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Review Article

UNDERSTANDING SOLAR POWER SYSTEM AND ITS CONTRIBUTION TO
FREQUENCY REGULATION - A REVIEW
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* Corresponding author; E-mail: b.hemlal@gmail.com

Abstract Thirst for renewable power systems is gaining popularity in recent times. Solar power system
due to its inherent advantages and availability is one such renewable energy system that is gaining
penetration in power system sectors. The penetration of renewable energy sources in power systems is
what is making the systems more concerned in terms of voltage and frequency stabilities. Overall
understanding of solar power system is crucial in terms of construction, operations and possible means
for enhancing the system stabilities where possible. This study covers the basic understanding of solar
power in terms of construction, types along with a clear indication of solar power as one of the
promising renewable energy options. Furthermore, the concept of the energy storage system and
different options for energy storage are discussed as it is an essential requirement of the solar power
system. The role of the energy storage system along with the basic concept of frequency regulation, the
need for frequency regulations and the possible aspects of using solar PV plant for frequency are
compared in this study.

Keywords Solar Power, Renewable Energy, Grid, Storage System, Frequency Regulations, State of
Charge
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1. Introduction

Global demand for electrical energy is on the rise due to population growth as well are increasing
developmental activities. On one hand, there is stress on power system networks to meet the growing
load demands and on the other hand, there is a need for judicious extraction and use of energy sources.
The pressure is also mounting from the concern pertaining to impacts of climate change where the
holistic shift in renewable energy sources should be the priority. Almost 26% of the global electricity is
from renewable sources and there are predictions that it will rise to 30% by 2024 [1]. There are
commitments in line with realizations of ‘Sustainable Development Goals (SDGs)’ whereby countries
are committing and shifting towards renewable energy initiatives. This is in the thirst for decarbonization
of power system networks and initiatives towards becoming carbon neutral. Commitment from different
countries in its strategic plan for going renewable has been realized with meaningful actions towards
these directions. Penetration of solar and wind energy systems is quite significant in recent times along
with hydropower.

One more reliable and user-friendly approach are driven towards solar power which has wider
scales of growth starting from rooftop to solar farms which are contributing to meeting individuals'
electricity demands and in many extends its connection and contributions to the power grid. Researchers
have also found out that substantial rural communities depend on lighting and heating loads from
renewable energy [2]. A deeper understanding of solar energy, radiation, solar power system, energy
storage system and the frequency regulation concepts are thus crucial while exploring renewable energy
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sources as an option. It is critical to review the work done especially in the domain of energy storage as
well as frequency regulations as solar power systems are variable power generations that are subjected
to multiple factors. The best of the best energy storage system and the frequency regulation techniques
are appropriate for given situations and conditions thus be key indicators for specifically realizing the
potential of solar power system for its contribution to electrical power system networks.

The electric power system must meet two distinct challenges: maintaining a near-real-time
balance between generation and demand, and adjusting generation (or load) to regulate power flows
through particular transmission facilities. Because loads and generators are continually varying, it's
challenging to balance generation and load in real-time. Regulation, contingency reserves (spinning
reserve, supplemental reserve, replacement reserve), and voltage support are all services that storage
technologies should be able to provide [3].

2. Understanding Solar Power System and their roles in power system networks

2.1. Why Solar Energy?

Energy from the sun is enormous and most of it goes untapped. The daily solar energy radiations
are more than that of the energy used in a world for a year and it is a renewable source of energy.
Furthermore, solar energy is freely available, environmentally friendly, sustainable and has strength for
energy independence, the choice for it is most favorable. The solar radiation can be turned into thermal
energy as well as electrical energy and realize the appropriate requirements [4].

EARTH'S ENERGY BUDGET
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Figure 1. Earth Energy Budget [5]

It is noted that major portions of solar radiation that reached the earth's surface are just radiated
back and despite its numerous advantages it is hard to believe that it has not gained major penetration
in power sectors where some pertaining issues related to higher cost involved in collecting, converting
and storing.
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Still, the use of solar electrical energy is rising fast in current times which are largely due to the
attributes of positive aspects derived in terms of technologies, cost and ease of implementation. The
lifespan of solar panels is 30 years and it can be customized based on size, colors and materials being
used [6]. The construction of solar panels is such that it meets the requirements of energy generation as
well as its conditions for usage in the exposed atmosphere.

Front Adhesive Film
Solar Cells

Back Adhesive Film

Backsheet

\\.\ ’— Junction Box

Figure 1. Solar Photovoltaic (SPV) Layers [7]

There are two common types of solar energy systems like ‘Utility Intertie PV Systems (Grid
Connected)’, ‘Stand Alone Solar Electric System’. The grid-connected solar energy system provides
simple and cost-effective integration of solar power to utility power for energy requirements in smaller
scales in residential/other buildings. Whereas the stand-alone system can well be applied in isolated
building/structure or setup where there is no connection to utility power. The requirements can be
implemented without or with usages of battery system (storage where necessary and feed in night time
or in the case of cloudy weather).

P '3&.

<

Figure 3. On-grid and Off-grid components [8]
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The mounting of solar panels can be either ‘Fixed Mount’ or ‘Track Mount’ based on the situation.
the former is less costly as compared with the latter whereas the latter is most efficient as compared to
the former as it has the capability of tracking the sun direction so as to achieve maximum solar radiation
hitting the solar panels surface. In the majority of rooftop solar power systems, the use of fixed mounts
is common due to price as well as other associated technical and practical difficulties.

The need to have greater insight into energy storage and frequency regulation is critical while
talking about solar power systems. The penetration of solar power systems in the power utility grid will
be more materialized when possible storage systems are incorporated as well there is special attention
given to the frequency regulation when it is connected to the grid. Unlike hydropower, the fluctuations
and weather dependency is high in the case of solar power system and more so it will generate D.C.
voltages while the grid mostly/always is A.C in nature.

3. Why energy storage system is needed?

The need for energy is round the clock whereas the possibility of generating solar power is during
the daytime. This has demanded the requirement of a storage system that can stock the excess power
during the daytime and can be utilized during nighttime or even during cloudy weather. The grid-tied
net-metered solar panels system is seen as more viable when there are bidirectional energy flow
conditions can be realized. This will facilitate the excess energy if produced can be contributed to the
grid and in other instances draw the required energy from the grid. The researcher has found that the
extra energy can be used to charge the energy storage whereby the stored energy can safely be used after
sunset so that the need for grid-connected utility power demand does not arise [9]. There are several
types of energy storage technologies, including electrochemical, mechanical, and electrical/ magnetic
fields as shown below;
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Lithinm-ion
(Li-1iom)

Electrochemical

....[ MibH

Sodium sulfur
(MNas)

-
Redox flow

_—
Flywheel

Mechanical

Pumped hydro

Energy
storage

Compressed air

Electric double
layer

-

Ultracapacitors

Pseudocapacitor

Hybrid

Fig. 4. Different types of Energy Storage Systems (ESS) [10].
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Solar PV plants require short term support during clouding, load shedding and short-circuits. Such
support can be provided by energy storage with high power capabilities rather than high energy
capabilities [10]. Also, ESS with a faster discharge rate is preferred for such purposes. Modern ESS
such as flywheels, ultracapacitors, Compressed Air Energy Storage and superconducting magnets are
designed with such characteristics [11]. The characteristics of some of the commonly used ESS are
shown below in figure;

102

P Redox
flow

10!

Energy density (Wh/kg)

Ultracapacitor

10° i ) O S S 8 i a1 i [ ERY) T S I A ot
102 103 10*

Power density (W/kg)

Fig. 5. Ragone plot for various types of Energy Storage Systems [10].

While consideration for frequency regulation, ESS with higher power density is preferred. There
is a need for understanding the different options available for the energy storage system that are already
in place and have their strength and weakness.
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Fig. 6. Comparison of Power Output (in watts) and Energy Consumption (in watt-hours) for Various
Energy Storage Technologies [12].

4. Frequency regulation

In a power system, frequency is a constantly changing variable that represents the balance
between generation and demand. The regulation of frequency to have power system on permissible
frequency range is crucial when there are constant changes in generation as well as load is observed in
power system. With the growing need for renewable energy, conducting primary frequency management
alone on the generation side has become not only prohibitively expensive but also technically complex.
Demand-side frequency response is an innovative technique to address the growing demand for
traditional power sources [13]. Also with solar power systems penetrating in power systems and their
fluctuating generating situations, the thirst for 'Maximum Power Point Tracking (MPPT)' technologies
are incorporated to achieve maximum possible generation. Solar photovoltaic power generation (PV
generation), on the other hand, does not engage in any frequency regulation or oscillation damping
function for the bulk power grid when operating in MPPT mode because the panels' output is maximized
rather than coordinated with the grid. PV operations could be modified to include it in frequency support
and small-signal stability control for bulk power systems as penetration grows [14].

4.1. Frequency regulation using solar PV system

With the increasing growth of renewable energy generation technologies making its impacts on
global power system networks there are issues of frequency stability [15]. If operated as a stand-alone
system, a solar PV system, as a renewable energy source, is often unable to follow load demand or
participate in frequency regulation [16]. When a PV system is connected in a large power grid the issues
pertaining to the impacts related to system frequency is neglected due to its capacity being much smaller



S ’ - Vol 6, Number 1-2, 2021
HJ ESG International Journal of Energy and Smart Grid 6-1SSN 2636-7904

as compared to power plant capacities but this issue is of concern when the larger-scale solar power
system is connected to power grid [17].

By using reserve power from the array [16] and using interconnection with other renewable
energy or non-renewable energy [18-19] the frequency is being regulated in the solar PV system. With
the increase in the use of solar power plants all around the world, modern power plants demand not only
generation support but also the need to use solar power plants for ancillary support. Solar power plants
usually do not contribute to system frequency due to their decoupled nature from system dynamics [20].
In addition, the intermittent nature of solar power plants limits their ability to provide constant power as
and when required [21]. However, with the use of ‘Energy Storage Systems (ESS)’, energy from the
solar power plants can be stored and utilized as and when the system parameter changes. ESS can help
to stabilize the electric power system by providing voltage and frequency support, load leveling and
peak power shaving, spinning reserve, and other ancillary services.

Although BESS are among the oldest technologies, they are the most matured and developed ones
as shared by ADB [12], but other researchers highlighted that BESS is not only capable of regulating
frequency but also in improving them for both load-shedding and load increase cases [22]. Some of the
BESS such as Li-ion batteries have a flexible characteristic because of which they can be used for
multiple purposes including frequency regulation [23].

Mechanical storage devices are also employed for the ancillary service of both islanded and grid-
connected systems. Flywheel is one such device that has shown considerable improvement in system
stability by reducing frequency fluctuation [24]. Flywheels possess higher power density and lower
energy density which makes them superior and suitable for frequency stabilization in RES technologies
[25].

‘Battery Energy Storage Systems (BESS)’ is an economic choice and has a wide range of
characteristics feasible for frequency regulation (such as fast ramp rate and power density). In addition,
they are the most commonly used ESS as it is a matured technology. Hence, BESS is a good choice for
frequency regulation. In the case of the battery, the commonly preferred ones are a Lead-acid battery,
Li-ion battery and Sodium Sulphur (NaS) battery.

4.2. Frequency regulation using BESS with SPVP

When the grid frequency falls below a specified threshold, BESS can supply the PFR service by
discharging (delivering active power) or absorbing active power from the grid (charging) when the
frequency rises over that threshold. Between 0 and the maximum storage power, the necessary charging
or discharging power is proportional to the frequency deviation and is linearly increased. Because of
their quick response and high-power capabilities across time scales of up to 15 minutes, Li-ion BESS is
well suited for PFR duty. Furthermore, when operated at 50% SOC, their calendar lifetime is extended.

One research shows how a battery energy storage system (BESS) with a frequency sensor
controller may improve the frequency of an isolated island microgrid (FSC). The case has a Solar
Photovoltaic Plant (SPVP) of a total installed capacity of 410 kWp, with over 50% instantaneous
penetration. To mitigate the impact of SPV power production volatility on the microgrid, a BESS with
the planned FSC was deployed. After that, load flow and transient stability analyses were performed
with and without the use of the BESS. A simulation of transient stability was used to investigate the
events of the greatest SPVP power plant tripping and all SPVP output powers with a ‘Ramp Rate (RR)’
of 70%/s. During these events, the frequency decreased below 57.3 Hz without being compensated by
the BESS, which caused the load to trip. However, using the planned FSC of the BESS to support the
microgrid's operation, the system frequency was well maintained [26].
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In another study, it showed that the operation and control of hybrid photovoltaic power, ‘Diesel-
Engine Generator (DEG)’, and BESS connected to an isolated power system a case study was conducted
on the impact of BESS operations on the frequency stability of the hybrid system. Due to limited storage
space, constraints on ‘State Of Charge (SOC)’ have also been introduced. In two scenarios, steady-state
analysis of a hybrid system using step load response with Pl controller and real-time performance
analysis for a typical day with random fluctuation in load demand was carried out. The Genetic
Algorithm is used to optimize the parameters of controllers. Matlab / Simulink platform is used to
simulate a hybrid system model. According to simulation studies, the BESS system can contribute to
frequency stability when the load increases and when the load decreases. This aspect of the BESS system
will come in handy if it is used in conjunction with a hybrid Wind-PV system [22].

A flow chart depicting the hybrid system model's operational approach is shown in the figure
below. A grid or an isolated power system can be used with the hybrid system. Variable loads are
connected to the electricity system. The frequency of the electrical system changes whenever the load
demand changes.

Changes in frequency are proportional to changes in load demand, therefore as load demand rises,
system frequency falls, and vice versa.

A SOCT - SO
No No

v

No

A ction g

TIYET,

h N

Fig. 7. illustration of operation strategy [22]

The frequency stability of the system must be constant. So, in order to achieve a change in
frequency of zero, the power supply should be changed, which implies that if load demand increases,
the power supply should be raised, and when load demand lowers, power should be reduced. On this
basis, systems proceed as follows: when the change in frequency becomes negative, BESS supplies
power to the system; however, before BESS can operate, it must go through a procedure in which the
battery's state of charge (SOC) is compared to its lower limit of a state of charge (SOC"). If the battery's
SOC is higher than the SOC", BESS will deliver power to the grid or system before being discharged;
otherwise, BESS will not produce power. In another scenario, if the frequency change is positive, BESS
does not deliver power and reduces total power. Before charging the BESS, some of the surplus power
was supplied to the battery system and its SOC as compared to its upper limit of a state of charge (SOCY).
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If the SOC is less than the SOCY, the battery is charging and drawing power from the system; otherwise,
the battery is not charging.

Furthermore, if electricity system resiliency is to be considered which is essential when there are
issues with the grid during grid outrages as a consequence of any emergencies as well as extreme
weather, the distributed solar photovoltaic systems can serve the purpose. This requires design
consideration with ESS, hybrid fuel-use and microgrids but has to be supported by favorable regulatory
measures so that power access during such circumstances be materialized [27].

4.3. Frequency regulation using De-loading method

In this method, effective control over the active power below the maximum power point (MPP)
of the PV plant is achieved for numerous variations in solar irradiation and temperature to regulating
the frequency of the plant [16]. This method is known as de-loading. A frequency droop control mode
similar to that of synchronous generator’s has also been developed following the same de-loading
method [28]. This model uses a droop characteristic for varying irradiation to control the frequency for
any loading condition as shown in the figure 8 below.

51.5-
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'm? 12000 /m?
' |
)

400W/m?°  800W/m? 10007

|
490 T 1 ]

0.0 0.1 0.2 0.3
Power Output (MW)

Fig. 8. Frequency drop for PV array [28]

De-loading techniques for the SPV plant by creating a power reserve in its MPPT curve are shown
below in figure 9. This is achieved by changing the maximum power point ‘Vmpp’ t0 “Vieload”. At “Vieload”,
the SPV plant operates at normal frequency but as soon as the system frequency reduces, the point will
move to the reference as shown as 2.

Power A

Total
Reserve. .
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Fig. 9. De-loading technique [29]

A more optimized and intelligent technique to perform frequency control by the de-loading
method has also been proposed [16, 30]. These methods involve the implementation of algorithms for
the MPPT controller which can regulate the MPPT curve point according to the changes in the system
frequency.

One of the studies done in U.S. Eastern Interconnection has reflected having several active power
controls along with PV (Inertia control, governor control AGC control and PSS control) that are further
employed with user-defined solar PV control that has potential for frequency regulation and oscillation
damping in power system [31].

5. Discussion

Power generation from the renewable energy source and its penetration in power grids is gaining
momentum whereby SPV plants are one main contributor. The SPV plant understanding thus becomes
much crucial. Furthermore, due to the varying power generation nature of SPV as well as wind plants,
there is a need to choose the best option for ESS too. From various types of ESSs, mechanical and
electrical storage systems were found to have fast response characteristics that would support frequency
regulation. However, BESS such as Li-ion and NaS was also found to have similar characteristics in
addition to being a mature and cost-effective technology. Hence, BESS could be implemented for both
grid and island mode operation of the SPV plant.

From the review of these techniques, it was found that SPV with ESS was more reliable than
using the de-loading method. Although, the cost involved in implementing the de-loading method is
lesser, however, there would not be full utilization of the energy generated by the SPV plant which could
reduce its efficiency. Also, variation in irradiation poses complications in regulating frequency. Hence,
using ESS such as BESS along with SPV plant would be a feasible option as it allows full utilization of
energy produced, increase reliability and also, have multiple uses of ESS.

6. Conclusion

The solar energy system is growing across the globe and showing major penetration in power
sectors in recent times. The need in understanding the solar power system and the trust in its capabilities
are worth appreciating in a thirst for renewable energy. It is seen that solar radiation source, different
components of an SPV plant and its advancement with modern technologies, various connection
methods and other components of SPV farm are worth understanding when we think and act on the solar
energy system. As the operating characteristics of the solar power system are weather dependent and

10
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there is a need to focus on energy storage systems. Also, the frequency regulations aspects seem
important in power system networks when we have penetration of renewable energy sources to the grid
network. The focus on SPVs contribution to frequency regulation using ESS is important to consider
while working on the solar power system. Moreover, various comparisons and research show that BESS
was a preferable choice of ESS for frequency regulation. Also, frequency regulation strategy using BESS
shows that there is a relation between load demand, frequency and SOC of the battery and hence, these
parameters are considered for maintaining the system's frequency. As a result, more research can be
focused on realizing the best possible options capitalizing the potential of above mentions techniques
with efficient controller/s and appropriate algorithms for making the reality of efficient frequency
regulation using SPV plant.
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Abstract: As a result of the increase in the use of power electronics-based converters (DC/DC to
DC/AC) and non-linear loads, harmonic components occur in the solar networks. It is quite common to
use passive LC and L filters to eliminate harmonics in the solar PV systems. The solar system analyzed
and modeled consists of solar panels, DC boost converter, PWM controlled solar inverter and six pulsed
uncontrolled rectifier. Six pulse uncontrolled rectifier used as load in off-grid solar system produces 5%,
71, 11" 13" etc. harmonic components. LC and L filters are used to reduce the solar inverter output
current total harmonic distortion (THD,). In the solar system, the THD, value has been reduced to the
limit values given by the standards.. LC and L filters are commonly used to eliminate harmonics in solar
system. Their widespread use is due to their easy structure and control. Modeling and simulation of the
stand-alone PV power system was carried out with Matlab/Simulink program. While the value of THD,
was reduced from 91.57% to 2.62% with the LC filter, the value of THD, was reduced to 5.73% with the
L filter. It has been observed that the performance of the LC in eliminating the harmonic components is
better than the L filter. As a result, LC filter improves both the system efficiency and reduce the THD,
value.

Key Words: L filter, LC filter, Solar Inverter, Off-Grid Solar System, Total Harmonic Distortion
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1. Introduction

The global energy sector is mainly dependent on fossil fuels, which have detrimental effects on
the environment and clean-air goals. Over the past few decades, the demand for solar energy has
increased considerably due to concerns over the environment. In addition toot her factors, such as energy
security, global warming, technological improvements and the need for reducing costs, photovoltaic
(PV) systems are considered an alternative source of energy especially considering that these systems
are clean and environment friendly. PV sources have been used in a lot of places lately as they bring the
benefits to air pollution [1-3]. In recent years, the demand for solar energy sources has started to depend
on factors, such as increasing efficiency of solar cells, developments in production technology of cells,
etc.

The main reason for the formation of harmonics is nonlinear circuit elements used in electric
circuits. These elements cause disorders in the sinusoidal waveform of current and voltage signals. Non-
linear waveforms contain harmonic components. These harmonic components occur in integer multiples
of the main components [2-4]. Harmonic distortion is generally caused by non-linear elements in
electrical solar power systems. Harmonic currents generated by power electronics circuit elements, such
as thyristor transistor, diode, mosfet transistor and igbt transistor cause a decrease in the power quality
of stand-alone PV systems.
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As a result, the use of non-linear circuit elements in solar systems increases the efficiency of
harmonic components in the solar system. In addition, rectifiers, inverters and dc boost converters are
sources of harmonics in solar systems. Due to the stability problems of LC and L filter a damping resistor
can be added to LC and L filters [5, 6]. However, the resistor has power loss in off-grid PV power
system. The scheme of a stand-alone PV power system is given in Fig. 1.

DCIDC Solar
Boost Converter |nverter

- .
A
Irradiance (Wim?) —>- f L
g R
? ¢

Nonlinear Load

Temperature (°C)

Cycle PWM

Figurel. Principle diagram of stand-alone PV system (with L filter)

There are many problems about power quality in off-grid PV systems. Among these problems,
harmonics are one of the most important. Harmonic components must be eliminated absolutely. Output
power generated by PV modules is influenced by the temperature of the solar cells, intensity of solar
cell radiation and so forth. The typical module is made up of around 36 or 72 PV cells in series [7-9].
PV systems employ a frequent electrical energy storage algorithm so that the stored electrical energy is
held for later use. The largely common storage contraption comprises of batteries in order to employ
more striking mechanisms for storage. The maximum power point tracking (MPPT) occurs from a few
hyperbolic curves [8-10].

Microcontroller based photovoltaic MPPT charge controller can be found by differentiating the
cell power equation and setting the result equal to zero. This is known as the MPPT, and corresponds to
the knee of the curve [11, 12]. The principle diagram of the elimination of harmonics with LC filter is
as given in Fig. 2.

peme Solar
Boost Converter |nverter

N THD|(
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LC Filter Nonlinear Load
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Figure 2. Principle diagram of off-grid PV system (with LC filter)
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An insulated gate bipolar transistor (IGBT) is used to switch an element into a solar inverter. This
element has non-linear characteristics. Therefore; the inverter produces harmonic components in PV
systems. The increase in harmonic components causes the THD value to increase [13-15].

2. Harmonic Components in Stand-Alone Solar System

As a result of the increasing use of power electronics-based converters in the solar system, they
have increased the efficiency of harmonic components in the solar system. The reason for the distortion
of the voltage and current waveform in the solar system is the use of non-linear converters and loads.
Non-linear circuit elements and loads distort current and voltage waveforms in solar systems, even if at
low power. Harmonic components cause serious problems in power systems and reduce the quality of
the energy transferred to the load. Semiconductor elements in the power electronics devices generate
the THD, [14- 16]. They also cause line losses and resonance problems in the solar system.

A six-pulse rectifier with R-L inductive load is used as a load in the off-grid PV system. Single
component harmonics in the solar system have a negative effect on power quality as they have high
amplitudes. The harmonic components produced by the converters in the solar system vary depending
on the number of pulses [17-19]. As a result of the increasing use of power electronics-based devices in
solar systems, harmonic components are increasing day by day. Equations (1) relate the harmonic
current generated by the six-pulse rectifier. Six-pulse rectifier used as a load in the off-grid system, and
produces 5%, 71", 13™, 17" etc. harmonic compenents. The equation for these harmonics as given in

Eqg. (1).

i(wt) = 15Sin(wt-0.16) + 2.99Sin(5wt+178.3) + 2.12Sin(7wt-179) + 1.35Sin(11wt-0.88)+
+1.13Sin(13wt-0.49)+0.87Sin(17 wt+179)+0.78Sin(19wt+179) (D

A result of changing spectrum of Eqg. (1) is as shown in Fig. 3.

1,(A)
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e 5th Harmonic

=== 13th Harmonic

%

5,
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Figure 3. Six-pulse rectifier input current harmonics waveform

In the solar system, harmonic components cause distortion of the wavelength of the current and
voltage and increase the THD,. Increase in THDI value will cause damage or failure of devices in solar
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system. [18-20]. Some of the non-linear loads and converters that cause harmonic components in the
solar system are as given below:

» Uninterruptible power supplies (UPS),
» Switched power supplies,

» Control circuits,

» Frequency converters,

» Battery chargers,

+ Static VAR compensators,

+ Variable frequency motor drives,

+ Direct current converters,

¢ |nverters,

» Electric transport systems,

+ DC/DC converter,

* Rectifier,

» Photovoltaic systems,

* Induction furnaces.

A common measure of the level of harmonic distortion present is THD,. Total harmonic distortion
is defined as the ratio of the harmonic components to the fundamental components. THD; is defined as

follows:
‘IZ?{LZ 13
THD, =

1

@

Where, In is the effective values of the harmonic components, 11 is the effective value of the basic
component. The current and voltage for stable and safe operation of the solar energy system must be
sinusoidal waveform. However, these fundamental magnitudes lose their sinusoidal form due to
harmonic components in the solar system. High THDI value has many disadvantages. These are
equipment overheating, oscillating motors, neutral overheating and low power factor.

3. Elimination of harmonic components in off-grid solar system with L and LC passive filters

Four passive filters, L, LC, LCL and LLCL, are used to eliminate harmonic components at the
solar inverter output. These passive filters have advantages and disadvantages When compared to each
other. Finding the transfer function of the passive filter L and performing its analysis is quite easy
compared to other filters [21, 22].

The cost of the LC filter is higher than the L filter. However, lower THD values are obtained with
this filter compared to the L filter. It is necessary to eliminate harmonic components caused by nonlinear
loads and converter and reduce the THDI value. This is very important for the efficiency and quality of
energy [23- 24]. LC and L filters are placed between the solar inverter and the non-linear load. These
filters are designed to eliminate harmonic components of solar system. L passive filter consists of

inductance circuit element. In Figure 4, the principle diagram of the L filter is given.
L

—nN—

Solar Inverter Non-Linear
Side Load Side

Figure 4. L filter modelling
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A passive L filter has many advantages over an active harmonic filter, such as low power
consumption, stable operation, reduction of THD, and low cost. LC and L passive filters are generally
used to eliminate harmonics in renewable energy sources such as wind power and solar power systems.
These filters are used on the load side and improve the power quality of the solar energy produced in
PV systems [25- 27]. The principle diagram of the LC filter is shown in Fig. 5.

L
— T
Solar Inverter i o Non-Linear
Side Load Side

Figure 5. LC filter modelling

In solar off-grid power systems, passive LC filter is used to reduce harmonic components,
improve power quality and reduce THD, value. In the solar system, the harmonic components are
eliminated by tuning L-C passive elements. LC filter should be used to keep the THD, at the limit value
specified in the standard. In the solar system, resonance has very destructive effects. To avoid
resonance, the resonant frequency of the passive filter must be more than ten times the solar grid
frequency and less than half of the inverter switching frequency [26- 28]. The resonant frequency should
be in the range given in Eq. (3).

10wy < Wy < 2% A3)

Here, wo is the solar grid frequency (rad/s), wees i the solar grid resonance frequency (rad/s) and Wsw IS
the inverter switching frequency (rad/s). The resonant frequency of the passive LC filter is defined as
follows:

1 1

fres = Imlic @)
Capacitor reactive power is
Q. =3. (ZHf)CVrzated < aP (5)
The value of the capacitor used in the LC filter is defined as:
— APrgted (6)

3(27Tf)vr2ated

A high-capacity capacitor is used. In order to prevent high inrush currents in the solar system.
The value of the L inductance was chosen according to equation (7) in order to keep the ripple rate low.

e (M

ZAIripplefres
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Here, Vdc is the output voltage of the boost converter, Al current ripple ratio, this value is selected as 5%
of the rated current, fres resonant frequency of the filter. Passive LC filter is placed between the solar inverter and

the non-linear load [29- 30]. A second stage LC filter has smaller size in applications. However, resonance
frequency is still a problem of this filter. When low value filter inductance is used at the inverter output
the THD, value increases at low switching frequency.

v(v)

100

80r

60

40

20

0 01 02 03 04 05 06 07 08t1(s)
Figure 6. PWM inverter input voltage

Filter circuits must be installed for the elimination of harmonic components in the off-grid
network. As a result, ohmic character is not fully effective in the power system. It is clear that the THD,
of the current of output inverter is 91.57 %. This value of THD; is quite high. If the necessary precautions
were not taken, it would cause a lot of damage to the solar PV system.

4. Elimination of Harmonic Components in Off-Grid Solar System with L And LC Passive
Filters

A passive L, LC filters are required between a PWM inverter and the nonlinear load imposing
and reducing harmonic compenents of the inverter output current. Simulations were made to find the
harmonic components in the solar power system and to analyse their effects on the PV system. In this
study, passive LC or L filters are used to eliminate harmonic components in power systems and improve
power quality of solar system. The voltage harmonics are inevitable factors due to the pulse-width
modulation (PWM) by the switching frequency of the PWM inverter.
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Figure 7. Matlab/Simulink model of stand-alone solar PV system (unfiltered)

For safety issues, disturbances caused by current harmonics should be avoided so they do not
affect other loads connected to the same off-grid network. In order to attenuate current harmonics, input
filters such as the simple inductive L and the LC combination structure are widely used in stand-alone
PWM inverter applications

High-order harmonics in the solar power system affect the entire system, causing their distortion.
In this study, two different filters, L and LC, were designed for the three-phase solar inverter and the
performance analysis between them was made. The lowest size and the highest harmonic performance
were obtained with the LC filter. A simulation model of the proposed off-grid solar system equivalent
circuit is as shown in Fig. 8.

R1 L1 D1
O DCIAC Solar
1 0hm 001H Inverter
R

- 6 Ohm

2mF mF

) :)/ = 3 N L
C1 C2 l— 24mH
91.57%
PV Panel DCIDC Boost Converter Lot57%]

.. Non-Lineer
Total Harmonic Distortion Load

forCurrent(]HD,)
Figure 8. Equivalent circuit Model of stand-alone solar PV system (unfiltered)

As seen in Fig. 7, the total harmonic distortion was measured as 91.57%. This value is large
enough to damage the off-grid system. It is absolutely necessary to reduce this value of harmonic
distortion with passive filters. The six-pulse uncontrolled rectifier used as a load in the off-grid PV
system is a harmonic source. The output voltage waveform of this uncontrolled rectifier is as shown in
Figure 9.
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Figure 9. Six pulse uncontrolled rectifier output voltage

Matlab/Simulink program was used to perform performance analysis of passive LC and L filters
in the solar PV system and to determine the THD, value of the solar system. Harmonic components
produced by converters and non-linear loads create resonance with the power system. Resonance has a
great disruptive effect on the solar power system. Resonance conditions should be analysed for each
harmonics in the solar system. The solar inverter output current waveform is as shown in Figure 10.

i(t)

07 0.75 08 085 09 K(s)

Figure 10. Inverter output current waveform (without filter)

The parameter values of the LC filter used in the stand-alone solar system are found from equ
Eq.(6) and Eq. (7). These parameter values are as shown in Table 1.

Tablel. Parameter values of the LC filter

Parameters of LC filter The value of the parameters
C 82.99 uF
L 11.19 mH

The LC filter used to eliminate harmonics in renewable energy sources is a second order filter.
There are some problems with the LC filter. One of them is that since the capacitor is connected in
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parallel with the coil, high frequency harmonics cannot be eliminated, even if the filter shows low
impedance at high frequencies.

Converters used in solar systems, even at low power, distort current and voltage waveforms that
are sinusoidal. As a result, harmonic components occur in the off-grid network. There are generally
single and double harmonic components in the solar system. It has been obsessed that odd harmonic
components are more effective than even harmonic components. After using LC filter, solar inverter
output current THD decreased to 2.62%. It has been observed that the LC filter used to eliminate
harmonic components provides high performance despite some risky situations.

-50

-100

Figure 11. Inverter output voltage waveform

Passive LC and L filters are generally used to eliminate harmonic components in solar power
systems. The cost of these filters is lower than the active filter. In addition, they are easy to use.
Dominant harmonic components are detected in the solar power system and the passive LC and L filters
are adjusted to eliminate them. In addition, the compensation process of the power system is carried out.
Power quality is also improved by eliminating harmonic components in the solar system.

In this system, LC and L filters are used to eliminate low order harmonics, and improves off-grid
PV power system efficiency. LC and L filters have many advantages. These advantages can be listed as
follows:
e simple structures,
e lts low cost,
e To be highly efficient,
e Improvement of the power coefficient of the solar system.

In this study, models and analyses of passive LC and L filters were performed with

Matlab/Simulink software program. The schematic diagram of the stand-alone PV power system after
filtering with L filter is shown in Figure 12.
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Figure 12. Off-grid PV system model with L filter

Non-linear elements cause serious harmonic pollution in stand-alone PV systems and reduce the
quality of energy supplied to consumers. In this study, the elimination of harmonic components in the
solar system and the improvement of the energy quality transferred to the load have been achieved.
Considering the large number of non-linear loads connected to the power systems, it is inevitable that
the THD, value will increase. LC filter evaluation has been analyzed using Matlab/Simulink Power
System ToolBox simulation environment, as shown in Figure 13. An LC passive filter is often used to
interconnect an inverter to the load in order to filter the harmonic components produced by the PWM
inverter. Although there is an extensive amount of literature available describing LC passive filter, there
has been a gap in providing a systematic design methodology. The schematic diagram of the stand-alone
PV power system after filtering with LC filter is shown in Fig. 13.
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Figure 13. Off-grid PV system model with LC filter

After using LC filter in the solar system, the THD, value was reduced from 91.57% to 2.67%.
This value is below the limit value given by the standards. The results show that the harmonics distortion
generated by solar inverter and non-linear load are reduced by using LC passive filter. In the off-grid
solar grid, harmonic components cause increased losses, distortion in the sinusoidal waveform and a
decrease in system efficiency. The most important harmonic source in solar systems are single-phase
and three-phase converters. There are various precautions to reduce them. These precautions are as
follows:
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Choosing a large cross-section of the neutral conductor,
Preferring K factor transformers,

Using passive LC or L filters,

Using high-pulse converters.

As a result of connecting the LC passive filter between the inverter and the load in the off-grid
network, the THDI value decreased below 5%. As the losses in the solar system decreased, the efficiency
of the system increased. In addition, the minimum filter inductance is mathematically derived, which
can reduce the size of the filter. The power loss in the LC filter can be decreased by using the minimum
inductance. Furthermore, a stable current controller can be designed using the minimum damping
resistance that is mathematically derived to obtain a lower power loss, less performance degradation in
terms of the high frequency harmonic attenuation, and enough gain and phase margins of the current
controller, which can guarantee the stable operation of the closed-loop system. The solar inverter output
current waveform is shown in Fig. 14.
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Figure 14. Inverter output current waveform

LC and L filters are used to reduce output current harmonics of output solar inverter, where
THD\% value exceed given in standards. LC filters have some disadvantages, such as current ripple on
inductances, the total impedance of the filter, reactive power generated by the capacitor.

0 01 02 03 04 05 06 07 08 fs)
Figure 15. Load input current (with L filter)
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LC and L filters application to mitigate harmonic component and improve the solar power quality
of the off-grid PV system. The THD, has been successfully decreased from 91.57 to 2.62% with LC
filter and from 91.57 to 5.73% with L filter. In this study, LC and L filters design and performance
analysis were performed. As a result, it has been observed that the LC and L filters provide a high
performance.

Passive solar LC and L filters are placed between the solar inverter and the non-linear load. These
filters are designed to eliminate harmonic components other than the fundamental component. However,
these filters have risks such as creating series and parallel resonances. Therefore, the resonance
conditions should be calculated separately for each harmonic components. Necessary measures can be
taken against the resonance risk by using passive damping method. Since harmonic components affect
all system elements in the solar system, they are pollution in the off-grid.

5. Results and Discussion

LC and L passive filters have many advantages in off-grid system, such as increasing the life of
the stand -alone PV system devices, increasing the quality of energy transferred to the load and
improving the power factor of solar system. LC and L filters also reduce many harmonics caused by six-
pulse power uncontrolled converters and solar inverter. As a result, the THD, value in the solar PV
system falls below the limit values expressed by the standards.

LC and L passive filters are usually used to interconnect between solar inverter and non-linear
load so as to filter the harmonics produced by solar inverter and non-linear load. As a result LC and L
filters have been observed to suppress inverter side switching and non-linear load harmonic components.
esign methodology for grid-interconnected inverter systems. The L and LC filters reduce the switching
frequency ripple and helps in provides a low distortion current to the nonlinear load.

While the THD, value was reduced with the LC filter from 91.57% to 2.62% in the solar system,
the same value could only be reduced to 5.73% with the L filter. As a result, the performance of the LC
filter is higher than the L filter in reducing the THD, value.
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Abstract The health and wellbeing of every community is intricately linked to its economic growth and
standard of living. Poor solid waste management has an impact on the health and consequently economy
of communities. Kano Metropolis markets have vital role to play on economic growth to Nigeria and
some part of West African countries at large, on the other hand they contributes on the environmental
challenges. This research work assess to way of mitigating this challenges by recycling the waste
generated by these markets to convert the wastes into useful such as generating of electricity. The result
of the work revealed that the food and vegetable wastes were found to larger percentage from the solid
wastes followed by plastics wastes. Whereas, textile materials, paper glass/ceramics, wood, electronic
and metals wastes were 21%, 15%, 12%, 12%, 8% and 32% were found as the remaining solid wastes
respectively and the average power generation potential in June is higher than that of July by 1014.98
kWh/day due to the higher calorific values during the period.
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1. Introduction

Nowaday, population rate is always increasing from one city to another; therefore the quantity of
waste generated every day is also increasing. Recently, researches proved that municipal solid waste
generated from that cities annually is more than one billion tones which implies the cost of $205.4 billion
per annum [1]. And by 2025, the quantity of solid waste is predicted to be more than two billion tonnes
per year [2]; this causes solemn challenges environmentally [3].

Due to these challenges, an extensive waste management has become a more important globally.
Zero solid waste management has been adopted as one of the policy in many cities of developed
countries [4], [5]. They used landfills and incineration to generate heat and electricity to recycle their
solid waste disposed.

Over 10 million tonnes of combustible solid waste are generated annually in Nigeria [6]. But the
waste to energy (WTE) technology is not utilizing in Nigeria, hence the solid wastes disposed in a
dumpsites are causing negative impact to the environment and health. Solid wastes can be used to
generate electricity that will trap the problem of power electricity and help the environment to be clean.
And with this electricity generation, the economy of the country would be enhanced which is one of the
goals of Nigeria’s Renewable Energy Master Plan (REMP), that is to achieve 400M in 2025 through
biomass-based power plants [7].

Recently, it was proved that the average solid waste densities of some cities in Nigeria were 325
kg/m? [8], and average daily rates of 0.55 kg/capital/day, which give annual revenue generation of 25
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million tons [9]. Moreover, rural-urban migration is always increasing which cause the high rate of solid
wastes disposal in Nigerian cities, this makes the cities to necessitate implementing the waste to energy
technology [10].

This work will focus on the potential of WTE technology potential to overcome the solid waste
problem in some Kano metropolis markets. In many cities, waste-to-energy technology has been proves
to be environmentally and economically beneficial to the cities as a means of recycling the solid waste
disposed. Kano metropolis markets were selected because of their limited availability of space for waste
disposal and lack of electricity in Kano metropolis.

2. Materials and Method

2.1. Data Collection

In this study, ten (10) markets from Kano Metropolis were randomly selected namely; Kanti
Kwari textile market, Kofar Wambai plastic market, Sabon gari market, Singa market, Kurmi market,
Rimi market, “Yan Lemo fruit market, “Yan Kaba vegetables market, Tarauni vegetables market and
Farm centre computer and phone market. The waste management of each market was interviewed and
gets permission to gather the solid waste from the dumpsite the markets.

Each selected market was visited bi-weekly for two months (June and July, 2021) in order to get
the mass and volume of solid waste disposed in the selected markets daily. In each market, the
researchers visited the waste management of the markets and get cordial understanding with them and
explain the aim of the research with regard to the benefits of the market. For each market, the solid waste
collected was poured inside the polyethylene containers and marked what contained with the marker.

2.2. Determination of Quantity of Waste Components

As mentioned above the solid wastes were categorized into ten namely: plastic, glass/ceramic,
textiles, wood, metal, food, vegetables, paper, electronic waste, and others which represent any solid
wastes other than one of the above mentioned. The weight of each category was measured using portable
electronic weighing scales.

2.3. Characterization of Municipal Solid Waste
2.3.1 Bulk Density of the Solid Waste

A polyethylene container of the solid waste was used and its mass was determined as M; when
empty. Waste collected from Dumpsite of the markets was poured into the container until it filled the
container completely. The mass of the container together with the solid wastes were weighed and marked
it as M.

The bulk density is given by the following equation [11]:
M2-M1
Pbulk = —] 1)

Where: pouik is the bulk density in kg/m3, M. is the mass of the container together with the solid
wastes in kg and M is the mass of empty container in kg.
The amount of waste disposal rate can be determined using the following equation [11]:

Wdisposed = PpuikV (2)

Waisposed IS the mass disposed in kg, poui is the average bulk density in kg/m? and V is the volume
of the filled container in m2.
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2.3.2 Proximate analysis

This is used to obtain the moisture content, volatile matter, ash content as well as fixed carbon
content.
i. Moisture content
The moisture content can be found by measuring the amount of mass lost from the solid after
removal of water content from the waste by heating it and the equation below is used to get the moisture
content [12]:

M =2 x 100 ©)

Where; M is the moisture content, S and B are the mass of solid waste before and after heating
respectively.
The solid waste sample was heated in an oven at 1050C for 2 hours and then cooled in a

desiccators and reweighed.

ii. Volatile matter
Volatile matter is defined as the components of solid waste which deposited when heated at high
temperature and it can be found using the following expression [12].

VM =22 x 100 (4)

Where; VM is the volatile matter, A is the mass of the solid wastes after moisture content analysis,
B is the mass after heating.

The remaining sample used for moisture determination was covered in a crucible and heated at
75°C in a furnace for 2 hours. The crucible was later taken out of the furnace and cooled in a desiccators
and reweighed.

iii. Ash content

After the solid wastes undergo combustion, there are some residues that are non-combustible.
These non-combustible residues are called ash content and it is expressed in percent which is determined
using the formula given below [12].

AC =22 %100 (5)

A is the mass of the non-combustible residue + mass of the container in kg, B is the mass of the
container when empty and C is the initial mass of solid waste with moisture.

Fixed carbon content

Fixed carbon can be found by using the expression given below [13].

FC=100—-M —VM — AC (6)

Where; FC is the fixed carbon content, M is the moisture content, VM is the volatile matter and
AC is the ash content.

2.3.3 Ultimate analysis

To get the percentage composition of Oxygen, the sum of the percentage composition of the
elements (hydrogen, carbon, Nitrogen and Sulphur) and ash content was subtracted from 100. This
analysis is called ultimate analysis.

0=100—(C+H+N+S+AC) (7)

Where; O, C, H, N and S are the percentage of Oxygen, Carbon, Hydrogen, Nitrogen, Sulphur
respectively, AC is the ash content.
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Each element is determined through chemical analysis and expressed as a percentage of the total
mass of the original waste sample.

2.3.4 Energy potential

The electrical energy potential is determined using the following equation [14]:

_ Eim
Eo = 3600 ®)
Where: E, is the electrical energy output, E; is the energy input and 1 is the conversion efficiency.
E; =mxCV (9)

Where; E; is the energy input, m is the mass flow rate of MSW in kg/day and CV is the calorific
value in kJ/kg.
The maximum gross efficiency for electricity production was given as 22% [19]. The energy
potential was determined using equation 8 and 9
For the month of June,
Using equation (9);
E;=mxCV
E; = 59900 x 18454.08 = 1105399392 KkJ/day
Atn = 0.22 (minimum efficiency)
Using equation (8);

E;
Eo = 3a05
E, = =20002 - 6755219 kWh/day
For the month of July,
Using equation (9);
E; =mxCV

E; = 59000 x 18454.08 = 1088790720 kJ/day
At =0.22 (minimum efficiency)
Using equation (8);

E. = £

% ™ 3600
_ 1088790720X%0.22

E
o 3600

= 66537.21 kWh/day
3. Results and Discussion

3.1. Results

The results obtained for Kano Metropolis Market solid waste in June and July are presented in
Figure 1-4.
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Figure 4. Energy output with recycling

3.2. Discussion of Results

The Analysis of solid waste composition indicates that 58% of the solid waste was from food and
vegetable wastes. This is almost equal to the values of the result of a similar study done by Nabegu [15].
Plastic materials are much as 42% of the solid waste being generated in Kano metropolis markets.
Textile, paper, glass/ceramics, wood, electronic and metals wastes were 21%, 15%, 12%, 12%, 8% and
32% were found as the remaining solid wastes respectively. This result concurred with the studies
conducted at some states in Northern parts of Nigeria [16-18]. Recycling of these solid wastes was
essential method since the electronic wastes were negligible quantitatively small but it has negative
impact environmentally.

Kofar wambai, Sabon gari, Farm centre, “Yan Lemo and “Yan Kaba markets have more plastics,
paper, electronics, fruit and food waste respectively. On the other hand the high percentage of textile

33



. . Vol 6, Number 1-2, 2021
!J ES G International Journal of Energy and Smart Grid 6-1SSN 2636-7904

wastes in Kantin Kwari. In June, 59900 kg/day of waste were disposed in the selected markets while
59000 kg/day were disposed in July. It can be seen from figure 1 that the waste disposed is in periodical
form but the waste disposed in June is higher than that of July due to large congestion in the markets in
May since it’s the month that edil-fitr occurred.

The moisture content gradually increases from about 32% in June to about 34% in July. While
the volatile matter decreases from 41% to 39% in June and July respectively and there is a slight increase
and decrease in the ash content and the fixed carbon content from June to July as shown in Figure 2.
Moisture content was higher in July, this is because the fully rainy season and high humidity. Whereas,
the ash content was relatively low due to low inert materials in the waste.

Figure 3 shows the ultimate analysis of the solid waste and it was found that high amount of
Carbon and Oxygen, however the Nitrogen and Sulphur content were relatively small. There is an
increase in Hydrogen content from June to July.

From figure 4, the energy output was lower in July compared to that of June due to the lower
calorific values during the period, it is also imperative to note that the kWh/ton was higher due to the
higher calorific values of Kano metropolis markets solid waste. This result is in agreement with Diso
[20] who found that 13MW of electricity could be produced from wastes in 1995 covering at least the
entire Kano metropolitan area. All the waste samples considered have heat values greater than some
well-known biomass-fuels and fall within the limit for the production of steam in electricity generation
[21].

4. Conclusions

An assessment of solid wastes of Kano metropolis markets was conducted to obtain the suitability
for energy production and the following are remarkable conclusions obtained:

i. The solid wastes of Kano metropolis markets disposal rate recorded were 59900 kg/day in June
and that of July was 59000 kg/day.

ii. Food and vegetable wastes were found to larger percentage from the solid wastes followed by
plastics wastes. Whereas, textile materials, paper glass/ceramics, wood, electronic and metals
wastes were 21%, 15%, 12%, 12%, 8% and 32% were found as the remaining solid wastes
respectively.

iii. The average power generation potential is 67552.17 kWh/day in June and that of July was
66537.21 kWh/day.
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Abstract Energy quality is an important issue that concerns energy producers and consumers. In this
regard, having power parameters at certain standards ensures that the energy quality is at a high level,
and thus a high quality electrical energy is transmitted to the producer. Measuring power quality
parameters is a major factor in preventing problems in electrical power plants and devices connected
to electrical power plants. It is important to identify the problems, to reach the solution in a shorter way
and to prevent the malfunctions that may occur in the systems. For the determination of technical quality
in power plants; Measurement principles, technical quality parameters and limit values, technical
quality measurements, evaluation of measurement results and the processes to be done ensure the
preservation and continuity of technical quality. Power quality parameters (voltage effective value,
voltage unbalance, voltage sag, voltage flicker, voltage harmonics) values must comply with TS EN
50160:2011 standards. As a result of the power parameters measurements made in the transformer
center in Batman province, it was seen that some of the measurement values were not in the range of
standard values. The power quality has been increased by performing the necessary maintenance and
repair works related to these parameters
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1. Introduction

With the development of technology, it is effective in changing the load characteristics of power
systems. When we look at these load characteristics, power electronic devices, nonlinear loads, motor
drivers etc. loads cause disruptive effects in power systems. Power quality can be explained as the
electrical limitations required for a device to work efficiently for its intended use and to operate without
any power loss. The presence of nonlinear loads connected to the distribution network causes the current
and voltage to diverge from the ideal sinus signal. This situation is called power quality degradation [1-
3].

Power quality parameters are directly related to the quality of the power plant, the transmission
line and the quality of the electrical energy used by the consumer. The poor quality of power experienced
in electrical facilities causes malfunctions and even breakdowns of devices, leading to serious problems
in many industrial facilities. The occurrence of harmonics, voltage drops and voltage flickers due to the
connection of loads to electrical installations presents power quality problems. In the Regulation on the
Supply Continuity and Technical Quality of Electrical Energy published in 2006 (Directions, 2006),
Distribution Facilities address the electrical energy needs of consumers; It is defined as the capacity to
meet the frequency, amplitude, waveform and three-phase symmetry of the voltage in an uninterrupted
and high quality manner within certain standards. In our country, the standard values of power quality
parameters EN 50160 and IEC 61000430 (Regulation, 1999; 2003) European Standards apply [4, 5].
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One of the purposes of the Electricity Network Regulation published by EMRA is to define the
responsibilities of users connected to and affecting power systems and the criteria they must comply
with. These criteria are system frequency and variation, system voltages and variation limits,
transmission system voltage waveform quality, voltage spikes, voltage oscillations and flickers, phase
unbalance, current harmonics [6,7].

Energy quality in power systems is the prevention of negativities in the network and sinusoidal
wave disturbances in the current drawn from the network.

The term "power quality" refers to the reliability of the generated electrical energy and the ideal
characteristics of the voltage and current magnitudes measured in electrical transmission and
distribution networks. This term also includes any undesirable deviations and adverse effects on the
customer and connected equipment as a result of malfunctions that may arise. Another problem of power
quality is prolonged voltage interruptions. Total interruption or reduction in current, which is about a
few milliseconds, directly causes an error in the data processing process. Also, another common problem
with systems is their distortion, which is described as distortion. This problem is defined as high
frequency signals that conflict with the main waveform of the power system and cause data loss in the
system [8]. Another problem defined as flicker is the voltage fluctuations between 90-110% of the
nominal value from the power supply and usually damages the load side of the system [9]. Interruptions
in power systems are, in any case, long-running and zero-voltage situations. This is because in an
electrical system, the circuit is de-energized and the power distribution is interrupted or the mains
electricity is interrupted. It is inevitable that an outage situation will directly lead to data loss, quality
degradation and damage to the equipment used in the system [10]. These interruptions are generally
divided into two groups; short interruptions and long interruptions. Short interruptions occur if the
energy source fails for a few milliseconds to a second or two. This is usually due to situations such as
opening protection devices and disabling a faulty part of the network. However, large interruptions cause
more serious errors, which are; insulation failure, lightning and insulator deterioration [11, 12]. On the
other hand, if the power supply lasts longer than 1 to 2 seconds, the equipment in the system can be
completely stopped if interruption occurs due to power system network hardware disruption, storms
and/or other environmental factors [13].

2. Power Quality Measurements and Evaluation

In order to detect power quality problems, measurements are taken at regular intervals. After the
measurements, the problem type is determined and the problems in the system are eliminated. Faults
that may occur in the system are listed below. At the same time, in this section, the results of power
quality measurements made in Batman Transformer Centers and the evaluation of the results will be
made [14].

Voltage Effective Value

Voltage Imbalance

Voltage Slump

Voltage Flicker ( Fliker)

Voltage Harmonics — Total Harmonic Distortion

2.1. Voltage Effective Value

Overvoltages occur in power plants due to atmospheric and switching events. With the surge
arrester or fixed capacitors connected at the supply point, overvoltages at certain levels can be damped
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and protect the network from overvoltages. Voltage drops can occur as well as overvoltages in the
network.

Voltage drops may occur in power systems due to short-circuit events occurring at a remote point
of the network. Short-term voltage drops damage the electrical devices, and it can take a long time to
restart the devices (for example, PLCs used in industrial facilities are disabled when the voltage drops
to 80-85% of the nominal value). By connecting appropriate surge arresters to overhead lines, the
possibility of short-circuit faults is reduced. By doing these processes, the quality of power systems is
increased [15].

The voltage level measured in power systems should be between +-10% of the declared nominal
voltage value.

2.2. Voltage Unbalance

The absence of a 120 degree phase difference between the voltage phase angles, and the 3-phase
voltage difference being more than 7V creates voltage imbalance and this problem is one of the power
quality problems. Single-phase loads connected to power systems are the main cause of voltage
imbalance. At the same time, problems such as not performing the necessary transposition processes
due to the long overhead lines, and the voltage regulators not working properly are other causes of
voltage imbalance. If the single-phase loads are distributed towards the phases and transposed operations
are performed, the possibility of voltage unbalance is reduced [16].

2.3. Voltage Slump

Voltage sag is the short-term decrease of the effective value of the mains voltage (0.1 pu — 0.9
pu) at the rated frequency. It occurs due to the activation of high-powered motors in networks with low
short-circuit power or as a result of late detection of short-circuit faults in the network by the switching
elements. Due to voltage collapse, electrical devices may malfunction and if this situation becomes more
frequent, it may cause the device to malfunction. Figure 1 shows the decrease in the sinus signal, which
is the voltage sag event [17].
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Figure 1. Voltage sag (Voltage Right)

2.4. Voltage Flicker ( Fliker)

Flicker event is a sudden increase and decrease of loads in the network depending on time. This
effect is mostly due to non-linear variable loads (eg arc furnaces). The luminous intensity or spectral
distribution is manifested by the irregularity in visual perception caused by a light stimulus that
fluctuates over time. There are two types of flicker as long-term flicker and short-term flicker [18].

e Short-term flicker (Pst): It expresses the flicker severity index measured in 10-minute periods.
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e Long-term Flicker (PIt): It refers to the flicker severity index calculated according to the formula
below from the Pst values measured during the two-hour time interval (12 consecutive
measurements).

Table 1. Limit values for flicker severity.

Voltage Level Flicker Intensity

Pst Plt
V > 154 Kv 0,85 0,63
345 Kv <V <154 kv 0,97 0,72
1kV <V <345kV 1,15 0,85
V<1kV 1,15 0,85

2.5. Voltage Harmonics — Total Harmonic Distortion

When a zero source impedance voltage is applied to a non-linear load, the waveform of the
resulting current will be different from the waveform of the voltage. This distorted current; located on
its path only, such as transformers, conductors, and circuit breakers.

affect the elements. But zero source impedance is an ideal situation. In fact, the distorted current
produces a voltage drop across the source impedance, which causes a distorted voltage to be applied to
all loads after the source impedance.

It is possible to collect the effects of current and voltage harmonics in the power system under
four main groups;

o Harmonic levels increase due to parallel and series resonance.
Reduced efficiency in electricity generation, transmission and consumption.
Reduction of the life of the plant elements as it weakens the insulation in electrical installations.
Failures in facilities.
The sub-items of these groups are mainly problems such as:
o Formation of additional losses and increase in voltage drop
¢ Distortion of generator and network voltage waveform
e Damage of capacitors by exposure to excessive current
e Overheating and noisy operation in asynchronous and synchronous machines
o Faulty operation of measurement, protection and control systems
e Exposure of power system elements to overcurrent or overvoltage due to resonance events [19].

Harmonic currents and voltages are formed as a result of the distortion of the current-voltage
sinusoidal wave, which is distorted due to non-linear loads (arc furnaces, regulators, switch-mode power
supplies and devices such as inverters) or non-ideal generators connected to the system. With the
formation of harmonics, transformer and neutral conductors heat up due to harmonic currents. Therefore,
in order to avoid overheating, the neutral conductor cross-section and transformer power should be
chosen in such a way that they are not affected by these harmonic currents. At the same time, it is
necessary to use appropriate filters in order to absorb the harmonics created by the devices in industrial
facilities that consume large power. Table 1.2 shows the acceptable harmonic voltage levels in the
transmission system between 20 and 154 kV according to the Electricity Market Grid Code.

The intensity of distortion caused by current and voltage waves is expressed as 'Total Harmonic
Distortion'.
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e Total Harmonic Distortion expresses waveform distortion as a percentage, which is the ratio of
the square root of the sum of the squares of the effective values of the voltage harmonic
components to the effective value of the main component. Formula Equivalent (1) is given

below
N - ﬁiz(Uh)z x 100 )

1

THBy =

Table 2 Acceptable harmonic voltage levels in the transmission system between 20 and 154 kV
according to the Electricity Market Grid Code.

Single Harmonics (Not Solid of 3) Single Harmonics ( Solid Of 3)  Even Harmonics

Harmonic No Harmonic Harmonic No Harmonic Voltage  Harmonic Harmonic Voltage
"h" Voltage (%) "h" (%) No "h" (%)
5 1,50 3 15 2 1

7 1,50 9 0,75 4 0,8
11 1,00 15 0,3 6 0,5
13 1,00 21 0,2 8 0,4
17 0,75 >21 0,2 10 0,4
19 0,75 12 0,2
23 0,50 >12 0,2
25 0,50

>25 0,2+0,3(25/h)

Total Harmonic DistortionLevel %3

3. Measurement and Evaluation of Power Parameters at Batman Transformer Centers

The change in the resistance of the conductor as a result of the fact that the current passing through
a conductor is not distributed homogeneously on the surface of the conductor due to the frequency, and
the tendency of the current to pass through the parts close to the outer surface of the conductor as the
frequency increases, is defined as the "skin effect”. As the level of harmonic components increases, the
frequency value increases at the same rate. As the frequency increases, the current tends to flow from
areas close to the outer surface of the conductor. The resistance of the conductor in alternating current
is greater than its resistance in direct current increases with harmonics.

The basic component ohmic resistance value (R1) in the sinusoidal current of the conductor is
added to the (RH) resistance that occurs due to harmonics in case of nonsinusoidal current flow. Thus,
the ohmic resistance value shown to the harmonic current becomes R = R1+RH. While most of the
analyzes ignore the additional resistance (RH) from harmonic components, its effect is also included in
academic and more detailed analyses. The increase in conductor resistance due to the skin effect is
calculated by various empirical formulas based on experimental studies and practical applications. One
of them is the following equation 2.

x = 1,585.10"%¢ Ri (2)

Table 3 shows the power parameters measurements made in 10 transformer centers in Batman
province for a week and whether the transformer systems qualities are suitable according to TS EN
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50160:2011 standards as a result of these measurements. Among the standard values given in the
measurement results, the transformer center quality has successfully passed the tests in the
measurements made. If the measurements are not within the given standard value ranges, they are
considered unsuccessful in the tests [20].

11kY 150MvA 50Hz 11k
Harmonics
Transfarmer's
- - Inductance's
E 400 E 400v
—_——
Harmonics

Variable _—
o
-H— Speed Capacitance

Drive Capacitor Harmonic of the capacitor
hank source hank

Figure 2 The formation of series resonance in the energy system due to harmonics and its equivalent
circuit

Harmonic currents have two important effects on electrical circuits. Since harmonic currents
increase the effective value of the total current, power losses will occur in the transmission medium. In
addition to power transmission lines, machines and transformers also get hot due to harmonic currents.
In addition, while the depreciation windings of the generators act to reduce and eliminate the harmonics
that occur in one-phase or two-phase short circuits, they also get very hot and cause additional losses in
the generators.

Another effect of harmonic current is to create harmonic voltage drops on circuit impedances. In
other words, high impedance systems cause greater voltage disturbance effects than low impedance
systems. Since the frequencies of the harmonic currents are equal to multiples of the normal network
frequency of 50 Hz, the voltage drops that occur on the generator, transformer and line reactances against
these currents increase in proportion to the harmonic frequencies, and as a result, the waveform of the
voltage is distorted [21-24].
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Figure 3. Parallel resonance formation and equivalent circuit in electrical installations

42



lJESG

International Journal of Energy and Smart Grid

Table 3. 1-week measurements and evaluation results at Batman Transformer Centers

Vol 6, Number 1-2, 2021
e-1SSN 2636-7904

Transformer Hour- Voltage |Voltage Total . Harmonic |Long Time | Voltage
Center Date Change [ Imbalance ngmo_nlc Voltage Flicker Slump
Distortion
Batman DM13 16.10.2021 | Passed Passed Passed Passed Not Passed | 25
Batman DM22 16.10.2021 | Passed Passed Passed Passed Not Passed | 15
Batman DM3 16.10.2021 | Passed Passed Passed Passed Not Passed | 18
Batman DM42 16.10.2021 | Passed Passed Passed Passed Not Passed |21
Batman DM53 16.10.2021 | Passed Passed Passed Passed Passed 0
Besiri DM8 16.10.2021 | Passed | Passed Passed Passed Not Passed | 32
Hasankeyf DM6 |16.10.2021 | Passed | Passed Passed Passed Not Passed | 24
Batman DM30 16.10.2021 | Passed Passed Passed Passed Passed 8
Batman DM17 16.10.2021 | Passed Passed Passed Passed Passed 14
Batman DM 18 16.10.2021 | Passed Passed Passed Passed Not Passed | 17

Transformer substations are among the standard values given in voltage variation, voltage
imbalance and total harmonic values and have passed all tests successfully.

Considering the voltage harmonics, it is seen that the BATMAN DM42 transformer substation
measurement values are not suitable because of the nonlinear loads (six-pulse rectifiers and
other converters). By using the necessary filtering circuits, the power quality problem can be
eliminated by damping the harmonics.

It has been observed that the measurements of 6 transformer centers in voltage flicker are above
the standard values. It has been observed that the high power motors in the industrial facilities
connected to these transformer centers are in the majority.

4. Conclusion

Power quality problems are increasing day by day and we encounter power losses. Measuring

parameters related to power quality is important to eliminate the problem. Nonlinear loads connected to
power systems, arc furnaces, high power motors used in industrial plants and control systems are the
factors that cause power quality problems with the increase. By using appropriate filtering circuits,
making compensation in the facilities where high power motors are used, and performing maintenance
and repair works in the facilities increase the power quality. Thus, quality energy is provided to the
consumer by keeping the power quality parameters in accordance with TS EN 50160:2011 standards.

When we examine the power quality parameters measurements made in Batman Transformer

Centers, we obtain the following results.

In the power quality measurements, it is seen that flicker values and voltage events in Batman
Substations sometimes exceed the limit value allowed in the standards. It was observed that a
large number of power quality events occurred in the measurements lasting 24 weeks, which
started in April 2021. The loads that produce harmonics on power systems are increasing day
by day. Therefore, it indicates that power quality problems will increase in the future.
Considering this situation, necessary precautions should be taken.

When the measurements made at Batman Distribution Substations are examined, it is seen that
the long-term flicker intensities in the 3 substations do not exceed the standard value in the
voltage measurements at the measurement points, while the remaining transformer centers
exceed the standard value. When voltage harmonics were examined, it was determined that they
did not exceed their standard values. At the same time, voltage imbalance was observed twice
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in a substation. In order to eliminate the voltage imbalance, necessary maintenance work should
be carried out at the substation.
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