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Abstract

This paper presents renewable energy integrated with dispatchable power generation methods of power system
operation and optimization with the ultimate goal of accommodating and achieving the ever-increasing level
of power generation at all different levels of electricity grids. Renewable energy sources (RESs) such as PV
introduce additional advantages in operating and planning for the grid, and also pose challenges in the reliable
and secure operation and optimization for system operators. From the simulation output, it shows that the
proposed method generated maximum power in MW for same situation as compared to traditional and automatic
generation control methods. The maximum power generation in traditional and AGC is lower than that of the
proposed method.
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1 Introduction

The challenges of integrating renewable generation sources into the electricity network operation exist at all dif-
ferent levels and in a range of time frames. The incorporation of renewable resources would significantly alter the
traditional approach of economic dispatch. Moreover, the variability of renewable resources would require measures
to accommodate fast generation changes. Although no short term marginal costs are associated with renewable
generation sources, increased operational costs by utilizing other components in the grid to compensate for the
resources’ intermittent nature would be incurred and need to be accounted for in the operation optimization.

The modern world is entirely reliant on energy. With the rising demand for energy and the depletion of existing
energy sources, discovering new energy sources is becoming increasingly urgent. The share of renewable energy
sources (RESs) in power generation over conventional energy sources has been growing year after year. It is
because renewable energy sources are both easily available and sustainable [1]. The energy derived from these
sources is transformed into a useful form and used for both home and industrial purposes. Solar, wind, geothermal,
hydro, biomass, and ocean energy are examples of renewable energies that can be turned into more usable energy
such as electricity [2]. They generate energy with minimum environmental effect. These sources are often more
environmentally friendly/cleaner than traditional energy sources such as oil or coal. Solar and wind energy are the
most important renewable energy sources for electric power generation [3, 4].

2 Related Work

Many researchers solved the challenges of integrating renewable generation sources into the electricity network.
The incorporation of renewable resources will significantly alter the traditional approach of economic dispatch.
Moreover, the variability of renewable resources will need measures to accommodate fast generation changes. This
chapter presents modern approaches to integrate renewable generation sources into grid network.

2.1 Optimal Scheduling for Dispatchable Renewable Energy Generation

Bakhtvar et al. [5] introduced an energy management system for dispatchable hybrid renewable generation power
plant. Their proposed energy management system architecture for dispatchable hybrid renewable generation power
plant is shown in Figure 1. The EMS consists of 4 key units; namely, forecast unit, power estimator, optimal
scheduling unit, and real-time control unit. Optimal scheduling unit of the EMS was described in details. It uses
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resource forecast and optimization techniques to optimize the power output from wind, solar and battery energy
storage system (BESS) such that the aggregated power delivered by the hybrid renewable power plant remains
constant for a given amount of time.

Figure 1: Architecture of the Energy Management System for Dispatchable Hybrid Renewable Generation Power
Plant

Hence, the hybrid renewable power plant can participate in the interval-ahead electricity market similarly to
conventional units and get dispatched.

2.2 Robust Integration of High-Level Dispatchable Renewables in Power System
Operation

Ye et al. [6] proposed a robust UC and dispatch model considering the renewable energy sources (RES) bids in the
system with high RES level. It is proved that with the dispatchable RES, the worst case for the second stage can
be directly identified. The conclusion always holds whether the strong duality holds for the re-dispatch problem or
not. With this conclusion, the robustness can be guaranteed by adding only one extra scenario in the original unit
commitment (UC) problem.

In their propose model, the RESs are treated as market participants with full roles. They are different from
the traditional robust unit commitment (RUC) [7–10], where power outputs of variable RESs are considered as
negative loads, and the bids of these power outputs are zeros. In this research, the RESs can bid, and the PR

r,t of

RES unit r at time t is a decision variable. Due to the forecast errors, the maximum available power output P̄R
r,t is

an uncertain parameter.
P̄R
r,t = P̃R

r,t + ϵr,t,∀r, t (1)

where P̃R
r,t is the expected power output for RES unit r at t, and ϵr,t is the uncertainty. The uncertainty set U is

defined as
U :=

{
ϵ ∈ RNRNT : −ur,t ≤ ϵr,t ≤ ur,t,∀r, t

}
(2)

2.3 Research on Large-Scale Dispatchable Grid-Connected PV Systems

Han et al. [11] A centralized, large-scale grid-connected PV system with a battery-supercapacitor hybrid electricity
storage has been described. Taking advantage of their complementary characteristics, the batteries and super
capacitors have been used as the main and secondary storage devices to provide a high quality of supply and
efficiency. The PV system was modeled in the MATLAB/Simulink and the control strategies demonstrated. Two
sets of weather data were collected from an existing PV site and used as the input for the system to demonstrate
its feasibility. The first day was sunny, while the second was cloudy.
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2.4 Optimal Power Flow with Renewable Generation: A Modified NSGA-II-based
Probabilistic Solution Approach

Araujo et al. [12] proposed a modified non-dominated sorting genetic algorithm (NSGA)-II based solution approach
for the medium-term operation of SOs within the context of high penetration of renewable generation. The modifi-
cation is based on an adaptive recombination and mutation mechanism. A life-like multi-objective proton exchange
membrane (PEM)-based probabilistic AC optimal power flow (OPF) model is presented. This model explicitly
includes the operation of dispatchable and non-dispatchable generation units, shunt reactive power sources, and
under-load tap-changing (ULTC) transformers.

2.5 Optimal Distributed Generation Allocation and Load Shedding for Improving
Distribution System Reliability

Awad et al. [13] a probabilistic approach is proposed for allocating dispatchable distributed generation (DG)
units in distribution systems. A value-based reliability approach is adopted in this work that considers customer
“willingness to pay (WTP)” as the reliability value that distribution utilities gain from improving system reliability.
The total annual costs comprising the costs of installation and operation of DG units as well as the interruption
costs are minimized to determine the optimal combination between DG units to be installed and loads to be shed
during all possible contingencies.

2.6 A Fast Flexibility-Driven Generation Portfolio Planning Method for Sustainable
Power Systems

Dhaliwal et al. [14] presented a time-independent approach for long-term capacity planning capable of reflecting
power system flexibility needs associated with deep penetrations of variable renewable energy sources. The proposed
approach, similar to classical load-duration curve planning, is driven by empirical capacity-ramp characteristics of
renewable generation. It also provides for a computationally inexpensive solution to design dispatchable generation
portfolios in comparison to current state-of-the-art approaches, which have to rely on high-dimensional finely-grained
representations of time-domain operations. In fact, it can take into account intra-hour flexibility requirements; this
is something current long-term planning approaches have not been able to address adequately so far.

Initially, they computed the net load D(t) from intra-hour (e.g. five-minute) historical (and/or synthetic) time
series data of wind power W (t) and load L(t), as presented in Equation 3:

D(t) = L(t)−W (t) (3)

Then, the corresponding ramp R(t) at time t is approximated using a first-order forward difference as presented in
Equation 4, where ∆T is the time span between two wind power and demand observations:

R(t) ≈ D(t+ 1)−D(t)

∆T
(4)

The net load D(t) (in MW) and the corresponding calculated ramps R(t) (MW/min) of the net load in a typical
power system are critical factors. They observed that the distribution of ramps up (positive values) and down
(negative values) is conditioned by the value of the net load.

2.7 Dynamic Economic Emission Dispatch Considering Renewable Energy Genera-
tion: A Novel Multi-Objective Optimization Approach

Liu et al. [23] proposed a novel solving approach based on enhanced moth-flame optimization algorithm and con-
tributed to construct the mathematical model of hybrid dynamic economic emission dispatch (HDEED) considering
renewable energy generation. Renewable energy power generation technology has an important impact on reducing
pollutant emissions and promoting sustainable development. Therefore, their research aimed to investigate the
HDEED problem in consideration of renewable energy generation and improve the economic and environmental
benefits of the power system.

HDEED is a multi-objective optimization problem, including cost (FCOST) and emissions (Femission). Based
on the statistical analysis of the fuel cost of a large number of thermal power units, researchers believe that the
relationship between the fuel cost and the output of thermal power units is a quadratic function when the valve
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point effect is not considered [24]. When wind energy conversion systems and solar energy conversion systems are
owned by the system operator, renewable energy represented by wind energy and solar energy does not consume fuel
in the process of power generation, so the cost of wind and solar power generation does not need to be considered
in the cost function objective. Hence,FCOST is expressed by a quadratic equation as Eq. (1) [25].

FCOST =

T∑
i−1

Num∑
j=1

(
vjP

2
j,i + tjPj,i + uj,i

)
(5)

where T is 24 h; Num is the number of generators; vj
(
$/MW2h

)
, tj($/MWh), uj($/h) are the cost coefficients of

the jth generator; Pj,i(MW) represents the output power of the jth generator at the ith hour.

3 Proposed Method

Renewable energy sources (RESs) penetrate the electricity networks at various levels and in all different forms.
It introduces concepts such as power flow models and optimal power flow (OPF), to incorporate intermittent
renewable energy generation into the electricity network operation under security consideration, via a robust model,
which adopts preventive control as the security control strategy. Given the significant growth in microgrid (MG)
deployments across the world and appealing merits of strategies.

3.1 Photovoltaic System

Renewable energy is the one of the efficient way to overcome the upcoming crisis which will be occurred due to the
extinction of non-renewable energy. Solar energy is the one of best form of renewable energy due to its availability,
which is extracted from sunlight with the help of photovoltaic cell. Photovoltaic cell or solar cell is the devices
which convert solar energy to electrical energy. There are many application of photovoltaic cells like individual cells
can be used to power small electronics devices, also the electricity can be generated in the ruler areas where the
electrical energy from the grid has not reached yet, and the satellites in the earth’s orbit and many more. As solar
energy is used for many purposes but still the generation rate of photovoltaic cell is not adequate. Many researches
are going on to improve the generation rate of the photovoltaic cell. And among them the tracking the position of
the sun and rotate the panel in the direction of maximum intensity of sunlight is one of the best way to improve
the generation rate of the photovoltaic cells [27].

Figure 2: PV Cell Equivalent Circuit

In this dissertation, a tracking system is introduced which will continuously track the position of sun and turn
the solar panel in the direction of sunlight. This tracking system will increase the generation rate of solar panel as it
will always track the position of sun and turn the solar panel toward maximum intensity. Here, the light-dependent
resistor is a sensor used to detect the intensity of sunlight based on which our Arduino processes and calculates the
position of sun and gives commands to servo motor to rotate to a certain angle. And two servo motors help solar
panel to move in both possible ways (horizontally and vertically) in order to extract the maximum solar energy.
Figure 2 shows the equivalent circuit of PV cell, and the mathematical modeling of PV cell is explained in the
following section.
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3.2 Proposed Mathematical Model for Solar Integrated Dispatchable Power Gener-
ation

Phase current:

Iph = [Isc +Ki(T − 298)]× Ir
1000

(6)

where,
Iph is photo current (A).
Isc is short circuit current (A).
Ki is short circuit current of cells at 25 ℃ and 1000 W/m2.
T is operating temperature (K).
Ir is solar irradiation (W/m2).
Module reverse saturation current Irs:

Irs =
Isc[

exp

(
qVoc

NsKnT

)
− 1

] (7)

where,
q is electron charge (1.6× 10−19 C).
Voc is open circuit voltage at 25 ℃ and 1000 W/m2.
Ns is number of cells connected in series.
n is ideality factor of diodes (1.2).
K is Boltzman’s constant (1.3805× 10−23 J/K).
Module saturation current Io, it varies with cell temperature given by:

Io = Irs

[
T

Tr

]2
exp

[
qEgo

nK

(
1

T
− 1

Tr

)]
(8)

where,
Tr is nominal temperature (298.15 K).
Ego is band gap energy of semiconductor (1.1 eV). Total output current of PV module is:

I = NpIph −NpIo

[
exp

(
V/Ns + IRs/Np

nVt

)]
(9)

The diode thermal voltage is given by

Vt
KT

q
(10)

The shunt current flowing through the shunt resistance Rsh will be calculated by

Ish =
V Np/Ns + IRs

Rsh
(11)

where,
Np is number of PV modules connected in parallel.
Ns is number of PV modules connected in series.
Rs is series resistance.
Rsh is shunt resistance.
Rs value will be very low around 0.0001 Ω, and Rsh value is very large around 1000 Ω.

3.3 Operation of the Proposed System

When the output of each light-dependent resistor (LDR) is changing based upon the change in position of sun, the
arduino compares the values of each LDRs and based on the difference between LDRs values arduino send digital
signal to the servo motor to rotate in some certain angle through which the maximum solar energy is extracted. A
block diagram is shown in Figure 3.

When the intensity of sunlight changes the light-dependent resistor senses. Here, we have used four light-
dependent resistors, the combination of two LDRs is meant for vertical movement, and the other two is meant for
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Figure 3: Operation of the Proposed System

horizontal movement. So basically when the intensity changes the resistance of each LDRs starts varying. And this
change in resistance is given as input to Arduino where the further processing takes place. Where as in arduino,
it compares all the values of LDRs, and it takes the difference between each LDR value. Depending upon the
difference, the arduino tries to minimize the difference (as low as possible) by rotating the panel using servo motors
(which rotates based upon the digital signal received from the arduino); as the difference is low, the intensity of
sunlight received by individual LDR is similar when compared with other LDRs; it means that the set of LDRs
is receiving the maximum intensity. And this set of LDRs is parallelly mounted with solar panel so the intensity
received by LDRs set will be similar to intensity received by solar panel.

4 Result Analysis

This section summarizes the outcomes of this research work. The optimal locations and sizes of distributed gen-
eration units as well as the load points and other parameters to be shed are presented same for each generation
technology under consideration.

4.1 Simulation Parameter

For simulation in MATLAB, the following parameters are considered as presented in the Table 1. The simulation

Table 1: Parameters for MATLAB Simulation

Parameter Value

PV Specification – SunPower SPR-305

PV Power (upper limit) – 15.5kW

Frequency – 50 Hz

Sampling Time – 50 µs

RLC Filter Resistance – 0.2 Ω

RLC Filter Inductance – 9.5 mH

RLC Filter Capacitance – 300 µF

DC Voltage – 550 V

Grid Voltage – 120 V

Load Resistance – 2,000 Ω(variable)

DC Link Capacitor – 2,500 µF
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is carried out using MATLAB 2021 in Ubuntu (Linux) Operating system using these parameters.

4.2 Simulation

Tradition power generation and automatic generation control (AGC) are two scenarios that are considered for sim-
ulation studies to assess and compare the renewable energy integrated generation (proposed method) capability to
optimize power generation and maintain tie-line flow thermal limits. In all the scenarios systems do not provide any
frequency support. The performance of the proposed optimal renewable energy integrated generation is compared
with the traditional and AGC, and with assuming the same AGC gains.
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Figure 4: Simulation Result

Figure 5: Simulation Result (Bar Graph)

The Figure 4 and 5 represents the MATLAB simulation result, the power generated in MW of each month for
a particular year. The traditional method is presented as blue curve, the automatic generation control (AGC) is
presented in orange curve and the proposed renewable energy integrated generation method is presented as green
curve. From the simulation output, it shows that the proposed method generated maximum power in MW for same
situation as compared to traditional and automatic generation control methods. The maximum power generation
in traditional and AGC is lower than that of the proposed method.

5 Conclusion and Future Work

This paper presents a concept of maximum power generation method by using integrated methods. For a com-
prehensive evaluation of the impact of distributed generation and solar plantation, an analytical method is used.
Simulation results show that proposed method gain to maximum power generation that is close to the desired value,
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while all the constraints, including the switching number limits of voltage control devices, are satisfied. In addition,
the proper operation mode of dispatchable generations can also be determined by the proposed method.

Since the integration of renewable energy with dispatchable power generation continues to increase in the elec-
tricity grid, some interesting research features that can be investigated in future and can be formulated here as
inspiration for future studies in mainly two aspects: modeling and computation.

• Models for proposed system considering uncertainties should be further developed. Control strategies of
multiple grids should be investigated. It might be valuable to study and develop a concept of operational
flexibility to evaluate the capability of grids to participate in system operations and the electricity market.

• Models of high or 100% power electronics-based grid with small or no inertia need to be studied. An micro-
grid is a good candidate for a heavy inverter-based grid, which features high penetration of renewable sources
and distributed generators, as well as low inertia. A plug-and-play feature with its enabler controller design
and granular integration into the grid might change the basic structure of the electricity grid operation.

• Since there are few meshed systems in operation now, it would be of great value to further investigate detailed
models. This includes different converters, losses models, droop control strategies and different operation
schemes.

• Relaxation and approximation can be applied to reduce the complexity of calculating the system under
uncertainties, apart from linearization.

• Data-driven optimization and machine learning can be more suitable techniques to deal with uncertainties
brought by renewable sources with advanced development in computation and communication technologies.
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