 1 values (0 for events without curtailment and 1 for
events lead to load interruption at desired bus). n presents
number of contingencies and L; presents interrupted load at
desired load point corresponding to contingency i. Fig. 9
illustrates flowchart for reliability analysis of composite
power system containing pumped-storage generation unit.

5. NUMERICAL RESULTS

In this section, numerical outcomes related to adequacy
assessment of two power systems including pumped-storage
generation units at HLI and HLII are given. To this end,
according to the proposed technique, reliability model of
understudied pumped-storage generation plant is achieved
and used in adequacy analysis of test systems.

5.1. Reliability Modelling of Understudied Pumped-
Storage Generation Unit

In this part, a 30MW pumped storage generation unit that
generates 120MWh electric energy, and efficiency of 80% is
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Develop the reliability model for
pumped-storage generation plant

)

Pumped-storage generation plant is placed in
composite network contains x load points
v
Produce contingencies according to two-state presentation of conventional
generation units, pumped-storage power plants, and transmission lines

]
Decrease number of contingencies to y
through state selection approach

—

i

Analyze state z

Demand is
interrupted?

Load shedding program is run
according to linear programming
method

]
Calculate interrupted load at
each load point

All states are
evaluated?

Reliability indices for all load
points are obtained

Fig. 9: Flowchart for adequacy analysis of composite power
system containing pumped-storage generation units.

Table 1: Failure rate and repair time of composed
components of pumped-storage generation unit.

Components Failure Repair
rate (occ./yr)  time (hour)
Upper reservoir 0.25 50
Lower reservoir 0.25 50
Penstock 0.25 50
Turbine house 0.25 50
Pump - turbine 2 100
Generator - motor 1 100
Control, protection 0.9 50
and measurement system
Transformer 1 100

considered. Table 1 illustrates failure and repair rates of plant
components. Thus, equivalent failure rate and repair time of
reliability model of pumped-storage power plant would be 5
failures per year and 80 hours, respectively. Based on (1),
availability of pumped-storage power plant would be 0.96.

The efficiency of the plant is 80% and so, the consumed
power of the plant when water is transferred from lower basin
to upper basin by pumping would be 37.5MW.
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5.2. Adequacy Analysis of RBTS

In this part, adequacy analysis of RBTS including
mentioned pumped-storage generation unit in HLI and HLII
is performed. This test system is shown in Fig. 10. The
characteristics of RBTS are given in [22]. Load duration
curve is a line continues from 100% to 60% of maximum
load.

In this stage, RBTS as Case | and RBTS integrated with
understudied pumped-storage generation unit as Case Il are
studied to calculate adequacy indices including LOLE and
EENS of them at HLI for different peak load. The results are
illustrated in Figs. 11 and 12, respectively.

PLCC of Case | and Case Il provided that expected
energy not supplied of system remains less than allowable
value is obtained and illustrated in Table 2. IPLCC of system
by addition of understudied pumped-storage power plant is
obtained and illustrated in Table 3. Numerical results present
that pumped-storage generation unit significantly improves
reliability indices of power system.

At this stage, adequacy assessment of composite RBTS
including pumped-storage generation unit is performed. For
reducing number of contingencies, contingencies related to 4
or less power plants failure, 3 or less transmission lines failure
and 3 or less power plants or transmission lines failure are
investigated. According to the proposed approach, LOLE and
EENS related to different load points for initial RBTS are
obtained and illustrated in Table 4. As can be seen in the table,
the reliability of load point 5 is weak and so, the pumped-
storage generation plant should be connected to this load
point. According to the proposed method, reliability indices
of modified system are obtained and illustrated in Table 5.
This table presents that reliability indices of composite power
system at bus 5 is improved by addition of the pumped-
storage generation unit to this bus.

5.3. Adequacy Analysis of IEEE-RTS

In this part, adequacy assessment of large-scale IEEE-
RTS as shown in Fig. 13, including understudied pumped-
storage power plant in HLI and HLII is performed. Paper [23]
presents characteristics of power plants, transmission lines

2x40MW 1x40 MW
1x20MW 4 x 20 MW
1x10MW 2x5MW
L3
BUS 1 BUS 2
20 MW
L1 L6 L2 L7
BUS 3 BUS 4
40 MW
85 MW L5 L8
BUS 5
L
20 MW o
BUS 6

IZO MW

Fig. 10: Roy Billinton Test System (RBTS) [22].

350

300

v

250 ——RBTS
= —*— RBTS+Pumped storage
E 200
ué‘J 150 //
100 A
- / /
O —+——
¥70 180 190 200 210 220 230
peak load (MW)
Fig. 11: LOLE for different peak loads.
5000
4000
= ——RBTS /
é\ 3000 | —*— RBTS+Pumped storage
: /
=
2]
ﬁ 2000
1000 /
7 180 190 200 210 220 230
peak load (MW)
Fig. 12: EENS for different peak loads.
Table 2: PLCC.
Cases / 100 200 300 400
Permissible EENS  MWh/yr  MWh/yr  MWh/yr  MWh/yr
Case | 180MW  190MW  195MW  200MW
Case Il 195MW  205MW  210MW  210MW
Table 3: IPLCC.
Cases/ 100 200 300 400
Permissible MWh/yr ~ MWh/yr ~ MWh/yr ~ MWh/yr
EENS
Case Il 15MW 15MW 15MW 10MW
Table 4: Reliability indices of composite RBTS.
Bus Probability of LOLE EENS
lost load (hrslyr) (MWh/yr)
2 0 0 0
3 0.0086 75.34 6403.9
4 0 0 0
5 1.2733e-06 0.01115 0.223
6 0.00113913 9.9787788 199.575576

Table 5: Reliability indices of composite RBTS including
the understudied pumped-storage generation unit.

Bus Probability of LOLE EENS
lost load (hrslyr) (MWh/yr)
2 0 0 0
3 0.000363 3.182225 2705
4 0 0 0
5 1.26E-06 0.011063 0.221
6 0.00113911 9.9786036 199.572072
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Fig. 13: IEEE Reliability Test System (IEEE-RTS) [23].

and load points of IEEE-RTS. Load duration curve is a line
continues 100% and 60% of peak load that is 2850MW.
According to the proposed approach, adequacy assessment of
IEEE-RTS when different numbers (from 0 to 5) of the
understudied pumped-storage power plants are added to it is
performed, and different reliability indices including LOLE,
EENS, PLCC and IPLCC are calculated and illustrated in
Table 6. PLCC and IPLCC of system are obtained when
EENS<16985MWh/yr. It is concluded from Table 6 that by
addition of pumped-storage power plants, reliability indices
of IEEE-RTS improve, significantly.

In this stage, adequacy analysis of composite IEEE-RTS
containing pumped-storage generation plant is performed.
For reducing number of contingencies, contingencies related
to simultaneous failures of up to 2 generation power plants,
up to 2 transmission lines and up to 2 generation power plants
and transmission lines are taken into account. According to
the proposed approach, loss of load probability, loss of load
expectation and expected energy not supplied at different load
points for initial IEEE-RTS are calculated and illustrated in
Table 7. It is deduced from this table that reliability of load
point 19 is weak and so, pumped-storage generation plant
should be connected to this load point. According to the
proposed approach, reliability indices of the modified system
are calculated and presented in Table 8. This table presents
that reliability indices of the composite power system at load
point 19 is improved by addition of pumped-storage
generation unit to this load point.

6. CONCLUSION

In the current research, adequacy studies of power
system including pumped-storage power units in generation
and composite levels of power system are performed.
According to the authors' knowledge, reliability of these
power plants has not been investigated in any reference. To

Table 6: Reliability indices of IEEE-RTS in HLI.

Number of LOLE EENS PLCC IPLCC
added plants (hlyr) (MWhlyr) (MW) (MW)
0 112.9085 16984 2850 0
1 100.3366 14755 2872 22
2 89.8462 12806 2893 43
3 81.4793 11065 2914 64
4 73.3801 9509 2935 85
5 65.1861 8139 2955 105
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Table 7: Reliability indices of composite IEEE-RTS.

Probability of

Bus lost load LOLE (hrslyr) EENS (MWh/yr)

1 0 0 0

2 0 0 0

3 2.35e-7 0.0020586 0.370548

4 4.70e-8 0.0004117 0.030466

5 3.80e-8 0.0003329 0.023636

6 1.86e-7 0.0016294 0.221598

7 0 0 0

8 0 0 0

9 0.0108849 95.3517244 16686.551770
10 0 0 0

13 0 0 0

14 6.01e-8 0.0005265 0.102141
15 0 0 0

16 0 0 0

18 0 0 0

19 0.02198609 192.5981484 34860.264860
20 0 0 0

Table 8: Reliability indices of composite IEEE-RTS
including understudied pumped-storage power plant.

BUs Probability LOLE EENS
of lost load (hrslyr) (MWhlyr)
1 0 0 0
2 0 0 0
3 2.25E-07 0.001968 0.35424
4 4.50E-08 0.000395 0.02923
5 3.60E-08 0.000315 0.022365
6 1.78E-07 0.001558 0.211888
7 0 0 0
8 0 0 0
9 0.004573 40.05832 7010.206
10 0 0 0
13 0 0 0
14 5.75E-08 0.000504 0.097776
15 0 0 0
16 0 0 0
18 0 0 0
19 0.021003 183.9865 33301.5565
20 0 0 0

this end, an equivalent two-state reliability model is
developed for pumped-storage generation units. This model
considers failure of composed components including upper
basin, lower reservoirs, penstock, turbine house, motor-
generator, pump-turbine, transformer and control, protection
and measurement devices. It is concluded from reliability
analysis of pumped-storage generation unit that mentioned
components makes the plant fails. Thus, in reliability
modeling of plant, all components are series. To determine
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the impact of pumped-storage generation unit on reliability of
power system, load duration curve of system is modified. The
minimum load is increased by the amount of consumed power
of pumped-storage generation unit and maximum load is
reduced by the amount of generated power of the plant.
Adequacy studies of generation system is performed through
the analytical method based on the COPT of the generation
plants and load duration curve of the demand. To perform
adequacy analysis of composite power system, contingency
analysis methodology is proposed. Besides, for reducing
number of contingencies of large-scale composite power
system, state selection method is proposed. Numerical
outcomes related to the reliability analysis of RBTS and
IEEEE-RTS conclude that by integration of pumped-storage
generation plants into the power system the reliability of
power system in both levels, i.e. HLI and HLII, is improved.
The reliability of RBTS in load point 5, and IEEE-RTS in
load point 19 is weak. By integration the understudied
pumped storage power plant into RBTS and IEEE-RTS in
these load points, reliability of modified RBTS and IEEE-
RTS is improved.
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