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ARTICLE INFO ABSTRACT

The transformation of the power grid from traditional methods into smart grids for the generation, transmission,
distribution, and utilization of electric energy reduces the dependency on fossil fuels, thus taking a step towards
environmental sustainability. This research paper simulates a smart grid's behavior when integrated with a
renewable energy source. The grid network topology of a power system was modeled and simulated in MATLAB/
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15\/1':;1]{2:;30" SIMULINK, where the model consisted of renewable energy resources (RER’s) having a series of solar panels,
Simulink redundant power generating stations, a transmission infrastructure, and a power utilization section for 3-phase

high voltage industrial load and low voltage domestic load, respectively. The results of the study showed that
there is power loss and signal distortion in the output voltage when multiple generators are integrated. These
harmonics can be easily filtered out when the integration is done between the generator and a renewable energy
resource (RER) using properly designed Resistor-Inductor-capacitor filters and booster circuits. The results
further demonstrated that when integration was accomplished between the generator and the RERs, a stable
output voltage of 0.6e4 V was obtained, given a generator capacity of 6600 V. The industrial and domestic load
also showed minimal instability by maintaining an output of 1100/440 V, respectively, before and after in-
tegration. The study also showed that RERs can be used to support the power supply to the grid to maintain its
supply voltage and the overall stability of the system. However, RERs cannot withstand supplying a power grid

on their own.

1. Introduction

Power plants transmit electricity in one direction at set rates to
distribution substations [1]. The outdated electricity infrastructure of
the Traditional Grid (TG) system cannot handle the growing needs for
real-time pricing, congestion management, self-healing, Demand Re-
sponse Programs (DRPs), reliability, and security [1]. Focusing on the
latest technologies is crucial to meeting customer demand and pro-
viding a reliable, safe, and continuous electricity supply without power
outages [1]. The traditional power grid system is focused on transmit-
ting electricity over long distances and distributing it to users and faces
numerous challenges, including limited real-time pricing, congestion
management, and reliability [1]. To meet growing demands and ensure
continuous supply, it is essential to embrace new technologies [1]. In-
corporating variable renewable energy sources (VRES) into the grid
poses a significant challenge, requiring updates and expansions to the
transmission infrastructure. With the increasing penetration of VRES,
the focus shifts to improving transmission capabilities to support re-
mote locations and maintain system stability. Conventional power
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generation methods suffer from drawbacks like unidirectional power
flow and limited internal regulation [7], necessitating the adoption of
smart grid technologies. Smart grids, utilizing distributed generation,
demand response programs, and advanced sensors, enable efficient
energy monitoring, control, and fault rectification, ensuring a reliable
and resilient power supply [8]. Some of the main factors driving the rise
of renewable energy (RE) to the top of the energy portfolio are ex-
ponential growth in the demand for energy due to growing population
and economic growth, growing concerns about energy security, climate
change and global warming [14]. Since 2010, wind and solar photo-
voltaic (PV) systems have seen tremendous growth among other re-
newable energy sources. The combined global capacity of solar PV and
wind power generation was 303 and 487 GW at the end of 2016,
translating to penetration levels of 1.5 and 4.0%, respectively [14]. The
percentage of renewable energy in the world until December 2016,
excluding the 16.6% share of conventional hydropower, was only about
8.0% [14]. Also, energy consumption is projected to rise significantly
from 663 to 736 quadrillion in the period of 2015-2040, leading to an
estimated increase in carbon dioxide emissions from 31.2 to 45.5 billion
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metric tons per year [15]. Understanding the significance of integrated
renewable energy sources, the European Union established a target to
attain 27% of gross final energy consumption from renewable sources
by the year 2030 [15]. Incorporating a significant proportion of VRES
into the electricity grid is a critical obstacle in the global dec-
arbonization and clean energy agenda. It is essential to encourage the
economic deployment and usage of VRES generation while preserving
or improving the stability and dependability of the power system as its
installation grows. The infrastructure and services of the transmission
grid must be updated and expanded due to the remote locations and
intrinsic qualities of VRES.

An investigation into the integration of renewable energy into an
electrical grid is driven not only by policy and regulatory drivers of
world governments to be carbon-neutral post-2030, but also by a
complex mix of factors ranging from environmental to economic, as
well as technical reasons. Renewable energy sources (RERs) play a
significant role in reducing greenhouse gases and have thus formed the
foundation of the transition efforts to clean energy in line with the Paris
Agreement. There is also the added benefit of improving the quality of
air in cities and nearby towns, as the quality health outcomes observed
in many regions of the world have been tied to the pollution levels
observed therein. The cost of RERs has also been a motivating force, as
falling costs to levels that are cheaper or competitive with fossil sources
now place RERs as a viable alternative to replacing the energy transi-
tion efforts many countries are embarking on to have energy in-
dependence, as local renewable generation reduces dependence on
imported energy. Economically, the benefits of RERs integration are
immense as it has a direct impact on job creation, and cost savings
accruing from a diversified energy portfolio, which technically also
increases the resilience of the grid and its overall reliability.

This study aims to simulate the behavior of a smart grid when in-
tegrated with a renewable energy source. The next sections of this paper
will be a literature review of the challenges of integration of renewable
energy in smart grids, the Simulink model, and the simulation carried
out, while the results and discussion will follow in subsequent sections.

2. Literature review

The conventional centralized power system, relying heavily on fossil
fuels to nearly 81% [2], faces challenges due to increasing demand and
environmental concerns. As a result, there's a global shift towards re-
newable energy sources. The smart grid (SG) concept emerged to fa-
cilitate this transition by providing a flexible and adaptable electrical
grid capable of integrating renewable energy effectively. With renew-
able energy integration, the SG manages 2-way energy and information
flows, allowing for decentralized energy production and real-time
monitoring [11]. Renewable energy sources like solar, wind, and hy-
drogen are prioritized for integration into the grid, often through micro-
grids utilizing power electronics [14]. However, these sources lack in-
ertia support, necessitating additional auxiliary systems and grid up-
grades for stability [10]. Overall, grid modernization is crucial to ac-
commodate renewable energy integration and ensure a sustainable and
reliable energy future [10].

Integrating renewable energy into the smart grid offers numerous
advantages for both the environment and consumers. By leveraging
renewable resources such as solar PV energy, the grid can significantly
reduce greenhouse gas emissions, contributing to a sustainable en-
vironment [10]. This integration shifts towards a more distributed en-
ergy production system, lessening reliance on centralized energy gen-
eration and reducing transmission power loss, ultimately leading to
more efficient energy production and distribution.

Additionally, incorporating renewable energy stabilizes the grid,
ensuring a consistent power supply even during peak demand periods
[7]. The smart grid's flexibility allows for seamless power transfer to
renewable sources for maintenance, ensuring uninterrupted service to
consumers. With renewable energy integration, load shedding becomes
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less frequent, enabling consumers to utilize power without interrup-
tions. Moreover, renewable energy tends to be more cost-effective,
providing financial benefits to both consumers and the energy system.
Overall, integrating renewable energy into the smart grid represents a
crucial step towards a sustainable and resilient energy future.

The integration of renewable energy systems into the electric power
system brings significant changes to traditional power network structures. In
the traditional radial system, power flows from higher voltage levels to
lower ones, with distribution systems serving as passive circuits [12].
However, with the introduction of renewable energy generators, distribu-
tion networks become more active, with multiple voltage sources in a single
feeder. Most renewable energy systems are integrated at the low-voltage
distribution level. This integration introduces abrupt fluctuations in gener-
ated power output, increasing the stochasticity of the power network [7]. To
manage this complexity, upgrades are needed at both the generation and
distribution levels. The current centralized power network needs improve-
ments in monitoring, control, and regulation to accommodate fluctuating
renewable energy sources effectively [7]. Coordinated upgrades are neces-
sary to optimize power flow, ensure supply quality, and enhance system
flexibility, especially at the distribution level. The goal is to achieve optimal
power flow, supply quality, and reliability while reducing the complexity of
stochasticity [14].

Some of the major integration challenges posed by renewable en-
ergies in smart grids are power balance issues, such as Inadequate
Short-Term Ramping Capability; Conventional synchronous generation,
crucial for grid stability, may lack the rapid ramping capabilities
needed to accommodate the fluctuations in renewable energy output
[7]. Without adequate ramping, the grid risks technical and economic
losses due to frequency instability, Long-Term Generation Inadequacy;
as RERs penetration increases, seasonal and annual energy balancing
becomes more challenging, affecting the scheduling of synchronous
generation [5]. Long-term instability can occur due to unpredictable
fluctuations in renewable energy output, leading to financial challenges
and a reliance on thermal unit maintenance [7], The inability to ac-
curately forecast changes in renewable energy output on short,
medium, and long timescales causes scheduling difficulties and loca-
lized grid congestion [8]. Inaccurate forecasts can result in unplanned
grid operations, equipment damage, technical issues, and economic
losses [7], Voltage Flickering; Harmonics may also lead to flickering in
displays and lighting, spurious tripping of circuit breakers, mal-
functioning of sensitive equipment etc [14] and locally integrated re-
newable energy through power electronics increases flicker leading to
reduced equipment lifetime [7], Renewable Harmonic distortions are
increased during integration via inverters. As a result, end users ex-
perience shorter equipment lifespans, more trips, or equipment damage
[7]. The issue with oscillation is that it restricts power transfer cap-
abilities, particularly in long transmission lines, and adds to the sys-
tem's instability when anomalous events arise [3]. A detailed analysis of
the electric field inside high-voltage (HV) substations using charge si-
mulation methods was reported in [16].

Lower voltage levels of the grid may lack proper protection against
the stochastic nature of renewable energy integration. Inadequate
protection planning can result in overloading, unplanned trips, and
negative impacts on equipment lifetime. Protection systems must also
handle erratic fault currents and enable islanding for increased relia-
bility [9], Reduced Capability Towards Fault Detection; RE generation
systems have very low short-circuit power, which can make fault de-
tection and voltage instability difficult to detect [4]. This complicates
stable grid operations and may isolate RE microgrids, emphasizing the
need for accurate statistical descriptions of forecast errors and adequate
reserve requirements [9].

3. Materials and methods

This study uses MATLAB Simulink software R2022b to design and
simulate a model considering all the electrical parameters. The virtual
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Fig. 1. A Simulink Model of renewable energy generation.

design is significant as it designs a model with all required parameters
and analyzes the results before the actual implementation of the desired
network into the present grid.

3.1. Renewable energy generation

The solar power is generated with the help of a PV array, followed
by a booster circuit to boost the power generated by the PV array and
supply it through an inverter circuit, to have a pulsating Direct current
(DC) output converted into a pure AC sinusoidal waveform with R-L-C
filters applied. The output voltage and waveform are measured by the
scope attached to the measurement block and further connected to the
circuit breaker used to integrate solar power output into the grid, as
shown in Fig. 1 below.

3.1.1. Specifications of renewable energy generation (PV generation)

The solar farm has an input irradiance of 2000 W/m? and an input
temperature of 25 °C, which allows it to generate an output voltage of
1132 V and an output current of 3088 A. Table 1 shows the input
values of the PV array in the model.

The PV model consists of 200 Parallel Strings and 50 series-con-
nected Strings. To evaluate the desired output of the renewable re-
sources of energy and the module data specifications are shown in
Table 2 below:

3.1.2. Output power calculation
Total output power is calculated as
Number of parallel strings*Number of series string*rated power of each module
i.e. Calculated Power (o/p) = 200*50*219watts
P(o/p) = 2190000 (2.19MW)

3.1.3. PV output
It measures the output voltage and current produced in the solar
farm. The measured values, as expressed in Table 3 are as follows.

Table 1
PV array characteristic parameters

Parameters Values Reference of input values

Input Irradiance 2000 W/m?
Input Temperature 25 °C

To obtain the desired output value
As the ambient room temperature is 25 °C.

PV = photovoltaic.

Table 2

Module parameters of A10 Green Technology, A10J-M60-220
Parameters Values
Max Power 219W
Cells per Module 60
Open Circuit Voltage (Vo) 36.06V
Short Circuit Current (Ig.) 7.95A
Voltage at maximum Power Point Vimp (V) 30.12V

Current at maximum Power Point I, (A) 7.3A

Temperature coefficient of V. (%/deg.C) —0.3624
Temperature coefficient of I, (%/deg.C) 0.05480
Light-generated Current IL (A) 7.9642 A
Diode saturation Current 10 (A) 2.8692e—10 A
Diode ideality factor 0.97455

106.1817 Ohms
0.18964 Ohms

Shunt Resistance R (sh) (ohms)
Series Resistance R (s) (ohms)

The values mentioned in the above table are the choice of specifications and in
line with the best industrial practice.

Table 3

Output values of solar power generation
Parameters Values
Output Voltage 1132 Vv
Output Current 3088 A
Output Power 2.198 W

Fig. 2 represents the following graphs, where the voltage-current
output parameters of the PV array of type A10 Green Technology A10J-
M60-220, having 50 series modules and 200 parallel strings, are
shown.

i. Voltage-Current (V-I) graph
ii. Voltage-Power (V-W) graph

The maximum current drawn is 1460 A when the voltage across it is
1506 V. The maximum power generated at 1506 V is 2198760 W
(approx. 2.198 MW), having an input irradiance of 1kW/m? The
output power value of 2198760 W matches the above-calculated
output power value of 2.19 MW. It should be noted also that within the
filter module is a phase-locked loop, which locks the phase of the
output signal to the phase of a reference input.
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Figures - Figure 1: array @ 25 deg.C & specified irradiances
Figure 1: array @ 25 deg.C & specified irradiances
Array type: A10Green Technology A10J-M60-220;
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Table 4

Booster circuit parameters

Parameters Values Reference of input values
Inductor (L) le-3H
Capacitor (C) 6e—3F [6]

The values mentioned in the above table are the choice of specifications and in
line with the best industrial practice.

Table 5
Diode parameters

Parameters Values
Internal Resistance (Ron) le—3 Ohms
Inductance (Lon) OH
Forward Voltage (Vf) 0.8V
Snubber resistance (Rs) 500 Ohms
Snubber Capacitance (Cs) 250e—-9 F

The values mentioned in the above table are the choice of spe-
cification and are in line with the best industrial practices.

Table 6
Inverter circuit parameters

Parameters Values Reference of input
values

Internal Resistance (Ron) le—3 Ohms

Inductance (Lon) OH

Forward Voltage (V¢) 1v

Snubber resistance (Rs) 1e5 Ohms [13]

Snubber Capacitance (Cs) inf. (infinite) F

The values mentioned in the above table are the choice of specifications and are
in line with the best industrial practice.

Table 7
R-C series circuit parameters of inverter circuit

Parameters Values Reference of input values
Resistor (R) le—3 Ohms [13]
Capacitor (C) 5600e—6 F [13]

Table 8

PWM parameters
Parameters Values Reference of input values
Time Values [0 0.00005 0.0001] [13]
Output values [-11-1] [13]

PWM = pulse width modulation.

3.1.4. Booster circuit

The booster circuit is referred to from [6] and depicted in Fig. 3,
consists of an inductor and a free-wheeling diode in series with 2 ca-
pacitors in parallel, with the values stated below in Table 4. Its function

is to make the circuit ripple-free, stabilize, and boost the voltage from
the PV array.
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Table 9

R-L series filter parameter
Parameters Values
Resistor (R) le—3 Ohms
Inductor (L) le—3 H

The values mentioned in the above table are the
choice of specifications and in line with the best
industrial practice.

Table 10
R-C shunt filter parameters

Parameters Values Reference of input values
Resistor (R) 1le5 Ohms [13]
Capacitor (C) le-9F [13]

3.1.5. Diode
The diode in the above booster circuit is forward biased with the
following data specifications as in the Table 5 below:

3.1.6. Voltmeter
It is connected across the line to measure the voltage of the line to
give a Booster Output Voltage (V) of 2086 V.

3.1.7. Inverter circuit

To convert the DC voltage generated in the PV array into pulsating
AC Voltage. It consists of 6 insulated gate bipolar transistors (IGBTs)
with pulse width modulation (PWM) as the gate signal for operation,
with the R-C filters (values specified below) connected in parallel for
the modulation. The Inverter circuit above has 6 IGBTs connected to

A

L

A=
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give a pulsating DC output. The specifications are in Table 6 as follows:

The R-C series circuit is connected across the DC voltage line as a DC
bus capacitor to reduce the switching loss and increase the life span of
the semiconductors in the circuit. The values of the resistor and capa-
citor are in Table 7 as follows:

The PWM Circuit generates the pulse for the input of the gate in
IGBTs, which consists of a reference pulse generator (V,f), connected to
a repetitive sequence for the carrier wave, and rational and logical
operators to supply the gate pulse for the IGBTs.

3.1.8. Pulse-width-modulation (PWM) generator specifications
This sequence is used for repeating the signals and sampling the
output waveform, with period values stated below in Table 8.

3.1.9. Filter

This filter is used to convert pulsating DC voltage from the inverter
into a pure Alternating current waveform. It consists of R-L in series and
R-C in shunt to compensate for the voltage. The measurements are as
follows in the following Table 9 and Table 10 respectively.

3.2. The grid network topology

The power grid network has 3 generators, of which Generator A has
an output of 6600 V, Generator B has an output of 3300 V, and
Generator C (redundant) has an output voltage of 3300 V. The grid line
voltage of 6600 V, a step-up voltage of 6600/11000 V, having a
transmission line of 100 km, and a transmission line step-down trans-
former of voltage 11000/6600 V. Moreover, the utilization network
has a distribution transformer of 6600/1100 V and is directly supplied
to a 3-phase high-voltage consumer load (industrial load). Further, it
also has a residential transformer of 1100/440 V and is supplied to a
phase residential load of 440 V, as shown in Fig. 4.
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Fig. 4. A Simulink Model of grid network topology.
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Table 11

Internal impedance parameters of Generators A, B,

and C
Parameters Values
Resistor (R) 1 Ohm(s)
Inductor (L) 16.58e—3 H

The values mentioned in the above table are the
choice of specifications and are in line with the best
industrial practice.

3.2.1. Generation unit
As shown in Fig. 5, it consists of 2 main generators with a rated
output voltage of 6600 and 3300 V, respectively, and a redundant
generator with a rated output voltage of 3300 V. The voltage of the
generators with a rating of 3300 V is stepped up to feed it into the grid
line to meet the voltage level of the main Generator A, rated 6600 V.
Generator A: It is a 3-phase source connected in star with a grounded
neutral connection (Yg), having swing characteristics of load flow.
Generator-A specifications: Phase-to-phase voltage (Vi,s) = 6600 V,
with frequency of 60 hertz. The internal impedance parameters of the
Generator (A) are in Table 11, where it has an Output voltage of 6792 V.
The Circuit breaker installed in the line (Generator A-C/B) has the same
default characteristics and specifications as of PV output circuit breaker.
Generator B: It shows a 3-phase source has a star connection with
grounded neutral (Yg), with swing load flow characteristics. It has a 3-
phase transformer of 3300/6600 V to meet the grid voltage.

Generator-B Specifications: Phase-to-phase voltage of 3300 V with
frequency (f) = 60 hertz. The internal impedance parameters of
Generator B are in the Table 11 as above:

Transformer Specifications: It is a 3 single-phase transformer type
having winding 1 and winding 2 in star connection and neutral as
grounded. The voltage values of winding 1 and winding 2 of the
transformers are set as 3300 and 6600 V, respectively to maintain the
grid line voltage. The values are described in Table 12.

Generator C: This 3-phase source (as shown in Fig. 4) is a redundant
generator that has a star connection with grounded neutral (Yg), with
swing load flow characteristics. Phase-to-phase phase-rated voltage of
the Generator-C is rated as 3300 V with frequency (f) = 60 hertz. The
internal impedance parameters of Generator C are shown in Table 11
above, with an output voltage of 3568 V.

3.2.2. Transmission unit

As shown in Fig. 6, the power generated by the generators is
transferred by a 100 km transmission line to the consumers for utili-
zation. It consists of a step-up transformer (6600/11000 V) and a step-
down transformer (11000/6600 V).

Step-Up Transformer Specifications: It is a 3 single-phase transformer
type having winding 1 and winding 2 in star connection and neutral as
grounded. The voltage values of winding 1 and winding 2 of the transformer
are 6600 and 11000 V, respectively. The values of the parameters are
shown in Table 13:

The output of the step-up transformer (6600/11000 V)
1.302e04 V; approx. 13020 V.

is

Table 12

Transformer specifications installed with Generator B
Parameters Values
Nominal Power and frequency [Pn (VA), f (Hz)] [250e6, 60]

Winding 1 parameters [V1 Ph-Ph (vrms), R1 {Ohms}, L1 (H)]
Winding 2 parameters [V2 Ph-Ph (Vrms), R2(Ohm), L2 (H)]
Magnetization resistance Rm (Ohm)

Magnetization inductance Lm (H)

[3300 0.00034848 3.6975e — 05]
[6600 0.000968 0.00010271]
500 Ohms

500 H
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Table 14
Industrial load parameters
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RESIDENTIAL LOAD

Fig. 7. Utilization unit of grid topology.

Parameters

Values

Reference of input values

Configuration

Phase to Phase voltage (Vrms)
Nominal frequency

Active power

Inductive reactance power (QL)
Capacitive reactance power (QC)

Star (Y) with neutral grounded
1100 V

60 Hertz

10e3 W

100 var

100 var

To have better efficiency
As the Industrial load is 1100 V
The operating frequency is 60 Hz

3.2.3. Utilization unit

In this unit, the power generated and transmitted with various
switch gear installed for protection is finally being supplied to the
consumers; both high-voltage users (1100 V) and the residential con-
nection have a 3-phase line of 440 V. It consists of distribution trans-
formers that step down the voltage level from 6600 to 1100 V. This

high voltage power is directly supplied to the industrial consumers,

where the voltage is again stepped down to 440 V and supplied to the
residential users as described in Fig. 7 below.

Distribution Transformer and Circuit Breaker: As the name suggests,
the distribution transformer is a step-down transformer from a high
voltage of 6600 to 1100 V and is supplied to consumers (both high
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Table 15
Domestic load parameters
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Parameters

Values

Reference of input values

Configuration

Phase to Phase voltage (Vrms)
Nominal frequency

Active power

Inductive reactance power (QL)
Capacitive reactance power (QC)

Star (Y) with neutral grounded
440 V

60 Hertz

10e3 W

100 var

100 var

To have better efficiency
As the domestic load is 440 V
Operating frequency is 60 Hz
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Fig. 8. A detailed Simulink Model of RERs integrated in the grid. RER’s = renewable energy resources.

voltage and domestic consumers) for utilization. It also con
circuit breaker that automatically operates in case of any fault

the faulty part. The output voltage of the distribution transformer used

at this stage is measured as 1120 V.

Load specifications: This is a 3-phase load for the utilization of

power and is divided into 2 sections:

sists of a 3.2.4. Generator output voltage waveform
to isolate Figs. 9 and 10 represents the sinusoidal waveform of Generator A

(rated 6600 V) before and after the integration of RERs in the SG, re-

spectively. As it does not show any change in the waveform, the in-

0.6e4 V.

Industrial load: It is a 3-phase high-voltage load of 1100 V directly

supplied by the distribution transformer to industrial consumers. It is a
star connected with a neutral grounded load to have a better efficiency
with a better power factor. The specification of load in Table 14 is

described below.
Residential load: The line voltage of 1100 V is stepped

440 V with a transformer, followed by a 3-phase residential load of

down to

440 V. It is a star connected with a neutral grounded load to have a

better efficiency with a better power factor. The domestic load speci-

fications are stated in Table 15 as follows:

The output voltage of the residential load is 448 V. Fig. 8 shows the
detailed representation of the model designed in MATLAB, where the

values shown therein represent the system output/behavior
integration of renewable energy resources (RERs) in the grid.

tegration has been accomplished and has a stable voltage value of

3.2.5. Industrial load output voltage waveform

Figs. 11 and 12 represents the sinusoidal waveform of the industrial
load (rated 1100 V) before and after the integration of RERs in SGs,
respectively. As it does not show any change, the integration has been
accomplished successfully, and it also has a stable voltage of 1100 V.

3.2.6. Domestic load output voltage waveform

Figs. 13 and 14 represent the sinusoidal waveform of the domestic

load (rated 440 V) before and after the integration of RERs in SGs,
respectively. As it does not show any change in the waveform, the in-

after the tegration has been accomplished, and also the voltage level is stable at
the value of 440 V.
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Fig. 9. Three-phase output waveform of Generator A before integration.
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Fig. 10. Three-phase output waveform of Generator A after integration.

3.3. Comparison of output voltage before and after integration of RERs in
SGs

Figs. 15 and 16 represents the bar graph for the output voltage
values of generators and load voltages before and after the integration
of RERs in SGs, respectively. In Fig. 15, the bar graph shows the output
voltage is highest when all the Generators A, B, and C are running to-
gether to supply the power in the grid over 7200 V and degrading
eventually when either Generator B or Generator C is off-loaded (i.e.

either Generator A and B are operating or Generator A and C are op-
erating) to 7000 V. But when Generator A is under maintenance or
during non-peak hours, the grid voltage is supplied by Generators B and
C operating together, and the output grid voltage drops to 6400 V.
When Generator B (rated output voltage of 3300 V) is operating
individually and integrated with renewable resources, there is a dip in
the output in line grid voltage and measures to 5200 V, in the output
voltage of industrial load the measured value decreases to approxi-
mately 1000 V and the domestic load decreases to 432 V (as shown in
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Fig. 11. Three-phase output waveform of industrial load before integration.
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Fig. 12. Three-phase output waveform of industrial load after integration.
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Fig. 13. Three-phase output waveform of domestic load before integration.
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Fig. 14. Three-phase output waveform of domestic load after integration.

Fig. 16). Figs. 15 and 16 illustrate that the output voltage before in-
tegration and generators running independently is higher (6400 V)
than the output voltage after the integration (5200 V) of the renewable
resources into the smart grids.

Moreover, while integrating the RERs in the SGs in the MATLAB
Simulink model, the values of electrical parameters (booster circuit,

inverter circuit, PWM circuit, and the Resistor-Inductor-capacitor (RLC)
filters) in the RERs generation circuit were the major challenge af-
fecting the output of the PV generation. Also, the electrical parameters
in the grid network (generators, step-up and step-down transformers,
transmission line and its length, and the 3-phase loads) with the con-
nection topology of the individual transformers affect the output values
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Fig. 15. Bar-chart of output voltage before integration.
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Fig. 16. Bar-chart of output voltage after integration.

and the voltage graphs of the generators, the industrial load, and do-
mestic load values.

4. Conclusions

With the generation of the sinusoidal waveform of the Generator (A)
(6600 V), the industrial load (1100 V), and the residential load
(440 V), it can be concluded that there was successful integration of
RERs into the SGs, with acceptable values of the electrical parameters of
RERs, generation, and the grid system. Harmonics, being one of the
greatest challenges amongst all mentioned above, can be mitigated by
the installation of RLC filters as shown in the model and the modulation
of it to reduce the harmonics. All smart grids use Internet-of-Things for
stable and reliable communication, and this reduces the issues re-
garding the delay time of operation of switch gears to a great extent.
Furthermore, by the usage of Internet-of-Things in SGs, the grid is safer
by securing the communication system entirely or and its related data
from digital intruders (i.e., hacking).

According to the investigation of the model in Simulink, the RERs
cannot supply power to consumers via the grid when acting on their own.
However, with the output values after the integration, it can be concluded
that RERs can only be used to support the power supply into the grid to
maintain the supply voltage and the overall stability of the system. Also, it
was observed that power generated by RERs can only be supplied effectively
when one of the generators is in operation with the RERs.

Moreover, as the power generation from RERs is cost-effective with
cheaper maintenance costs for energy producers, it is used in many
different scenarios for isolating the main generator and operating the

12

grid with a spare generator and RERs during off-peak hours. This is also
beneficial to the consumers because of low tariff rates when the RERs
are integrated and used as a power source for supplying power into the
system.

This study did not consider, at this time in that intermittency issues
are prevalent with renewable sources, thus, the results obtained do not
explore the grid performance when intermittency in the renewable
energy source is considered. Further work is currently underway to
explore these effects, as well as exploring energy storage balancing is-
sues and their resultant effect on grid integration. While the RLC filters
discussed and demonstrated in this study support the integration of
renewable energy systems through improvements in the power quality,
as well as filtering the output of the inverter, further work could in-
vestigate how power flow is managed after integration using maximum
power point tracking (MPPT) and grid-tie controllers.
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