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ABSTRACT

A lot of changes are taking place in the power system as a result of the introduction of
Renewable Distributed Generation (RDG) (e.g., wind and PV systems). Gradually,
electricity generated by fossil fuel is being replaced by electricity generated from
Renewable Energy Sources (RESs). The deregulation of generation, transmission, and
distribution systems due to the introduction of RDGs has brought competition to the
electricity market. The electricity generation assets are no longer owned by one or a few
owners, as investors have been attracted to the electricity market. Individuals can now
generate their own electricity from renewable energy sources such as solar, wind, hydro,
wave, tide, and geothermal etc. RDGs are predicted to play a crucial role in the power
system transformation in the near future; they are the key to a sustainable energy supply
infrastructure because of their inexhaustible and non-polluting nature. However, the
integration of RDGs into the power system would have an impact on power system
planning, voltage profiles and power quality requirements within the Distribution Network
(DN). The voltage rise (or over-voltages) at the busbars within the conventional power
system with centralized large power generating units are actually of less concern due to
advances in control and protection technologies, but the issue of excessive voltage drop
at the far end of transmission lines cannot be overemphasized. The introduction of RDGs
into the power system has eliminated the occurrences of the severe under voltage at the
far end of transmission lines, but the voltage rise effects and the bidirectional power flow
issues at the point of common couplings (PCCs) between RDGs and DN are now of major
concern. Indeed, the integration of RDGs can make the power system become
bidirectional as electricity can flow from RDGs as well as from DN with a centralised
generator. This causes various problems with regards to the power quality, power flow
control, frequency control, system voltage profile, etc. Furthermore, the voltage rise
effects at PCC with connected-RDG has been a noticeable issue in recent years and
requires remedial action. The standard grid code requires that output parameters of
RDGs (i.e., voltage profile, current, voltage-current harmonic distortions, power factor,
frequency, etc.) at PCC shall be regulated to avoid damage to sensitive equipment
connected to the DN, meet up with the power quality criteria, and shall continue providing

power support to the DN. Hence, this study focuses on the following two main problems:
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— firstly, the voltage rise effect, and secondly, the bidirectional power flow constraint at
the PCC between RDGs and DN.

The analysis and simulations in this thesis are conducted on an IEEE 13-bus sample
model and DUT Steve Biko network with penetration of a large RDG. The capacity of the
RDG integrated to DN is 1 MW (solar PV). In order to investigate the effect of voltage rise
and bidirectional power flow in a DN, a mathematical model of a power distribution
network connected with RDG is developed. Intensive simulations are carried out using
MATLAB/Simulink software. Furthermore, a control strategy is recommended at PCC for
mitigating or minimizing the impacts of voltage rise and reverse power flow when
operating at a worst critical scenario, such as minimum load and maximum generation.
The control structure consists of the installation of a static compensator (STATCOM) with
Pulse Width Modulation (PWM), and the block/deblock and in-loop filtering circuit control
scheme to control the active and reactive power. The proposed control strategy also
mitigates the voltage-current harmonic distortions, improves the power factor and voltage
stability at PCC, and also protects the converter-PWM scheme from grid disturbances
and fault currents, as the control of active and reactive power is independent of the grid.
This thesis also provides a review of various types of renewable energy resources (RERS)
prospects in Africa, looking at how they can be deployed faster within the continent. The
thesis also analyses power quality and compensators.
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TABLE A1l: NOMENCLATURE SYMBOL

1 Proaa(t) Load power of time (t)

2 At Change in time (t)

3 P(t) Actual power generated
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6 Econverter Converter efficiency

7 Pyenerating set Power of the generator

8 Paummy 10ad(t) Power of the dummy load

9 Poaa(t) Load power of time (t)

10 Echarging Charging efficiency of the battery storage

11 PVyower(t) Power generated by the PV

12 P(t) Actual power generated

13 Poaa(t) Load power of time (t)

14 E converter Converter efficiency

15 At Change in time (t)

16 & discharging Discharging efficiency of the battery
storage

17 Cenergy Charging energy

18 Denergy Charging energy

19 Vow Solar system output voltage
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20 Vo Capacitor voltage
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22 C; The capacitor

23 d, Converter duty cycle

24 Vpat Battery voltage

25 I} Inductor current of the battery

26 V., Capacitor voltage of the battery

27 d, Converter duty cycle of the battery

28 I Direct axis current such as active power
injected into the system

29 Iy Quadrature current such as reactive power
injected to the system with respect to the
reference (dq)
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40 I[4 d-axis load current
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42 Ipypec Solar power output at PCC

43 Iyrq Approximated current component that

controls PCC voltage

44 Iiq g-axis load current
45 Voa Amplitude of the phase voltage
46 eyr Error
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CHAPTER 1

INTRODUCTION

1.1 Background and motivation

Generation and consumption of electrical energy play a crucial role in the nation’s
advancement, and per capita consumption of this energy takes the lead among the
yardsticks to measure the development and progress of a country. The constant supply
of power and easy accessibility can shape the daily lives, ways of life, and fate of any
nation's people. Conversely, inadequacy of consistent power quality, can harm a nation's
economic and industrial growth [1], [2]. The increase in an advanced society's economic
growth is directly proportional to the increase in power consumption demand, with power
supply sources primarily derived from fossil fuels. Continuously accessing and processing
fossil fuel can cause the climate to change, which has an adverse effect on all living things
and which exacerbates global warming. Hence, using alternative energy that is clean and
renewable on a human time scale is vital. Consequently, Renewable Energy Resources
(RERS) that are deployable in the form of Renewable Distributed Generation (RDG) have
gained prestigious attention in the recent years [3], Furthermore, market operations are
shifting away from unilateral and centralized decision making and toward more distributed
and transactive frameworks in which actors at various levels of the grid hierarchy (ranging
from individual energy prosumers to utility companies and system operators) actively
participate in energy transactions via interactor value exchanges [4]. Modern electricity
systems or smart grids prioritize distributed (dispersed, decentralized) generation (DG)
over centralized generation (DG) due to the numerous benefits it has on distribution
system (DS) planning and operation [5]. In 2020, renewable energy sources (RES)
generated 29 % of global electricity according to studies, this percentage is expected to
reach 33 % by 2025 [6]. RDG benefits distribution networks in a variety of ways, including
increased reliability, voltage regulation support, and reduced energy losses [7]. The
European Council has set a 27 % RER mix target for 2030, to prevent the global change
in temperature rising above 2 °C. Over 30 countries signed the Paris climate change
agreement in 2015 which takes effect from 2020 [8]. In 2019, the worldwide level of

installed renewable energy capacity was over 33 %. The International Renewable Energy
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Agency (IRENA) report forecasts that renewable energy will grow to 85 % of the total
energy capacity in 2050 [9]. Therefore, energy generated from renewable sources can
give hope in term of climate sustainability and electricity price consideration as compared
to that generated from fossil fuels [10]. The integration of RDGs into the power system is
being embraced worldwide due to its energy conservation and greenhouse emission
benefits. This has resulted in power system restructuring and deregulation, whereas
traditional power systems were intrinsically radial, i.e., power flows in only one direction:
from the power plant to the transmission network, to the distribution network, and to the

loads.

These flows are traditionally managed through the dispatch of generation and network
equipment such as tap-change transformers that can adjust network voltages, i.e., the
voltage settings at the last controllable transformer before the loads are often set at 5 —
10 % higher than the nominal end-use voltage to accommodate line losses and voltage
drops along the line. These losses and associated voltage drop depend, of course on the
actual current flows that are being demanded by the loads. However, the introduction of
RDG affects the dynamic of the network because power flows may change significantly
and potentially in both directions. In other words, the network becomes an active system
with power flows and voltages determined by the mix of centralised power, RDG and as
well as the load. Thus, with significant increase in penetration levels of a large RDG, over
voltage will occur at PCC. The voltage at the load end would be greater than the feeder
supply voltage; this is called voltage rise and can also cause power/current to flow back
to the feeder supply side known as reverse power flow. The reverse power flows and
voltage rise are worsened when customer demand is at its lowest and RDG supply is at
its highest. Such an issue would be critical especially on the long feeders as found in rural
areas. The greater the voltage level, the greater the proportion of the investment in the
insulation component of the power equipment in the total investment in the equipment. If
an insulation accident occurs, it will not only damage valuable equipment and cause
massive economic losses, but it will also endanger the personal safety of power workers
[11], active power curtailment is suggested in [12], a flexible RDG deployment is
presented [13] to reduce overvoltage, optimized algorithm of voltage regulation is
employed in [14], RDG locational incremental contribution (LIC) is used to assess a wider

range of RDG penetration, concentration, and system reliability in [15]. It is established
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in [16] that traditional approaches like switched capacitors cannot provide reactive power
that is continuously adjustable at short time scales to regulate the voltage profile to meet
the relevant standards. [17] employed automatic overvoltage control strategy to
supressed voltage rise while the repeated switching of RDG systems on and off or
complete disconnection of RDG from the grid and other methods suggested in [18], [19]
in response to voltage rise and the reverse power flow issues could only provide a
temporary solution. Consequently, the resultant effects can impose consequent cycling
of network voltage control equipment with associated asset life and maintenance impacts,
can cause partial/total outages or excessive under voltages at the far end of the DN,
damaging online power component, end-use equipment and causing voltage instability

[20], [12], [13]. Hence, a permanent solution is required.

This thesis focuses on the following two main problems: - the voltage rise effects and
the reverse power flow constraint at the PCC of DN with a large RDG penetration level.
The analysis and simulations in the thesis are conducted on an IEEE 13-bus sample
model and DUT Steve Biko network with penetration levels of a large RDG (solar farm of
1 MW). The simulations are carried out using MATLAB/Simulink software, while a
mathematical model of a distribution grid integrating RDGs is developed for studying the
effects of voltage rise and bidirectional flow of power. Furthermore, a control strategy is
proposed to be installed at PCCs of the DN to control/mitigate the voltage rise effects and
to limit the reverse power flow when operating at a worst critical scenario, such as
minimum load and maximum generation from RDGs. The control structure consists of
installations of static compensators (STATCOM), which incorporate the Pulse Width
Modulation (PWM), the block/deblock and in-loop filtering circuit control scheme at PCC
for the control of active and reactive power. The proposed control strategy also mitigates
the voltage-current harmonic signals, improves the power factor and voltage stability at
PCC, and also protects the converter-PWM scheme from grid disturbances and fault
current as the control of active and reactive power is independent of the grid. The
increasing share of RDG in the energy mix is expected to operate in its maximum active
power capacity in a predetermined duration at a power factor of unity as soon as the
PCC'’s voltage rise and reverse power flow issues are resolved. The proposed solution
can be easily implemented by the utility and the independent own power producers at the

planning stage of RDG integration and on the existing grid infrastructure.
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1.2 Problem statement

The operating condition of DN would be vital when considering a large RDG with
increasing penetration levels due to the potential voltage rise and reverse power flow
threat at PCC. The PCC voltage rises at the critical scenario of low load and peak RDG
generation, such that the depth of voltage rise depends on the injection of active and
reactive power from the RDG. The bidirectional flow of energy from the RDG as well as
the main utility grid causes several difficulties regarding the DN voltage profile, power
quality, security, power flow control, energy management, frequency control and
protection. Network protection and security when a large RDG is connected to DN has
been a significant concern in recent years and needs urgent attention. RDG injects active
and reactive power into the grid at the PCC. Thus, the PCC point is more active than
other nodes in the system. There is a tendency that the PCC’s voltage would be higher
than other busbar voltages within the network. The more the PCC becomes an active
point due to the increase in the RDG penetration levels, the more of a voltage rise and
reverse power flow threat at the PCC there is. The voltage rise beyond the required limit
set by the utility will occur at the critical scenario. At this crucial stage, either the RDG is
disconnected from the network to avoid damage to other facilities within the system or
the voltage rise and the reverse power flow occurrence are regulated to an acceptable
range. The unprecedented behaviour of the feeder due to impact of large RDG systems
has drawn keen interest from researchers worldwide and has resulted in the development
of analytical tools for investigating these impacts so as to develop mitigation measures to

curb some of the issues and challenges on distribution feeders.

The various grid codes hitherto prescribe the disconnection of these RDGs to prevent
damage to the load, the power system component and the equipment. However, with
increased installed RDG capacity and a substantial injection of power to the host grid, the
disconnection of high capacity RDG during voltage rise is avoided to forestall potential
grid network outages and grid instabilities. As a consequence of the emerging RDGs
penetration levels, voltage regulation should be provided at PCC to avoid disconnection
as specified in IEEE 1547 and South African grid code requirement. The occurrence of
voltage rise, reverse power flow, voltage instability, voltage dips, power factor problem,

harmonics and voltage unbalance with a large RDG integration are among the issues
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limiting the fully exploitation of RDG integration potentials. These issues are
comprehensively investigated in this thesis and remedies are provided. Thus, it is crucial
to present an understanding of these issues in a simple form, and to propose a control
measure that will be easy, cost-effective, and affordable to mitigate such challenges. The
proposed method presented in this thesis will mitigate these issues and remove

limitations to the high penetration levels of a large RDG into the power system.
1.3 Objectives of the research
The objectives of this thesis are:

+ To carry out a state-of-the-art review on the current status of RER prospects,

power quality issues and power system compensators.

+ To model a distribution network of 13-bus with an integration of a large RDG for
the investigation of the effects of voltage rise and reverse power flows at PCC and
to develop an appropriate time domain model of DC-AC converter based DN and
analysis for the investigation of the impacts of a large RDG integration under

critical situation of low demand and peak generation.

+ To design an appropriate time domain model of DC-AC converter based with
automatic restoration scheme incorporating block/de-block control and filtering
circuitry that can switch the converter on/off in the advent of grid fault and reject
PCC disturbances.

+ To propose a control scheme that can be connected to the developed discrete-
time domain model DC-AC based DN and RDG integration for mitigating the
effects of voltage rise, reverse power flow, harmonic, power factor correction and

fluctuation.

+ To develop a control strategy that can reduce tracking time and error signal
generated to zero between instantaneous and the incremental conductance during
PPP tracking. To minimize output oscillations, ripples and improve the accuracy of
both the system’s large and small step sizes when the operating level is far from

the PPP and for the adaptation of the solar system to the ever-changing climatic
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condition.
Research questions

What are the impacts of renewable distributed generation in rural communities
where there is no access to the national grid?

What are the adverse effects of voltage rise and reverse power flow at the point
of common coupling of RDG and DN?

What approach can be utilized at the point of common of coupling to mitigate
voltage rise and river power flow with a high RDG penetration level without

disconnecting from the grid?

What method can be used to minimize tracking error signal generated between
the instantaneous and the incremental conductance when accessing the peak
power point of solar photovoltaic?

What strategy can be employed to regulate PVA output oscillations and ripples by
the continuous peak power point tracking system of the time domain DC-AC

converter with variation in the irradiance, temperature and loads?

Methodology

A cutting-edge literature review was conducted on the current state of RER prospects,

power quality issues, voltage rise, reverse power flow and power system compensators.

The investigation of the voltage rise mitigation at PCC of a large RDG integration into a

distribution network is carried out by modelling a standard test system. A modified IEEE

13-bus test feeder and DUT Steve Biko network were modelled. Both networks are

designed in MATLAB/SIMULINK environment by considering the following:

+ To develop time domain converter-based distribution system with IEEE 13 bus

system and integration of RDG to investigate the effect of voltage rise and reverse

power flow impact on the PCC.

+ To develop time domain converter-based distribution system with IEEE 13 bus

system and integration of RDG to mitigate voltage rise and reverse power flow at
the PCC.
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*+ To develop an algorithm that can reduce tracking error while accessing peak power

point of solar photovoltaic.

+ To develop time domain converter-based distribution system with DUT network and
track peak power point of solar photovoltaic system under varying load, sun’s
irradiation fluctuation and changing temperature condition thereby maintaining

constant output voltage/power and reduce oscillation.

+ To design an automatic block and de-blocking restoration control scheme for
controlling the grid converter switching mechanism thereby preventing the grid

component from fault current/grid fault and voltage rise
1.6 Scope of the Research

System modelling and analysis are crucial to investigating how the designed DC-AC
system, a large RDG and DN respond to voltage rise at PCC, among other issues. This
is significant for analysis, design, and authentication. Thus, the time-domain models of
grid regulation systems are developed from the typical grid supporting systems. This is
achieved by measuring the active and the reactive power injected into the grid by the
voltage source converter STATCOM to determine the output voltage amplitude and
frequency according to the measured values. Counter-wise, the grid-supporting current
source converter measures the voltage amplitude and frequency, in order to inject a

desired amount of active and the reactive power accordingly.

The reactive power injection is vital for the grid voltage rise attenuation, and the droop
controllers make the frequency of the converter deviate from the nominal value in case
there is a mismatch between the measured electrical output power and its nominal value.
The converter is self-regulating, which can synchronize the grid frequency. Furthermore,
the power injection of the source is shared according to the droop coefficients, which is

proportional to the assigned nominal power values.

This research work concentrates on implementing a regulation scheme with PCC’s
voltage rise, a simple and quick method of control for eliminating the challenge of a large
RDG integration with high penetration levels, management, power quality of DN and the

load. The compensator device is capable of injecting electrical power dynamically while
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following the frequency of the grid, and the voltage source converter of the STATCOM
with PWM control scheme injects active and reactive currents according to the rotating
frame of the grid voltage at the PCC. The converter interface running in the grid
supporting mode can thus achieve voltage rise attenuation at PCC while contributing to
the main grid voltage and frequency regulation. Furthermore, in the advent of grid fault,
block/de-block control strategy is proposed for the converter to automatically block any

grid fault current that can affect the device and the power equipment connected to PCC.

Furthermore, the purpose of the voltage regulation scheme developed in this work is to
prevent the grid supporting RDGs from further inducing a reverse power flow in the
occurrence voltage rise, ultimately leading to power generation damage. However, there
is an insignificant voltage rise contribution from a small RDG based system. Thus, the
extensive RDG integration, for instance, negatively impacts overall grid reverse power
flow during voltage rise. Consequently, a large number of RDGs are controlled with the
utmost flexibility to forestall shut down and subsequent disconnection due to over voltage

protection activation.

This research work focused on the PCC voltage regulation with a large RDG integration
into the DN. RDGs are primarily power-electronic dependent for energy conversion as
compared to a typical conventional power generator. Therefore, there is non-existence of
significant inertia in the converter-based systems, especially in solar systems. The power
electronic conversion systems possess the advantage of fast control response capability;
voltage rise is sensed at the PCC, and the capability to supress such occurrence is
utilized in this work. Thus, unwanted reverse power flow to the substation is adequately
controlled with the proposed PCC regulation scheme. Similarly, the block/de-block control
strategy proposed for the converter based RDG in this work is carried out with the
assumption of automatically blocking the fault current from the grid to the converter and

power equipment connected to the PCC.
1.7 Research Contribution to knowledge

The contributions of the research work carried out in this thesis can be summarised as

follows:
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+ Provision of mathematical model and the analysis approach of PCC’s voltage rise
with RDG integration to the DN is developed. The aim is to have the foreknowledge
of the extent of the effects of voltage rise and the reverse power flow cause by the
high penetration levels of RDG integration on the power systems to provide a
deterministic approach for DSO and IPPs in carrying out a preventive measure
during planning and integration of RDG into the DN.

+ A voltage regulation approach has been proposed for the PCC with a large RDG
connection. This control approach can be adapted to PCC of DN systems since it
can handle the voltage rise, reverse power flow and any uncertainties that can
occur with a large RDG integration. The aim is to achieve active, and the reactive
power injected to the PCC by the voltage source converter (STATCOM) and
determine the output voltage amplitude and frequency according to the measured
values. Counter-wise, a grid-supporting voltage source converter measures
voltage amplitude and frequency to inject a desired amount of active and the
reactive power accordingly. The reactive power injection is vital for the PCC
voltage rise attenuation, the droop controllers cause the frequency of the converter
to deviate from the nominal value in case there is a mismatch between the
measured electrical output power and its nominal value. The converter is self-
regulating which can synchronize the grid frequency.

+ Based on the voltage rise regulation approach at the PCC, a block/de-block control
scheme has been proposed for the PCC converter. The aim is to protect the
converter from the grid fault current. The block/de-block module comprises 4 input
and 2 output, where the first input is the state of opening the grid circuit breaker
when the state is low or zero, the second input is the event to de-block the
converter after the closing of the circuit breaker by the AND gate. The third input
is the event to block the converter when it receives an unwanted signal such as
over-voltage or a fault current which will reset the set-reset trigger, and the Q input
will go to zero or low state thereby opening the circuit breaker. The reset input
resets the device to its original state with an output Q which will be either at high
level 1 or low level O depending on the set/reset condition.

+ Animproved incremental conductance with integral regulator strategy is proposed.
The aim is to obtain a perfect efficiency and time reduction in tracking PPP of
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PVAs. The error signal generated at PPP during instantaneous conductance and
the incremental conductance is reduced to zero by the application of proportional
integral strategy which is used to derive the error signal (e) to zero. When the
proportional integral regulator is added to the incremental conductance, there will
be a reduction in the output oscillation resulting in a better digital resolution of the
output, perfect control and adaptation of the solar system to the ever-changing
climatic condition, thus, the system efficiency is improved. A proportional integral
controller improves the precision of both the system’s large step sizes when the
operational level is far from the PPP and when the small step sizes of PPP is
reached to extract the maximum possible level of power. The application of

addition control strategy (integral controller) to the PPP of the solar system
minimizes the error (j—;+é) between the instantaneous conductance and the

incremental conductance, reduces ripple and improves the accuracy of both the
system’s large and small step sizes when the operating level is far from the PPP

or when reached to harness the uppermost possible level of power. Thereby, the

1

regulator output will be equal to duty cycle correction. When error (%+;) is

minimized, the regulator output = Duty cycle correction.

+ Designed in-loop filtering algorithm is provided to detect any unwanted harmonics
signal at the PCC. The aim is to filter any form of unwanted disturbance/distortion
or unbalance signals from the load current and phase voltage at the PCC where
their components are approximated before the approximation of the reference grid
current. The filtering stages of the control is of an in-loop type which has a super
harmonic rejection capability. The current that flows across the loads and the
phase voltage at the PCC are transformed to stationary reference frame control
known as af-control. It regulates control signals in stationary two-phase frame
(ILa)s Urg) @and (Vpeea)s (Vpeep)- Any unwanted signals generated from the PCC are
suppressed by the filtering circuit while the approximated quadrature components

and undistorted in-phase signal are(l;q,), U;p,), Vpecap) and (Vpeepp) Of (Ia),

(ILB) and (Vp*cca)! (V;ccﬁ)' In the same way, (Il:kaq)! (IZ,Bq) and (Vp*ccaq)s (V;ccﬁq) are
undistorted quadrature of (I.,), (I.g) and (Vpcca), (Vpeep)-

36



Voltage Rise Mitigation at the Point of Common Coupling of Large Renewable Distributed Generation and
Distribution Network

+ The boost DC-DC, DC-AC converters and the grid voltage are regulated during
loads fluctuation and solar irradiance variations while constant supply is
maintained to the grid. Grid voltage stability is achieved with PPPT system during

variable load, solar irradiance variation, and the changing temperature.
1.8 Outline of the Thesis
The thesis is organised as follows:

Chapter one gives the background, objectives, methodology, contributions to knowledge,

scope, and the outline of the thesis.

Chapter two assesses the major renewable energy sources. How these renewable
energy resources can cheaply be deployed, the reasons for agitation of renewable energy
integration into Africa energy mix and the challenges of the cost of renewable energy in
Africa are also enumerated. A comprehensive state-of-the-art- power system
compensator, power quality, the importance of power quality, classification, types, causes
of power quality, parameters of power quality, how voltage, current and power quality are
related, possible solutions to power quality issues, power quality issues on the utility, the
grid, and the load side, electrical load classifications, types, and how the power quality

can be sustained in power system are detailed.

Chapter three discusses RDG technology, the relationship between RDG and smart
grids, RDG deployment, microgrid system, classification and types, off-grid microgrids,
grid tie microgrids, microgrid backbone, microgrid controls, microgrid energy

management, converter building blocks, types, advantages and disadvantages of RDG.

Chapter four presents power system design and RDG distribution network modelling
with mathematical analysis of voltage rise, test system description, test system simulation
without/with RDG integration, voltage rise concept, impacts of RDG on distribution
network, RDG integration and voltage rise at PCC, and the voltage rise compensation

with RDG integration.

Chapter five investigates the compensation strategy, voltage rise regulation at PCC,

compensator mathematical analysis with RDG integration, compensator connection
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model, dynamic response and modelling of static compensator, regulatory capability of
static compensator, voltage rise mitigation at PCC with static compensator, response of
static compensator during fault conditions, and simulation comparison between static

compensator and static volt-ampere reactive compensator.

Chapter six investigates the voltage rise regulation with a grid connected Solar Photo-
voltaic systems, solar systems, solar and battery modelling, factors affecting solar array
performance, energy management and solar power tracking are adequately discussed.
Design and simulation of a proposed microgrid for DUT, control strategy, load variation
under PV system, effect of PV variation on a system, and grid behaviours during static
compensator’'s UPF and VR mode are analysed.

Chapter seven investigates grid voltage regulation under varying solar irradiation. It
explores the solar tracking algorithms, perturb and observe strategy, incremental
conductance, improved incremental conductance with integral regulator to track peak
power point of solar system, modelling of a boost converter, proposed converter

restoration scheme, and converter block/de-block scheme.

Chapter eight provides conclusions and recommendations for future work.
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CHAPTER 2

LITERATURE REVIEW

2.1 Introduction

Chapter 2 presents renewable energy resources, advantages, disadvantages, the
reasons why there is worldwide agitation for a renewable energy resource and the
benefits of renewable energy generation. A review of similar works of literature on the
state of the art of power system compensators, design, analysis, types, and applications
are detailed. The chapter explores the power quality concept, classification of power
quality, causes of poor power quality, the grid occurrences, voltage rise and reverse
power flow, the relationship between the utility, the grid and the loads. In addition, the
power quality versus voltage, the classification of various electrical loads, the theoretical
framework of power quality in relation to the voltage, current and the loads are also
enumerated. In summary, the work presents a review of similar works of literature. The

contributions of this review are manifold:

+ It proposes future research goals on the development of renewable energy
resources to reduce greenhouse emissions, to improve access to power in rural
communities across the continent, and to provide methods enabling continents to
link their goal with renewable energy trade options in the energy markets to boost

the continent’s power system reliability and stability.
+ [t reveals the trend of power system compensators and application.

+ [t provides the details required for an understanding of power quality concept, as
well as the relationship between power quality, voltage quality and current quality

in a distribution network.
2.2 Renewable Energy Resource

Generation and consumption of electrical energy play a crucial role in a nation’s
advancement, and per capita consumption of this energy takes the lead among the

yardsticks to measure the development and progress of a country. The constant supply
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of power and ease of access can shape the daily living, way of life and fate of the people
of any nation. Conversely, inadequacy of constant power quality can be a detriment to
the economic and industrial growth of a nation [1], [2]. The increase in the economic
growth of an advanced society is directly proportional to power consumption demand and
the power supply sources being largely from fossil fuels. Continuously accessing and
processing fossil fuel can cause the climate to change and the adverse effect on plants
and living things can be disastrous. It also exacerbates global warming. Hence,
alternative energy that is clean and renewable on a human time scale is vital.
Consequently, Renewable Energy Resources (RES) and Renewable Distributed
Generation (RDG) have gained prestigious attention in the recent years [3], [21], [22],
[23], [24], [8]. An energy mix of 27% is targeted by the European Council in 2030, to
prevent global temperature from increasing more than 2°C. More than 30 countries
subscribed to the Paris climate change agreement in 2015 that takes effect from 2020.
More than 33% of the world’s installed energy was renewable in 2019. Based on the
forecast of International Renewable Energy Agency (IRENA) report, renewable energy
will grow to 85% of the total energy in 2050. Therefore, energy generated from renewable
sources can give hope in terms of climate sustainability and electricity price consideration
as compared to fossil fuels [9], [10], [20]. Since the RES is being embraced worldwide
due to its energy conservation and greenhouse emission benefits. Hence, it is anticipated
that the RES will play a crucial role in the future power supply. For example, the
cumulative global capacity of renewable electricity increased from 2,181 GW to 2,355
GW between 2017 and 2018. In 2018, renewable electricity accounted for 20.5 percent
of total electricity capacity and 17.6 percent of total annual generation in the United
States. Annual renewable capacity additions increased by 45 percent to nearly 280 GW
in 2020, the largest year-on-year increase since 1999. Solar PV capacity additions are
expected to reach 162 GW by 2022, indicating a nearly 50% increase over the pre-
pandemic level of 2019 [25].

Because of advancements in renewable technologies and lower-cost costs, the green
revolution to construct an energy system, the transition to net-zero greenhouse gas
emissions is happening faster than expected. Renewable Energy Resources can be
described as any form of energy from solar, geophysical, or biological sources that are

replenished by natural processes at a rate that equals or exceeds its rate of use [26]. Itis
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obtained from the persistent flows of energy occurring in the natural environment such as
Wave, Tidal, Geothermal, Biomass, Hydro, Wind, and Solar energy [27]. Therefore,

various renewable energy sources are described below.
2.2.1 Wave energy

Wave energy is one of the types of renewable energy sources that is produced from
capturing wind waves or air gusting across the sea surface. It occurs in the form of wind
circulation on the surface of the sea, which creates a divergent strain and exerts force on
the sea surface resulting in a moving wave. This moving wave is used to drive a turbine
or generator to produce electrical power [28]. Wind wave is shown in Figure 2.1, which
can be trapped and used as a prime mover to drive an alternator where mechanical

energy is converted to electrical power.

Advantages: It is a renewable source of energy that produces no harmful effect in the
atmosphere and environment such as poisonous gas, waste or pollution that can cause
heat and global warming. The source is replenished which means it can never dry up as
waves will always be booming and crashing around the seashore or coastal area. It is

clean.

Disadvantages: Wave energy is not so common everywhere, it is stochastic in nature
since a wave is associated with wind streams, therefore, it is not stable. A site is needed
where the wave is prominent and strong to harness. The wave is usually propagated to
the seashore, and so its stability in energy generation may be more complex due to the
hydrodynamic nature of the airstream. The technology development faces challenges
from the fact that ocean environment (especially in offshore) is uncertain [29], [30]. The
maintenance and operation are hectic and challenging due to the violence of sea wave

which can destroy the wave equipment.
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Figure 2.1: Wave Energy [31].
2.2.2 Tidal energy

Tidal energy can be described as the form of a renewable energy source that is produced
from the rising and falling of the sea level, which occurs due to the collective effect of
gravitational force from the sun, moon, and the revolution of the earth. The Moon is the
main tide-generating body. Due to its greater distance, the Sun’s effect is only 46% of the
Moon’s [32]. Renewable energy from the tide is obtained by the surge of the ocean rising
and falling. The kinetic energy of the change in the flow of the tide is used to drive a
turbine connected to an alternator and the energy from the moving fluid is extracted to
produce electrical power. The change in the sun and the moon’s position with respect to
the Earth, the rotation of the Earth, its effect, the geography of the sea’s coastline and
floor all determine the magnitude of the tide at a location. Electricity is generated from the
tidal zone when tides come in and go out. The turbine is driven by the power of the sea

in both directions as shown in Figure 2.2.

Figure 2.2: Tidal Energy [33].

Electrical power can be generated directly from the tidal energy source in two ways.

Firstly, through the water level difference between the low and high tide, and secondly
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through the tidal currents obtained by the energy of water flows. Both ways make use of
tidal range and stream devices. The tidal stream method is more popular than the tidal
range method because the cost of installation is cheap, it is more efficient at larger scales
and there is a reduction in ecological and environmental effects. Therefore, it receives
more research attention from industry, government and institutions [34], [35], [36]. The
tide source is inexhaustible thereby is regarded as a renewable energy.

Advantages: It is less vulnerable to climate change unlike conventional sources that are
all vulnerable to the random changes in climate. Tides are predictable but not active 24
hours, and do not require any fuel. Tidal power plants last longer, say 100 years and there

is no production of gas and pollution involved [36] .

Disadvantages: The initial capital construction cost is high, it is available in a small
number of regions, and it can displace wildlife habitats. It can alter ecosystems. Tides are

not active 24 hours
2.2.3 Geothermal energy

Geothermal energy is the energy generated from the heat inside the Earth’s crust. Geo
means Earth while thermal is something related to heat. Geothermal energy is the energy
obtained mainly from the Earth’s internal heat as shown in Figure 2.3. Although, the sun
heats the Earth's surface, the heat inside the Earth's crust is not as a result of the heat
from the sun. The heat inside the Earth’s crust is because of natural decay of radioactive
isotopes of Potassium, Uranium and Thorium inside the crust. The rock present inside
the Earth is extremely hot. The heat formation of the rock is a result of the fission of these
radioactive materials, thereby stored inside the Earth and flowing constantly. The heat
can be accessed by using water to absorb the heat. The heated water forms steam, the
transformation of water to a steam at higher pressure produces hot springs and transports
it to the surface of the Earth to provide geothermal power. The hot steam is produced in
such a way that two holes are dug deep into the earth's crust and cold water is pumped
through the first one while steam comes out from the second through a very long pipe

which can be used to generate electrical power.
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Figure 2.3: Geothermal Energy [37].

The stored and generated heat in the Earth’s crust is unlimited and it is independent of
weather conditions. Geothermal power uses the Earth's internal heat which comes from
a combination of residual heat from planetary accretion (about 20%) and heat produced
through radioactive decay (80%) [38], however, power deployment of this technology may

face challenges [39].

Advantages: It has a low maintenance cost, and the generator does not occupy a lot of
space. It does not depend on weather conditions; and the energy produced from
geothermal energy can be used directly to heat houses and cooking. It is environmentally

friendly, clean and there is no wastage or generation of by-products.

Disadvantages: A higher installation cost, the danger of volcanic eruptions, few sites

have the potential of Geothermal Energy and easy rusting of steam water pipes.
2.2.4 Biomass

Biomass is a type of renewable energy source that is produced by living plants and
animals. This includes waste such as wood, agricultural products, solid waste, scraps,
logs, chips, bark, manure, garbage and sawdust as depicted in Figure 2.4. So far as trees,

crops and wastes exist, biomass will always be a renewable energy source. This is
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demonstrated in Figure 2.4, where plants take in water through their roots, carbon dioxide
through their leaves and radiant energy from the sun by the process known as
photosynthesis to produce glucose and oxygen (6H20 + 6CO2 + Radiant energy =
C6H1206 + 602).

Sugarcan tree
Source of Biomass Content (%)
Bagasse
Cane 4

Palm Oil

Source of Biomass | Content (%)

fiber 11-12

;lenell 5-7 Coconut Tree
pty bunce (EFB) 20-23 BIOMASS

Frond Source of biom ass Content
Trunk Coconut coir 35
Coconut shell 12

Source of biomass Content

Source of biomass Content

Corncob 12
Cormn stalks and leaves 42

Rice husk 20
Rice Straw 58

Figure 2.4: Biomass Energy [40].

When these materials are burnt through the process known as
Torrefaction, chemical energy in biomass is released as heat. The carbon dioxide and
water contained in plants and animals are released back into the atmosphere when they
are burned (re-absorb carbon) so it is regarded as a renewable energy source. Fossil fuel
cannot re-absorb carbon. Biomass contains energy first derived from the sun. Plants
absorb the sun’s energy through photosynthesis and convert carbon dioxide and water
into nutrients (carbohydrates). Biomass is the only renewable energy source that can be
converted into liquid biofuels such as ethanol and biodiesel. Examples of biofuel crops
are switchgrass, wheat, sunflower, cottonseed oil, soy, jatropha, palm oil, sugar cane,
canola, corn. Ethanol is made by fermenting biomass that is high in carbohydrates, such
as sugar cane, wheat, or corn. Biodiesel is made from combining ethanol with animal fat,

recycled cooking fat, or vegetable oil.
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Advantages: Biomass feedstocks, such as switchgrass, can be harvested on marginal
lands or pastures, where they do not compete with food crops. Biomass is a clean,
renewable energy source. Its initial energy comes from the sun, and plants or algae.
Biomass can regrow in a relatively short amount of time, and it can also be used to power

vehicles.

Disadvantages: Most biomass requires arable land to develop. This means that land
used for biofuel crops such as corn and soybeans is unavailable to grow food or provide
natural habitats. Most biomass plants require fossil fuels to be economically efficient.
Biomass has a lower “energy density” than fossil fuels. As much as 50% of biomass is
water, which is lost in the energy conversion process. Burning biomass releases carbon
monoxide, carbon dioxide, nitrogen oxides, and other pollutants and particulates. If these
pollutants are not captured and recycled, burning biomass can create smog and even

exceed the number of pollutants released by fossil fuels.
2.2.5 Hydroelectric power

Hydroelectric power is the renewable energy source that makes use of waterpower in
motion as shown in Figure 2.5. The process of converting the kinetic energy of a moving
body of water to drive a turbine couple to an alternator and generate electricity is known
as hydroelectric power.

Advantages: It has the lowest operating costs and longer plant life; water is renewable
and is not subject to fluctuations in the market. It does not pollute the air. Impoundment
of hydropower creates reservoirs that offer a variety of recreational opportunities.
Hydroelectric power systems have good ramping capabilities and energy storage
possibility in the form of hydro reservoirs, The advantage of hydroelectric power is its low

generating cost and short initiating time [41], [42].
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Figure 2.5: Hydroelectric Energy [43].

Disadvantages: Fish populations can be impacted regardless of location, large-scale
hydro generation is affected by increasing concerns about its environmental effects,
capital costs, and long development times [44]. Fish cannot migrate upstream past
impoundment dams to spawning grounds or they cannot migrate downstream to the

ocean. Hydropower can impact water quality and flow.
2.2.6 Wind Energy

Wind energy is one of the types of renewable energy sources that makes use of wind flow
to drive a turbine connected to an alternator to generate electricity. The kinetic energy in
the wind is such that it translates the aerodynamic force of wind rotations or turns two or
three propeller blades around a rotor as depicted in Figure 2.6. The rotor is connected to
the main shaft, which rotates a generator to produce electrical power. Wind is produced
by uneven heating of the earth's surface by the sun. The hot air rises and cool air flows
in to take its place and the air moves to a low-pressure area from high pressure areas.
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Advantages: Wind energy does not create air pollution, it is a clean source of energy,
having no atmospheric emissions. It can be built on existing farmland. It does not
contaminate water or generate waste. It is inexhaustible. It has a lower operating cost
once a turbine is erected. Wind energy is not only a favourable electricity generation
technology that reduces emissions (of other pollutants as well as CO2, SO2 and NOX), it
also avoids the high external costs associated with conventional fossil fuel-based

electricity generation [46].

Disadvantages: Wind fluctuates, which can affect the power output of the generator that
generates the electricity. Initial capital and installation to set up wind farm is expensive.
Wind turbines pose a threat to birds and can cause noise pollution. Wind power variations

are hard to predict with high accuracy [47].
2.2.7 Solar Energy

Solar energy is one of the renewable energies that is derived from the radiation of the
sun. Solar energy can be harnessed in two forms, that is photovoltaic and solar thermal
[48]. A photovoltaic process occurs when photons produced from the radiation of the sun
are collected by an array of cells called photovoltaic cells to generate electricity as shown
in Figure 2.7.
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Figure 2.7: Solar Energy [49].

This process is known as the photovoltaic effect. It occurs when sunlight hits a
semiconductor material (usually silicon) and knocks electrons loose from atoms, setting
them in motion to generate an electric current. Solar thermal captures heat from the sun.
A solar cell may be Monocrystalline which means it is cut from silicon, or polycrystalline
which it is cut from many smaller crystals. There is also solar power made by amorphous

or thin-film solar cells.

Advantages: Solar energy is a renewable source that makes use of sunlight as fuel in
generating electricity. It has low maintenance costs, it is abundant, cheap and clean. No
air pollution, water pollution, or greenhouse gases are associated with the production of

solar energy.

Disadvantages: The sun does not shine 24 hours a day. At night and in shade solar

panels can stop generating electricity, therefore it is weather dependent.
2.3. Why a worldwide need for Renewable Energy?

Generally, fossil fuels are used for multipurpose in everyday living such as heating and
powering our homes, fuelling our vehicles etc., because of their abundant availability.
Nevertheless, these fossil fuels are being consumed more rapidly than they are being
created. Eventually, they will not be sufficient to meet the world’s need, or they will run
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out one day because there is an increase in the energy demanded by the world
population on a daily basis. Hence, it is a necessity to provide a method that can meet
up with this energy growth to avoid crises. According to world energy forecasted in [50],
world energy consumption will keep on increasing more than it is being produced now.
Convectional method of electricity generation is mostly from fossil fuel, petrol, diesel,
nuclear, gas, and coal fired plants. The risk of the fossil lies not in the use, but the
unpalatable effects they create after usage. Fossil fuels are not sustainable, as their
method and processes are non-renewable energy sources. Apart from the fact that these
sources are depleted, they will also run dry one day. They can also generate CO2, NOX,
and Sox emissions which are harmful to the environment and can contribute to global
warming, and temperature increase resulting in the melting of ice in the Arctic and
Antarctica causing an abnormal rise in sea level, which in turn leads to floods affecting
life and property across the world [51], [52]. Since this conventional method has a
tendency to produce a more harmful effect in their cycles and processes while generating
electricity, there is a need to look for an alternative source of generating electricity that
will be a renewable source on a human timescale and that can produce little or no harmful
effect on the environment from their cycles and processes. At least if electricity
generation by the conventional methods is not totally neglected, the energy mix should
be encouraged to minimize the harmful effect and a source of energy that cannot be
depleted. Modern economies need long-term energy security that will be available,
sufficient, and uninterrupted at an avoidable price for domestic power, industrial power
and transport. Most vehicles are running on petrol, diesel and oil, which are all extracted
from fossil fuel. The source will become depleted one day, and the vehicle industry must
find new source of energy such as hybrid systems, or a total renewable system to
continue the functioning of the business. There is a need for all the countries of the world
to diversify their energy production to reduce dependence on fossil fuel.

2.4. Benefits of Renewable Energy Generation

Environmental benefits: The conventional power system makes use of fossil fuels and
oil; they are thereby environmentally unsustainable because they are based on
exhausting resources. Such resource extraction, exhaustion and transportation can
result in greenhouse gas emissions, leading to global warming. The RDGs are
environmentally sustainable since they make use of renewable energy sources, thereby
resulting in a reduced and improved environmental influence as compared to the
extraction, conversion and delivery of conventional methods that use fossil fuels.
Renewable energy resources are considered clean energy resources and are critically
important due to their environmentally friendly nature. With the increase in awareness of
a clean environment, it is believed that traditional dependence on fossil fuels has led to
carbon dioxide (CO2) emissions, greenhouse gas problems and environmental pollution
[53], [54], [55], [30], [56].

Economic benefits: RDG systems could simply survive with individual failures, because
each consumer connected to an electrical node may be serviced by multiple RDG units
as compared to the conventional method of power generation, where a fault in the system
can affect the electrical power in the whole system. A sole proprietor can manage a RDG
unit for power generation, such that electrical power can be generated by him and be
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consumed by the same person otherwise known as prosumer i.e., producer and
consumer. Moreover, a RDG can be connected to a micro and main grid. With the fast
expansion of RDG in the power system, more rural communities will have access to
electrical power in the near future.

2.5 Compensators

A compensator is a component or device that can be used to regulate another system,
usually to correct or offset some disturbing action in a system or network. Most of the
time, it is done by conditioning the input or the output to that system. The common
compensators in the power system are referred to as Passive shunt and series
compensators [57]. They have been used to improve the power quality of the power
system by enhancing the efficiency and utilization of equipment in transmission and
distribution networks. They comprise lossless reactive elements such as capacitors and
inductors with and without switching devices. The passive compensators are used for
improving the transient, steady state, and dynamic, voltage and angle stabilities.
Moreover, these also help in reducing losses, enhancing the loadability, improving
transmission capacity, damping power system oscillations, and mitigating sub
synchronous resonance (SSR) and other contingency problems in transmission systems
[58]. The passive shunt and series compensators are also extensively used in distribution
systems for improving the voltage profile at the point of common coupling (PCC), reducing
losses, power factor correction (PFC), load balancing, neutral current compensation and
for better utilization of distribution equipment [59]. Ideally, the passive compensators can
supply or absorb variable or fixed reactive power locally to mitigate the power quality
problems. This section focuses on the review of the concepts and methodologies of

passive shunt and series compensators in distribution systems.
2.5.1 Passive Shunt and Series Compensators

Passive compensation has become an established technology to provide reactive power
compensation for power factor correction and/or voltage regulation, load balancing, and
reduction of neutral current in AC networks. It has evolved during the past century with
development in varying configurations and requirements. Passive compensators are
used for regulating the terminal voltage, suppressing voltage flicker, improving voltage

balance, power factor correction, load balancing and neutral current mitigation in three-
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phase distribution systems [60], [61]. These aims are accomplished either individually or
in combination, depending upon the necessities and configurations that need to be
selected appropriately. The reactive power compensation employing lossless passive
components in a distribution system has been used in practice for a long time for
improving the voltage profile at the load end by the utilities and enhancing the power
factor in the industries for avoiding the penalty by the utilities [62]. In the early twentieth
century, Steinmetz discovered that an unbalanced single-phase resistive load may be
realized as a balanced load using lossless passive elements in a three-phase supply
system [63]. This concept was later extended in many directions such as balancing three-
phase unbalanced loads, power factor correction at the supply system, compensation of
of negative-sequence and zero-sequence currents, and voltage regulation. It has
become quite important because in practice there are many single-phase and unbalanced
loads such as traction, metros, furnaces, residential, and commercial loads. There are
many methods to implement these compensators in practice for improving power quality,
especially voltage quality, for the consumers nearby the fluctuating loads, such as arc
furnaces. Since these compensators are simple, cost effective, and easily realizable in

practice, they are still used in large power rating.
2.5.2 Passive Shunt and Series Compensators Classification

Passive compensators can be classified based on the topology and the number of
phases. The topology can be shunt, series, or a combination of both. The other
classification is based on the number of phases, such as two-wire (single-phase) and

three or four-wire (three-phase) systems [64].

Topology Based Classification: The passive compensators can be classified based on
the topology, for example, series, shunt, or hybrid compensators. Figure 2.18 shows the

examples of basic series, shunt, and hybrid compensators.

52



Voltage Rise Mitigation at the Point of Common Coupling of Large Renewable Distributed Generation and
Distribution Network

i L & H L

L% % . 9 R »>
w2 B, fo—2 Wrm ;
kL | ~ KL

¥, G0 #7By) Load ( N\, /, V. Z('. Be | v, Gy, + By | Load

Py ¢
(a) (b)
Z | / l“ —ﬁ !
3 __ "} L » ] VY FF »
"WVVW\ * ¢ -]'Bl'w g :’N T 4
’ R\ L\ * ‘ ///‘\> | \ I‘\ Z( .;'R(-_\h Vl (Jl +IB| I..”(ld
(\9‘\ /,( ;/.[ﬁ'\h V| ('|.+,/Hl, Load / 5 l ' ‘/
\ ‘ : I b
] vll' ’ll [ h —
¢ . d
© (d)

Figure 2.18: Load compensation using (a) a series compensator (b) a shunt

compensator(c) a short-shunt hybrid compensator (d) a long-shunt hybrid compensator.

Passive series compensators have limited applications in the distribution systems as they
affect the performance of the loads to a great extent and have resonance problems. The
passive series compensators are used in transmission systems to improve power transfer
capability, of course with restricted capacity to avoid series resonance. The passive series
compensators are also used in stand-alone self-excited induction generators for
improving the voltage profile and enhancing stability. In the majority of cases, mainly
shunt compensators are used in practice as they are connected in parallel to the loads
and do not disturb their operation [65]. These are mainly used at the load end. So, current-
based compensation is used at the load end. These inject equal compensating currents,
opposite in phase, to cancel reactive power components of the load current for power
factor correction at the point of connection. The passive shunt compensators are also

used for voltage regulation and load balancing at the load end. These are also used as
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static VAR generators in the power system network for stabilizing and improving the
voltage profile [66]. The passive hybrid compensators shown in Figure 2.18 (c-d) as
combinations of passive series and shunt elements in both short-shunt and long-shunt
configurations are used in stand-alone self-excited induction generators for improving the

voltage profile and enhancing the stability.

Supply System-Based Classification: Mainly passive shunt compensators are used in
the distribution system for reactive power compensation and load balancing, so these are
studied in detail here. This classification of passive compensators is based on the supply
and/or the load systems having single-phase (two-wire) and three-phase (three-wire and
four-wire) systems. There are many varying loads such as domestic appliances
connected to single-phase supply systems. Some three-phase unbalanced loads are
without neutral terminal, such as AC motors, traction, metros, and furnaces fed from
three-phase three-wire supply systems. There are many other single-phase loads
distributed on three-phase four-wire supply systems, such as heating and lighting
systems, among others. Hence, passive compensators may also be classified as single-
phase two-wire, three-phase three-wire, and three-phase four-wire passive shunt

compensators.

Two-Wire Passive Compensators: Single-phase two-wire passive compensators are
used in all three modes, that is, series, shunt and a combination of both. Figure 2.18 a—
d shows four possible configurations of passive series, passive shunt and a combination
of both as short-shunt and long-shunt configurations. Passive series compensators are
normally used for reducing voltage sags, swell, fluctuations, and so on, while shunt
compensators are used for voltage regulation or power factor correction using reactive
power compensation. Therefore, shunt compensators are commonly used in the
distribution systems. Figure 2.19 a—d shows a typical configuration of a passive shunt
compensator along with its phasor diagrams for power factor correction and zero voltage

regulation (ZVR) at the load end.
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Figure 2.19: (a) A shunt compensator (b) phasor diagrams for PFC at load terminals (c)
phasor diagrams for PFC at substation (d) phasor diagrams for ZVR at load terminals.

Three-Wire Passive Compensators: Three-phase three-wire loads such as AC motors
are one of the major applications. In addition, there are many unbalanced loads on a
three-wire supply system such as traction, metros, and furnaces, which are fed from a
three-wire supply system. Passive shunt compensators are also designed sometimes
with isolation transformers for proper voltage matching, independent phase control, and
reliable compensation in unbalanced systems. Figure 2.20 a-f shows typical
configurations of a passive shunt compensator for power factor correction and zero

voltage regulation at the load end.
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Figure 2.20: (a) A Three Phase three-wire star connected load with isolated neutral
terminal(b) Compensation for PFC of a three phase three-wire delta connected load as
an equivalent of (a) (c) An unbalanced delta connected unity power load after PFC at
each phase load as an equivalent of (b) (d) Load balancing of a delta connected
unbalanced unity power load of (c) (e) A balanced delta connected unity power load after
compensation of load of(d) (f) Compensation for ZVR of a per phase basis balanced star

connected unity power load as an equivalent of (e).

Four-Wire Passive Shunt Compensators: A large number of single-phase loads may
be supplied from a three-phase AC distribution system with the neutral conductor. They
cause neutral current and reactive power burden and unbalanced currents. To reduce
these problems, four-wire passive compensators have been used in practice. Figure 2.21
a and b shows typical configurations of a passive shunt compensator with delta (D) and
star (Y) connections of lossless passive elements for power factor correction and zero

voltage regulation with neutral current mitigation at the load end.

Bucy| |iBrey| |/Becy)]||Buben thffJ JBacd
)| (b)

Star compensator Delta compensator

()

Figure 2.21: (a) Compensation for PFC, load balancing, and neutral current of a three-
phase four-wire unbalanced load(b) Compensation for ZVR of a per-phase basis

balanced star connected load as an equivalent of (a).
2.5.3 Principle of Operation of Passive Shunt and Series Compensators

The core objectives of passive shunt compensators are to provide reactive power

compensation for linear AC loads for improving the voltage profile (even for zero voltage
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regulation or power factor correction) at the AC mains in single-phase and three-phase
circuits using lossless passive elements such as capacitors and inductors. In three-phase
three-wire circuits, the passive shunt compensators using lossless passive elements also
provide load balancing at the AC mains in addition to ZVR or PFC. Moreover, in three
phase four-wire circuits, the passive shunt compensators using lossless passive
elements also provide neutral current mitigation at the AC mains in addition to load
balancing, ZVR, or PFC. This aspect of passive shunt compensators has been perceived
for many years and is an established practice, even before the introduction of solid-state
control [67], [68]. However, with the introduction of solid-state control, their performance
was further improved in terms of response, flexibility, reliability, and so on. It is mainly
known as classical load compensation and used in many applications such as furnaces,
traction, metros, industries and distribution systems. Nowadays, the passive shunt
compensators are also used in distributed, stand-alone, and renewable power generating
systems. The passive compensators are also used in a series configuration and a
combination of shunt and series configurations depending upon application and their
effectiveness. The passive series compensators are used for voltage regulation and
enhancing power flow control in transmission systems. The passive series compensators
are more effective in large power transmission systems. However, they have much severe
resonance problems than passive shunt compensators; therefore, they are used
cautiously and up to a certain part of compensation to avoid such divesting resonance
problems. In a hybrid configuration, the series elements are used with shunt elements in
some applications such as stand-alone self-excited induction generators [69]. However,
the series compensators are connected in series with the loads and affect the voltage

across the loads; thus, they are not very popular in distribution systems.
2.6 Analysis and Design of Passive Shunt Compensators

In recent years, there has been an increased demand for the compensators to
compensate large rating loads such as arc furnaces, traction, metros, commercial lighting
and air conditioning. If these loads are not compensated, then these create system
unbalance and lead to fluctuations in the supply voltages [70]. Therefore, such a supply
system cannot be used to feed sensitive loads such as computers and electronic

equipment. However, the importance of balanced load on the supply system has long
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been acknowledged. The unbalanced loads cause neutral current and reactive power
burden, which in turn result in low system efficiency, poor power factor and disturbance
to other consumers. The passive shunt and series compensators are used for reactive
power compensation for power factor correction or voltage regulation in single-phase
systems. In addition, these are used for load balancing in three-phase three-wire systems
[71]. In three-phase four-wire systems, the passive compensators are also used for
neutral current compensation along with load balancing and reactive power

compensation for power factor correction or voltage regulation.
2.6.1 Analysis and Design of Single-Phase Passive Shunt Compensators

Single-phase passive shunt compensators are used for power factor correction or zero
voltage regulation across the loads. Figure 2.19 a—d shows the circuit of a shunt
compensator along with its phasor diagrams for these two cases. The rating of the
compensator may be estimated using the system data and given load data, for which
compensation is to be made.

Shunt Compensators for Power Factor Correction: Normally for the power factor
correction of the load at the AC mains, a passive shunt compensator is used as it is
connected directly across the load to be compensated. This shunt compensator does not
affect the voltage across the loads to a great extent. Passive series compensators can
also improve/correct the power factor, but they may affect the voltage across the load
depending upon the load power factor and its current magnitude; therefore, they are not

much preferred in the distribution system.

Shunt Compensators for Zero Voltage Regulation: In many situations, it is considered
relevant to maintain the load terminal voltage equal to the AC mains voltage (for zero
voltage regulation) by using a compensator connected at the load end. It means to

recover the voltage drop in the distribution feeder [72]. It has the following advantages,
+ Avoids the voltage swells caused by capacitor switching.
+ Reduces the voltage sags due to common feeder faults.
+ Controls the voltage fluctuations caused by customer load variations.
+ Reduces the frequency of mechanical switching operations in load tap changing
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(LTC) transformers and mechanically switched capacitors for drastic reduction in
their maintenance.

+ Enhances the load ability of the system, especially for improving the stability of the
load such as an induction motor under major disturbances.

2.6.2 Analysis and Design of Three-Phase Three-Wire Passive Shunt

Compensators

Three-phase passive compensators may be used for power factor correction or zero
voltage regulation along with load balancing by connecting lossless passive elements
across the unbalanced three-phase three-wire loads. The rating of the lossless passive
elements of the comparator may be estimated using the system data and given load data,

for which compensation is to be made as given in the following section.

Compensators for Power Factor Correction: Any three-phase unbalanced
ungrounded star connected load, which is shown in Figure 2.20 (a), may be transformed
to a three-phase unbalanced delta connected load as shown in Figure 2.20 (b) by star—
delta transformation as follows:

Y, = — Zen 2.1

Zab ZanZpntZpnZcentZenZan

Yy = — Zan 2.2

Zpa ZanZpntZpnZcentZenZan

Z
Yyg=—= bn 2.3
Zca ZanZontZpnZcentZenZan

where Z,,, Z,,, and Z.,, are three-phase load impedances of any three-phase
unbalanced ungrounded star connected load. Therefore, any three-phase unbalanced
ungrounded star connected load, shown in Figure 2.20 a, may be converted to an
equivalent three-phase delta connected unbalanced reactive load shown in Figure 2.20
b.

2.6.3 Analysis and Design of Three-Phase Four-Wire Passive Shunt Compensators

Three-phase four-wire passive shunt compensators may be used for power factor
correction or zero voltage regulation along with load balancing by connecting lossless
passive elements across the unbalanced three-phase four-wire loads. The rating of the
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lossless passive elements of the compensator may be estimated using the system data
and given load data.

2.7 Performance of Passive Shunt and Series Compensators

Compensator's modelling is carried out to demonstrate their performance for their
effectiveness and basic understanding of load compensation through voltage and current
waveforms. After design of the passive compensators, these are connected in the system
configuration and waveform analysis through simulation to study their effect on the
system and to observe their interactions with the system and occurrence of any
phenomena such as sub synchronous resonance and parallel resonance. All the practical
conditions, which are not considered in the design of the passive compensators, are taken
into account. Earlier, the simulation study of these compensators with the system has
been quite cumbersome. However, with various available simulation packages such as
MATLAB, PSCAD, EMTP, PSPICE, SABER, PSIM, ETEPP and Desilent, the simulation
of the performance of these compensators has become quite simple and straightforward.
Nowadays, for a particular application, after the design of these compensators, their

performance is studied in simulation before these are implemented in practice.
2.8 Active Shunt Compensator

Present-day AC distribution systems are facing a number of power quality problems,
especially due to the use of sensitive equipment in most of the industrial, residential,
commercial, and traction applications. These power quality problems are classified as
voltage and current quality problems in distribution systems. The compensator devices
namely, static compensators (STATCOMSs), dynamic voltage restorers (DVRs) and
unified power quality conditioners (UPQCs) are used to mitigate some of the problems
depending upon the requirements [73], [74]. Out of these CPDs, STATCOMs are
extensively used for mitigating the current-based power quality problems. There are a
number of current-based power quality problems such as poor power factor, or poor
voltage regulation, unbalanced currents and increased neutral current. Therefore,
depending upon the problems, the configuration of the STATCOM is selected in the
practice. With the objective of mitigating the current-based power quality problems

especially in distribution systems, this section focuses on the configurations, design,
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control algorithms, modelling and illustrative examples of STATCOMSs. These problems
further aggravate in the presence of harmonics either in the voltage or in the currents.
The shunt active compensators are also reported with some modifications as cost-
effective shunt active power filters to eliminate harmonic currents in nonlinear loads. Of
course, the main objective of shunt active power filters has been to eliminate harmonic

currents at the PCC voltage normally created by nonlinear loads.
2.9 State of the Art STATCOM technology

The STATCOM technology is a mature technology for providing reactive power
compensation, load balancing and/or neutral current and harmonic current compensation
(if required) in AC distribution networks. It has evolved in the past quarter century with
development in terms of varying configurations, control strategies and solid-state devices
[75], [76]. These compensating devices are also used to regulate the terminal voltage,
suppress voltage flicker, and improve voltage balance in three-phase systems. These
objectives are achieved either individually or in combination depending upon the
requirements and the control strategy and configuration that need to be selected
appropriately. STATCOM belongs to the family of Flexible Alternating Current
Transmission Systems called FACTS device. In AC distribution systems, current-based
power quality problems have been faced for a long time in terms of poor power factor,
poor voltage regulation, load unbalancing, and enhanced neutral current. Classical
technology of using power capacitors and static VAR compensators using thyristor-
controlled reactors (TCRs) and thyristor switched capacitors (TSCs) has been used to
mitigate some of these power quality problems. However, STATCOM technology is
considered the best technology to mitigate all the current-based power quality problems
[77], this is because STATCOM exhibits constant current characteristics when the voltage
is low/high or under/over the limit, which allows STATCOM to deliver constant reactive
power at the limits compared to other FACTS devices [78]. STATCOMs are basically
categorized into three types, namely, single-phase two-wire, three-phase three-wire, and
three-phase four-wire configurations to meet the requirements of three types of consumer
loads on supply systems. Single-phase loads such as domestic lights and ovens, TVs,
computer power supplies, air conditioners, laser printers, and Xerox machines cause

power quality problems. Single-phase two-wire STATCOMSs have been investigated in
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varying configurations and control strategies to meet the needs of single-phase systems.
Starting from 1984, many configurations have been developed and commercialized for
many applications. Both current source converters (CSCs) with inductive energy storage
and voltage source converters (VSCs) with capacitive energy storage are used to develop
single phase STATCOMs.

2.9.1 Classification of STATCOMSs

STATCOMs can be classified based on the type of converter used, topology, and the
number of phases. The converter used in the STATCOM can either be a current source
converter or a voltage source converter. Different topologies of STATCOMs can be
realized by using transformers and various circuits of VSCs. The third classification is
based on the number of phases, namely, single-phase two wire, three-phase three-wire,

and three-phase four-wire systems [79].

Converter-Based Classification: Two types of converters are used to develop
STATCOMs. Figure 2.22 shows a STATCOM using a CSC bridge. A diode is used in
series with the self-commutating device (IGBT) for reverse voltage blocking. However,
GTO-based STATCOM configurations do not need the series diode, but they have
restricted frequency of switching. They are considered sufficiently reliable but have high
losses and require high values of parallel AC power capacitors. Moreover, they cannot
be used in multilevel or multistep modes to improve the performance of STATCOMSs in

higher power ratings
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Figure 2.22: A CSC-based STATCOM.
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The other converter used in a STATCOM is a voltage source converter shown in Figure
2.23. It has a self-supporting DC voltage bus with a large DC capacitor. It is more widely
used because it is light, cheap and expandable to multilevel and multistep versions, to

enhance performance with lower switching frequencies [80], [81].
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Figure 2.24: A VSC-based STATCOM.

Topology-Based Classification: STATCOMSs can also be classified based on topology,
for example, VSCs without transformers, VSCs with non-isolated transformers, and VSCs
with isolated transformers. STATCOMs are also used as enhanced static VAr generator
(ASVG) in the power system network for stabilizing and improving the voltage profile [82].
Therefore, a large number of STATCOMSs circuits with and without transformers have

evolved for meeting the specific requirements of the applications.

Supply System-Based Classification: This classification of STATCOMSs is based on the
supply and/or the load system, for example, single phase two-wire, three-phase three-
wire, and three-phase four-wire systems. There are many varying loads, such as
domestic appliances connected to single-phase supply systems. Some three-phase loads
are without neutral terminals, such as traction, furnaces, and adjustable speed drives

(ASDs) fed from three wire supply systems [83], [84]. There are many single-phase loads
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distributed on three-phase four-wire supply systems, such as computers and commercial
lighting. Hence, STATCOMs may also be classified accordingly as two-wire, three-wire,
and four-wire STATCOMSs.

Two-Wire STATCOMs: Two-wire (single-phase) STATCOMs are used in both converter
configurations, a CSC bridge with inductive energy storage elements and a VSC bridge
with capacitive DC bus energy storage elements, to form two-wire STATCOM circuits.
Figure 2.25 (a) shows a configuration of a STATCOM with a CSC bridge using inductive
energy storage elements. A similar configuration based on a VSC bridge with capacitive
energy storage at its DC bus is obtained by considering only two wires (phase and neutral
terminals) as shown in Figure 2.25 (b).

Three-Wire STATCOMs: There are various configurations of capacitor supported
STATCOMs based on the type of VSC used and auxiliary circuits. The classification of
three-phase three-wire STATCOMSs is shown in Figure 2.26 (a), consisting of isolated and
non-isolated VSC-based topologies of STATCOMs. The non-isolated configurations
include three-leg VSC-based STATCOMs and two-leg VSC-based STATCOMs. These

circuit configurations are shown in Figures 2.26 (b) and (c), respectively.
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Figure 2.25: (a) A two-wire STATCOM with a CSC, (b) A two-wire STATCOM with a
VSC.
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Figure 2.26: (a) Topology classification of three-phase three-wire STATCOMs, (b) A
three-leg VSC-based three-phase three-wire STATCOM, (c) An H-bridge VSC and
midpoint capacitor-based three-phase three-wire STATCOM.

The two-leg VSC-based STATCOM has the advantage that it requires only four switching
devices, but there are two capacitors connected in series and the total DC capacitor
voltage is twice the DC bus voltage of the three-leg VSC topology. The isolated
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configurations include three single-phase VSC-based STATCOMs, three-leg VSC-based
STATCOMSs, and two-leg VSC-based STATCOMSs [85]; these configurations are shown
in Figures 2.27a-c, respectively. The advantage of the isolated VSC-based STATCOM
topology is that the voltage rating of the VSC can be optimally designed as there is an
interfacing transformer. Three single-phase VSC-based STATCOMs require 12
semiconductor switches, whereas in three-leg VSC based STATCOMSs there are only 6
switches. However, two-leg VSC-based STATCOMSs require only four switches.
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Figure 2.27: (a) A three single-phase VSC-based three-phase three-wire STATCOM, (b)
An isolated three-leg VSC-based three-phase three-wire STATCOM, (c) An isolated H-
bridge VSC and midpoint capacitor-based STATCOM.

Four-Wire STATCOMs: In a three-phase four-wire distribution system, there are three-
phase loads and single-phase loads depending upon the consumers’ demands. This
results in a severe burden of unbalanced currents along with the neutral current on the
distribution feeder. To prevent the unbalanced currents from being drawn from the
distribution bus, a shunt compensator, also called STATCOM, can be used. It ensures
that the currents drawn from the distribution bus are balanced and sinusoidal and,
moreover, that the neutral current is compensated. A STATCOM is a fast-response, solid-
state power controller that provides power quality improvements at the point of connection
to the utility distribution feeder [86]. It is the most important controller for distribution
networks. It has been widely used to regulate the system voltage precisely and/or for
load compensation. It can exchange both active and reactive powers with the distribution
system by varying the amplitude and phase angle of the voltage of the VSC with respect
to the PCC voltage, if an energy storage system (ESS) is included in the DC bus.
However, a capacitor supported STATCOM is preferred for power quality improvement in
the currents, such as reactive power compensation for unity power factor or voltage
regulation at PCC, load balancing, and neutral current compensation. The classification
of three-phase four-wire STATCOM topologies is shown in Figure 2.28 (a), based on the
type of VSC used. They are mainly classified as non-isolated and isolated VSC-based
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STATCOMs. The non-isolated VSC-based STATCOMs consist of the following
configurations: four-leg VSC, three leg VSC with split capacitors, three-leg VSC with three
DC capacitors, three-leg VSC with transformers and two-leg VSC with transformers [87].
The transformers used are a zigzag transformer, a star/delta transformer, a Scott
transformer, a T-connected transformer, a star/hexagon transformer, and a star/polygon
transformer. The isolated VSC-based STATCOMSs consist of the following configurations:
three single-phase VSCs, three-leg VSC with transformers, and two-leg VSC with
transformers. Various transformers used for isolation are a zigzag transformer, a
star/delta transformer, a T-connected transformer, a Scott transformer, a star/hexagon
transformer, and a star/polygon transformer. The schematic diagram of a four-leg VSC-
based three-phase four-wire STATCOM connected to a three-phase four-wire distribution
system appears in Figure 2.28 (b-c), showing the schematic diagram of a three single-
phase VSC-based three-phase four-wire STATCOM connected to a three phase four-
wire distribution system. Figure 2.28 (d) shows the schematic diagram of a three-leg VSC
with split capacitor-based three-phase four-wire STATCOM connected to a three-phase
four-wire distribution system. Three-phase four-wire STATCOM configurations based on
non-isolated three-leg VSCs with a zigzag transformer, a star/delta transformer, a T-
connected transformer, a star/hexagon transformer, a star/polygon transformer, and a
Scott transformer are shown in Figures 2.28 (e-j) respectively. Similarly, three-phase four-
wire STATCOM configurations based on non-isolated two-leg VSCs with a zigzag
transformer, a star/delta transformer, a T-connected transformer, a star/hexagon
transformer, a star/polygon transformer and a Scott transformer may be realized for load
compensation. Three-phase four-wire STATCOM configurations based on isolated three-
leg VSCs with a zigzag transformer, a star/delta transformer, a T-connected transformer,
a star/hexagon transformer, a star/polygon transformer, and a Scott transformer may be
realized in a similar manner to the three-wire STATCOM configurations. Three-phase
four-wire STATCOM configurations based on isolated two leg VSCs with a zigzag
transformer, a star/delta transformer, a T-connected transformer, a star/hexagon
transformer, a star/polygon transformer, and a Scott transformer may also be realized in
a similar manner to non-isolated three-wire STATCOMSs using the neutral terminal of the

transformers of the supply side.
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Figure 2.28: (a) Topology classification of three-phase four-wire STATCOMSs, (b) A four-

leg VSC-based three-phase four-wire STATCOM connected to a three-phase four-wire

system, (c) A three single-phase VSC-based three-phase four-wire STATCOM connected
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to a three-phase four-wire system, (d) A three-leg VSC and split capacitor-based three-
phase four-wire STATCOM connected to a three-phase four-wire system, (e) A three-leg
VSC and zigzag transformer-based three-phase four-wire STATCOM connected to a
three-phase four-wire system, (f) A three-leg VSC and star/delta transformer-based three-
phase four-wire STATCOM connected to a three-phase four-wire system, (g) A three-leg
VSC and T-connected transformer-based three-phase four-wire STATCOM connected to
a three-phase four-wire system, (i) A three-leg VSC and star/polygon transformer-based
three-phase four-wire STATCOM connected to a three-phase four-wire system, (j) A
three-leg VSC and Scott transformer-based three-phase four-wire STATCOM connected

to a three-phase four-wire system.
2.9.2 Operation and Control of STATCOMs

The basic function of STATCOMs is to mitigate most of the current-based power quality
problems such as reactive power, unbalanced currents, neutral current, harmonics and
to provide sinusoidal balanced currents in the supply with the self-supporting DC bus of
the VSC used as a STATCOM. A fundamental circuit of the STATCOM for a three-phase
three-wire AC system with balanced/unbalanced loads is shown in Figure 2.26 (a). An
IGBT-based current-controlled voltage source converter (CC-VSC) with a DC bus
capacitor is used as the STATCOM. Using a control algorithm, the reference STATCOM
currents are directly controlled by estimating the reference STATCOM currents. However,
in place of STATCOM currents, the reference supply currents may be estimated for an
indirect current control of the VSC [88]. The gating pulses to the STATCOM are generated
by employing hysteresis (carrier less PWM pulse-width modulation) or PWM (fixed
frequency) current control over reference and sensed supply currents resulting in an
indirect current control. Using the STATCOM, the reactive power compensation and

unbalanced current compensation are achieved in all the control algorithms.

Operation of STATCOMs: The main objective of STATCOMSs is to mitigate the current-
based power quality problems in a distribution system. A STATCOM mitigates most of
the current quality problems, such as reactive power, unbalance, neutral current,
harmonics (if any) and fluctuations present in the consumer loads or otherwise in the

system and provides sinusoidal balanced currents in the supply with its DC bus voltage
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regulation. In general, a STATCOM has a VSC connected to a DC bus and its AC sides
are connected in shunt normally across the consumer loads or across the PCC as shown
in Figures 2.26 (b-d). The VSC uses PWM control; therefore, it requires small ripple filters
to mitigate switching ripples. It requires hall effect voltage and current sensors for
feedback signals and normally a DSP is used to implement the required control algorithm
to generate gating signals for the solid-state devices of the VSC of the STATCOM. The
VSC is normally controlled in PWM current control mode to inject appropriate currents in
the system [89]. The STATCOM also needs many passive elements such as a DC bus
capacitor, AC interacting inductors, injection and isolation transformers and small passive

filters.

Control of STATCOMs: The main objective of a control algorithm of STATCOMs is to
estimate the reference currents using feedback signals. These reference currents along
with corresponding sensed currents are used in PWM current controllers to derive PWM
gating signals for switching devices (IGBTs) of the VSC used as a STATCOM. Reference
currents for the control of STATCOMSs have to be derived accordingly and these signals
may be estimated using a number of control algorithms [90], [91]. There are many control
algorithms reported in the literature for the control of STATCOMSs, which are classified as
time-domain and frequency-domain control algorithms. There are more than a dozen
time-domain control algorithms that are used for the control of STATCOMs. A few of

these control algorithms are as follows:

+ Unit template technique or PI controller-based theory.

+ Power balance theory (BPT).

+ | cos @ control algorithm.

+ Current synchronous detection (CSD) method.

+ Instantaneous reactive power theory (IRPT) also known as PQ theory or a—
theory.

+ Synchronous reference frame (SRF) theory also known as d—q theory.

+ Instantaneous symmetrical component theory (ISCT).

+ Singe-phase PQ theory.
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Singe-phase Q theory.
Neural network theory (WIDROW"S LMS based ADALINE algorithm).
Enhanced phase locked loop (EPLL) based control algorithm.

Conductance-based control algorithm.

- + + +

Adaptive detecting control algorithm, also known as adaptive interference
canceling theory.

These control algorithms are time-domain control algorithms. Most of them have been
used for the control of STATCOMSs and other compensating devices. Similarly, there are
around the same number of frequency-domain control algorithms. Some of them are as

follows:

Fourier series theory.

Discrete Fourier transform theory.

Fast Fourier transform theory.

Recursive discrete Fourier transform theory.
Kalman filter-based control algorithm.
Wavelet transformation theory.

Stock well transformation (S-transform) theory.

- £ + + + + + &

Empirical decomposition (EMD) transformation theory.

=

Hilbert—Huang transformation theory.

These control algorithms are frequency-domain control algorithms. Most of them are
used for power quality monitoring for a number of purposes in the power analysers, PQ
instruments, and so on. Some of these algorithms have been used for the control of
STATCOMs. However, these algorithms are sluggish and slow, requiring a heavy
computational burden; therefore, these control methods are not preferred for real-time

control of STATCOMSs compared with time-domain control algorithms.
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2.9.3 Analysis and Design of STATCOMSs

The analysis and design of STATCOMs include a detailed analysis for deriving the design
equations for calculating the values of different components used in their circuit
configurations. There are a large number of STATCOMs topologies. Therefore, it is not
practically possible to include here the design of all circuit configurations due to space

constraints.

Design of a Three Phase Three-Wire STATCOM: The design of a STATCOM involves
the estimation and selection of various components of the VSC of the STATCOM such
as DC capacitor value, DC bus voltage, interfacing AC inductor and a ripple filter. A ripple
filter is used to filter the switching ripples from the voltage at PCC. The design of the
interfacing inductors and a ripple filter is carried out to limit the ripple in the currents and
voltages. The design of a DC bus capacitor depends on the energy storage capacity
needed during transient conditions. The rating of the STATCOM depends on the required
reactive power compensation and degree of unbalance in the load. Hence, the current
rating of the STATCOM is affected by the load power rating and its voltage rating depends
on the DC bus voltage.

2.9.4 Applications of STATCOM

Improvement in the power system stability with the use of FACTS devices cannot be
overemphasized as they produce significant benefits:

Improve power factor.

Assist voltage after grid faults/voltage stability.
Voltage rise attenuation.

Stabilization of weak system voltage.

Reduce transmission losses.

Enhance transmission capacity.

Flicker mitigation.

-+ F & £ + ¥+ ¥

Power oscillation damping.
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+ Reduce harmonics from grid disturbances and fault current as the control of
active and reactive power is independent of the grid.

2.10 Power Quality Concept

Power quality is seen as important because of its economic value. Economically, it affects
utilities, their customers, and suppliers of load equipment. This power quality can be
quantified by the smooth functioning of customer equipment. Power quality not only
affects the utility, but also the customers. The adverse effect of poor power quality can
result in a huge cost, particularly for sensitive essential services, commercial and
industrial loads. For example, the cost of poor power quality such as disturbance,
interruptions, voltage dips, harmonics, lightning, over-voltages, etc., is substantial if they
cause sensitive industrial equipment to malfunction. It may take a very long time to
resolve such issues, which can result in severe financial losses. In an advanced society,
essential public services such as hospitals, banks, data processing centres,
telecommunications traffic controllers, etc., the usage of automated systems, monitoring
devices, programmable processing control machines, adjustable speed drives in industry,
manufacture of semi-conductors, cement production, water treatment, materials handling,
printing, steelworks, petrochemicals industry, or services like laboratories,
microprocessor drives, automatic primers, information processing equipment, fluo-
compact lighting in the commercial and domestic areas are all interconnected. These
categories of equipment are all vulnerable to voltage variation and generate disturbance
themselves. Their multiple use within individual processes requires a power supply which
can provide ever increasing performance in terms of continuity and quality. The temporary
shutdown of just one element in the chain may interrupt the whole process and cause a
serious mis-operation resulting in damage to valuable materials and products. Residential
customers may not suffer directly from the financial loss or the ability to earn income as
a result of power quality issues, but they can be regarded as a potent force in realizing
that the utility is delivering poor service. The usage of computers has increased
significantly in the past years and more transactions are carried out on the Internet.
Hence, customers become more sensitive to interruptions when they are dependent on
such technology. The power quality explanation may be ambiguous to define and

quantify. However, it can be explained by the quality of the output voltage and current
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waveform generated. Voltage quality is not only the responsibility of the network operator,
but in certain respects, depends on the producers and customers. Power quality can be
described as the rate at which energy is being delivered and is proportional to the product
of the voltage and current. Hence, power quality involves both voltage and current quality
which entails the interaction between the network, power equipment and the load
connected to the system. The consumer’s goal is the availability, reliability, continuity,
and quality of power supply. There is a cordial relationship between them as depicted in
Figure 2.29. The power quality issues often involve interactions between the supply
system, the customer facility and equipment. Power reliability is the existence of
appropriate voltage on the customer meter side while power quality is the value of the
voltage and other electrical parameters as a percent of the nominal value at the consumer
meter. The utility can regulate the quality of the voltage supply, but there is usually a

limitation over the control of current that loads can draw.

Customer Satisfaction

Power Quality

Harmonic
Distortion Reliability Voltage dip

Transient

Availability
Interruption Duration

Voltage
Unbalance

Voltage
Fluctuation

Frequency Voltage rise
Variation

Frequency Variation

Figure 2.29: Power quality, Power reliability and Availability Relationship (created by
Author).

2.11 Power Quality classification

Power quality issues in the power system can be classified based on supply from the
utility, the grid occurrences such as transient state, steady state, and the customer side

(loads) as shown in Figure 2.30.
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Figure 2.30: Power Quality Classification (created by Author).
2.11.1 Supply from the Utility

When the power issue occurs with a piece of equipment, and users complain to the utility
about the causes, utility records may not show any unusual occurrences on the customer
feeder. It is worthwhile to note that there are several events resulting in end-user
challenges that never show up in the utility statistics. For an example, when the capacitor
is switched on by the utility, which is usual and normal, it can initiate transient over-
voltages that disrupt manufacturing machinery, or temporary faults elsewhere in the
system, resulting in voltage sag or rise for a short period of time at the location of the
customer in question. This might cause an adjustable-speed drive or a distributed
generator to trip, but the utility will have no indication of such occurrence on the feeder

unless it has a power quality monitor installed.

To understand the vital importance of power quality in the power system, a basic
knowledge of power generation, transmission, distribution to various houses and facilities
is required. Electrical energy can be generated from the generating station usually from
coal, nuclear, oil, gas, water motion, etc. This electrical energy generated is usually less
than 25 kV and is stepped up by transformers to a high voltage and transmitted over a
long distance to distribution substations. The distribution station steps the high voltage
down to an appropriate voltage level, and also supply to the load/house as shown in
Figure 2.31.
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Figure 2.31: Electrical power Generation/Transmission/Distribution [92].

The utility that supplies power to the customer is either single phase with voltage level
120 V/230 V, 240 V to houses, offices, and shops for appliances and lighting or three
phases with voltage level 120 V/208 V, 277 V/400 V, 480 V, 347 V/600 V to industries,
and factories for heavy equipment usage. The supply and connection are depicted in
Figure 2.32. Different connections produce a difference voltage level, for examples phase
to phase or phase to neutral connections. Most power supply issues can be related to
utility reliability such as low voltage supply, burnt or broken transmission or distribution
cables, failed power equipment like transformers, relays, poor power generation, poor
earthing system, etc., which can have direct effects on the grid and the loads connected
to the system e.g., causing an outage and total blackout. Some of the outage may occur
due to natural events such as weather-related issues like lightning strikes, wind, rain etc.
Although these occurrences may not be totally prevented from happening, adequate
measures should put in place to prevent such occurrences from affecting a constant
supply of power to the customer. An example of a preventive measure is a lightning

arrester.
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Figure 2.32: Single and Three phase supply [92].
2.11.2 Grid Occurrence

The power quality here is due to events that occur on the grid. Sometimes, it may be the
reflection of what has happened at the distribution station. It can be grouped into transient
and steady state occurrence. Transient state grid occurrences are switching of
capacitors, impulsive or oscillatory events such as voltage dip, voltage rise, short-
duration voltage variations, power frequency variations, voltage fluctuations, and grid
faults. The steady-state types of power quality problems include long-duration voltage
variations, waveform distortions, unbalanced voltages, notches, DC offsets, flicker, poor
power factor, unbalanced load currents, load harmonic currents, and excessive neutral
current. The second classification can be made on the basis of quantities such as voltage,
current, and frequency. For the voltage, these include voltage distortions, flicker,
notches, noise, sag, swell, unbalance, under voltage, and overvoltage; similarly, in terms
of current, these include a reactive power component of current, harmonic currents,

unbalanced currents, and excessive neutral current.
2.11.3 Electrical Load

An electrical load can be described as any external circuit that is connected to the
electrical circuit output as depicted in Figure 2.33. It can also be defined as a component
part of an electrical circuit that converts electrical power to another form of energy such
as light, heat, mechanical, motion etc. Electrical load can be grouped into two parts
namely: linear and non-linear loads. Electrical loads that exist are Resistive electrical

loads, inductive electrical loads, capacitive electrical loads and combination electrical
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Figure 2.33: Electrical load (created by Author).

Linear Electrical load: Linear electrical load can be described as a load connected to
an electrical circuit where the generated sinusoidal output waveform of the steady state
current follows the applied sinusoidal voltage waveform as shown in Figure 2.34 [92].
The load connected to the circuit does not change the shape of the output waveform of
the current but, the timing (phase) between the voltage and the current may change.
Hence, the current drawn by the load is proportional to the applied voltage. The
impedance of the linear load remains constant with changing the voltage applied such
that the current drawn by the load is sinusoidal similar to that of the voltage. The
connected load does not change the applied frequency nor produce any new frequency
otherwise known as harmonics. Examples of linear loads include power factor

improvement capacitors, Incandescent Lamps, Heaters, transformers, motors etc.

— > Voltage

—— > Load current

Amplitude of - - - - -~ -

Figure 2.34: Linear Load Waveform [92].

Non-linear Load: Non-linear electrical load can be described as a load connected to
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electrical circuit where the generated sinusoidal output waveform of the steady state
current does not follow the applied sinusoidal voltage waveform as shown in Figure 3.7
[92]. The load connected to the circuit changes the shape of the output waveform of the
current. The currents drawn by the load are in the form of abrupt short pulses. These
pulses distort the current waveforms, which in turn generates harmonics. Hence, the
current drawn by the load is not proportional to the applied voltage. AC current causing
distortion of the current waveform leads to distortion of the voltage waveform. The
impedance of the non-linear load has not remained constant with changing the voltage
applied such that the current drawn by the load is not sinusoidal even if it is connected to
a sinusoidal input voltage and not similar to that of the voltage. The connected load
changes the applied frequency and produces a new frequency otherwise known as
harmonics. These non-sinusoidal currents comprise harmonic currents that interact with
the impedance of the power distribution system to create voltage distortion that can affect
both the distribution system equipment and the loads connected to it. An example of non-
loads includes computers, fax machines, printers, refrigerators, TVs and electronic

lighting ballasts etc.
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Figure 2.35: Non-linear Load Waveform [92].

Types of Loads: Electrical load type can be divided into two: the nature of the load and
the power system loads as shown in Figure 2.36.
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Figure 2.36: Electrical loads Classifications (created by Author).

Power system loads

Industrial loads: Industrial loads can be described as loads from a small-scale industry,
medium scale industries, large scale industries, heavy industries, and cottage industries.
The induction motor forms a high proportion of the composite load. The industrial loads
are the composite load. The composite load is a function of frequency and voltage and it

forms a major part of the system load.

Commercial loads: Loads, consisting mainly of lightning of shops, offices, etc. such as
fans, heating, air conditioning and many other electrical appliances used in

establishments such as market restaurants, etc. are considered as a commercial load.

Domestic loads: The domestic load can be described as the total energy consumed by
electrical appliances in a household. It depends on everyday living standards, the
weather, and types of residence. Examples are lights, fans, refrigerators, air conditioners,
mixers, grinders, heaters, ovens, small pumps, motors, etc. Domestic loads consume

very little power and are independent of frequency.

Agriculture loads: This type of load is mainly motor pump-sets for irrigation purposes.

The load factor of this load is very small.
There are four categories of electrical loads:

4+ Resistive electrical load.
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+ Capacitive electrical load.
+ Inductive electrical load.

+ Combination of electrical loads.

Resistive Electrical Load: Resistive Electrical Loads can be described as a type of
electrical load that resists the flow of electricity across it. It converts some of the electrical
energy into heat (thermal energy) resulting in drops in the amount of electrical energy
transferred across it. The voltage and current flow across the resistive load are in phase
as shown in Figure 2.37. Hence, the power factor is usually unity. Examples are lighting

lamps, irons, heaters etc.

_——wVoltage

— "= Current

\/ Time (s)

Figure 2.37: Resistive Load Waveform [92] .

Amplitude

Capacitive Electrical Load: Capacitive electrical load can be described as a type of
electrical load that stores energy in the form of electrical energy. The voltage and the
current are out of phase as shown in Figure 2.38, but the current waveform leads the
voltage waveform. Hence, the power factor in capacitive load is always leading. The
voltage across the terminals starts out at zero volts while the current is at its maximum,
as the charge builds on the capacitor plate, the voltage rises and the current falls; as the
capacitor discharges, the current rises as the voltage falls. Examples are electric motors,

radio circuits, and power supplies.

-Voltage

- Current

Amplitude P

Time (s)

Figure 2.38: Capacitive Load Waveform [92].

Inductive Electrical Load: Inductive electrical load can be described as a type of

electrical load that uses a magnetic field for operation and opposes the change in current.
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When changing current passes through an inductor, it induces a magnetic field around
itself. The current waveform lags the voltage waveform. Hence, the current and the
voltage are out of phase as shown in Figure 2.39. Inductive load pulls a large amount of
current (an inrush current) when first energized. After a few cycles or seconds the current
settles down to the full load running current. The power is the addition of real and reactive

power. Examples are electrical motors, electrical power generators, and transformers.

»Voltage

- Current

Amplitude I o
b Time (s)

Figure 2.39: Inductive Load Waveform [92].

Combination of Electrical Loads: Combination of electrical loads can be described as
a connection of two or more types of electrical loads together such as resistive, inductive,
and capacitive loads in a single circuit. An example is the connection of a motor with a
starting capacitor. The power factor of the loads will either cause unity, leading, or
lagging. Examples are cable and conductors, radio tuning circuits, and a cathode ray
tube.

External Safety on Electrical Loads to Enhanced Power Quality

A Grounding system that steadily connects the electrical system and loads to the
ground is mandatory as shown in Figure 2.40. It protects the electrical network, life,
property and the equipment from superimposed voltages from lightning and contact with
higher voltage systems. Limiting over voltage with respect to the ground during system
faults and upsets provides for a more predictable and safer electrical system. The ground
also helps prevent the build-up of potentially dangerous static charge in a facility.
Grounding resistances can minimize the voltage rise during system upsets and improves
protection for the equipment and life. The neutral wire and the ground are also connected
together at the secondary transformers in the distribution system. Connection of the

neutral and ground wires at any other points in the system is not safe for it can result in
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a power quality problem.
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Figure 2.40: Grounding Method.

Equipment Bonding effectively interconnects all non-current carrying conductive
surfaces such as equipment enclosures, raceways and conduits to the system ground as
shown in Figure 2.41. The purpose of equipment bonding is to minimize voltages in
electrical equipment, thus protecting personnel from shock and electrocution. Personnel
may contact the equipment to provide a low impedance path of ample current-carrying

capability to ensure the rapid operation of over-current devices under fault conditions.
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Figure 2.41: Bounding of Equipment.

2.12 Voltage Quality Versus Power Quality in Power System

As previously discussed, power quality involves both voltage and current quality. Since
there is a limit to what currents draw by, the loads can be controlled on the grid side by
the utility. However, voltage generated, and supply can be regulated. Hence, voltage

guantity offers more parameters to measure power quality, either from the utility, or grid
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occurrences and connected loads in any network. Based on this, by analogous thinking
voltage quality is equal to the power quality.

2.13 Power Quality Parameters
+ Current Quality.
+ Waveform Distortion.
+ Voltage Unbalance.

Transients.
Power Frequency Variations.
Long-Duration Voltage Variations.

Short-Duration Voltage Variations.

- + £ & &

Voltage Fluctuation.
2.13.1 Current Quality

The current quality issue is the deviation of the current output waveform from the ideal
sinusoidal current of constant magnitude and frequency. Alternating Voltage/Current
(AC) in the electrical circuit changes direction (oscillate below and above zero) between
positive and negative value. The quality of voltage generated, and the supply of
customers can be regulated by the utility, but the current drawn by a certain load may not
be easily controlled by the utility. Hence, the power quality could be attributed to the
keeping of supply voltage to the certain required range. The functioning of power system
to the load can also be regarded as voltage quality while the behaviours of loads to the
power system can be described as the current quality. From a practical point of view, a

utility may supply ideal sinusoidal voltage output waveform but:

+ The current passing through the impedance of the system can generate

distortions to the voltage.

+ The short circuit current can cause voltage dip or outage.
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* Lightning strokes current passing through the power system cause high-impulse
voltages that frequently flash over insulation resulting in short circuits.

+ Distorted currents from non-linear loads also distort the voltage as they pass
through the system impedance. Hence, a distorted voltage is generated for other

end users.
2.13.2 Waveform Distortion

Waveform distortion can be described as unexpected deviation in the flow of
voltage/current output waveform especially at steady state [93]. Waveform distortion can

be grouped into four fundamental output waveform distortions such as:
+ Noise.
+ Harmonics and inter-harmonics.
+ Notching.
+ DC offsets.

Noise: Noise can be described as undesirable electrical signals or interference that is
superimposed on the conductor carrying current/voltage and signal line. It is the
unexpected signal that is missing with the required signal which has an effect on the
output performance of electrical circuits. It is usually less than 200 kHz, which can cause
a spontaneous change in the flow of voltage/current. When electricity is transmitted
sometimes it causes a change in the impedance of the power line because of the
randomness of the power line medium, noise is therefore mixed with the data transmitted
on low voltage power line because of a multipath effect. Hence, the reliability of

communication is greatly reduced [94].

Causes: The source of noise in power system could large load, arcing
appliances/equipment, devices with power electronics, fluorescent lighting tubes, and
control circuits. Internal electrical resistance is a source of resistive noise, solid-state

rectifying loads, switching circuits etc., [95], [96].
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Mitigation: Noise in electrical circuits can be attenuated by employing filters, large loop
bandwidth, isolation transformers, and line conditioners [97].

Harmonics: Power systems are constructed to function at a fundamental frequency of
50 or 60Hz, but some loads can generate sinusoidal voltage/current that deviates from
this fundamental frequency, which means that the frequency is the integer multiples of
50 or 60 Hz. The generation of these higher frequencies causes signal pollution called
harmonics. Harmonics change the shape of the current waveform from a sine wave to
some other form. Harmonic currents are created in addition to the original (fundamental
frequency) AC current causing distortion of the current waveform leads, and distortion of
the voltage waveform. Under these conditions, the voltage waveform is no longer
proportional to the current as shown in Figure 2.42. Harmonics cause the current drawn
not to be sinusoidal even when it is connected to a sinusoidal voltage. The harmonics
interact with the impedance of the power distribution system to create voltage distortion
that can affect both the distribution system equipment and the loads connected to it. The
measure of the effective value of harmonic distortion is a circuit is known as total
harmonics (THD). IEEE Standard 519-1992 described the ratio of the root mean square
of the harmonic content to the root mean square value of the fundamental quantity,
expressed as a percent of the fundamental current expressed as a percentage [98], [99],
[100], [101], [102]. Harmonics are stated in terms of its order such as the second 120 Hz,
third 180 Hz, and fourth order 240 Hz. As it increases in order and frequency, so it
decreases in magnitude. Inter-harmonics occurs when the frequency is not the integer
multiples of the 50 or 60 Hz. It may be generated in the form of discrete frequencies or

as a wideband spectrum.
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Figure 2.42: Harmonics Voltage/Current Distortion Waveform [99].

The equation 2.4 describes the harmonic expansion of a periodic function x (t) while
equation 2.5 expresses total harmonic distortion. The voltage or current harmonic is
therefore defined in equation 2.6, by the application of the root mean square value of

current in equation 2.7 to obtain equation 2.9.

h=0c0
x(6) = X, + Z X, V2 sin(hwt — @y (2.4)
h=1

h=H
Xn? JXE+XE4 -+ X7
THD = Z[—" _ VXX H (2.5)
h=2 X1

X1

(2.6)

(2.7)
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(2.8)

Lms = Iy /1 + THD? (2.9)

Where (X,) is the value of the DC component, generally zero, (X;) is the root mean

square value of the harmonic of order h, (w) is the angular frequency of the fundamental

frequency, (¢y) is the displacement of the harmonic component at t = 0.

Causes: It usually originates from industrial, commercial, and residential non-linear loads
[103]. The loads draw non-sinusoidal current from a sinusoidal voltage source. It causes
nonlinear characteristics in devices. For instance, adjustable-speed drives exhibit high
THD values for the input current when operating at very light loads. Examples of non-
linear loads that produce harmonics are AC or DC motor drives, electric arc furnaces,
static VAR compensators, inverters, and switch-mode power supplies, such as those
found in computers, lighting ballasts, and industrial electronic gear, large UPS systems,
lighting systems, electronic office equipment, silicon-controlled rectifiers, Thyristors etc.
Inter-harmonics may be caused by static frequency converters, cycloconverters,

induction furnaces, and arcing devices.

Harmonic Effects: The resultant effect of harmonics generation in power systems could
result in overheating of neutral conductors, power equipment, transformer losses, a
reduced life span in motors, increased copper and iron losses, insulation stress, noise
and component failure, tripping of overcurrent protection resulting in equipment shut
down, capacitor impedance reductions with increasing frequency resulting in capacitor
overheating due to increased dielectric losses, short circuits, fuse failure, capacitor
failure, incorrect readings on meters, mis-operation of protective relays, and interference.
The adverse effects of harmonics may not be noticed immediately, but result in an

increase demand for power, system loss, and shorter equipment lifetimes.

Mitigation Technique: Harmonics can be mitigated in a power system by considering

the following methods:

+ Usage of filtering circuitry such as active and passive filters. These consist of a
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capacitor bank and an induction coil. The filter is designed or tuned to the
predetermined non-linear load and to filter a predetermined harmonic frequency.

+ Circuit Detuning.

+ Computer Simulations. It is advisable to simulate the effect of a large distorting
load before it is connected to the network because the solutions can be planned

and evaluated “on paper” and perhaps implemented when the load is installed.
+ Employing low distorting Loads.

+ Phase cancellation strategy: Harmonic cancellation is performed with harmonic
canceling transformers called phase-shifting transformers. A harmonic canceling
transformer has built-in electromagnetic technology designed to remove high
neutral current and the most harmful harmonics from the 3rd through 21st. The
strategy used in the transformers is known as low zero phase sequencing and

phase shifting.

A reviewed edition of IEEE Standard 519 [99], [104] recommends limits for harmonic
current at the PCC between the customer and the power system as shown in Table 2.5.
The overall power system suggests the power quality that a customer can anticipate.
Where (h), (I;.) and (I,) are the individual harmonic order, there is maximum short-circuit
current at PCC and maximum demand load-current (fundamental frequency component)
at PCC.
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Figure 2.5: 1EEE 519 Harmonics Limit.

I./I, |<11 11sh<17 | 17<h<23 |23<h<35 |35< TDD
<20 4.0 2.0 1.5 0.6 0.3 5.0
20-50 7.0 3.5 2.5 1.0 0.5 8.0
50-100 | 10.0 4.5 4.0 1.5 0.7 12.0
100-1000 | 12.0 5.5 5.0 2.0 1.0 15.0
>1000 15.0 7.0 6.0 2.5 1.4 20.0

Notching: Voltage notching can be described as the periodic voltage waveform
alteration generated by the usual operation of power electronic devices when current
commutates from one phase to another [105]. Converters with 3-phase usually produce
voltage notching as depicted in Figure 2.43. The gravity of the notch is established by
the source inductance between the converter and the monitoring point. It always occurs
continuously within an electronic circuit. Voltage notching has disastrous effects on
commercial and industrial loads. It can cause CPUs to shut down, laser printers to falil,
synchronization problems, UPS output voltage oscillation, and some digital clocks to run
fast causing the electronic components to perform irregularly. The outcome would be

component stress and equipment failure leading to downtime and higher repair cost.
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Figure 2.43: Voltage Notching [105].
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Mitigation: The secret to getting rid of line voltage notching is inserting inductive
reactance (reactor in series with the input terminals) in the line. Inductive reactance tends

to oppose the change in current which is directly related to the voltage.

DC offset: DC offset can be described as the induction of Direct Current/Voltage into an
AC power system. This occurs because of component mismatch or electronic
converter/rectifier failure in the electric circuit which may be as a result of geomagnetic
disturbance and asymmetry of electronic power converters [106]. For example, when a
transformer is saturated and overheats, DC offsets can circulate around the transformer
coil since it is unable to deliver its full rated power to the load resulting in the distorted
output waveform. The impact will be on the electronic load equipment connected to the
system [107], [108].

DC offset can best be explained when there is a sudden occurrence of a fault in an
electrical circuit, and the flow of voltage/current unexpectedly becomes asymmetrical (the
positive and negative peaks are not equidistant from zero), and then returns to normal

(symmetrical) after a few cycles as shown in Figure 2.44.
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Figure 2.44: DC offsets [109].

This natural asymmetrical response of voltage/current to the fault is called DC Offset and
it is a naturally occurring phenomenon of the electrical system [109], [110], [111], [112],
[113] . The extent and period of DC Offset depends on:

+ The reactance/resistance ratio (X/R) of the circuit at the occurrence of the fault
such as the generator coils, and the load connected to the system. The X/R ratio

at the generator is usually very high due to the generator being a pure inductor.
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Hence, there would be a larger value of DC Offset if the fault location is closer to
the generator. If the system is not linked to a pure inductor, the resistance in the
X/R ratio rises as the distance between the fault and the generator widens,
therefore the time constant would be higher. Also, the offset would be minimized

as a result of an increase in source impedance.

+ The magnitude of the voltage lies at the fault location. A fault at zero degrees of
the Phase one voltage means that there is zero voltage when the fault is applied
to the system. When the voltage is zero in an inductive circuit, the current must be
maximized. Hence a DC offset happens when there is zero voltage. The remaining
phases may not be zero when Phase 1 voltage is zero, different phases will

respond to the same fault differently.

+ The generator capability to respond to the fault and the time required to regain the

steady state.
2.13.3 Voltage Unbalance

Voltage unbalances can be described as the inequality in the voltage/current supplied by
the 3-phase power system such that there is a variation in the value of the root mean
square voltage i.e., when the phase angles between the 3-phases supply are not equal
[114]. It can also occur when the loads connected to a system are not balanced because
of the unequal distribution of single-phase loads over three-phase power systems such
that the supplied voltages are not equal. This voltage unbalance is not a waveform
distortion issue, it arises in 3-phase power distribution systems where a phase is
supplying power to single phase equipment, and also delivering power to 3-phase loads
[115]. In a 3-phase system, voltage unbalance takes place when the magnitudes of phase
or line voltages are different and the phase angles differ from the balanced conditions, or
both. A 3-phase supply system comprises 3-phase angles displaced by 120° from each
other in a balanced system, as shown in Figure 2.45 (a) where (V,,), (V,p) and (V)

phase-to-neutral voltages, (V,3), (V,,) and (V,,) are line-to-line voltages such that (V;;,.)
is equal to V3 x Vohase When the phase angle shifts from the balanced 120° phase

displacement, a voltage unbalance has occurred, and the triangular three-phase voltage
profile will become unbalanced as shown in Figure 2.45 (b) [116], [117], [118].
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Figure 2.45: (a) Phase displacement of a balanced three-phase supply (b) Balanced
versus unbalanced three-phase voltage [116].

It is defined by the National Equipment Manufacturer's Association (NEMA) in Equation
2.10 where LVUR is Line Voltage Unbalance Rate. It is believed that the average voltage
is always equal to the rated value while IEEE states LVUR as Phase Voltage Unbalance
Rate (PVUR) which is defined in equation 2.11. Both descriptions are the same. The
difference is that the IEEE uses phase-to-phase voltages while NEMA uses line-to-line
voltages. Hence, voltage unbalance can be described as the ratio of the negative
sequence voltage components to the positive sequence voltage components in Equation
3.9 where %UVF is the percentage voltage unbalance [119], [120]. The positive and
negative sequence voltage components are obtained by resolving three-phase
unbalanced line or phase voltages (V,,), (V,.) and (V.,) into two symmetrical
components (V,,)and (V;,) of the line or phase voltages in equations 2.13 and 2.14 where
(a) and (a?) are 1£120° and 12240°. Equation 2.15 can provide an approximate answer
solution for an unbalanced situation where the induction motor has both positive and
negative sequence voltages because of its magnitude and angles (complex algebra)
where (V) is the difference between line voltage and (V,;,) and the average line voltage
[121], [122], [123]. The main source of voltage imbalance less than 2% is unbalanced
single phase loads on a three-phase circuit, blown fuse on one phase of a three-phase
bank and severe voltage unbalance greater than 5% that can result from single-phasing

conditions.
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YULVUR = max voltage deviation from the average line voltage « 100 210
° B Average Line Voltage (210)

max voltage deviation from the average phase voltage
%PVUR = %X 100 (2.11)
Average phase Voltage

negative sequence voltage component
%UVF = — X 100 (2.12)
positive sequence voltage component

_ Vab + a. VbC + az. Vca

/) = : (2.13)
V b + az. Vb +a.l
- a - c ca (2.14)
82V, + Vi, + V2
% Voltage Unbalanced = VVae + Vice + Ve (2.15)

average line voltage
2.13.4 Transients

A transient voltage can be described as a sudden and temporary unwanted voltage that
occurs in an electrical circuit. It usually passes through the path of least resistance to the
ground, resulting in the circuit components and semiconductor devices heating up,
causing malfunction and failure. It ranges between a few volts to several thousand volts
(microseconds or milliseconds). It is caused by the sudden release of stored energy that
drives a large amount of current/voltage in electrical circuit resulting in the system moving
from a stable to a momentarily disturbed state and back to a stable state [124]. The stable
condition after the transient has died down is known as the steady-state condition.
Electrical transient voltages can begin from the load’s internal source, utility or from
external sources which can circulate through several levels of electrical and data
systems. The sources of transient voltages can be from lightning stroke, contact bounce,
current interruption motors, power electronics operation, Line/cable switching, wiring
error, transformer switching, capacitor switching, electrostatic discharges, nuclear
electromagnetic pulses, faulty contactors, contact and relay closure load start-up or
disconnect, arcing (electrical flash over) etc., [125]. Over voltage transient can cause a

dielectric insulation breakdown if the insulation rating is exceeded, resulting in the
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breakdown and failure of equipment breakdown. Transient voltage can be grouped into
impulsive and oscillatory transient, according to IEEE 1159-2019 standard [126].

Impulsive Transient: An impulsive transient can be described as a sudden, non-power
frequency change from the nominal condition of voltage and current which can be
unidirectional in polarity, either positive or negative. It can be considered by its peak
range/value, rise and decay, duration times and spectral content. For example,
considering an impulsive transient voltage of 1.2/50 waveshape, 1.2 means a degree of
the rise time such that 10 % to 90 % of peak in microseconds and 50 means a measure
of the duration from beginning to 50 % peak in microseconds [127]. Sources of impulsive
transients are lightning stroke, electrostatic discharge etc. Figure 2.46 shows that a
lightning stroke transient current discharge carries a large amount of current which can

cause damage to the electrical power system.
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Figure 2.46: Lightning Stroke Transient [127].

Oscillatory Transient: An oscillatory transient can be described as a sudden, non-power
frequency change in the steady-state condition of voltage and current such as a positive
and negative polarity value [128]. The generated voltage/current changes polarity fast
several times and usually decays within a fundamental-frequency cycle. An oscillatory
transient can be measured with/without fundamental frequency components with its

magnitude indicated. It ranges can be defined by the magnitude, duration, spectral
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content and rising time that it produces. Table 2.6 shows the ranges of the oscillatory

transient as described by the IEEE regulation [126].

Table 2.6: Oscillatory Transient Range.

S/N | Categories Spectral Duration Voltage Magnitude
Content

1. | Nano-second 5 nsrise <50 ns

2. | Micro-second 1 ysrise 50 nsto 1 ms

3. | Milli-second 0.1 msrise >1 ms

4. | Low frequency <5 kHz 0.3 to 50 ms Oto4pu

5. | Medium frequency | 5 to 500 kHz 20 us 0to8pu

6. | High frequency 0.5t0 5 MHz 5 us Oto4pu

Oscillatory transients’ occurrence is high when the frequency component is above 500
kHz and measured in microseconds. It is usually caused by switching events, and
commutation and resistance/inductance/capacitance (RLC) snubber circuits. Transient
occurrence between 5 and 500 kHz in microseconds can be regarded as medium-
frequency transients. A back-to-back capacitor initiation causes higher oscillatory
transient currents to flow when the energising capacitor is in close electrical proximity to
a bank of capacitors already installed, as depicted in Figure 2.47. When a capacitor bank
is switched on, a large inrush current passes through to charge the capacitors resulting
in an initial notch voltage waveform [129]. The system voltage, recovers quickly and
overshoots its original point, constantly oscillates or rings. The ringing of the system

voltage is due to the addition of capacitance to a system that is inductive by nature, and

103



Voltage Rise Mitigation at the Point of Common Coupling of Large Renewable Distributed Generation and
Distribution Network

typically ends within one-half to one full cycle. Various loads such as variable speed
drives are vulnerable to this ringing, and it will trip off. The energized capacitor bank
detects the de-energized bank as a low impedance path but can be minimized by the
small inductance of the connected bus banks [130], [131].
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Figure 2.47: (a) Oscillatory Current Flows Through Capacitor (b) Transient Voltage at
Millisecond [130], [131].

The Effects of Transients Voltage/Current

+ Intermittent interruption resulting in erratic behavior leading to the tripping of
equipment causing loss of data, loss of revenue and diminished quality of the end-
product.
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*+ Power components’ degradation.

+ Power system components and equipment failure. Solid-state products such as
microprocessor-based devices and programmable logic controllers are
susceptible to damage from voltage transients such as waveform voltage shown
in Figure 3.20. Equipment components are becoming smaller and their

susceptibility to damage from voltage transient has increased.

+ Frequent transient voltages can cause fire, burn switch contact and make

equipment inoperable.
Mitigation of Transient Voltage/Current

+ Earthing screen which is made of copper conductors placed around equipment
like a shield or a cage and connected to ground at some points which conduct the

lightning away from the equipment to the ground, thus protecting the equipment.
+ Overhead ground wires.
+ Lightning arresters, or surge diverters.
2.13.5 Power Frequency Variations

The AC that oscillates between positive and negative for 50 or 60 times in a second is
known as frequency of 50 or 60 hertz. The power supply is usually supplied at 50 hertz
with a very narrow tolerance. Any deviation in the frequency from the allowable range
can result in a power quality issue. To avoid power quality issues due to frequency,
supply generators are usually connected and synchronized (locked) together at high
voltage with other generators, allowing spinning at 50 or 60 hertz to form a single stable
supply. Grid frequency can be influenced by the amount of change in electricity demand
and supply. Decrease in frequency may arise when there is more electricity demand than
supply, or an increase when the supply of electricity is high. Frequency is usually

monitored to avoid a larger error in merging [132].
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2.13.6 Long-Duration Voltage Variations

Long-duration voltage variations can be described as the deviation in the voltage root
mean square from the nominal voltage or complete loss of voltage on one or more phase
conductors for a time greater than 1 min. It is usually typified by the frequency of the
variation and the magnitude. Long-duration voltage variations can be divided into two
groups namely: over-voltage/voltage rise and under-voltage. The over-voltage and
under-voltage in this context are usually not as a result of a fault from the system but
occur because of load fluctuation within the system and the switching control of the
network. This type of fluctuation can be verified by plotting the root mean square value
of the voltage at the time taken.

Long Duration Overvoltage/Voltage Rise: An overvoltage occurs when the root mean
square voltage of a system is more than or equal to 110 % and the time of occurrence is

longer than 1 minutes at the power frequency.

Causes: Initialization/starting of capacitor banks, switching on/off a large load, incorrect

tap settings on transformers.

Long Duration Under-voltage: Undervoltage occurs when the root mean square
voltage is less than or equal to 90 % (0.1 and 0.9 p.u. with a duration between 0.5 cycles
to 1 min) of the nominal voltage and the time of occurrence is longer than 1 minutes at
the power frequency [133]. When there is a supply of voltage longer than 1 minute, it can
be regarded as a sustained interruption which needs the attention of power
technicians/engineers to check the cause for adequate restoration. Based on the IEEE
Std 1453-2015 a change in voltage because of occurrences such as a motor starting,
switching a capacitor bank on and voltage regulation all can be regarded as Rapid
Voltage Changes (RVC). Here the change in voltage is prolonged over a repeated cycle
and also, 5% and 3% voltage change are approved for medium voltage and low voltage
at PCC by IEEE 1547-2018 per second averaged over one second as the acceptable
rapid voltage [134], [135], [136]. The sensitivity of the RVC may differ subject to:

+ The duration of a steady-state condition between two voltage changes.

+ The rate of change of the voltage (dv/dt).
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+ The magnitude of the voltage change.
Causes: Switching on/off a large load, starting of the capacitor bank.
2.13.7 Short-Duration Voltage Variations

Short duration voltage variation can be described as the type of voltage fluctuation which
can result in voltage dip and brief interruption in the power system. It usually depends on
the time of occurrence such as instantaneous, momentary and temporary. Table 3.3
shows the different categories. Sources of short-duration voltage variations are large
loads with high starting currents, partial loose connections in the circuit wiring resulting
in an irregular drop in voltage, overvoltage, or loss of supply [137]. Short duration voltage
variations can also occur due to a fault event on the network and can be categorized as

voltage dip, voltage rise and interruption.

Short Duration Voltage dip: Short duration voltage dip in the context of short duration
voltage variation occurs when the grid voltage is in the range of 0.1 and 0.9 pu (root mean
square value of the voltage decreases to between 10% and 90% of the nominal value)
in root mean square voltage or current at the power frequency for the time range of 0.5
cycle to 1 minute which can be divided into instantaneous voltage dip, momentary voltage

dip, and temporary voltage dip as shown in Table 3.3.
Causes: Starting of large loads, starting of large motors.

Short Duration Voltage Rise: Short duration voltage rise or overvoltage in the context
of short duration voltage variation can be described as the voltage increase/rise between
1.1 and 1.8 pu (root mean square value of the voltage increases to between 110 and 180
% of the nominal value) in rms voltage or current at the power frequency for the time of
0.5 cycle to 1 minutes which can occur as a result of fault or over generation of RDG to
the grid. Short duration voltage rise can be instantaneous voltage rise, momentary

voltage rise, and temporary voltage rise as shown in Table 3.3.

Causes: The voltage rises on the un-faulted phases during a single line to ground fault
and switching off a large load, over generation or RDG and switching to a large capacitor
bank.
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Interruption: Interruption takes place when the voltage supply or load current declines
to less than 0.1 pu for a duration not beyond 1 minute. The interruption can be an
instantaneous voltage interruption, momentary voltage interruption, and temporary

voltage interruption as shown in Table 2.7.

Table 2.7: Short Time Voltage Variation.

Short Duration Voltage dip
S/N Interruption Magnitude Duration
1. Instantaneous 0.1t0 0.9 pu 0.5 to 30 cycles
2. Momentary 0.1t0 0.9 pu 30 cycles to 3 sec
3. Temporary 0.1t0 0.9 pu 3 sectolmin
Short Duration Voltage Rise
S/N Interruption Magnitude Duration
1. Instantaneous 1.1t0 1.8 pu 0.5 to 30 cycles
2. Momentary 1.1to 1.4 pu 30 cycles to 3 sec
3. Temporary 1.1to 1.2 pu 3 secto 1 min
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Interruption

S/N Interruption Magnitude Duration
1. Instantaneous <0.1pu 0.5 to 30 cycles
2. Momentary <0.1pu 30 cycles to 3 sec
3. Temporary <0.1pu 3 secto 1l min

2.13.8 Voltage Fluctuation

Voltage fluctuations can be described as systematic variations of the voltage envelope
or random amplitude changes where the root mean square value of the voltage is
between 90 and 110 % (0.9 tol.1 pu) of the nominal voltage. Voltage variations occur
when loads connected to a network demonstrate constant and quick variations in the
magnitude of the load current, resulting in the fluctuation of voltage. These can be

referred to as voltage flicker.

Voltage flicker originates from the voltage fluctuation that causes the lamps to blink and
can be perceived by the human eye. Flicker can be described as a visual impression of
unsteadiness induced by a light stimulus of which the luminance or spectral distribution
fluctuates with time. When the lighting fixture is driven by AC-mains directly, the emitted
brightness changes along with the line voltage transition periodically in double the line
frequency resulting in flicker. Flicker is caused by the fluctuations of the grid voltage.
The voltage fluctuations are caused by changes in the power flow in the power grid [138].
It influences the cycle of sight and the human mind’s response, resulting in weariness,

distress and a decrease in concentration [139]. The low frequency flicker (3 Hz —70 Hz)
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is known to have negative impacts on the human body, it can also cause epileptic
seizures [140]. Both voltage fluctuation and flicker are related as shown in equations
2.16 and 2.17 respectively. Hence, by controlling the reactive force in the equation, flicker
can be controlled. Flicker can be compensated for by using shunt and series
compensation strategy. The reaction force intertwined by the trim is kept constant at a
suitable value in shunt while in the series type compensation, the voltage drop can be
reduced, and the reaction force remains stable despite load variations by controlling the
reactance of the line. The impact of voltage fluctuation on the lamps that cause flicker

can be measured and grouped into short time and long-time voltage flicker [141].

AV RAP + XAQ

7 7 (2.16)
Where AP = Active power change.

AQ = Reactive power change.

V, = Nominal line voltage.

R = Short circuit resistance.

X =Short circuit reactance. (in practice R << X).

Flicker can also be measured in terms of its severity as shown in Figure 2.48 which can
be grouped into short and long-time flicker or minimum and maximum. Short term Flicker
perceptibility (Pst) is the measure over a short period (a few minutes) of flicker occurrence
while the long-term flicker perceptibility (PIt) is a further measure for cumulative irritation
caused by very irregular gross flicker events, which may be too infrequent. The
maximum, minimum severity and the flicker index can therefore be calculated as

percentage [142].
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Figure 2.48: Flicker lllustration [142].

Linax — Lmini
% Flicker = /=T % 100 (2.17)
max ~ Ltmini
Flicker Index = —¢ 1 2.18
teier fndex = (Area 1 + Area 2) (2.18)
Where (L) =Maximal luminance.
(Lmini) =Minimal luminance over a repetitive light cycle and the flicker. Area
1 =Integrated luminous intensity above average.
Area 2 =Integrated luminous intensity below average.

2.14 Proposed Compensator for a Voltage Rise Control at PCC

Literature reviewed in, [143], [144], [145], [146], and [147] confirms that the STATCOM
is extensively used to: maintain distribution system stability, transient response control
[148], capacitor voltage balancing [149], [150], [151], [152] and [153], harmonic current
control [154], disturbance and error rejection control [155], voltage regulation during
symmetrical fault, asymmetrical faults, and minimisation of surge currents [156], wind
farm stability [157], [158] and [159]. It can also improve grid voltage [160], oscillation
regulation [161], and flicker control [162], [163]. However, voltage rise and reverse power
flow mitigation using STATCOM compensator scheme at PCC with large RDGs
penetration levels are not covered in the literature review. STATCOM'’s response time
and the rate of delivering capacitive power capability are not comprehensively presented
in the literature review. This thesis proposes a control strategy to be installed at PCCs of
the DN to control/or mitigate the voltage rise effect and to limit the reverse power flow

when operating at a worst critical scenario, such as minimum load and maximum
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generation from RDGs. The control structure consists of installations of static
compensators (STATCOM), which incorporates the Pulse Width Modulation (PWM), and
the block/deblock and in-loop filtering circuit control scheme at PCC, for the control of
active and reactive power. The proposed control strategy would be used to mitigate the
voltage-current harmonic signals, improve the power factor, voltage stability at PCC, and
also protect the converter-PWM scheme.

2.15. Summary

A better decentralization of policy making in terms of renewable energy (generation,
transmission, distribution) from national to provincial or local government levels,
diversification of energy mix, energy conservation, efficiency and energy pricing that can
better reflect market realities will liberate the development of renewable energy across
the world. This thesis has presented an insightful survey on recently published research
on STATCOM power quality enhancement in distribution networks. Voltage profile
improvement, power loss mitigation, minimizing total harmonic distortion, average voltage
deviation, investment cost reduction, and system reliability improvement are observed to
have been the main focus of STATCOM compensators. This chapter also discussed the
following aspects of power quality in detail: power quality concept, importance of power
quality, the classification, types, causes of power quality, parameters of power quality,
how voltage, current and power quality are related, possible solutions to power quality
issues, power quality issues on the utility side, power quality on the grid and on the load
side, electrical load classifications, types, and power quality can be sustained in power
systems. The overall deduction is that a larger percentage of power quality challenges
may be ascribed to the end user. The voltage supply by the utility can be controlled but it
has no control over the current drawn by the load. Most of the power quality issues
emanate from end users and grid occurrences. For power quality to be sustained in a
system, the power supply from utilities and grid events and load should be adequately
controlled.
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CHAPTER 3

POWER SYSTEM AND RENEWABLE DISTRIBUTED GENERATION

3.1 Introduction

For many years, power production systems were primarily bulk power systems
comprising generation, transmission, and distribution systems. The greatest substantial
changes in power systems globally are the swift growth of RDGs and the transformation
from bigger traditional synchronous machine resources to smaller-sized and renewable
distributed generation resources. Nations across the world are better informed of the
environmental consequence of using fossil fuel for electrical power generation and thus
they are employing the Renewable Distributed Generation (RDG) into their energy mix.
RDGSs'’ integration into the power system is seen as a vital development in the
advancement of the electrical utility grid. Conventional generators make use of rotating
machines and drives while RDG based technologies are mostly converter/inverter
interface. Based on Independent Electricity System Operator (IESO) and International
Renewable Energy Agency (IRENA) policies, the RDGs are limited to small, medium, and
large scale usually driven by renewable source(s) located near the load centre [164],
[165]. Due to the policy pertaining to the regulation of energy because of global warming,
increasing environmental concerns about the adverse effect of fossil fuel usage, regular
outages and blackouts, inadequate access to the utility grid for rural communities and the
high price of electricity billing, RDGs deployment could be the best option for rural
electrification. This chapter discusses renewable distributed generation technology; the
relationship between RDG and smart grids; RDG deployment; microgrid systems,
classification and types; off-grid microgrid; grid tie microgrid; microgrid backbone;
microgrid controls; microgrid energy management; converter building blocks, types,

advantages and disadvantages of RDG.
3.2 Renewable Distributed Generation Technology

RDG can be described as an electric power supply that is driven by renewable source(s)
and connected directly to the distribution network or on the customer site of the meter or

to the load. The technology involves solar photovoltaic power, wind power, small hydro,
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geothermal power, and biomass as shown in Figure 3.1. The point at which it is
connected to the Distribution Network (DN) is referred to as Point of Common Coupling
(PCC). The capacity can vary from 1 kW — 5 kW, 5 kW-5 MW, 5 kW- 50 MW and 50
kW to < 1 GW which can be regarded as micro, small, medium, and large scale [166],
[167]. RDG can be owned by the independent power producer, individually or by the
utility. It can also be designed to perform certain functions as depicted in Table 3.1. The
environmental impact of RDG, its technical and economic intention may be altered by the
designation of the RDG size, the type and the allocation. Hence, an appropriate RDG
size should be installed in the right location [22], [23]. If RDGs are properly installed in a
strategic location, benefits depicted in Figure 3.2 can be obtained.

Solar PV
Biomass

Figure 3.1: RDG Sources (created by Author).
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Table 3.1: RDG type classification [168]

DG Type

Function

Type 1

P-type

Typel: This type DG is capable of delivering only active
power such as photovoltaic, micro turbines, fuel cells,
which are integrated to the main grid with the help of
converters/inverters. However, according to current
situation and grid codes the photovoltaic can and in

sometimes are required to provide reactive power as well.

Type 2

Q-type

DG capable of delivering both active and reactive power.
DG units based on synchronous machines (cogeneration,

gas turbine, etc.) come under this type

Type 3

PQ* type

DG capable of delivering only reactive power. Synchronous
compensators such as gas turbines are the example of this

type and operate at zero power factors

Type 4

PQ type

DG capable of delivering active power but consuming
reactive power. Mainly induction generators, which are
used in wind farms, come under this category. However,
doubly fed induction generator (DFIG) systems may
consume or produce reactive power i.e. operates similar to

synchronous generator
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RDG

Allocation

Figure 3.2: RDG Allocation Benefits (created by Author).
3.3 RDG Versus Smart Grid

The point at which RDG is connected to a distribution network will form an active point
because it injects active power and a voltage higher than the voltage at that point. The
active zone is the node in the network with the ability to monitor and control the network
conditions remotely while the weak zone is the node with the highest voltage fluctuations
in the feeder. The integration of RDGs will make the weak zone become active, while a
further increase in the number of RDGs will result in fewer weak zones. As a result, by
incorporating an automation system, communication, and information technology
systems capable of monitoring power flows from points of generation to points of
consumption, active zones become smart. The increase in the number of RDGs and the
capacity will eventually result in a sufficiently smart point to control the whole local
network. Consequently, a local network becomes a local smart zone. With a further
increase in the number of local smart zones, the whole network will be covered with smart
zones, resulting in smart grid and smart distribution systems as shown in Figure 3.3.
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Figure 3.3: Line with Smart Points and Weak Points (created by Author).
3.4 Deployment of Renewable Distributed Generation to the Power System

The effective methods by which RDGs can be deployed to the power system are by pico-
grid, nano-grid, mini-grid, and microgrid systems, which if interconnected can result in a
smart grid system. For many years, the world depended on conventional centralized utility
power grid for heat and electricity demand. However, many communities, districts or
region were still unable to connect to the central electricity grid. The extension of electrical
power did not even reach some areas, while some can view the grid from far off but do
not have access to the connection due to high price of billing. Also, with the daily increase
in the world population, there would be an increase in electricity demanded for basic
living. If the existing grid does not expand, the rate of congestion on the grid will be very
high resulting in many unusual occurrences on the grid, which affects consumer loads. If
another means of electricity generation is not thought of, communities that are very far to
the grid connection will not have access to electricity. Several methods of local energy
generation have tried to address this challenge. Former centralized energy generation
was decentralized with the aid of RDG units that can be deployed to the power system in
the form of pico-grid, nano-grid, mini-grid and microgrid systems. RDGs generate
electricity near the load centre. They can serve a single structure such as a home,
business, or tie into the larger electricity delivery system, such as a major industrial
facility, or college campus. They can reduce electricity losses along transmission and
distribution lines. RDG is inherently robust against grid related failures. It can be built

bottom up by individuals who decide to invest [169], [170], [7]. RDGs are mostly used in
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isolated areas where there is no access to the utility grid and in the city to minimize the
peak demand.

An electricity grid system is defined not by the size or name given to it, but by the function
through which they operate. Macrogrid or megagrid system can be referred to as
conventional grid, which involves centralized method of power generation while microgrid
is a single grid system and fragment of macrogrid. It is usually distributed generation with
smart management. Similarly, nanogrid is a single grid system and a fragment of

microgrid, and, it is building level circuit.

The pico, nano, mini and microgrid systems can be grid tie and off grid system.
+ Grid tie
+ Off-grid/Stand-alone.

3.4.1 Grid-tie RDG

A grid-connected system can be described as the means of powering a load such as
home appliances, or small business with renewable energy generation (solar system,
wind etc.), while any excess electricity generated is fed back into the grid. In a grid-tie
system, a grid-tie inverter delivers power to the grid. The device converts the DC voltage
produced by the RDG to sinusoidal AC voltage output to synchronise with the grid as
depicted in Figure 3.4. The grid-tie inverter monitors the grid supply characteristics, which
are voltage and frequency, and adjusts the output accordingly to match the grid [171],
[172]. In a grid-tie system, a storage unit is not compulsory, the system can easily be
installed, and the maintenance is reduced due to the fact that there is no storage unit
[173].
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Figure 3.4: Block Diagram of Grid-tie System (created by Author).

Features of Grid-tie RDG

It improves voltage profile when connected to a distribution network.
Reduction in power loss and increased overall energy efficiency.
Reduction in security risk.

Relieved transmission and distribution (T&D) congestion.

Better customer control over their energy.

- = & = F ¥

Helps in peak load shaving and load management programmes.
4+ Improved competitiveness and market opportunities.

3.4.2 Off-grid

Supplying electricity to the load using a small renewable energy system that is not
connected to the national electricity grid is known as standalone or off-grid system. It
relies exclusively on generating power on site while remaining close to the load centre.
Usually, this kind of system involves electricity storage such as lead-acid batteries, lithium
batteries, other battery technologies, supercapacitors and hydrogen, power source(s)
such as RDGs (solar panels, wind turbines, micro-hydro or combination of two or more)
and inverters as shown in Figure 3.5. For developed countries, off-grid systems consist
of mini-grids for rural communities, institutional buildings and commercial/industrial plants

and buildings and solar PV power generation in residential households. The latter
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category is relatively small, and most residents still rely on the grid for part of their load.
Standalone (off-grid) renewable energy systems are used all around the world, not only
in developing countries, as they are the most competitive way to supply electricity in
locations where the distance to the transmission and distribution electrical grid is relatively
high, for example in remote rural communities, farms, telecom stations, etc. Even in some
cases, grid-connected systems can become off-grid systems to avoid dependence on the
national grid system. However, disconnecting from the grid usually implies a higher cost
of electricity [174].

Storage

unit
Solar (DC output)

Figure 3.5: Block Diagram of Off-grid System (created by Author).
Features of Off-grid RDG

#+ [t provides electricity more cheaply than grid extension, especially in rural areas
where there is no access to grid connected electricity.

It is an efficient and reliable means of power generation.

Allows better use of local natural resources.

It is modular and relatively easily assembled from standardized packages.

- & & ¥

Low-cost sources serve demand during peak price period.
3.5 Pico-grid System

The pico-grid system is the method of power generated locally from renewable sources
to power a very small load such as a phone set charging, or telemetry. Itis a self-sufficient,
adequately smaller power supply system capable of providing electricity to a small load

[1]. It is a simple technology, easier to implement and affordable. It enables daily
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household routine tasks to run without connection to the nano-grid or microgrid system.
The capacity can be less 20 W.

3.6 Nano-grid System

Nano-grids can be described as locally generated renewable energy typically less than
minigrid. It can be a standalone wind or solar source which supplies power to limited
capacity or each home is powered by an independent wind or photovoltaic system such
small building, shop. It can also be referred to as a building level circuit. It exists where
there is no existence of a microgrid or minigrid system and connection fees cannot be
afforded by villagers. It helps to keep day to day home activities such as dishwasher, drier
and vacuum cleaner running. The capacity can be between 10 W and 500 W.

3.7 Mini-grid System

RDGs can supply power to a small geographical location that can be independently
operated or/and exchange power with the main grid otherwise known as a Mini-grid
system. The capacity can be between 5 kW and 200 kW, which can be prominent where
access to the national grid does not exist. Mini-grid can provide electricity to shops,

houses, community health houses, streetlights and boreholes.
3.8 Microgrid System

Due to the development of smart devices, smart cities and smart living, the need for clean
renewable alternative energy cannot be over emphasised. To tackle the depletion of
conventional energy resources around the globe, researchers have focused on
developing renewable energy resources and microgrids [175]. A microgrid is a network
of electrical energy distribution systems that depends on distributed means of electricity
generation which can independently function and/or synchronize with a nationwide grid
within a definite region. A microgrid is advantageous in terms of reliability and revenue. It
enables a community, organization, industry or data farm to enjoy reliable energy supply
where outages may be exceedingly costly. It also enables them to make profits, sustain
economic activities, reduce environmental pollution produced by the conventional energy
method of power generation and to enjoy unlimited energy generation from renewable

energy sources. Microgrid comprises a power generation source, interface (power
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electronic), and energy storage systems to power a load. The capacity can be between
200kW and 900kW. Microgrids, Mini-grids, Nano-grids and Pico-grids are interrelated but
microgrid is the most popular and widely used. Microgrid can supply power to industries,
college campuses, communities, or district facilities due to its reliability and

competitiveness as compared to the centralized power method of generation.
3.8.1 Microgrid structure

The microgrid system is usually structured to combine renewable sources, storage
systems and conventional means of energy generation to supply power to the consumers.
The renewable aspect may be wind, solar, geothermal, tidal, biomass, small hydro, while
the storage system may be connection of batteries in series/parallel or a conventional
method such as a generator powered by fuel or diesel. Microgrid can be integrated into
the national grid at a low voltage level or medium voltage level (grid tied) with the aid of
converter/inverter system and it can be operated in isolated mode (off grid). An Energy
Management Scheme (EMS) can be incorporated into the modern microgrid for best
performance, fast response, self-healing from grid disturbance and optimization. The
types of power structure and the loads with which they adapt and derive their electrical

energy form govern the microgrid [176], [177].
3.9 Type of Microgrid

The primary form of microgrid can be Alternating Current (AC) type, Direct Current (DC)
type and Hybrid type as shown in Figure 3.6.

» AC Microgrid

Microgrid » » DC Microgrid

_ Hybrid Microgrid
= (AC and DOC)

Figure 3.6: Microgrid Configuration (created by Author).
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3.9.1 AC type microgrid

AC type microgrid connects the load either directly to the AC bus bar or by means of a
converter depending on the types of electrical energy they produce or consume as shown
in Figure 3.7. The operating voltage, the frequency, and the phase/phases either single,

double or 3-phase are considered in AC type microgrid.

h 4
[PT-To-AT [P 1G=xC] [Dc-TOo-AC]

PCC 3 3 |

4

A
| Load |

Figure 3.7: AC Type Microgrid (created by Author).

3.9.2 DC type microgrid

DC type microgrid connects load directly to the DC bus bar or by means of a converter
(DC-DC converter). Since there are different levels of DC voltage output in renewable
energy sources and battery storage systems, power electronic converters are needed to
integrate all the renewable energy source depending on the types of electrical energy
they produce or consume as depicted in Figure 3.8. DC microgrid possesses the
advantage of unidirectional power flow with a converter connected to the system, thus,
power flow control is easier. The direction of voltage, current and power are closely
interrelated and there is a higher possibility of network reliability and fewer losses
generated in the system. The DC type microgrid system can be made up of renewable

energy source (PV, wind, fuel cell), load and battery storage system.
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Figure 3.8: DC Type Microgrid (created by Author).
3.9.3 Hybrid microgrid/Advance microgrid

Hybrid microgrid exhibits the features of both AC and DC microgrid. Conversion to
electrical energy is easier due to the presence of power electronic converters in the AC
and DC buses of the system as depicted in Figure 3.9. Hybrid microgrids consist of
different kind of loads and the battery storage depends on the type of energy they draw
or generate. The composition of Microgrids can be grouped into Renewable Energy
Sources (such as wind, solar, small hydro, etc.), Energy Storage System (such as lead
acid battery or lithium battery), Fuel Generating Set (such gasoline or diesel generator),
loads (such residential or industrial load) and the Power Grid (such as off grid or on the
grid). It is expected that microgrid should be safe, reliable and the energy generated

should be affordable.

Grid
AC LOADS
PCC

IA(‘—TO—D(I I IA(T—TO—D(T I

1T

DC LOADS Battery Storagoe

Figure 3.9: Hybrid/Advance Microgrid structure (created Author).
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3.10 Microgrid Energy Management Scheme (EMS)

The energy management scheme in the microgrid system provides the rate at which the
system is smart and reliable. For a system to be smart, the measurement capability
should be present, communication strategy should be in place, rate of load-energy
consumption prioritization should be assured and flow of power across loads buses
should be easily monitored. EMS will play a critical role in the modern micro-smart grid
system. The energy management scheme is very critical especially when microgrid is not
connected to the main grid system due to the fact that there will be more than a source
of energy generation with a different power capacity integrated together and the system
may not have a dominant infinite bus. Also, some microgrid systems may not possess
power electronic converters for extremely fast response for voltage and power angle
stability. Therefore, the energy management scheme is of great importance in the
microgrid system. As shown in Figure 3.10, the energy management scheme accesses
the latest and forecasted data from the generating source, the consumers and the market
information to manage the consumption level of the national grid system, distributed

source and the consumers.

Electricity
Market
Variable
Sources

Figure 3.10: Microgrid Energy Management System (created by Author).
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EMS provides a real and active power allocation strategy between renewable and non-
renewable energy sources, manages microgrid disturbances, discovers energy set point
of the distributed sources and allows the microgrid to be synchronized to the national grid
system if need be. The national grid is supposed to adapt variation in active and reactive

power supply and consumers from the microgrid by controlling power generated from real
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distributed sources, active power buses, real power and voltage buses. But when the
microgrid is not integrated into the national grid, the overall energy generated should meet
the consumer loads demanded, or else, shedding of consumer loads demanded to match
energy production will be inevitable. To reduce the effect of dynamic behaviours of the
microgrid such as harmonic and transient oscillation, simple but active control strategies
may be essential. Microgrid power management solutions (PMS) should be capable of
controlling the load profile of its consumers, synchronized to the national grid, operate
within an acceptable power quality requirement and maintain stability during grid

disturbance.
3.11 Microgrid Control Schemes

The control scheme of the microgrid can be selected according to its characteristics and
the interface between the distributed resources as shown in Figure 3.11. Microgrid active
and reactive power, frequency and voltage are the main considerations in designing a
control strategy. A Microgrid control scheme may be interacting with a national grid or
may be non-interactive with the national grid. When the voltage and frequency at the point
of common coupling are indirectly involved, a grid following approach can be used. But if
the power generated or load of a particular distributed generation can be independently
controlled of the other distributed generation or load, the non-interactive approach can be
considered. Power set points may be considered on the power dispatch arrangement or
by the compensation of consumer load [178]. However, the real and the reactive power

set point requirement as an input control is dependent on the interactive scheme.

I Control Scheme for Power Electronic Coupled Micrugridl

I Grid Forming Control ] I(i!'!-!| Following Control I

Interactive Control lDroop Control (Load shuring)] Idispatch of Real and Active I’owcrl |

h
y
Non-Interactive Control IV(’““SC I I Frccl“""‘—‘)’l |Exportation of Power |

Figure 3.11: Control Scheme for Power Electronic Coupled Microgrid (created by
Author).
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3.11.1 Grid Forming Arrangement

When a microgrid is not integrated into the national grid, it exhibits the characteristics of
the swing source. Microgrid frequency and the voltage at the point of common coupling
can be controlled by the grid forming component. The real and the active power
components can be allocated by the voltage and frequency droop scheme if more than
one distributed resource is involved grid control and stability. In such a situation, the rated
value of the microgrid’s voltage and frequency may deviate depending on the features of
the droop and system loading. A simple block diagram of droop control scheme is shown
in Figure 3.12 (a). The differences in the measurement of the voltage and frequency from
the distributed generation of the microgrid feeds the controller. The differences in the
amount of energy produced by the individual distributed generation in the microgrid can
be controlled by selecting the slope of the individual droop that is proportionate to the
rated value of the equivalent distributed generation to limit overloading in the system. The
voltage and the frequency droop are depicted in Figure 3.12 (b) and (c) as indicated by
the slope of the graph (Kgp) and (Kyq) and the rated voltage and frequency of the base
point signify by (Vy), (Qo) and (Fy), (Py). When distributed generation allocation of power
level alters to reset the voltage and the frequency to a new value, the dynamic restoration
of the adjustment of the distributed generation operating point can control the droop
coefficient and the base point. This process may be slow, but it can be achieved during

microgrid synchronization.
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Figure 3.12: Frequency and Voltage droop.
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3.11.2 Grid Following Arrangement

The output voltage, frequency and power of the distributed sources can be controlled by
the arrangement of the grid following scheme where a converter such as a voltage source
converter is used at the point of common coupling. The waveform of the reference voltage
can be achieved by a current controlled scheme for the pulse width modulation (PWM) of
the voltage source converter. The point of common coupling voltage can be tracked to
synchronize reference signal to the frequency of the microgrid. The axis known as direct
and quadrature axis (d-axis and g-axis) of the output currents of the power electronic
converter related to the real and reactive power components can be executed by the
control scheme (dq0). The (dq0) control scheme and the extraction of the voltage source
converter’s current components (d-axis and g-axis) from (abc) to (dq0) controller scheme
compares the reference signal of the voltage control loop or external power. To obtain
(Vq) and (V) of the d-axis and g-axis reference signal voltage component, error signals
are supplied to current control (dq). The reference signal for pulse width modulation can
be generated by the extraction of (abc) from (dq0) as depicted in Figure 3.13 (a). External
and internal control are subject to a change depend on the control mode and the source.
In the unbalanced system, the same method can be employed. When (dq) control
scheme is substituted for the reactive power and the DC-link voltage, the DC-link receives
its input from distributed sources to improve its voltage. The voltage swell/rise can thus
be controlled when the converter current (d — axis) value is selected to compensate for
the input and output power of the DC-link. The converter current (q — axs) reference value
is chosen by the reactive power controller in Figure 3.13 (b), if the power factor that is
closer to unity is required, the (Q.ef) can be set to zero. The block diagram also consists
of PIs for controlling current of the d-axis and g-axis, voltage and feed-forward system.
The comparison of the d and g axis current out together with the reference signal provides
input to the PWM. The main benefit of this system is that it limits the microgrid converter
output current during disturbance, thereby protecting the converter from overcurrent and

limiting the fault current within the microgrid system.

128



Voltage Rise Mitigation at the Point of Common Coupling of Large Renewable Distributed Generation and
Distribution Network

d-Reference

Controller ' lidref
WV, ref
i€ —»f ; v d-q v a
4 1 d — \ - -
_Cl abc ™™ Current —d dlq Vi, ref PWM
L — i . Control Vaq Signal
- —9 ) —»
ic . d-q ™ abe Veref
g-Reference i q ref h
Controller @
ire Va
Vjeref VDC |_dref PI
- A ]
IControl % Control Vdrcf
Vde a " wl. | dlq L =
abc
Q ref | Q . PI
Control Control|
q Vq

o b)
Figure 3.13: Voltage Source Converter dq Control Scheme at PCC.
3.11.3 Active and Reactive Power Control Scheme

The active and reactive power of the distributed sources integrated with the microgrid
need to have an appropriate control strategy to monitor the power flow along the load
buses within the system. The real and the reactive power compensation is necessary by
making use of prespecified value. As depicted in Figure 3.14, (P.er) and (Q,er) €stablish
the active and the reactive power of the reference point while (P,,;) is the output of the
real power and (Q,,¢) IS the output of the reactive power obtained from the measured
voltage and the current of the system output. The reference to active and the reactive
power can be set by forecast and calculation with respect to the microgrid power profiles
and load fluctuation. The effectiveness of the reactive power control in a microgrid system
is also dependent on the voltage regulation at the point of common coupling and the

power factor requirement.
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3.12 Microgrid Hierarchical Arrangement

For the optimum performance of the microgrid system, the control scheme hierarchy is of
great importance, as depicted in Figure 3.15. This microgrid control hierarchy is divided
into segments of the local control scheme, which may be in milli-seconds; the primary
control scheme which could be seconds; the secondary control scheme which could be
in minutes and lastly the tertiary control scheme which could also be in hours or days
[179], [180]. The first microgrid hierarchical control ensures network stability and dynamic
response of voltage and current in milli-seconds. It provides the reference for the primary
level control strategy, and it can make use of the pulse width modulation control converter.
The next microgrid hierarchical control is the primary control scheme which maintains the
operating point of the microgrid provided by the local control level. It maintains the control
strategic level in seconds. The microgrid power flow adjustment is maintained by the
secondary hierarchical control strategy. This is achieved by calculating the energy
consumed by the load with respect to the storage system and distributed resources. The
microgrid operational limit, energy equilibrium, network power quality capability and
power reference are maintained by the microgrid secondary hierarchical control scheme.
The negotiation of price, market and services between the independent own power supply

and the consumers is maintained at the tertiary level [181].
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Figure 3.15: Microgrid Hierarchical Control (created by Author).
3.13 Microgrid Backbone

The advent of Microgrid and possibility of utility companies accessing RDG integration to
a distribution network was facilitated by the development in power electronic devices
otherwise known as power semiconductor devices. The main backbone of any microgrid
is the power electronic converter as depicted in Table 3.2. Power electronic converters
play a crucial role in converting power from one form to another to meet the need of the
consumers. The processing and control of electrical energy to provide voltage and current
in a suitable manner to the load is also part of the converters’ function. A typical converter
is made of electronic components such as diode, transistor, resistor, Silicon-Controlled
Rectifier (SCR), Triode for Alternating Current (TRIAC), Insulated-Gate Bipolar Transistor
(IGBT). The basic block diagram of a typical converter is depicted in Figure 3.16. It is
pertinent to know that the advancement of power electronic circuits and control strategy
have improved the capability of microgrid in the power system operation. The purpose of
the converter in a microgrid is to provide conditioning power as demanded by the loads.
A microgrid converter system involves AC-to-DC, DC-to-DC, DC-to-AC and AC-to-AC
converters for AC buses, DC buses and loads in the system. This is because consumers
need a reliable, constant voltage and power quality supply which can be achieved by
using controllable converters. Depending on the control strategy, the harmonics
generated by the converters to the network can be minimized. The application of power
electronics converters is of great importance for advanced technology due to its higher
power handling capacity. It is an integral part of the microgrid system and other functions
such as heat and light controls, electric motor control and power supplies, vehicle

propulsion system and high voltage direct current systems.
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Table 3.2: Power flow control and conversion configuration for DGs.
S/IN | DG Source Converter | Control scheme
1 Non- Diesel engine, small hydro | Synchronou | Governor/AVR
renewable s generator | control (+P, Q)
DG
Fixed-speed wind turbine Induction Pitch control (+P, -
Generator Q)
2 Renewable | Variable  speed  wind | AC-DC-AC | DC link voltage and
DG turbine speed control (+P,
+Q)
Solar system, Fuel cell DC-DC-AC | DC link and voltage
control (+P, Q)
3 Long-term | Battery system DC-DC-AC | Chargel/frequency/
storage
voltage control (£P,
+Q)
4 Short-term | Super capacitor, flywheel AC-DC-AC | Speed control (+P,
storage Q)
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Figure 3.16: Electronic Converter Block Diagram (created by Author).

3.14 Converter Building Block

A microgrid converter consists of power and the control segment. The power segment
section, which is made of transformers, fuses, diodes, transistors, capacitors, Triacs,
chokes, resistors, SCRs, Diac, etc., transfers energy to the consumers from the source,
while the control segment section, which may be analogue or digital type regulates the
element behaviours in the power segment section. Based on a specific function of a
converter in a microgrid system, it can be grouped into AC-to-AC, AC-to-DC, DC-to-DC

and DC-to-AC converters.
3.14.1 AC-to -AC Converter

This is the type of energy converter that transforms AC voltage from one stage to the
other by shifting the magnitude and the frequency of the source voltage. The amount of
power delivered to the consumers is controlled by connecting AC supply to the AC load.
This is done at a constant frequency by regulating the Root Mean Square (RMS) of the
voltage output. The example of the AC-to-AC converter is depicted in Figure 3.17 where
the control strategy of the shunt Thyristors 1 and 2 is controlled to regulate voltage
delivers to the load. Power flows to the load when (T,) is triggered and forward biased by
the source voltage during the first positive half cycle while it is in off state during negative
half cycle. (T,) is forward biased when it receives a trigger from the source voltage. By

strategically regulating the triggering action of both (T;) and (T,) in their half cycle, the
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voltage across the load is controlled. Triac (Trc;) and Diac (Drc,) can be combined to
control the load voltage. In such cases, both positive and negative are triggered by the
Diac to the Triac where the average output controls the load voltage.

I Control Module I

ES1

-

1>

Vs
‘ I\, ' I Loacll IV()

Figure 3.17: AC-to-AC converter (created by Author).

3.14.2 AC-to-AC Frequency converter

This type of converter varies the frequency of the supply voltage and current to the load’s
frequency requirement. This is done for the purpose of speed adjustment. Such
application can be useful in industry where machine drives and induction heating are
required. An AC-to-AC frequency converter can be a matrix or cyclo-converter. A cyclo-
converter is useful in converting the frequency of specific ranges while a matrix converter

has unlimited frequency capability.
3.14.3 DC-to-AC Converter

A DC-to-AC Converter can be described as a device which converts a DC source to an
AC voltage that is variable. This type of DC supply has a fixed input. Such a converter
can also be referred to as an inverter. The fixed input can be from a battery storage or
from any DC link or source, while the produced output voltage of the inverter can be a
fixed AC voltage or variable AC voltage with fixed or variable frequency as depicted in
Figure 3.18. Inverters are usually connected between the DC source of a fixed input and

variable AC consumers.
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Figure 3.18: DC-to-AC Converter (Inverter) (created by Author).

The variable output voltage of a DC-to-AC converter or inverter can be obtained by
strategically controlling the firing angle of the electronic component, such as thyristor. The
DC-to-AC inverter can be single or three phase depending on the input source. The
inverter can also be grouped into Voltage Source Inverter (VSI) or Current Source Inverter

(CSI), both of which make use of pulse width modulation or multilevel.
3.14.4 DC-to-DC Converter

Diverse types of loads need different kinds of DC voltage level drawn from a fixed DC
source for them to operate and function smoothly. To meet this demand, DC-to-DC
converters come in to play. The process of obtaining variable DC output voltage or fixed
voltage output of a magnitude higher or lower than the source value from a fixed DC input
source is known as DC-to-DC converter or chopper. It is used between the DC source
and the DC loads. The output of the chopper can be unidirectional or bidirectional based
on the load requirements such electric vehicles, DC drives etc. DC-to-DC converters or
choppers can be grouped into boost converters, bulk converters and boost/bulk
converters. A Boost Converter otherwise known as a step-up chopper is a type of
converter in which the voltage output generated is higher than the voltage input. A Bulk
converter also known as a step-down chopper produces a DC output voltage that is
less than the DC supply voltage, while a Boost/Bulk converter is a converter in which the
output can be varied and used as a boost (step up) or bulk (step down) converter by
varying the power electronic component use. If the voltage output is lower than the input
voltage, it will act as bulk converter and if the output voltage is higher than the input

voltage, it is otherwise used as boost converter.
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3.14.5 AC-to-DC Converter

An AC-to-DC converter is a type of converter that converts AC voltage to DC voltage. The
converter is known as a rectifier, as shown in Figure 3.19. A complete rectifier consists of
transformer units that step the high voltage to low voltage. The rectifier circuit such as
diodes or Thyristors converts the low voltage to DC voltage (a control unit may be
incorporated if the Thyristors are used for the rectification). A filtering unit smooths the
output of the rectifier circuit such capacitors. An AC-to-DC converter can be divided into

two groups, controlled and uncontrolled rectifiers.

| Control Block |
-
h 4

Transfor r Rectifier Circuit
rnstormer Filtering Circuit

Figure 3.19: AC-to-DC Block Diagram (created by Author).

v
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3.14.6 Controlled AC-to-DC Converter

This controlled AC-to-DC converter makes use of electronic components that can be
controlled as a rectifying circuit, such as thyristors which can be controlled using a
microprocessor or microcontroller to regulate and control the firing angle of the
component. It is also known as a phase-controlled AC-to-DC converter. An AC-to-DC
converter is further divided into a single-phase half wave converter, a single-phase full
wave mid-point converter, a single wave full wave bridge converter, a three-phase half

wave converter, and a three phase full wave converter.
3.14.7 Uncontrolled AC-to-DC Converter

An uncontrollable AC-to-DC converter rectifies the AC voltage to DC using diodes. The
diode is an uncontrollable electronic component; no triggering is needed. Any type of
converter that is made of diodes as rectification can only be regarded as an uncontrollable

converter, it may be single or three phases. It can be divided into a single-phase half
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wave rectifier, a single-phase centre tapped full wave rectifier, a single-phase full wave
bridge rectifier, a three phase half wave diode rectifier and a three phase full wave diode

bridge rectifier or six pulse rectifiers.
3.15 Advantages of RDG Integration

The potential advantages of RDGs integration into the power system can be summarised
in Table 3.3

Table 3.3: Potential benefits of RDG

Advantages of RDG

1. | Voltage profile improvement.

2. | Losses reduced if adequately installed in the proper location and with an
appropriate size.

3. | Reduction in power transmission stress by providing power near load centres,
while the need to transmit bulk power for longer distance is eliminated.

4. | It provides environmentally friendly technology with no greenhouse emissions.

5. |Itis a good option for rural electrification where there is no access to the
national grid.

6. | It can serve as a relief for feeders’ overload when installed in the proper
location and size.

7. It defers the upgrade of T&D systems [182].

8. | Quick and easy installation of Modular RDG by utility or customers.

9. | Improvement of power quality and reliability.

10. | Low cost as compared to conventional power systems.
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11. | It creates power source diversity in power systems.

12. | It creates competition in the electricity market, thereby bringing low cost
electricity bills.

13. | It provides low investment risk and a short lead time.

14. | It provides for close tracking of load variation.

15. | It occupies less space as compared to conventional power methods.

16. | It can be efficient in peak shaving.

Disadvantages of RDG

1. | It causes bi-directional power flows in the grid, which alter power system
operator planning and protection strategies as compared to the conventional
power system with unidirectional power flows.

2. | Voltage rise/over at PCC can cause harm to sensitive equipment and
maintenance crew.

3. | The control process for an independently owned RDG may be challenging.

4. | The intermittent nature of the RDG can cause fluctuation in power out.
However, solar depends on irradiation from the sun while wind depends on
the breeze speed. Hence, they are non-dispatchable units.

5. | RDG can inject harmonics into the electric grid due to power electronic
interface.

6. | Short-circuit current flow may increase due to the bi-directional power flows of

the RDG.
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3.16 Summary

This chapter has presented in detail the renewable distributed generation technology,
relationship between RDG and smart grid, RDGs deployment, microgrid system,
classification and types, off-grid microgrid, grid tie microgrid, microgrid backbone,
microgrid controls, microgrid energy management system, converter building blocks,
types, advantages and disadvantages of RDG. The overall deduction from this chapter is
that a microgrid system with RDGs integration would be the fastest and best option for

rural electrification.
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CHAPTER 4

MATHEMATICAL CONCEPT OF VOLTAGE RISE AT THE POINT OF
COMMON COUPLING

4.1 Introduction

The strategic issues relating to Renewable Distributed Generation (RDG) which are high
on the schedule of any utility company are: how abundant RDG will appear in the
distribution grids, what consequence will the RDG have on the technical performance of
the grid; what effect will the RDG have on the financial performance of the utility; and
what deviations in technical design or commercial practice will be operational within a
distribution utility with RDG integration. The Power flows and Voltage profiles of a
traditional distribution system will differ when substantial amounts of renewable energy-
based distributed generation are integrated. Typical RDGs inject active power into the
grid, resulting in an over-voltage/voltage rise at the Point of Common Coupling (PCC).
The evolution of RDGS’ integration into the electrical grid is increasing and at the same
time raising the attention of power system operators due to the fact that over-generation
of electrical energy from this facility and its penetration levels may cause serious damage
to the system components/equipment and therefore the consumers. This chapter
investigates power system design and renewable distributed generation, mathematical
analysis of voltage rise, test system description, test system simulation without/with RDG
integration, voltage rise concept, impacts of RDG on distribution network, RDG
integration and voltage rise at PCC, and the voltage rise compensation methods that can

be employed in power systems with RDG integration. This chapter aims to:

+ Provide the mathematical knowledge of RDG integration and voltage rise concept
at PCC and the control.

+ Explore the improvement of distribution network voltage profiles with RDG

integration.

+ Provide methods that can regulate the potential voltage rise threat.
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+ Provide worst case scenarios with RDG integration and possible solutions.
The following are the research questions that guide this chapter:

+ Can RDG integration improves voltage profile of a distribution system?

+ What is the impact of RDG integration on a distribution system?
4.2 Power System Design and Renewable Distributed Generation

Based on the initial design of a conventional distribution network, power flows from the
substation to the loads in a unidirectional manner as shown in Figure 4.1. Integration of
RDGs into the power system changes the features of the power system as power flows
change from unidirectional to bidirectional. The summary is depicted in Table 4.1. Active
and reactive power usually flow from higher voltage potential to a lower voltage level.

The ratio of reactance to the resistance of the distribution network is less than or equal
to (%) while that of the transmission network is greater than or equal to 10 [183].

Consequently, the value of the resistances in the transmission network is lower as
compared to the distribution network. This high resistance in the distribution network is
responsible for the voltage drop along the feeders from the sending end to the receiving

loads.

Table 4.1: Power System Design and RDG.

Comparison Between Conventional Power System and RDG Design

S/N Conventional RDG

1. Unidirectional power flow. Bidirectional power flow.
2. Centralized generation. Distributed generation.
3. Manual monitoring. Self-monitoring.
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4. Manual restoration. Automatic restoration.

5. One-way communications. Two-way communications.

6. Electromechanical. Digital.

7. Few sensors. More sensors.

8. Limited control. Full control.

0. Failures and blackouts. Adaptive and resilient.

10. Managed by the Utility company/Govt. = Managed by a few

people/individuals.

4.3 Mathematical Analysis of Voltage Rise

Considering a distribution network of the two-bus system in Figure 4.1, an analysis of the
drop in the voltage along the line can be obtained. Equation (4.1) defines the sending
end voltage while equation (4.2) defines the power supply from the distribution network,

while the current flowing through the line is defined by equation (4.3).

[ ()

Substation

Ry + Xy
Feeder

Pload, Qiuaa’
Foa oad, < Joad

Figure 4.1: Equivalent circuit of Distribution system (created by Author).

V,=V,+I(R+jX) (4.1)
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=1
P+jQ="V,I" (4.2)
=51 (4.3)
Where ¥, = Sending end Voltage.

v = Receiving end Voltage.

R = Resistance of the line.

X = Reactance of the line.

I = Current flowing through the line.

P = Real Power flowing through the network to the load.

Q = Reactive Power flowing through the network to the load.

Proga = Real Power of the load.

Qroaa = Reactive Power of the load.

By substituting equation (4.3) into equation (4.1), the sending end voltage can be further

expressed in equation (4.4),

U = Uy + 2 (R +jX)
- ~  RP+XQ . .XP+RQ
Vo=V +—5—+i= (4.4)

Hence, the voltage drop between the sending end and the receiving end can be

expressed in equation (4.5).

P PN RP+XQ . .XP+RQ
AV =V,—-V, = 7 +j 7

(4.5)

The angle that exists between the sending end voltage and the receiving end voltage is
very small or negligible, the voltage drop would be equal to the real part of equation (4.5)
and if the reference bus is considered to be the sending end bus, the voltage angle at
that point would be zero (0) such that V, = |V, | = V,, the equation (4.5) can therefore be

re-expressed in equation (4.6).
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AV ~ BEEXQ (4.6)

Va

The sending end voltage (V) in equation (4.6) can be regarded as a unity. If the sending
end voltage of the system in Figure (5.1) is regarded as base voltage, then the equation

(4.6) can be re-expressed in equation (4.7).
AV ~ RP + XQ 4.7)

The amount of voltage at the PCC of consumers is vital for power quality. As specified
by IEEE 1547 std., which allows 6 variation in PCC voltages due to penetration of RDG
into AC grid while South Africa allows -15 % to +10 % (0.85 to 1.1 voltages per unit) for
low voltage and + 10 % for medium and high voltage around nominal voltage. The voltage
level at the point of load connection can be described by the standard IEEE 13 Node

feeder test system in Figure 4.2.
4.3.1 Test System Description

A modified IEEE 13-bus test system is used in this research study to investigate the
impacts of RDC integration at the PCC of the distribution network. The IEEE 13-bus test
system is a standard test system that has a challenging voltage management feature, as
it demonstrates extreme voltage concerns. It comprises both medium and low voltage
distribution networks (4.16 kV to 480 V ) and is one of four standard distribution models
developed by the IEEE Power Engineering Society’s Power System Analysis Computing
and Economics Committee [184], [185]. The test feeder is short and relatively highly
loaded. It is very indicative of the types of distribution systems in use for research. The
test system is modified and modelled as balanced three phase in a MATLAB/SIMULINK
environment. All the underground lines are modelled as overhead lines because there
is no underground cable in the simpower systems library of Simulink. The network loading
is modified to be 1.5 MVA while the capacity of the distribution station is 510 kVA with
4.16 kV voltage level. The total length of the network is 25km. The detail parameters of
the system are depicted in Appendix A.
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Figure 4.2: IEEE 13 Node feeder test system [184], [185].
4.3.2 Test System Simulation

The test system is simulated, and the graphical representation of the measured voltage
parameters obtained from the system are shown in Figure 4.3. The network allowable
voltage variation is guided by the IEEE 1547 which allows for £6 variation in PCC voltages
and the South Africa grid code that allows -15 % to +10 % (0.85 to 1.1 voltages per unit)
for low voltage and + 10 % for medium and high voltage around nominal voltage [186],
[187]. It is observed that the system voltage profile variations are within the specified limit
of both £6 and -15 % to +10 %. Whereas, if the distance of the distribution line is longer
than 25 km and the loads connected to the system are greater, by analogue thinking, the
farthest nodes of the network will fall outside the specified voltage limit. Hence, utility
companies usually run their networks to be within the allowable voltage ranges and
regulate the network voltage with the aid of an automatic voltage regulator and on tap

changing transformers.
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Figure 4.3: Test System Voltage Profile.
4.3.3 Voltage Rise Concept

The conventional distribution networks are usually designed to have a stable voltage
profile initially. Voltage rise may not be a concern but when RDGs are integrated into the
network, the power flow is not unidirectional anymore. Power flows not only from the
substation to the farthest node of the system anymore, but it can also now flow back from
the farthest node towards the substation due to the RDG integration. The system voltage
profile would definitely be affected by the RGDs integration because the network is not
passive but has become an active network. The voltage generated by the RDGs must be
higher as compared to the voltage of the other nodes around the PCC for the power to
be exported to another part of the network. This can be best described by equation 4.7.

Therefore, the receiving end voltage (V,) can be expressed in equation 4.8.
V, =V, + RP + XQ (4.8)

The change in the power flow direction results in the RDGs voltage being generated to
rise above the sending end voltage such that the node at which RDG is connected to a
distribution network will form an active point. The weak node will become an active node,
while further increase in the number of RDGs and the penetration levels will make the
nodes near the PCC more active resulting in fewer weak zones in the system. Hence,

active zones become smart zones, while further increase in RDGs penetration levels will
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eventually result in a smart point which can control the whole local network. The more
the PCC becomes an active point, there is a potential voltage rise threat at that point if
the voltage at that point is not regulated which can be explained in Figure 4.4.

Va WRDG

Grid ‘ « PQ PRDG
] () D e F—
«—»
oM Ry +; _ S
| Lo o

Substation Feeder

(.Plcnd Q )
Ioad » *load

Figure 4.4: RDG Integration to Distribution Network (created by Author).

RDG is integrated into a distribution network via the distribution line with impedance as

shown in Figure 4.4, where:

Prpe = RDG Active Power.

Qrpe = RDG Reactive Power.

P, = Active Power of the Load.
QL = Reactive Power of the Load.
R +jX = Impedance of the Line.

The rise in voltage at PCC due to the RDG integration can be expressed in equation
(4.9).

RP+XQ
AV = Vrpe — Vgen = (4.9)

VrDG
Where P = (Pgpg — P,) and Q = (=0, + Qrpg)
From equation 4.9, V gy can be expressed in term of per unit in equation 4.10.

AV = Vrpe — Vgen = R(Prpg — P1) + X(—Qy £ Qrpe) (4.10)
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Most of the time, RDG exports active power (+Pgp) to the grid and the reactive power
(£Qrp¢) can be exported or imported from or to the grid while the active load and the
reactive power (P and Q;) are consumed by the loads. Depending on the type of RDG
that is integrated into the distribution network, some export real power to the grid when
the loads connected reduce below the generator output. Reactive power could be
exported or absorbed depending on the settings of the RDG’s excitation scheme. For
example, a synchronous generator can be used for a wind energy converter while an
induction generator consumes reactive power to operate. Solar Photovoltaic exports real
power to the grid at a predetermined power factor. The flow of power could occur in both
directions based on the real and the reactive power loading of the system as compared

to the output of the generator and the system losses.
4.4 Impact of RDG on Distribution Network

This section investigates the impact of RDG on Distribution Network (DN). A RDG (solar
farm of 100 kW to 1 MW) is integrated into the network of Figure 4.2 at bus 684 (the
network designed in Simulink can be found in Appendix A, Figure A1-A6) as shown in
Figure 4.5 to meet a certain customer load demand while the distribution substation
voltage is controlled at 100 %. Penetration level is the ratio of the installed RDG capacity
to the total load demanded, i.e., In a network with total loading of 1.2 MVA, RDG rated
power of 120 kVA will be equal to the 10 % penetration level in the network. Figures 4.6
and 4.7 depict the graphical representation analysis of the simulation results. It is
observed that the network voltage profiles improved considerably with increased RDG
integration penetration levels and is within an acceptable voltage range. It is also
observed that the voltage of node 684 at which the RDG is connected (PCC) is higher
than any other voltages of the network as previously said, as shown in Figures 4.6 and
4.7. This is because of the injection of active power by the RDG which makes that
particular bus voltage (PCC) more active than any other node. The impacts are
noticeable at the PCC and the closest node in both directions around the PCC. The
voltage profiles are within an acceptable range as specified by IEEE 1547 and the South
Africa grid code act of RDG connection at PCC. The investigation of the impacts of RDG
integration into the power system based on the research investigation and the simulation

carried out with the results obtained in this section implies that impact of RDG integration
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will improve the distribution network voltage profiles and make the weak
node/bus/network active. Hence, a weak node can become an active node with RDG

integration while a weak network can become an active network.

115kV 650

646 gas 16KV ig3r 633 3 634

684 671 692 675

|
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Figure 4.5: RDG Connection to DN.
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Figure 4.6: Improved DN Voltage Profiles at (10 %- 40 %).
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Figure 4.7: Improved DN Voltage Profiles at (50% - 80%).
4.5 RDG Integration and Voltage Rise at PCC

The network loading remains the same while penetration levels of RDG into the network
increases from 60%, 70%, 80%, 90% and 100% at bus 684. The graphical analysis of
the simulation are shown in Figure 4.8. The increase in the RDG penetration levels
causes reverse power flow towards the distribution substation as depicted in Figure 4.8
around the nodes 675 and 692. The voltage at bus 684 (PCC) rises above the allowable
voltage range of maximum 1.1 pu due to the integration of large RDG. The over voltage
occurs in both directions such that the power flows towards the distribution substation
and also to the farthest bus of the network. By analogous thinking, similar occurrences
may take place during low load and high generation of RDG integration. It is therefore
worthy to note that before considering RDG integration to the power system, the power
system operator should consider the possibility of power being exported back to the
substation in case there is an over generation of power from RDG as this will give them
the ideal of choice of transformer to be installed that can tolerate the operation of reverse

power flow.
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Figure 4.8: Improved DN Voltage Profiles at (60 - 100%).

The simulation in Figure 4.8 satisfies the equation 4.10 such that RDG exports active
power (+Pgp¢) to the grid. Hence, with RDG integration, the threat that under voltage
potential will occur at the far end cannot exist. Power system deregulation, reliable power
supply, power quality, meeting customers’ load demands, economic value and the
environmental regulation of greenhouse emissions are some of the primary aims of
integrating RGDs into the power system. Therefore, equation 4.10 can be further

expressed in equation 4.11.

P = PRDG_Va+RPL;X(_QLiQRDG) (4.11)

Thus, from equation 4.11, the level of RDG that can be integrated into a distribution
network can be deduced. It depends on the following:

+ The voltage at the distribution substation.
+ The voltage level at the farthest bus.

+ The distance of the network and the conductor size.
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+ Load demand within the network.

There are critical situations that can be investigated, and the outcome put into
consideration when RDGs are to be integrated into a distribution network in order to
regulate the activities of RDGs at the PCC, especially the impacts on the voltage rise

such as:
+ Peak load and Peak RDG generation.
+ Peak load and low RGD generation.
+ Low load and Peak RDG generation.
*+ No load and Peak RDG generation.

If the most critical situation is to be considered such that there is a reduction in the load
demanded with a peak RGD generation, the analysis of such situation can be expressed
by employing equation 4.10 and re-stated in equation 4.12. Meanwhile, if the network is
operating at unity power factor, then equation 4.13 is valid. Based on this assumption,
equation 4.10 can be re-expressed in equation 4.14.

P, =0,Q, = 0,and Prps = Prpg mMax (4.12)
+Qrpe =0 (4-13)
AVeriticat = Vrpe max — Va = RPrpG Max (4.14)

From equation 4.14, it can be observed that the PCC voltage rise depends on the
resistance (R) of the distribution lines and the penetration power of the RDG. Hence, if
the resistance of the distribution line remains unchanged, the equation 4.14 can be re-
expressed in equation 4.15. From equation 4.15, it can be deduced that the amount of
voltage in a distribution network with RDGs integration is directly proportional to the active

power injected into the network by the RDGs.

AVCritical 4 PRDG Max (4-15)
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A linear relationship exists between the active power generated by the RDGs and the
occurrence of voltage rise at PCC. The voltage rise would be burdensome and raise a
concern when there is no load demand in the network due to the fact that the power
injected by the RDG would be exported back into the distribution substation. If such a
thing happens, damage to power system equipment and components is inevitable.
Furthermore, the occurrence of voltage rise at PCC because of impacts of RDGs
penetration levels can limit the amount and the extent at which RDG can be integrated
into the power system. The above statement can be proved from equation 4.13, which
can be re-expressed in equation 4.16.

14 ax_Va
PrpG Max = % (4.16)

The amount of RDG that can be integrated into the existing network would be limited by
the peak/maximum voltage produced by the RDG connected to PCC which is expressed
in equation 4.17.

Prpe Max < W (4.17)

Hence, from the critical situation, it can be observed that the resistance of the distribution
line and the voltage rise at the network nodes is vital to the amount of RDGs penetration

to the distribution network.
4.6 Voltage Rise Compensation Methods

With RDG integration into the distribution network, the voltage level of the system will be
altered, and power flows will now be bidirectional. With the integration of RDGs into the
power system, the voltage sag may not be the foremost concern anymore since active
power injected by the RDG will cause the system voltage to increase. Hence, RDG
integration introduces a new challenge, the voltage at the Point of Common Coupling
(PCC) of RDG is higher as compared to the other buses of the network. Hence, active
power increases with an increased penetration. This results in a voltage increase at the
PCC, thereby causing a voltage rise. Voltage rise challenges were reported as the
foremost concern against the connection of RDG to medium and low-voltage distribution
networks [188], [189], [111]. A large RDGs integration into a distribution network can
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cause an extreme voltage rise at PCC if not regulated or controlled appropriately.
Conventionally, most of the distribution substations are fortified with an automatic over-
voltage protection strategy to safeguard the power system equipment, components and
loads from excessive voltage rise. Nevertheless, sometimes the protection scheme
arrangement can disconnect RDG permanently from the network or can also disconnect
distribution supply from the main grid which can have a critical effect on the customer
loads connected to the system, therefore causing independent power producers to lose
revenue. The voltage rises at the PCC with RDG integration can be mitigated through

the following:
+ Reduction in the distribution resistance.
+ Distribution substation Voltage control method.
+ RDG penetration curtailment.
+ Reactive power compensation strategy.
4.6.1 Distribution Line Resistance Reduction

The voltage rise at the PCC poses a great limitation of a large RDG integration into a
distribution network. This is because voltage is directly proportional to the current flowing
through a resistance (Ohm’s law), which means voltage increases as current or
resistance increases. For alternating current networks, the impedance comprises
inductance, resistance and capacitance. By adjustment of these components, voltage
increases or decreases. Thus, the voltage drops as a result of the impedance of the
feeder. The flow of the current, the load, the transformer and the source voltage define
the voltage at the end of the feeder. If the amount of RDG integration into the Distribution

network remains unchanged, equation 4.18 can be deduced from equation 4.16.
AVCritical aR (4-18)

The equation 4.18 shows the critical situation whereby the voltage rise from RGD peak
penetration is directly proportional to the distribution line resistance. Hence, by reducing
the line resistance the voltage rise would be reduced considerably. This process can be

logically carried out by increasing the size of the conductors of the distribution network.
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This method may be slightly difficult to implement on the existing distribution system, but
it can be proposed and implemented for the new distribution network. It is therefore
recommended that the utility company consider reducing the distribution line resistance
by increasing the conductor size while constructing a new distribution system as this will

enable large RDGs integration into the system.
4.6.2 Distribution Substation Voltage Control Method

In a conventional distribution system, it is usually a standard to sustain distribution
substation voltage above nominal voltage value. This process is carried out to keep the
network voltage within an acceptable range as specified by the IEEE 1547 and South
Africa Connection Act ( £6 or 0.85 to 1.1 pu). However, this situation is not valid when
RGDs are integrated into the system as investigated and confirmed in the simulation
result in Figure 4.8. From equation 4.19, if the voltage supply from the distribution

substation can be controlled, then the voltage drop can be regulated.
AVeriticat = Vroe Max — Va (4.19)

This method of controlling the voltage supply from the distribution substation can easily
be carried out using Online Tap Changing Transformer (OLTCT). The voltage regulation
is possible in this regard in a short distribution network however, such practice may be
cumbersome in a long-distance distribution network because more transformers exist in
a long distribution system, carrying out such a practice may not be practicable.
Nevertheless, by optimising the supply voltage value and online tap changing transformer
tap position, the system voltage can be regulated to the minimum.

4.6.3 RDG Penetration Level Curtailment

The occurrence of voltage rises at the PCC because of the integration of large RGDs into
a distribution can be regulated through curtailing the RDGs integration penetration level.
The consequence of RDGs curtailment can be expressed in equation 4.20. This equation
can be re-expressed in equation 4.21.

VRDG Max-vg,
PRDG Max ~ PRDG Curtailment + R (4-20)
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RPrpG max = RPrpc curtaitment + VrpG Max-v,

VrpG Max — Va = RPrpG Max — RPrpc curtaitment

from eq. 4.9, AViriticat = Vrpe max — Va

Va = Vepe Max — AVeritical

VRDG Max — VRDG Max T AVCritical = RPRDG Max — RPRDG Curtailment
AVeriticat ® RPrp max — RPrpG curtaitment

AVCritical ~ RPRDG Max ~— RPRDG Curtailment (4-21)

From equation (4.21), it can be observed that by curtailing RDG integration penetration
levels, voltage rise can be therefore regulated at PCC. The critical situation does not
always occur such that the minimum load is positioned versus peak RDG generation.
Therefore, it is desirable to tolerate large RDG integration at PCC and curtail it whenever
there is voltage rise occurrence to certain set voltage range. The total amount of RDG
curtailment annually can be determined by how often minimum load versus peak RDG
generation occurs. The only disadvantage of RDG curtailment is the reduction in revenue
which can affect the utility and the independent power producers because the electricity
price is normally influenced by the amount of load demanded. Logically, the loss of
revenue would not be so much as the RDG curtailment will normally occur during the low
load and RGD peak generation situation. Hence, the amount of curtail may be moderately

low.
4.6.4 Reactive Power Compensation Strategy

Reactive power control is critical in the electrical grid to avoid voltage breakdown, voltage
instability, and voltage rise when there is an unusual occurrence or eventualities at PCC.
Voltage rise and instability occur in a system wherever there is insufficient reactive power
during RDG over generation, heavy loading and disturbances such as grid faults [190].
Installing Flexible Alternating Current Transmission System (FACTS) devices such as
STATCOM and SVC connected to the PCC of a large renewable farm, allows dynamic
compensation of reactive power and voltage rise control capability to be realized since
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the lesser the voltage at PCC, the more reactive power is needed [191]. It is also very
valuable in power system interruptions. Reactive power may be supplied by mechanisms
embedded in the network itself and by additional elements inserted into the network to
balance the reactive power of this system [192]. The FACT compensation method should
be a requirement for a system with non-linear loads and RDGs integration to provide
voltage support, and attenuate voltage rise at PCC and stability in the event of network
disturbance. If the voltage rise at PCC with Large RDGs integration is to be regulated, a
FACTS device will be installed at PCC which can be expressed from equation 4.10 to

produce equation 4.22. The equation 4.22 can be re-expressed in equation (4.23).
AV = Vrpg — Vo = R(Prpc — PL) + X(£Qc — Q1 £ Qrpe) (4.22)

Where +Q. = Compensator reactive power (it can generate or absorb). The voltage rise
can be easily controlled with a reactive compensator. When the device is strategically
installed at the PCC to generate or absorb reactive power, the voltage rise at that point
would be considerately minimized. This could also allow more RDG penetration levels

without the fear of PCC over voltage or voltage rise.
AV = Vgpe — Vo = R(Prpg — P) + XQumport (4.23)

Where leport = iQC -QLt QRDG

If a critical situation is to be considered and the network operates at unity power factor,

equation 4.23 can be re-expressed in equation 4.24.

AV(:ritical ~ RPRDG Max t XQImport (4-24)

RDGs always export active power (+Pgp;). Thus, a RDG may also export or import
reactive power (+Qgp;) depending on the RDG parameters e.g., a synchronous
generator can import power at a 0.95 power factor, whereas a wind turbine with
uncompensated induction generator can import power at about a 0.9 power factor.
Whereas the load consumes both active (P,) and reactive (Q,) power and the
compensators may export or absorb only, reactive power (+Q.) depends on the voltage
rise occurrence at PCC. From the equation 4.24 it can be deduced that the increase in

the amount of reactive power imported would bring the regulation of voltage rise at PCC.
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The higher the negative value of (XQ;mp0re), the lower the reduction in the voltage rise at

PCC.
4.7 Summary

Chapter four has presented power system design and renewable distributed generation,
a mathematical analysis of voltage rise, test system description, test system simulation
without/with RDG integration, voltage rise concept, impacts of RDG on distribution
network, RDG integration and voltage rise at PCC, and the voltage rise compensation
methods that can be employed in a power system with RDG integration. The overall
deduction from this chapter is that for every RDG integration into a distribution network,
voltage profile would be improved. When a large RDG is considered for integration, there
would be a potential voltage rise threat at the PCC which the utility or independent power
producers should include in their plan for installing a compensator at PCC for voltage rise
regulation. This should be done before such RDG integration is allowed, to protect power

equipment and the loads connected to the system.
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CHAPTER 5

VOLTAGE RISE REGULATION WITH RDG INTEGRATION AT PCC

5.1 Introduction

In recent times, the growth in peak load requirement and the integration of RDGs into a
distribution network raised worries regarding the grid voltage security, power fluctuations,
instability, and voltage collapse. Primarily, loss of voltage support in a system can make
voltage unable to recover which can lead to a voltage failure. As the voltage reduces,
voltage sag protection relay trips, thereby decreasing the capacity of the grid to cope with
the failing voltage. These challenges are considered accountable for numerous important
disturbances in a transmission and distribution network and substantial research attempts
are ongoing to limit the occurrence. Power system equipment is designed to operate at a
certain voltage range. However, in the event of under voltage or if voltage goes out of the
equipment limits due to overloading, or grid disturbance, then such equipment can
malfunction and be damaged. But with large renewable energy integration into the grid,
there would be an improved voltage profile as investigated and confirmed in Chapter 5.
RDGs integration is getting attention across the globe and the rate of development is
quite rapid. This is because of its positive impacts in that it is a clean energy, it is pollution
free, itis naturally replenished on a human time scale and it is able to improve grid voltage
profiles [193]. However, large-scale RDG farms’ integration into electrical grids could also
bring negative impacts such as, voltage rise, voltage fluctuation, grid instability when
there is a disturbance, and over generation due to the fact that most mechanical switches
are failing to keep pace with the dynamic swings of the power system. Hence, static
electronic devices called Flexible Alternating Current Transmission Systems (FACTS)
come into play to enhance line power transmission/distribution capability, maintain grid
reliability and balance and reduce power flow on overloaded lines. FACTS also improve
steady and transient stability, provide network security and make for a more energy
efficient transmission system. There are various kinds of compensator devices such as,
Thyristor-Controlled Reactors (TCR), Static Synchronous Series Compensators (SSSC),
Thyristor-Controlled Series Capacitors (TCSC), Static Var Compensators (SVC),
STATCOM [194] etc., that are used for power system applications. But STATCOM and
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SVC are more efficient when it comes to reactive power control, voltage dip mitigation
and grid stability, as they compensate for load imbalance, voltage/angle control and damp
oscillations [195]. Literature reviewed in, [143], [144], [145], [146], and [147] confirmed
that STATCOM and SVC are used extensively to maintain distribution system stability.
STATCOM demonstrates more transient response stability than SVC in [148]. The
STATCOM compensator device is used to balance capacitor voltage in [149], [150], [151],
[152] and [153], while [154] employs the same compensator to control harmonic current.
Disturbance and error rejection control is proposed in [155], voltage mitigation during
symmetrical and asymmetrical faults, and minimisation of surge currents is carried out
with STATCOM compensator in [156]. Wind farm stability is tested in [157], [158] and
[159], to improve voltage and transient stability in [160], mitigate oscillation in [161], and
mitigate flicker in [162], [163]. However, the compensator device has not been used to
mitigate voltage rise with RDG at PCC. Its response time and the rate of delivering
capacitive power capability are not covered in the literature review. Although there are
different application of STATCOM, this research thesis is limited to the investigation of
the dynamic response of STATCOM to regulate the voltage rise at PCC which has not
been done before. STATCOM controlled capability is compared with other FACTS
devices such as SVC in terms of capacitive reactive power output. To control the voltage
rise with renewable energy integration at PCC, it is expected that the grid codes
continually require the capacity of dynamic voltage control by constant adjustment of
reactive power delivered to the grid. Therefore, the rate at which the reactive energy is
delivered/absorbed during the voltage rise at PCC should be an important precondition
for most RDGs, such as wind solar farms. Hence, how to accomplish this objective in the
most economical way, STATCOM becomes a vital research area in voltage rise
mitigation. The installation of STATCOM at the PCC is an essential way for a large RDG
penetration to accomplish dynamic reactive power compensation and voltage stability
[157], [158], [159], [160], [145]. If transience occurs like unexpected loading, or voltage
rise at PCC due to large RDG integration and network catastrophes, the grid
component/equipment and loads could be exposed to greater strain [161], [162], [163].
Hence, by the installation of STATCOM with PWM control scheme into the network, grid
instability can be minimized to a required limit and PCC voltage rise subdued. This

chapter investigates STATCOM’s compensation strategy and its mathematical analysis
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in mitigating voltage rise at PCC. The chapter also presents STATCOM’s dynamic
response, modelling, regulatory capability, simulation of the voltage rise mitigation at
PCC, and its response during fault conditions. A simulation comparison between

STATCOM and SVC is also presented. The following are the contribution of this chapter:

+ Voltage rise at PCC is compensated through reactive power control of STATCOM.

+ Continuous operation of a large RDG integration is achieved without violation of
voltage rise limit in relation to grid code at PCC.

+ Dynamic grid voltage control during network disturbance.

Research questions that guide this chapter are:

*+ How can voltage rise be regulated at PCC with a large RDG penetration level?

+ Can a large RDG integration continue operation or be disconnected at PCC due

to voltage rise?
5.2 Compensation Strategy and Mathematical Analysis of STATCOM

Reactive power control is critical in the electrical grid to avoid voltage breakdown, voltage
instability, and voltage rise when there is an unusual occurrence or eventualities at PCC.
Voltage rise and instability occur in a system wherever there is insufficient reactive power
during a large RDG integration, heavy loading and disturbances such as grid faults [190].
When installing STATCOM and SVC connected to the PCC of large renewable farms,
dynamic compensation of reactive power and voltage rise control capability can be
realized, since the lower the voltage at point of common coupling, the higher the reactive
power desired in any network [191], [192]. The compensation method should be a
requirement for a system with a large RDGs integration to provide voltage support,
attenuate voltage rise at PCC and offer stability in the event of network disturbance. If
the voltage rise at PCC with a large RDGs integration is to be regulated, a compensator
device will be installed at PCC which can be expressed from equation 4.10 to produce

equation 5.1. The equation 5.1 can be re-expressed in equation 5.2
AV = Vrpg — Vo = R(Prpe — PL) + X(£Q — Q1 £ Qrpe) (5.1)

Where +Q. = Compensator reactive power (it can generate or absorb), to control the
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voltage rise at PCC with continuous operation of RDG integration, a reactive
compensator has a great role to play. When the device is strategically installed at the
PCC to generate or absorb reactive power, the voltage rise at that point would be
considerately minimized. This could also allow more RDG penetration levels. If the
compensator voltage is lower than PCC voltage, Qc becomes positive, as the
compensator absorbs reactive power. When the voltage of the compensator surpasses
the PCC voltage, and Qc is negative, the compensator produces a reactive power. When
the voltage of the compensator is equal to the PCC voltage, the compensator will remain

unactive.
AV = R(Prpe — Prpc) + RQexport = R(Prpg — P) + X Qumport (5.2)
Where leport =10, — Q1 £ Qrpg

If a critical situation is to be considered and the network operates at unity power factor,

equation 5.2 can be re-expressed in equation 5.3.

AVCritical = RPRDG Max t XQImport (5-3)

RDGs always export active power (+Pzp¢). Thus, it may also export or import reactive
power (+Qrp;) depending on the RDG parameters e.g., a synchronous generator can
import power at a 0.95 power factor, whereas a wind turbine with an uncompensated
induction generator can import power at about a 0.9 power factor. Whereas the load
consumes both active (P,) and reactive (Q,) power and the compensators may export
or absorb only reactive power (+Q.), depending on the voltage rise occurrence at PCC.
From equation 5.3, it can be deduced that the increase in the amount of reactive power
imported would bring the regulation of voltage rise at PCC. The higher the negative value
of (XQrmport), the lower the reduction in the voltage rise at PCC. The compensator device
employed in this research investigation to mitigate voltage rise at PCC is a static
compensator (STATCOM), which incorporate the Pulse Width Modulation (PWM) control

scheme.
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5.3 Compensator Device Connection Model to PCC

This section presents the details of the structural representation of STATCOM to mitigate
the voltage rise at PCC and the corresponding basic circuit equivalent. The STATCOM is
a shunt device using power electronics to control power flow and improve transient
stability of the power grids. STATCOM structure in MATLAB/SIMULINK has three
terminals. ABC as depicted in Figure 5.1, (V) is the input of external voltage while trip
represents logical input signal (0 or 1). When this input is high, the STATCOM s
disconnected, and its control system is disabled. It is also used to implement a simplified
version of the protection system. STATCOM parameters are grouped in two categories:
Power and Control tab. Converter rating, current, nominal voltage, DC link voltage,
impedance, and capacitance rating are specified in power tab while control tab consists
of modes of operation (var and voltage control) and droop that control the slope (the

regulator gains Kp and Ki).

Trip
A

STATCOM m >
B

| =

Figure 5.1: STATCOM Structure in Simulink.

STATCOM is a circuit-fed reactive power compensation device which is able to produce
and/or absorb reactive power, such that the precise data of the grid is controlled to modify
the output voltage [196]. STATCOM is a Voltage Source Inverter (VSC) that rectifies the
direct current input (DC) voltage in an AC output voltage to complement the active and
reactive power required by the system [197], [198], [199]. The STATCOM schematic
representation and connection model to PCC is depicted in Figure 5.2. 3-@ voltage source

V.

wa Vgp, and Vo) represents an AC system which in series connection with a

transmission line, (L,) represents inductance of the line while the resistance and

transformer are assumed to be negligible. By controlling the real power of the system,
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(V4¢) can be regulated. The (V) is supported by a Direct Current (DC) source which can

be a DC energy source such as battery banks. (P;) compensates for the VSC power loss.

PCC
Iot=0 A B = 0=
ext - bc 3 0 => AC System
ST :
[ Vea  iaR*7on L ¢ Vsa
v . $
PMW v, | iR+, L R
b b on H S
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Vic | | R*%onL g Vse
Ll rL + 3 _|
Al | LrE |
| Re3 |
——— | Grg
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| P 4, [pzL ] m .
P ThEdkameny | Voq | LayLvfLe
5(‘ my 171q Yy iq I ’;f — P R .
T Tl S ref Load
Compensator in dq- frame orendl :

P 0

ext
Compensator

Saturation
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Figure 5.2: Compensator (STATCOM) Connection to PCC [199] .

The electrical nodes on STATCOM connection to 3-@ AC constitute PCC. The voltages
at that point are (V;,, Vs, and V). The phase lock loop PLL input is taken from PCC, and
3-@ loads are also supplied from the PCC. 3-@ RLC filters are connected in shunt with
the STATCOM at PCC to filter unwanted current harmonics, amplitude and frequency
signals of the load voltage from flowing into the grid. The STATCOM has constant current
characteristics when there is under-voltage/over-voltage, below/above the boundary,
which permits STATCOM to provide constant reactive power. The relationship between
the Alternating Current of the network voltage and the voltage at the STATCOM
Alternating Current side terminals offers the influence of reactive power flow. When the
terminal voltage of the STATCOM contact is above the network voltage, STATCOM would
inject reactive power to the grid and STATCOM acts like a capacitor. As soon as the
STATCOM voltage is below the AC voltage, STATCOM functions as an inductor and the
reactive power flow is reversed. When the network voltage is equal to the STATCOM

voltage, there is no energy exchange [200], [201].
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5.4 Dynamic Response and Modelling of STATCOM

The modelling of STATCOM'’s dynamic voltage regulation at PCC involves linearizing the
non-linear circuit elements at the operating point of STATCOM, as well as when the
behaviour becomes non-linear at the PCC. The modelling is divided into two signals; the
first signal modelling is the STATCOM's dynamic voltage response which is obtained by
applying a small (AC) signal on top of the DC operating points called large signal while
the second modelling is to obtain a DC operating point of STATCOM at PCC called small

signal.
5.4.1 STATCOM Dynamic Voltage (Large Signal)

The voltages at the PCC (Vg,, Vs, and V) are being regulated by STATCOM with
(ira ipand i) while (i, i, andi.) are controlled. The relationship is presented in
equation 5.4 to 5.9, where (V,;;) is the voltage of the AC system neutral point with
respect to the midpoint of the VSC DC bus. When the space phasor of balanced 3-@ is
considered, the sinusoidal function is produced in equation 5.10, where (f), (80) and (w)
are amplitude, phase angle and angular frequency. The sinusoidal function of the space
phasor is given in equation 5.13. Equations 5.4 and 5.5 multiply both sides of equation
5.11 and add to equation 5.12. Space phasor does not contain (V,,;), therefore,

equations 5.4 to 5.6 are added to produce equation 5.13.

Via = Lg 2 + Vo + Vi (5.4)
Vo = Lg =2+ Vg + Vi (5.5)
Vie = Lg =2+ Vye + Vi (5.6)
lga = lg = lLaq (5.7)
lgp = Ip — lp (5.8)
ige = Ic — isc (5.9)
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fa(t) = fCOS(Wt + 90) ;fb(t) = fCOS (Wt + 90 - 2?”) !

f.0= f cos (wt + 6y — 4?”) (5.10)
f@) = g(ejofa(t) + ej%nfb(t) + e’%ﬂfc(t)) (5.11)
Vs’ng?f#Vg’ (5.12)
el0 + ej%n + ej%n =0

g=I—1 (5.13)

Consider the AC voltage (Vyq, Vgp, and Vy):

Voa =V cos(wye + 69), Vg, =V, cos (WOt + 6y — 2?”)

Voe = Vpcos (woe + 6, — =) (5.14)
Where (f) = Amplitude of the line to neutral.

Wo = AC frequency.

6, = Phase angle.

(Vo) = Voltage of the AC system neutral point.

When equation 5.14 is multiplied by equation 5.11, equation 5.15 is obtained. From Figure
5.5, if (dq) frame with angle (p) is used to control STATCOM, equation 5.11 can be
substituted to give equation 5.16. Similarly, equation 5.11 is substituted to give 5.14.
Following the similar substitution in equation 5.13, equations 5.18 and 5.19 are produced.

By comparison, the real and imaginary component can be obtained through derivative of

equation 5.15 multiplied by e’? to obtained equations 5.20 and 5.21. (w = %) and (w)

is controlled by a phase lock loop (PLL) based on equation 5.22. The [w(t)] in equation

5.22 represents a nonzero steady state value when (V,;) settles at zero. A dynamic
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system is represented by equations 5.18 to 5.22, where (V;,) is the output, (I,) and (I,)
are control input (I;4) and (I,q) are disturbance inputs. Hence, the dynamic variable (w)
depends on the operating point, but to further clarify the operating point, (Vsq) IS
substituted for equations 5.18 and 5.19 respectively. The dynamic responses of (p) and

(w) are indicated in equation 5.23 where their natural and forced transient components

are equal to zero.

—

V, = 1% SV t+00) (5.15)
g
Vs = Vsdqejp, ?g = igdqejp, Vg = Vgei(wotwo)
d (. N

Vquejp =L, o (lgdqejp) + Vgej(WOH'OO) (5.16)
g = e L=ty ony =0 o

igdq = idq - iqu (517)
igd = id - iLd (518)
igq = iqg — iLg (5.19)

diga ~

Vsa = Lg prai ngigq + Vycos (wyt + 6y — p) (5.20)
Vg =L, 2988 [ i+ si 0 5.21
sq = Lg—, — nggd+ gSin (Wot + 6y — p) (5.21)
dp
P — w(t) = HE)V,qo (5.22)
P Boa 4 v 7 i 0 5.23
== LyH(p) (T + ngd) + V;H(p)sin (wye + 6 — p) (5.23)

(Veq)

(Ip) and (1)

Voltage output.

Control input.
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(Ig) and (1) = Disturbance inputs.

5.4.2 STATCOM Dynamic Voltage (Small Signal)

The dynamic voltage at PCC (small signal) can be obtained from equations 5.20 to 5.22

around a steady state operating point. Let perturbed variable be defined, if (p% < 1) , then

equation 5.25 is obtained. From equation 5.25, perturbed variable is substituted in
equations 5.20 and 5.21. Hence, substitute for (¥,cos p0) and (¥;sin p0) in equations 5.27
and 5.29 from equations 5.26 and 5.27. Similarly, perturbed variation of equation 5.24 is
substituted for in equation 5.22 and 5.30 is deduced. The Laplace transform of equations
5.28 to 5.31 produced equations 5.29 to 5.32. The equations 5.28 to 5.30 and its Laplace

transform of equations 5.31 to 5.33 described a linear system that is the small signal
equivalent of the system as described by equations 5.20 to 5.22. The dynamics of (175(1(5))
in terms of (7,,) and (1,,») can be obtained by elimination of (V;,) in equations 5.32
and 5.35, then (P) can be substituted in equation 5.31 thus, equation 5.34 is obtained.
Where Gd(s) and Gq(s) are transfer function, which have parameters of Iga0 and lgq0. 1¢=0,
lso= Ta = 0, then the STATCOM exchanges a small amount of real power with PCC, such
that Ps = 0 and the DC side power of Pioss = VDClioss. Based on equations 5.19 and 5.20,
equations 5.35 to 5.37 are obtained. When Tgs and Tgq from equations 5.37 and 5.38 are

substituted for in 5.34, the load and control effects are obtained in equation 5.39.
Vsa = Vsao + I75(1
Vig =0+ Vg

lgd = l’ng + Lgd

@ @

Wor + 0y —p = —(po +p) = dt = wy + dt (5.24)
w w

cos(py + D) = cospy — (sinpy)P

sin(py + P) ~ sinpy + (cos po)P (5.25)
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A~

Vsao = —Lgwoigao + Vgcospg (5.26)
0 = L woigao — V,sinp (5.27)
Voa = Lo 28— L gy — Ltgaon = (TpSinpo)p (5.28)
Vg = Ly 22— L wotya = L jgaon — (Fyc05p0)p (5.29)
L= w=H, (5.30)
Vsd(s) = Lgsigd(S) - ngoigd(s) - Lg(igqos + WOigdo)ﬁ(S) (5.31)
Vi) = Lystga® L jworga + Ly (igaos + Woigqo)B(s) (5.32)
p(s) = @ Vo (5.33)
V. g0 = Gaor o+ Gao1 (5.34)
lgao = —lLdo (5.35)
igq0 = iqo — iLqo (5.36)
fgq ~ —l1a (5.37)
Ty =g — I1q (5.38)

Gy . —G (57
e Gq(s)iLq(S) + q(S)Iq(S)

load ef fect control ef fect

Vg =

(5.39)

5.5 Regulatory Capability of STATCOM

The STATCOM regulation operation and the control diagram are depicted in Figures 5.3
and 5.4, where (V2) is the STATCOM voltage and (V1) is the grid voltage. If the voltage (V2)
is lower than (V1), the current in the inductor is slightly displaced from the voltage (V1), it

produces an inductive current, then (Qs) becomes positive and STATCOM absorbs
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reactive. When the voltage of the STATCOM exceeds the network voltage, the current
across the inductor is slightly offset from the voltage V1 that provides a capacitive current,
then (Qs) is negative and the STATCOM produces a reactive power. When the voltage of
the STATCOM is equal to the voltage of the network, the current through the inductor is nil
and consequently there is no power exchange [199].

IsTATCOM

VsTATCOM (V) > Vi Supplies Qg

EQVSTATCOM
S

YsTaTCOM (V5) <V

Figure 5.3: STATCOM Power Operation.
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Figure 5.4: STATCOM and its Control System [202].

The 3-@ voltage (V1) is matched by Phase Locked Loop (PLL), and the direct axis and
quadrature axis mechanisms of 3-@ alternating current such as (Vd, Vg, ld, and Iq) are
configured by the output of the PLL (angle 8 = wt). The measured d and q mechanisms of
(AC) positive sequence voltage/current, composed with (DC) voltage Vdc are controlled. An
outer regulation loop comprises an AC voltage regulator and a DC voltage regulator. The

reference current Iqgref fOr the current regulator is from the output of AC voltage regulator (Iq
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= current in quadrature with a voltage that controls reactive power flow). The reference
current larer for the current regulator is from the output of the DC voltage regulator (la =
current in phase with voltage that controls the active power flow). An inner current
regulation loop consists of a current regulator. The magnitude and phase of the voltage
generated by the STATCOM converter (V2d V2q) from the laer are controlled by current
regulator, while DC voltage regulator and the AC voltage regulator (in voltage control mode)
produces lqret reference currents. The direct power type regulator that predicts the voltage
output, V2 (V2d V2q) from measurement Vi (Vid Vig) and the leakage reactivity of the
transformer assist the current regulator. The change in reactive power is achieved by
means of a voltage source converter (VSC) connected to the secondary side of a coupler
transformer. The VSC utilizes forced-commutated power electronic devices (GTOs, IGBTs

or IGCTS) to create a voltage V2 from a DC voltage source.
5.5.1 Voltage and Current Feature of STATCOM

There are two ways in which STATCOM can be used, VAR control and voltage regulation
mode. When STATCOM is in VAR control mode, its reactive power is maintained at a
constant, whereas the voltage regulation mode of STATCOM can be described in Figure
5.5. If the reactive current remains within the minimum current values (-Imax, Imax)
imposed by the nominal value of the converter, the voltage is controlled to the reference
voltage Vref. However, a voltage droop is usually used between 1% and 4% at maximum
reactive power output and the V-I characteristic has the slope indicated in the figure 5.5

[203]. In the voltage regulation mode, the V-I characteristic is stated in equation 5.40.

‘LV

S XS\:Q J

Imax

-Imax acti
Reactive Inductive

Capacitive Curret

Figure 5.5: Voltage/Current feature.
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vV = Vref + Xs | (5.40)
vV = Positive Voltage Sequence
Vref = Reference Voltage

Xs = Slope/Droop Resistance
I = Reactive Current, 1>0 = Inductive Current.

By the adjustment of the phase angle and that of the reference point, the bus voltage can
be varied with the STATCOM connected in parallel. When the grid voltage is on the high
side or at the lower value over the boundary, STATCOM behaves in its constant current
features. It can produce reactive capacity at the boundary such as capacitive and inductive
compensation and independently control its output current over the rated maximum

capacitive or inductive range of the amount of AC system voltage.
5.6 Simulation Analysis of Voltage Rise with STATCOM

The test system Figure 4.5 used for the investigation in this section is modelled in the
MATLAB/SIMULINK environment as shown in Appendix A, Figure A1-A6. STATCOM is
connected to the system to carry out the following investigations. The dynamic response
of the STATCOM, voltage rise mitigation with the integration of a large RDGs penetration
level at PCC and the mitigation comparison of STATCOM and SVC during grid
disturbance conditions is carried out by connecting the SVC of the same rating as
STATCOM to the system.

5.6.1 Dynamic STATCOM Response

The STATCOM determines the grid voltage while producing reactive power in two
different manners, viz; either by taking up or generating reactive power. This is due to
voltage converter capability. To investigate STATCOM output control capability, from the
dialog of the STATCOM'’s box, voltage control mode is selected, and droop variable slope
adjusted to 0.00 and finally to 0.03 to provide a higher capacitive/inductive range. With
the droop adjusted, the linear operation limit of the STATCOM is extended. The value of

gains (Kp) and (K;) chosen are 5 and 1000 to slow the STATCOM output response down
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so that it does not cause overshoot to the reference voltage. The voltage at the PCC with
RDG integration is programmed to be 1.0 per unit for the duration of 0.20 s, 0.97 per unit
for 0.40 s, 1.030 per unit for 0.60 s, and back to 1.0 per unit. After the system is simulated,
the effect of chosen large (Kp) and (K;) can be observed in Figure 5.6 (a). An overshoot
occurred at the STATCOM voltage, which is not acceptable as this can cause other
damage to the system. Also the occurrence of an overshoot will cause the STATCOM
voltage not to follow the PCC voltage. To avoid further occurrence of an overshoot in the
system, the value of (Kp) and (K;) are chosen not to be too large. The quicker the
STATCOM response varies upon the parameter of the gain such that, the higher the
regulatory gain, the better the STATCOM output. The effect of droop on the STATCOM
characteristic is shown in Figure 5.6 (b-c), where the STATCOM positive sequencing
voltage (V,,,) does not follow the PCC voltage when the droop is set to 0.03 as shown in
Figure 5.6 (b). Whereas when the droop value is lower such as 0.00, the (V,,,) immediately
followed the PCC voltage as depicted in Figure 5.6 (c). The bigger the droop, the smaller
the slope and the more deviation of (V,,) to PCC voltage and vice versa. For a given
maximum capacitive/inductive range this droop is used to extend the linear operating
range of the STATCOM and to ensure automatic load sharing with other voltage
compensators that might be installed on the grid. The selection of Kp, Ki (gain) and the
droop is done in such a way that the slope is not too high to avoid STATCOM output
response being slow. The positive sequence output voltage of the STATCOM (V,,)
reactive power (Q,,,) absorbed (the value is positive) or generated (the value is negative)
by the STATCOM and the PCC voltage are depicted in Figure 5.7.
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Figure 5.7: STATCOM and PCC voltage.
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.6.2 Voltage Rise Mitigation at PCC with STATCOM

The network simulation is repeated with RDG integration at PCC. The impacts of RDG
improves the system voltage profile as discussed in Chapter 4, Table 4.2 to 4.4 and
Figures 4.2 to 4.8. When the penetration levels of RDG is more than 80%, there is an
occurrence of voltage rise at PPC which must be regulated for the continuous operation
of RDG as specified by IEEE 1457-2018 and South Africa Grid Code Act or it must be
disconnected as specified by IEEE 1457-2014. When 90% RDG penetration levels are
injected at Bus 684, the results are shown in Figure 5.8 (a-c). Voltage rise occurs up to
1.13 pu without STATCOM installation which is not acceptable. The maximum
permissible voltage at PCC is 1.1 pu as specified by the South Africa PCC voltage with
RDGs integration.

The operation of the STATCOM is shown in Figure 5.8 (b and c). During the voltage rise
condition, the operating mode of the STATCOM changes from the unity power factor to a
voltage regulation mode to mitigate the voltage rise at the PCC to an acceptable range.
It is observed during the voltage regulation mode that the STATCOM generates reactive
power from -0.3 kVAR to -0.02 for the duration of 0.4 s to keep the PCC voltage to 1.1 pu
and from -0.02 kVAR to 0.2 kVAR at the duration of 0.4 s to 0.8 s. More reactive power
is generated to the PCC by the STATCOM to limit the voltage rise and finally sustain the
PCC voltage to 1.09 pu while the system accepts more RDG penetration levels up to
120% without violation. Hence, the PCC voltage is within an acceptable range in

agreement with IEEE 1547 and Southern Africa grid code requirement.

Figure 5.8 (d-f) shows the simulation results when PCC is changed from bus 5 to bus 6
to observe the impact of RDG. Voltage rise occurs between 0.2 s to 0.4 s up to 1.15 pu
with 90 % RDG penetration levels, but reactive power is generated by the STATCOM to
the PCC to keep the voltage within an acceptable level. The STATCOM maintains the
PCC voltage at 1.1 pu while the voltage that flows across the grid is 1.021 pu as shown
in Figure 5.9 which is within an acceptable range and the system takes up to 125 %
penetration without PCC voltage violation. It is also shown in Figure 5.9 that the voltage

measured in the other buses of the network is lower as compared to the voltage at PCC
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in Figure 5.8, which means that PCC'’s voltage would always higher than any other bus

of the netwotk.
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Figure 5.8: Voltage rise mitigation simulation results (a) Voltage rise at bus 5 with 90%
RDG penetration, (b) Voltage mitigation at PCC with STATCOM, (c) Reactive power

generated by STATCOM to minimize the voltage rise at PCC, (d) Voltage rise at bus 6
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with 90% RDG penetration, (e) Voltage mitigation at PCC with STATCOM and (f)
Reactive power generated by STATCOM to minimize the voltage rise at PCC.
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Figure 5.9: STATCOM and Grid Voltage.
5.6.3 Compensators Responses During Disturbances

This section presents RDG integration with various network disruption scenarios at PCC,
such as single phase to ground fault, double phase to ground fault (2-@) and three-phase
to ground fault (2-&)). The STATCOM and Static Volt/Amp Reactive Compensators
(SVC) mitigation capacity are compared, where both STATCOM and SVC have a higher
reactive control ability compared to other FACT devices as stated in the literature review
[201], [202], [204], [203], [205], [206]. Various FACT devices are used for power quality
mitigation in [201], [202], [204]. STATCOM and SVC are extensively used for reactive
power compensation in [203], [205], [206], but their response capability during
disturbances and voltage rise at PCC with large RDG integration are not covered. Hence,
these two devices dynamic responses are compared during grid disturbances in this

section.

Both STATCOM and SVC installed have a similar nominal rating and phasor model. The
fault impedance is programmed to 31% at the PCC, the circuit breaker programming is
selected to t = 0.20 s and the simulation lasts for 0.10 s. It is observed during the severe
fault condition (three phase fault) that voltage dip occurs due to the disturbance at the

PCC as shown in Figure 5.10. The capacitive reactive power produced by the SVC is -
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0.49 (pu) while STATCOM produced -0.72 (pu) to keep the PCC voltage to 0.72 (pu) while
Figure 5.11 depicts the dynamic response of the STATCOM and SVC during single-phase
fault to ground, 2-@ fault and 3-@ fault to ground.

The STATCOM produces capacitive reactive power of -0.81 (pu) while SVC produces -
0.64 (pu) during a single fault to ground in Figure 5.11 (a), -0.98 (pu) and -0.85 (pu) during
2-@ to ground fault as shown in Figure 5.11 (b) and finally, -2.45 (pu) and -2.3 (pu) in
Figure 5.11 (c) to keep the grid to 1 (pu) in Figure 5.11 (d). One of the deductions in this
simulation is that the highest capacitive power produced with STATCOM declines linearly
as the voltage reduces, while the highest capacitive power produced by SVC is
proportionate to the square of the grid voltage. The STATCOM's inductive/capacitive
output current is controlled independently of alternating current as compared to the
thyristor-based variable static compensation (SVC). The STATCOM demonstrates a
significant improvement in the dynamic fast voltage response than SVC as depicted in
Figure 5.11. It is capable of delivering more capacitive power in the event of failure, which
is a major advantage of STATCOM compared to SVC. Moreover, the STATCOM displays
a quicker output response due to its voltage source converter characteristics as compared
to the SVC thatis slow. The STATCOM does not have a delay associated with the starting
delay time due to valve firing of the Thyristor about 0.004 s in SVC. The simulation results
indicate that to keep the nodal voltage magnitude at 1pu at the bus where the SVC or the
STATCOM are connected, both devices inject -2.45 pu and -2.30 pu of reactive power
respectively. In general, an improvement can be seen in the network's voltage profile in
Figure 5.11 (d).
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Figure 5.10: (a) Voltage dip at PCC and Reactive generated by STATCOM and SVC
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Figure 5.11: (a) Single phase fault to ground, (b) 2-@ fault to ground and (c) 3-@ fault to
ground and (d) Grid voltage, STATCOM voltage and SVC voltage.

5.6.4 Simulation Comparison Between STATCOM and SVC

+ The SVC generates less reactive power of 0.49 pu while STATCOM generates
more reactive power of 0.72 pu during a fault condition with the same parameters
and power rating which is similar to the research work done in [207].
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+ Grid voltage improves to 0.72 pu with STATCOM and 0.69 pu with SVC during
fault conditions in Figure 5.10, with difference fault conditions such as single-phase
fault. STATCOM reactive power generated 0.81 pu is higher than SVC reactive
power generated 0.64 pu in Figure 5.11 (a). The double phase fault, the STATCOM
reactive power generated 0.98 pu is still higher than SVC reactive power generated
0.85 pu in Figure 5.11 (b) and when the 3-@ fault occurred on the network,
STATCOM reactive power generated 2.45 pu is higher than SVC reactive power
generated 2.30 pu in Figure 5.11 (c). Although, the value of the reactive capacitive
power generated by both devices during the most severe network fault is very
close, STATCOM produces more reactive power than SVC.

+ At the occurrence of voltage dip due to disturbances, STATCOM has the capacity
to generate more capacitive reactive power than SVC because the reactive
capacitive power generated is proportionate to the square of the grid voltage or
constant susceptance while the STATCOM maximum capacitive power generated

decreases linearly with voltage decrease or constant current.
+ STATCOM produces more capacitive power than SVC during a fault condition.

+ STATCOM works the same way SVC does. However, at voltages below the normal
voltage regulation range, the STATCOM can generate more reactive power
compared to the SVC. The STATCOM shows a quicker response than SVC. This
may be due to the fact that STATCOM uses pulse with modulation voltage source
converter while SVC uses Thyristor and the starting delay time of Thyristor due to

valve firing is about 0.004 s.

+ The magnitude of the grid voltage remained within an acceptable limit during
steady state with both devices and both devices can provide a voltage support

[208] and keep the grid voltage to an acceptable level as shown in Figure 5.11 (d).

+ STATCOM voltage always follows the reference voltage closely to keep the
reference voltage at 1(pu) while SVC voltage does not follow the reference voltage

closely as shown in Figure 5.11 (d).

+ Both devices can have the capacity to absorb/generate reactive power and
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therefore both can mitigate power quality problems during grid disturbances.

+ STATCOM may be more expensive than the SVC depending on voltage, land
requirements, construction time, operation and maintenance, repair, workers,
substation equipment, access, roads, service, permits, licenses and financing, the
transformer, the DC source, the semiconductors and the respective snubber to
protect them, while for SVC cost depends on passive elements such as inductors

and capacitors comprising TCR and TSC.

+ The simulation results indicate that to keep the nodal voltage magnitude at 1pu at
the bus where the SVC or the STATCOM is connected, both devices inject -2.45
pu and -2.30 pu of reactive power respectively. In general, an improvement can

be seen in the network’s voltage profile in Figure 5.11(d).
5.7 Summary

Chapter Five investigates the compensation strategy and its mathematical analysis,
voltage rise regulation at PCC, compensator connection model, FACTS devices
descriptions, dynamic response and modelling of STATCOM, regulatory capability of
STATCOM, voltage rise mitigation at PCC with STATCOM, response of STATCOM
during fault conditions, and simulation comparison between STATCOM and SVC. The
overall deduction from this chapter’s investigation is that compensator devices can:
generate and absorb reactive power, mitigate power quality challenges such as voltage
rise and dips, improve network stability and increase power flow when installed in a
distribution system. The outcome of the simulation results in this chapter show that the
voltage rise at the PCC can be regulated by generating or absorbing reactive power
to/from the system. With a compensator device installation and voltage rise control at
PCC, a large RDG integration can continue operation without disconnected from the

system.
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CHAPTER 6

VOLTAGE RISE REGULATION WITH A GRID CONNECTED SOLAR
PHOTO-VOLTAIC SYSTEM

6.1 Introduction

Most of the remote communities in Africa countries require sustainable electrical energy
for everyday life. The extension of the central energy production system, transmission
and distribution cannot reach these areas because of massive energy losses and huge
energy costs. Isolated electrical power generation such as microgrids would be a possible
solution to this problem. Microgrid system located in a remote area could have a lesser
prerequisite due to the nature of the loads, such as streetlights and domestic needs as
compared to the massive electrical network or macro network. The latest trend of power
generation is by using renewable energy sources since they are clean, friendly, and

naturally replenish on a human time scale [209], [210].

Countries across the globe are exploring their ecological approachable power sharing to
reduce total dependence on the conventional method of power generation. Another
option by which electrical power can be supplied to remote areas where there is no
opportunity for grid connection is by making use of generating sets. This alternative is not
encouraged however because of the risk of releasing harmful and poisonous gases into
the atmosphere and causing global warming [211]. Scientists, researchers, and
industrialists have shown a great interest in microgrids with Renewable Distributed
Generation (RDG) development due to the advantages it can offer in terms of
sustainability, reliability, modularity, and lower cost as compared to the conventional
power generator and simple design implementation [212]. Renewable energy sources
with battery storage integration have received attention in recent years because of their
easy design, simple installation, and energy management strategy [213], [214]. Among
these renewable energy resources, solar power is outstanding and popular because of
its easy deployment to the power system and cheap maintenance costs as compared to

the conventional method of electricity generation [215].
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In South Africa, about 8.3 GW nominal capacity from different kinds of renewable energy
were attained in 2020, where solar carried 2.5 GW out of this capacity [216].
Nevertheless, this is not enough, and more will soon be deployed across the country. The
benefits of accessing energy from solar are numerous. There is no direct radiation, it is
appropriate for low energy consumption and suitable for remote areas where there is no
access to the electricity grid. There is a need for energy generation and power quality
management strategies in a distribution network with renewable energy resources
integration because of their integration issues at PCC, such as voltage rise, current
distortion, and their intermittent nature in generating output. Winds do not blow for 24
hours every day. The same problem applies to the sun, in that its output is dependent on
climatic conditions. The intermittent nature of the system, distortion occurrence at PCC,
power quality issues, protection challenges because of voltage rise at PCC, and the
network load variations would definitely have an impact on their voltage output and
network stability. Therefore, these issues could make the microgrid/Distribution Network
less reliable, resulting in a reduction in the renewable distributed generation penetration
levels [217], [218], [219], [220], [221]. Hence, these constraints with RDG integration can
be strategically managed and regulated at PCC if they are to stay connected at PCC as
specified in by the Southern Africa grid code requirements, IEEE-1547 and IEEE-519

respectively.

This chapter investigates the voltage rise regulation with a grid connected Solar Photo-
voltaic system. The chapter also discusses solar systems, solar and battery modelling,
factors affecting solar array performance, energy management and solar power tracking.
Design and simulation of a proposed microgrid for DUT, control strategy, load variation
under PV system, effect of PV variation on the system, and the grid behaviours during
STATCOM UPF and VR mode are analysed. The contributions of this chapter are

summarized as follows:

+ Strategic regulation of PCC voltage rise issue through the generation of positive
reactive power without disconnecting renewable distributed generation integration
with higher penetration levels.

+ An in-loop second order integral filtering algorithm is designed to filter grid current
distortions generated from the non-linear loads.

+ Peak power point tracking error is minimized from the solar power tracking system
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by the addition of an integral regulation algorithm.

+ The output voltage and power of the PVAs is made reinforced and stable with
fluctuation in loads and the sun’s irradiation.

The research questions that guide this chapter are as follows:

+ How can oscillation and error be regulated with peak power point tracking
system?

+ What is the impact of load and solar PVA variations at the PCC?

6.2 Solar System

Electrical energy can be generated from solar cells by transforming sun irradiance
(incident light) to electricity by the method known as Photovoltaic effect. A typical solar
cell is made of semiconductor materials, usually p-n semiconductor diodes, having a
negative side facing the sun and a positive back side. The solar output voltage increases
when its cells are connected in series with each other, and they form solar arrays. The
amount of energy produced by the solar array is dependent on voltage/current at the peak
power point, fill factor, open and short circuit voltage/current, while the temperature and
the sum irradiance determine its performance. Solar array open circuit voltage reduces
with increase in sun irradiance, short circuit current and operational temperature. Hence,
there would be intermittent energy produced by the solar cells on a daily basis.
Sometimes, peak power may not be accessed because of the variability of the sun’s
irradiance and temperature change. Solar cell representation in MATLAB/Simulink, and
solar array equivalent circuit are shown in Figure 6.1, having shunt and series resistors,
with a current source and a diode connected. In the diagram, (I,,) is the photo current
represented as a current source, (I;) and (I,) are the leakage currents flowing through
the diode and the shunt resistor, respectively; while (I,,,) is the load current passing
through the series resistor. The solar photovoltaic system involves the conversion of
photonic energy to electrical energy, but with the change in temperature and climatic
factors, the solar output voltage may vary [222]. Irrespective of the electrical analysis, the
solar panels are modelled as a constant current source. Two or more solar cells
connected in series/parallel and arranged in a frame form a solar panel or module while

groups of solar panels make solar arrays.
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Figure 6.1: Solar cell, Array and Equivalent Circuit.

Considering the equivalent solar cell diagram in Figure 6.1, the solar cell current is
represented by (Ipy), solar cell voltage (Vpy), the photo current (I,,), a series resistor
(Rs), shunt resistor (Ry,), current across the diode (1), (I,) is the current across the shunt
resistor and (V;) for diode voltage. The solar current expression can be obtained in

equation 6.1. From equation 6.2, (q) is the quantity of electron charge (1.6 x 1071°C), (A)
is the ideality factor of the diode, (K) is the Boltzmann’s constant (1.38 x 10723 %), (M is

the operating temperature and () is the diode saturation current or dark current. The
increase in the irradiation of the solar will result in the increase of solar voltage and power.
Consequently, the temperature increase can have a negative impact on the output

voltage and power [223].

Upy) =Ipn —1a — I (6.1)

q[vpy+Rslpy]
Ly, = {Iph — I (e AKTNgg ) _ 1} _ (RsIpy+Vpy) 6.2)

RpNsg
6.3 Factors Affecting Solar System Performance

The life span of solar arrays, its generated output power and outdoor operation can be
influenced by the type of PV material, irradiation intensity received, cell temperature,
parasitic resistances, climate and other shading effects, fill-factor, inverter efficiency,
dust, module orientation, weather conditions, geographical location, cable thickness etc.

Some of these factors are discussed below.
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6.3.1 Effect of Climate on Solar System

Climate change will lead to a change in solar power system output while I-V/P-V
characteristics will vary as the irradiance of the solar system consists in the angle of
incidence of the sun’s rays. Consider the sun ray in the sky dome, the solar panel collector
in Figure 6.2 to analyse the solar performance losses and cosine effect. Collector tilt (8),
Azimuth (y) and the Angle of incidence (6) can be used to clarify the positioning of the
solar collector surface with respect to the collector surface of the Sun. The Tilt, which is
the angle between the plane of the collector or the aperture, the horizontal and Azimuth
is the planar rotation East or West which an aperture will possess while the angle of
incidence is the angle between the vector perpendicular to the collector plane. It is usually
called the normal of the plane and the projection of the Sun’s central beam to the collector
surface. (8) and (y) are positioned for reflection in the Northern Hemisphere, while the
Sun's position is described using solar altitude angle (as,4-) and the solar azimuth angle
(Yso1ar)- (B) and (y) are mostly fixed surfaces while (6) can be varied and can be defined
in equation 6.3. Arccosine is applied to equation 6.3 to obtain 6.4. The output voltage and
current are affected by the change in the climatic condition. Thus, the highest access of
power can be achieved at any point of solar system operation with the efficient peak
power point technique capability to harness the irradiation, control the temperature and

improve a steady output voltage.

Cos 8 =Sin¢p Sind Cos B —CospSind Sinf Cosy + Cos ¢ Cos 6 Cos B Cos w +
Sin¢ Cos § SinB Cosy Cos w+ Cos § Sinf Siny Sinw (6.3)

Cos 8 = Siné (Sin¢g Cos p — Cos ¢ Sin B Cosy) + Cos 6(Cos ¢ Cos § Cos w +
Sin¢ Sin B Cosy Cos w + Sinf Siny Sin w) (6.4)

Where (¢, 6, B) are Latitude, declination and tilt, (¢, &, 8, y) are latitude, declination, tilt,
and collector azimuth and (¢, o, B, y, w) are latitude, declination, tilt, collector azimuth,
and then the hour angle.

6.3.2 Shading effect

Solar cells are usually connected in series and parallel. They are connected in series to

obtain desired output voltage and in parallel to have the same current flow across the
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solar cells. Solar system shading occurs because of obstructions, fogs, structure,
shadow, tree shadow, mists, etc. According to equation 6.2, the insolation minimizes the
(I,r)- The current that flows in solar cells is constant if the solar panels are connected in
series. If the shadow is cast to one of the cells, instead of the cell providing energy, it will
break down and act as a load because of weakening of photocurrent [224]. However,
when a cell is shaded from the cells connected in series due to cloud or shadow etc., the
shaded cell will produce output current lower than that from other unshaded cells,
resulting in the total current generated by the cells being dictated by the shaded cell
causing loss of output power in the solar system. When the unshaded cells produce
current that is higher which tries to pass across the shaded cell, the shaded cell will
behave like a load where the shaded cell would be reverse-biased when connected in
series with active cells. It will act like a load instead of a solar generator. Therefore, it will
produce heat which will increase the system temperature and cause hot spots. The hot
spot effect can cause damage within the module such as melted cells, and solar glass
cracks. To minimise the shading effect in the solar system, diodes known as bypass
diodes can be installed across the shaded solar cell. The installed diode will allow current
to pass through, while no current will pass through the shaded cell. In a simple analysis,
when a diode is connected across a solar cell or group of solar cells, the forward biased
voltage will be equal to the solar cell voltage. When there is no shaded solar cell in the
system, the system generates a voltage that will pass across the bypass diode in reverse
bias, leading to the diode blocking the current passing through it. However, when there is
any shaded cell in the system, there are voltage drops across the diode leading to forward
bias of the diode causing current to pass through the diode instead of the shaded cell.

The bypass diodes will clear the shading effect by bypassing the shaded module.
6.3.3 Effect of bypass diode

It has been argued above that bypass diodes can mitigate the solar system shading
effect. However, installation of bypass diodes will cause voltage drop influence on the
total string voltage that may interfere with the other parallel strings within the system,
since equivalent array voltage is dictated by the string with the lowest voltage. A diode
known as a blocking diode can be added to the system. A blocking diode prevents the

current from flowing back to the weak string, and it will protect the shaded string from

189



Voltage Rise Mitigation at the Point of Common Coupling of Large Renewable Distributed Generation and
Distribution Network

draining current out of the unshaded strings. Blocking diodes also assist the solar system
when the sun is not shining, in that current may flow back to the module, acting like a
load. A blocking diode will stop the current from flowing back into the modules and
damaging it. The microgrid solar system can be maximized by avoiding the shading
effects from the solar collector. The effect of shading is the slowest reaction of the thermal
response of the solar cell. When a solar collector is covered by cloud or shadow, the
covered area will not be active as compared to the other part. Also, it will minimise the
angle of incidence by directing the collector normal to the Sun and by decreasing the

cosine projection effect.
6.3.4 Cosine effect

Figure 6.3 is a fragment of Figure 6.2 which can give a better explanation of solar panel
sun ray tracking analysis. Figure 6.3 (a) shows the solar panels perpendicular to the angle
of incidence (8) of the sun ray such that the incidence angle is equal to zero (at angle
90°) where the sun is direct above the fixed solar panel. Otherwise in Figure 6.3 (b) when
the sun moves across the sky, if the equation 6.6 is not zero, the implication is that the
amount of energy received by the solar fixed surface has reduced. Therefore, cosine
effect will occur resulting in loss of incident energy. For solar efficiency to be maximized,
cosine effect should be reduced to the minimum. The perpendicular vector (Gp) in Figure
6.3 (c) is the absorption of suitable components from the sun and can be obtained in
equation 6.7 while the parallel (Gpa) denotes the reflected or loss components which can
be obtained in equation 6.8 without considering inefficiencies. The effect of performance
losses (Gpa) can therefore be minimized to a minimum by the application of collector tilt
(B) in Figure 6.3 (d). With the application of automatic tracking strategy by () adjustment,
the solar panel can be set perpendicular to the sun, thereby reducing solar performance

losses and the cosine effect will be minimal.

6=0 (6.5)
6+0 (6.6)
(G,) = GCosb (6.7)
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(Gpa) = 1 % % (6.8)

Incident irradiance

Figure 6.2: Solar and Sun collector surfaces.

g =0

o = 0

() (b)

» G is perpendicular to
the solar panel surtace
o —o

Fixced pancl

Figure 6.3: Solar collector and cosine effect.
6.3.5 Temperature effect

The current output varies with changes in the impact of the solar rays resulting in the
constant output voltage of the solar system. Also, the magnitude of the solar system
output can be shifted, giving a steady output current [225], [226]. An increase in the

intensity of the sun, heat dissipated on the solar panel and the infrared wavelength which
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cause wear on the solar cell can influence the solar panel temperature. An increase in
the temperature causes decrease in voltage provided that all parameters remain
constant. The resultant effect is power loss. But when temperature decreases, there
would be an increase in voltage and power output generated. Therefore, the relationship
between short circuit current, open circuit voltage and the solar panel temperature can
be expressed in the equation below. The output voltage and the short circuit current can
be obtained from equations 6.9 and 6.10 while (a,) and (a,) are the temperature
coefficient, (I;.) and (V,.) are the reference parameters at solar intensity (G') and

temperature (T").

Voo = Voc + az(T =T") = (Isc = Isc)Rse (6.9)
lse = I () + a (T = T (6.10)
6.3.6 Parasitic Resistances, Fill-Factor and Solar Efficiency

The resistance of the solar system (series/parallel) can be referred to as Parasitic
Resistances (PR). The resultant effect of this resistance is amounted to the system
losses (I?R). The occurrence of the losses in the system will reduce the solar array’s
efficiency. The system resistors connected in series form the solar array internal
resistance (which is the resistance of the semiconductor itself), the metal contacts
resistance, and impurities; while the parallel resistors form the leakage resistance which
usually causes the leakage current. Fill Factor (FF) is the ratio of the maximum power
from the solar cell to the product of open circuit voltage and short circuit current as defined
in equation 6.14. (FF) measures the squareness of the solar voltage/current curve. The
higher the solar voltage, the bigger the filler factor. The solar cell performance can be
measured by their efficiency. The ratio of the power out of the solar cells to the input
power from the sun can be described as the solar efficiency, which is dependent on the
spectrum and intensity of the incident sunlight and the temperature of the solar cell.
Equation 6.11 shows solar peak power from where the efficiency can be obtained. (V,.)
is the open circuit voltage, (I.) is short circuit current, (£) is the solar efficiency, (P;,) is

the input power from the sun, (V,,1,,) is the peak power point and (FF) is the fill factor.

(FF) can also be obtained when solar power is differentiated with respect to the voltage
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as shown in equation 6.15. The maximum theoretical FF from a solar cell can be
determined by differentiating the power from a solar cell with respect to voltage and

finding where this is equal to zero.

B, = VyoIs FF (6.11)
€= % (6.12)
FF = V:;’ISC (6.13)
FF = % (6.14)
LD =0 (6.15)
Vop = Ve — "qﬂin (22 4+ 1) (6.16)

6.4 Battery Modelling, Solar Power Tracking and Energy Management

Energy storage provides the power system with flexibility and is very useful in increasing
the volume of renewable power that can be safely and securely connected to the grid.
Solar battery modelling and solar power tracking strategy are discussed below.

6.4.1 Battery Modelling

Solar system irradiations are not stable due to climate factors [227], [228], thus, battery
banks are vital in maintaining a continuous power delivery to the consumers. It is pertinent
to note that the state of charge of any battery storage in a microgrid system will determine
the limit of such battery storage. To determine how massive the microgrid system battery
storage will be, the depth of discharge, ambient temperature, battery storage life and the
capacity would be a critical determining factor [229]. When the microgrid battery storage
is in the charging mode, the equation 6.17 can be obtained. Therefore, the Rate of Charge
[RC(t)] can be defined in equation 7.18 while equation 6.19 describes microgrid battery

storage when discharging. Rate of Discharge (RD()) can be obtained in equation 7.20.
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Cenergy () = (M + PVpower(t)> X At X Ecparging (6.17)
RC(t) = RC(t — 1)(1 — %) + Cenergy (t) (6.18)
Denergy = (% - PV{aower(t)) X At X Egischarging (6.19)
RD(£) = RD(t = 1)(1 = %) — Denergy (6.20)

Where RD (t),RD (t — 1)

State of charge at time (t) and (t-1).

% = Self discharge rate.

& charging = Charging efficiency of the battery storage.
PVpower(t) = Power generated by the PV.

P(t) = Actual power generated.

Ppaa(t) = Load power of time (t).

E converter = Converter efficiency.

At = Change in time (t).

& discharging = Discharging efficiency of the battery storage.
Cenergy = Charging energy.

Denergy = Charging energy.

6.4.2 Solar Power Tracking

When the efficiency of solar cells is low and the power output must be at a maximum
possible level regardless of any factors, there is a need for a high solar power tracking.
Peak Power Point Tracking (PPPT) of a solar system is the method by which devices
connected to the microgrid such as microgrid inverter systems, solar charger controllers

etc., track peak power at the point where solar cells deliver the highest electrical energy
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[230]. A PPPT system analyses the solar cell output power and determines when load
should be connected to achieve maximum power in respective of environmental factors
such as a change in load impedance and weather conditions. PPPT quickly and
accurately tracks power and reduces oscillations. The control strategy depends on the
voltage, current, and the duty cycle [231]. Each solar panel possesses an operating point
that is constant at some point from which a peak power is delivered. Three methods are
concentrated here by which PPPT of the solar system can be achieved viz: perturb and
observe strategy, incremental conductance and fuzzy logic method. The relationship
between output current (I,), input power (P;,) with duty circle (D) is depicted in Figure

6.4. Let the efficiency of the proposed microgrid in Figure 6.6 be (£) and the derivative of

power to the voltage of the solar system is (2—5) which is used as tracking consideration.

The power input is (P;,), voltage input is (V;,,), (I;) and (V,) are the load current and load
voltage while (D) is the duty cycle. PPP will be at the highest point in the equation 6.21.
When the proposed circuit efficiency is considered, the power from the solar panel can
be obtained in equation 6.22 while the input voltage can be obtained in equation 6.22. By
substituting equation 6.22 into equation 6.21 to obtain equation 6.25. Therefore, at PPP

in equation 6.26, when PPP is obtained in equation 6.20, then the equation 6.21 is valid.

By considering equation 6.27, when (%) is tracked, the solar system PPP can also be

tracked. When the loads connected to the network are resistive in nature, input power
can be obtained in equation 6.29. At PPP, equation 6.32 will be zero, which will also
produce equation 6.33 at D = Dppp. For the resistive load connected to the system,

tracking of zero slope at PPP is also valid.

(Fo) =sin0® =0 (6.21)
P, = IO% (6.22)
V,, = % (6.23)
Zi_: — %;% (6.24)
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=zi—f—=?‘§—(—) (6.25)
_ %% (6.26)
Vo =Vepp (6.27)
e =0atD =Dppp = (6.28)
P =132 (6.29)
P = gppl Lo (6.30)
=~ (&30
ZIVL?: =0 (6.32)
PiLor Io
P
-—

Figure 6.4: Input power and output current.

PPP is highest when (;”%) = s5in0°= 0 (6.33)

6.4.3 Power Management Approach

Microgrid management with battery storage and solar system integration involves a
sound control strategy to enhance best power quality operation in agreement with IEEE-
519, especially when no linear loads are connected to the network [186], [232]. In a
microgrid system, when the system is in stand-alone mode when the consumption
charges require more energy than the energy produced by the solar system, the storage
of the microgrid would be in its discharge mode. Equation 6.34 can be used to access the
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energy flow into the system. If the combination of the microgrid storage and the solar
system cannot meet up with the power demanded, the shortfall in power may be
compensated by the small generating set connected to the system. The generating set
connection to the microgrid can be obtained from equation 6.35. By charging the battery
storage to the highest level, the solar power generated would be dumped and the dummy
load power consumed can be obtained in equation 6.36 while the flow chart of the

microgrid system is presented in Figure 6.5.
Pload(t) X At = P(t) X At + (PVpower(t) X At + Denergy(t)) X 8converter (6-34)
Pgenerating set X At = P(t) X At + (PVpower (t) X At — Cenergy(t) X Sconverter)(6-35)

Pdummy load(t) X At = (P(t) - Pload(t)) X At +

(PYpower(£) X At = Cenergy (£)) X Econverter (6.36)
Where:

Pioaq (D) = Load power of time (t).

At = Change in time (t).

P(t) = Actual power generated.

PVyower () = Power generated by the PV.

Denergy = Discharging energy.

E converter = Converter efficiency.

Psenerating set = Power of the generator.

Pgummy 10ad (t) = Power of the dummy load.

& discharging = Discharging efficiency of the battery storage.
Cenergy = Charging energy.
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Figure 6.5: Microgrid Flow Chart Energy Management.

6.5 Grid Code Management

Grid code is the technical requirements for RDG integrated to DN to ensure monitoring

and control of power quality challenge at PCC. Since the power flows are bidirectional
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with integration of RDG, the code specifies the RDG parameters connecting to national
grid that must meet. It usually differs significantly from country to country because of the
unique nature of each country’s power generation characteristics and network. It usually
concerns voltage levels, normal/critical frequency variation with intervals and
requirements to generating units and sometimes, the national regulatory frameworks are
subject to continuous changes and revisions. The Southern Africa grid code requirement
for RDG connection at PCC is in the range of -15% to +10% around the nominal voltage
[187]. IEEE-1547-2013 gives compulsory obligations for the interconnection of RDG with
electric power systems, i.e., that RDG should be disconnected with higher/lower variation
of voltage at PCC while IEEE-2018 provides an option of voltage regulation capacity at
PCC +5 % [186].

6.6 Proposed Microgrid System for Durban University of Technology Steve Biko
Campus

Durban University Technology (DUT) comprises approximately 33 000 students located
in the beautiful cities of Durban and Pietermaritzburg (PMB) of KwaZulu-Natal (KZN). The
DUT is divided into 7 campuses spread across Durban. The 7 campuses are ML Sultan,
Steve Biko, Brickfield, Ritson, City campus, Riverside, and Indumiso Campus. This
proposed microgrid system is limited to the Steve Biko campus and it is the part of
research and development (R&D) project for the institution. The Steve Biko campus shall
be grouped into 7 blocks where they act as consumers or loads. Block A will comprise
A1, A2,....,A6, block B shall be S2, S3,...... ,S511, block C shall be Alan Pittendrigh Library
and lecture venue, block D is D1,..,D4, block E is residence (D5, E, J, K, L, N, O, and Q),
Block Fis (F1, G1, G2, H, M, P) and block G shall be a health clinic. The alphabets A, B,
...., G mentioned here are assumed to be loads. The proposed project consists of solar
systems integrated together with the aid of a converter such as a Voltage Source
Converter (VSC) in a distribution network as depicted in Figure 6.6. The solar is counted
as non-controllable element while the battery storage system shall be regulated with
respect to the algorithm optimization across the remote-control switch and power
electronic converter. The proposed microgrid will integrate solar (PVAs) and a smart
meter is connected to the loads. Real time monitoring of electrical signal remotely shall

be part of the control strategy with a telecommunication facility. Forecasting will be carried
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out by weather stations for proper control and monitoring. The purpose of the project is
to provide an uninterrupted power supply to the Steve Biko campus, creating: an
improvement in the power quality supply to the campus, power factor improvement,
reactive power control and voltage rise regulation at PCC.

Main Grid
(33kV, 22kV, _W Load (Block G) Load (Block F)
[
9 11kV | ‘
Remote Control | or 6.6 kV)/ 230V : Smar! Meter
Swi |
“Ch ) l Control Modulg] Control Modul
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Power Quality chmmgm r Tl
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. N ¥
(..tm\it.'ﬂl..‘r (A(.'I)() 4- - |5mdﬂ Mulcrl : IS“‘laﬂ vlc[cr |
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Figure 6.6: Proposed Microgrid System for DUT.

6.6.1 Description of the Proposed System

The circuit in Figure 6.7 depicts the proposed schematic microgrid for the DUT. The power

conversion of the circuit is divided into two stages conversion such that the first stage is
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Direct Current to Direct Current (DC-to-DC), while the other stage is Direct Current to
Alternating Current (DC-to-AC). The orange arrows represent the microgrid controller
signals, as well as the signal from the substation to the microgrid and vice versa in case
there is no power supply from the substation, while the green arrows represent the power
quality measurement signal that compares microgrid measured parameters to that of the
substation for improvement and reading. The small antenna shape represents wireless
signal communication between the measuring devices. In the DC-DC stage of the
system, a boost converter is employed to boost the PVA’s voltage output, while the
incremental conductance plus integral regulator controller extracts the highest power from
the solar array. In DC-to-DC stage of the system, a boost converter is employed to boost
the PVAs voltage output, while the incremental conductance plus integral regulator
controller extracts the highest power from the solar array. Hence, the general power and
voltage are strengthened and regulated at the PCC as specified by IEEE-1547 and by
the Southern Africa grid code requirement. This ensures continuous operation PVAs
which is the second stage of the conversion (DC-to-AC). The harmonics produced by the
Pulse Width Modulation (PWM) of the (VSC) are attenuated by the inductor (Lf).The
installed in-loop filtering circuit eliminates high frequency distortions at the PCC before
power flows to the grid. The solar system is connected to the Direct Current (DC) bus
through the power electronic converter. The equivalent circuit of the proposed microgrid
is depicted in Appendix B, Figure 3, where:

|/ = Solar system output voltage.
V4 = Capacitor voltage.

I = Inductor current.

C; = The capacitor.

d, = Converter duty cycle.

Vpat = Battery Voltage.

I}, = Inductor current of the battery.
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V., Capacitor voltage of the battery.

d, Converter duty cycle of the battery.

The mathematical representation of the solar system and the battery storage system are
given by equations 6.37 to 6.40, while equation 6.41 through equation 6.42 express the
integration of solar and storage system using a power electronic converter device. The

equation parameters are defined thus:

Direct axis current such as active power injected into the system.

Iy

I Quadrature current such reactive power injected into the system with

q
respect to the reference (dq).

Ve = Direct Current coupling voltage.
mgandm, = Converter modulation indices.
w = Fundamental frequency.

N
Q
=
Q.

NS

I

Synchronous AC voltage.
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—— | Banks

Vbat
Linear and Non

Linear Loads
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Figure 6.7: Proposed Equivalent Circuit for DUT Microgrid.
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iy _ Vov _Rap Ve q _

e= B, - 21— dy) (6.37)
AVer _ Vac Ve A

@ "R me T (L—do) (6.38)

Ve

dis _ Voar _Riz; _Ver(q _

at L L, 12 L, (1-dp) (6.39)
AVez _ Vac Ve 2

@t~ e mo 2T, (1—da) (6.40)
dlg Ry Veiz _Va

dt IL Id + (UIq + 2L, mgy IL (641)
alg Veir

RL
___L_qu_w1d+ —

dt 2L, 9 L

e = L[ (Ver = Vao) + 7 Vg = Vo) — T4 (6.42)

Therefore, (I11), (Ve1), (U2), (Ve2), (1a), (Ig), and (V) are the state variables of the
system, where (d,), (d;), (my) and (mg,) are the control input while (), (Va), (Vpae),
(V») are the disturbances. In microgrid hierarchical control, the secondary control
scheme provides the highest limit power reference (I;,) for the solar system to perform.
The highest power point is obtained by the maximum power point tracking (DC-to-DC
converter) which is the point where the solar array and the battery storage or grid are
optimized, while the amount of power absorbed or injected to the network from the battery
is controlled by current reference (I;,).1t can work in different modes such as reactive
power supply mode, shaving mode or voltage regulation mode. The references (I;) and
(I;,) generated from secondary control side feed the consumer loads properly and control
the active and the reactive power of the system. The direct current coupling voltage (V4.)
control the voltage at DC coupling to keep the microgrid power in equilibrium. When the
control variable is defined by (y), the (x) as states and (x¢) as the equilibrium point. Thus,
the system error can be obtained from the equations 6.43 to 6.47, where (d) is the
disturbance of the system. The equation 6.48 shows the similarity of the solar system and
the battery control with a control output and input. A control strategy can be therefore
derived which can stabilize the dynamic of the proposed microgrid subsystem. To

linearize the dynamic (I;,) in equation 6.36 above, the control input (d;) can be obtained
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in equation 6.49. The Proportional integral controller (PI) and (v,) can be expressed
properly in equations 6.50 and 6.51. Zero steady state and convergence of the system
can be guaranteed to meet the required performance if the integral and proportionate
(Ki1) and (K,;) are obtained. As (d;) is calculated in equation 6.49, (d,) can also be
obtained for the battery system in equation 6.52 while PI is added in equations 6.53 and
6.54. To enhance the solar system performance, (K;;) is the integral gain while (K,,) is

the proportional gain.

The integration of the solar system and the battery bank into the network are achieved by
a converter. The converter's active and reactive power can be controlled by the direct
current (I;) and the quadrature current (I;). To linearize the converter dynamic
behaviours, the modulation indices of the direct and quadrature axis (m,;) and (m,) can
be obtained in equations 6.55 and 6.56 respectively. The (Pl) inserts (v, ) into the
system thus, by similarity to equations 6.53 and 6.54, 6.55 and 6.56 can be obtained
where (K;q4) is the integra gain and (Kp,44) is the proportionate gain. To determine the
dynamic mathematical derivation of the DC coupling voltage in equation 6.57, considering
the hierarchical control strategy from the proposed model, secondary control injects
reference current (I;,) to the battery storage system, therefore, all available power can
be injected into the DC coupling by the converter. To obtain the reasonable quantity of
power into the system, the reference current (I;) must be known such that direct current
coupling voltage transforms to its reference (V,.). The perturbation analysis can be
obtained by adding an external control loop that is connected in series to the (V,.) voltage
and making the current dynamic (I, ,) much faster than the voltage dynamics. Therefore,
(1) can be made to attain an equilibrium position (I;) in the direct current bus voltage
dynamic evaluation due to the separation of the time scale. To secure the difference in
the time scale of voltage and current, the controller gains should therefore be allotted.
From the equation 6.59, (I;) can be obtained for linearization of (Vp¢) in equation 6.60
and by applying a controller (PI) to (v4.) in equations 6.61 and 6.62, a direct current link
can be balanced through the reference current. Thereby (V) is controlled with respect
to (Vpc). The active and the reactive power can be autonomously controlled while

reference current (I;;) controls current (I,) to inject a quantity of reactive power into the

network. Thus, the reference (I;) is obtained in 6.63 and the (Q*) is the network reactive
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power. When a control strategy is planned and provided, there is a need to make the rest
of the dynamic of the network stable. With the uncontrolled variable (V;) and (V.,), the
equilibrium point of the dynamic can be derived in equations 6.64 and 6.65. By linearizing
the variable (V) and (V,,) toward the equilibrium position, the variable stability can be
further established by the Jacobian sign in the equations 6.66 and 6.67. The assumption
in equation 6.66 is that if current (I;;) Is positive the Jacobian (J,) is negative, for the
reason that the voltage losses in the inductor (R;;I;,) are less than the solar system
voltage. This is the physical limitation of the system. Similarly, by assumption in equation
6.67, if (I;,) is positive, the negative values vary depending on the battery charge and
discharge value. Therefore, a derivation can be found for (V) stability zone in equation
6.68 due to the negativity of the Jacobian (J,). Conclusively, the non-controlled dynamics

have a stable point of balance within the limitations mentioned.

¥ =x—x° (6.43)
x = [Ver,Veo, Ves]” (6.44)
x¢ = 11, V&, 102, V& 13, 13, Vac ] (6.45)
y = [I1, 12 IdrIq]T (6.46)
d = [Vey, Vpas, Va, Val” (6.47)
{x =f (x,_d) = g(xX)u (6.48)
y =111,
di = ;= (Livs = By + Rualis + Ver) (6.49)
v, = Kpy (I — I}1) — 4 (6.50)
a; = Kiy(Ipq — 1}1) (6.51)
dy = 5= (LyVs = Voar + Rizlis + Cy2) (6.52)
v, = —Kpo (I — I13) — ay (6.53)
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ay = Kip(I2 — 112) (6.54)
my = é(md + Rly — oLy, +V,) (6.55)
m, = é (Lyvg + Ry — wLyly + V) (6.56)
Vaq = —Kpaq(lag — log) — Xag (6.57)
daq = —Kiag(lag —1ig) (6.58)
Voe = {R_11 (Ver = Vpe) + Riz (Ve2 — V) — %;:qla)} (6.59)
i =32 v+ (Ve = Voo) + o (Ve = Vo) + 3] (6.60)
Vac = —Kpac(Vpe — V) — Qac (6.61)
dac = —Kiac Vpe — Vpe) (6.62)
I =% (6.63)
Ve, = % +Vie + 4Ry111 (—Vpy + Ry1l11) (6.64)
Vé =7+ \VE + 4Ry112(—Viar + Rizli2) (6.65)
L == ﬁ - Ci“%z (VVPV - RLIILI) (6.66)
L2 = - LA (Vbar — Ri2l12) (6.67)

Vbal _ L 2 @) Vbal L ( 2 @)
2Rz Rp2 (Vbal +4 R, < ILZ < 2Rp; + RL2 Vbal + 4 R, (668)

6.6.2 Control Strategy of the Circuit

Consider the pulse generator control circuit in Figure 6.8, where when strategically

controlling the pulse (S) of the PWM-VSC output using the (IC+Pl) strategy, energy is
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extracted from the solar system through the first stage of the power conversion phases.
The solar reference voltage (V,V;..r) and pulse (S) are estimated by the (IC+PI) algorithm.
The generated solar voltage (V,,,) is compared with the solar reference voltage (V,V;.r)
to produce solar reference current (I,V,.r) through the outer loop integral regulator (PI).
The generated solar current (I,,,) and the solar reference current (I,V,..r) are compared
to produce the duty ratio (D) through the inner loop integral regulator (PI). Therefore, the
duty ratio (D) produces a high frequency pulse (S) through the (PWM) for DC-to-DC
conversion stage. The second power conversion stage, which is the (PWM-VSC) stage,
maintains the active and reactive, and transferred the extracted power output from the
solar system at the PCC. The (PWM-VSC) operates in unity power factor and voltage
regulation mode, which also controls the voltage rise at the PCC to the minimum. When
solar system output power generation is at the maximum and the load demanded is low,
(PWM-VSC) will be in voltage regulation mode where it will generate reactive power to

the grid to control the voltage rise at PCC and minimize the voltage to an acceptable level.

Y
LA PRe
P&O D
Ipv Algorithm e ﬂ e m PWM s
— lpv Generator
Ref

Figure 6.8: Pulse generator.

Figure 6.9 depicts the gating pulse generated from (S;, S, S3, ..., Sg) to control PWM-VSC
where the device current is controlled. (I;,.) can be approximated by detecting (I;4,1;5),
(Vpceass Vpeene), and (Vg ) while (Vpeea, Vpeers Vpeee) €an be approximated from the point of

common coupling line voltage, where:
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Figure 6.9: Generated Pulse for VSC.
(Igr) = Grid Reference Current.
(Ia, Ig) = Load Current.

PCC Line Voltage.

( pCcCcAB» pccBC)

(Vac) = DC Link Voltage.

( ccA; pccB: pccC) PCC Phase VOltage.

The filtering circuits in Figure 6.10 filter the unwanted disturbance/distortion or unbalance
signals from the load current and phase voltage at the point of common coupling where
their components are approximated before the reference grid current. The filtering stages
of the control is of an in-loop type which has a super harmonic rejection capability. The
current that flows across the loads and the phase voltage at the point of common coupling
are transformed to stationary reference frame control known as af-control. It regulates
control signals in stationary two-phase frame (I.,), (Ig) and (Vpeea)s (Vpecp)- ANy
unwanted signals generated from the point of common coupling are suppressed by the

filtering circuit while the approximated quadrature components and undistorted in-phase
Signal are(IZap)1 (Izﬁp)! (Vp*ccap) and (Vp*ccﬁp) of (ILa)1 (ILﬁ) and (V;o*cca)’ (V;ccﬁ)- In the
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same way, (I[aq): (U1gq) @aNd (Vpecaq)s (Vpeepq) are undistorted quadrature of (Ipq), (Ip)
and (Vyeca)r (Vpeep)- The undistorted components generated can be distorted provided
that if the detected current that flows across the loads and approximated in-
phase/quadrature signals is used to approximate the positive sequence of the
fundamental components and the phase voltage at the point of common coupling (I},),

(I;p) and (Vyeea), (Vpeep) SUch that they can be expressed in equations 6.69, 6.70, 6.71

and 6.72. The PWM-VSC has a voltage regulation mode and unified power factor mode
of operation. The amplitude of the phase angle at the point of common coupling and the
grid phase angle are vital to synchronize and control the device mode of operation as

expressed in equations 6.73 and 6.74.

V*

peecap

1
°
W

g

) Vi)

Figure 6.10: In-Loop Filtering Algorithm.

Vocca = O'S(VP*ccap - V;ccﬁq) (6.69)

VJCCﬂ = O'S(VP*CCG’Q - Vgccﬁp) (6.70)

Iy = 0.5 4y — Iig) (6.71)

Iig = 0.5(Ifap — Iig,) (6.72)
2 . 2

V(Z)A = \/(VP*CCQ) + (Vpccﬁ') (6.73)

00 = tan™ (222) (6.74)
pcca
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(Iz4) denotes the active power across the grid and is the d-axis component of the grid
current. The value of (Iz;) can be negative or positive. The negative value of the
component means that the grid is drawing active power while the positive value shows
that the load is drawing active power from the grid, which depends on the solar power
generation, load demanded and VSC losses in that particular period as expressed in

equation 6.75. (I;4) can be obtained through the transformation of (I;,) and (I;;) to dg-

axis reference frame. (V,,) is the sustained and established reference value of the voltage
(Vacrer) When (I,s5) absorbs active power from the grid and its VSC losses. The
component is obtained through the processed error between the (Vg.) and (Vycrer) by
the approximation of the (PI) controller. To avoid overmodulation in the system, the
approximated amplitude voltage at the point of common coupling adjusts the direct
current link voltage. The expression for (V4cger), DC link error and the solar power output
at the PCC can be obtained in equations 6.76 to 6.79. DC link integral controller’s stress
minimizes when (Ipy,..) is off. It provides the feed forward capability for VSC control and
gives an idea of generating power ahead of VSC synchronism. It also provides such
capability that when there is a quick change of solar power output, best dynamic
performance is enhanced. (I;,) denotes reactive power across the grid and is the g-axis
component of the grid current. The operation depends on the device mode. When the
device is in a unified power factor mode and (I;,) is maintained at zero position, VSC
generates reactive power to the load while there is less or no reactive power across the
grid. When there is a maximum power output generated from the solar power, and the
load demanded is low, the voltage at the PCC will rise above the maximum allowable
limit. In such a scenario, the device will switch to its voltage regulation mode whereby
the load and the grid absorb reactive power from the VSC. Hence, the power factor of the
grid is less than the unity. (Iz,) is defined in equation 6.80. (I;,) is the approximated
current that controls the voltage amplitude at the point of common coupling to avoid a
voltage rise. It can also be obtained by error differential between the peak voltage
amplitude at the point of common coupling and the phase voltage amplitude through the
integral controller. By the transformation of the d-q axis (I;4), (Ig4) to a-b-c reference

frame with inverse park transformation analysis, the approximated (Izz.r) can be
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obtained. The differential between the detected grid current and approximated grid

current will result in the gating pulses S;,S,, S5 ..., S.

Igq =1I1q + Lioss — Ipypec (6.75)
Vacref =1.05 X 2 X Vyu (6.76)
Lossk+1 = liossk + Kpac X (€ac k1 — €ack) + Kiac X €ack+1 (6.77)
€dc = Vacres — Vac (6.78)
Ipypec . % (6.79)
G = (i) (6:50)
Iyrgk+1 = Iyrgr + Kpvr X (evrik+1 — €vri) + Kive X €yg k41 (6.81)
evRr = Voamax — Voa (6.82)
Ieq = d-axis Grid Current.

I[4 = d-axis Load Current.

Loss = VSC Losses.

Ipypee = Solar Power Output at PCC.

Iyrq = Approximated current component that control PCC voltage.
Iiq = g-axis Load current.

Voa = Amplitude of the Phase Voltage.

evr = Error.
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6.7 Result and Discussion

A Simulink model of the peak power point tracking (as shown in Appendix A, Figure A3-
A8) is designed comprising 1.008 MW at 1000 W /m? Photo Voltaic Arrays (PVAs). The
system consists of 64 parallel strings and each of the strings consist of 5 modules SPR-
315E connected in series (10 X 64 x 315 x5 =1.008 MW). The Temperature is
measured in degree centigrade and the Irradiance of the sun in (W/m?). The PV array
block has two inputs that allow for the variation of the sun’s irradiance and the
temperature across the two inputs of the solar array block. Direct Current to Direct Current
(DC-to-DC) boost converters of 5-kHz inputs are connected to the PVAs output while the
outputs are connected to the DC bus of 3-p-3-levels Pulse Width Modulation Voltage
Source Converter (PWM-VSC). The desired voltage is produced by the tracking system
by varying the duty cycle while Peak power is being accessed from the PVAs terminals
by means of (IC + IR), otherwise known as Peak Power Point Tracking (PPPT) strategy.
The voltage source converter possesses internal and external control capabilities. The
quadrature current components (I;), (I) that represent the active and reactive current
are controlled by the internal part of the PWM-VSC, while the external aspect of the PWM-
VSC controls the DC link voltage. PWM-VSC is kept at 20% more than the rating of the
Solar farm. The boost converter improves the PVAs voltage output from 295 VDC to 500
VDC. The PWM-VSC makes use of converted modulating reference voltage signals
(Vabc rer) from outputs voltage (V;) and (V) of the current controller, usually from 500
VDC to 260 VAC at the Point of Common Coupling (PCC). A filtering circuitry is connected
to the network to eliminate any distortion generated by the PWM-VSC. The designed
network in MATLAB/Simulink is simulated, the grid voltage and that of current are in
phase between 0 to 0.05 s which means that the system undergoes unity power factor
mode operation as shown in Figure 6.11 (a) such that the angle between the grid voltage
and the current is zero. The unity power factor exists because there is no phase difference
(during the period of 0 and 0.05 s) in the grid voltage and the current. Thus, the whole
part of the main power supply does the useful work. Hence, there is no voltage fluctuation,
no power wasting, no transient voltage problem, and very low loss occurring at unity
power factor. The PVA’s output power generated is 840 kW between 0.15 s to 0.4 s which

is not its full rated power, and the duty cycle is fixed at 0.6 s as shown in Figure 6.11 (b-
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c). During this period, the PPPT controller is not yet enabled. It has not started regulating
PV voltage by varying the duty cycle in order to extract peak power, the voltage at that
point is therefore calculated using equation 6.83 and obtained 200 V. However, the rated
power of the PVAs is 1.008 MW at 1000 W /m?. Moreover, at 0.4 s, the peak power point
tracking (PPPT) algorithm control is turned on as shown in Figure 6.11 (d). The PVAs
voltage output regulation (IC + IR) starts operation by varying the duty cycle in Figure
6.11 (e) to extract the peak power. The peak power tracked by the PPPT is about 1.005
MW at the duty cycle of 0.45, while the rated value is 1.008 MW. By estimation, about
0.003 kW is lost in the boost converter. By calculation using equation 6.84, the simulated
result in Figure 6.11 (f) which is 295 V, is slightly higher than the calculated result (273.5
V). It shows that the boost converter efficiency is about 83%. The solar voltage output is
about 1005 V between 0 to 0.61 s, it reaches 295 V at 0.55 s and maintains its stability.
The boost converter boosts the PVAs’s voltage at 0.61 s from 295 V to 500 V and the
system reaches its steady state at 0.62 s, while the duty cycle of the boost converter is
maintained at 0.41 as shown in Figure 6.11 (g). The 3-0-3-level PWM-VSC converts the
500 V DC link voltage to 260 V AC as shown in Figure 6.11 (h). The PVAs and the grid
(PCC) parameters are 5000-kVA 260V/22kV in a three-phase coupling transformer.
Further simulation investigations are carried out to evaluate the network performance
during load variation with constant PVAs generation to PCC network impact when
undergoing Unity Power Factor (UPF), Voltage Regulation (VR) mode. The network
behaves like STATCOM and the grid impact when there is no generation from PVAs at
PCC.

VPV = (1-D) x Vdc (6.83)
= (1-0.6) X500 =200V
PV Module Specification = Nser X Vmp (6.84)

=5x%x547 = 2735V
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Figure 6.11: (a) UPF Mode Operation, (b) PV Output Power, (c) Boost Converter Duty
cycle, (d) PPPT Tracking, the blue is the tracking sequence while the green line is the
error regulator (e) Boost Converter Duty Cycle, (f) PV Output Voltage, (g) Boosted
Voltage, (h) PWM-VSC Converting 500 V to 260 VAC.

6.7.1 Loads variation with constant PVAs generation

This section discusses the investigation carried out to determine the effect of load
fluctuation on the rated solar farm performance while the power of the PVAs is kept
constant at a rated capacity. The system performance is also evaluated when the network
operation is in voltage regulation or unity power factor mode and when undergoing unity
power factor operation alone, depending on the amount of voltage rise at the point of
common coupling. Figure 6.12 (a) shows when loads demanded are varied by switching
off the loads on the phase two at 0.4 s and phase three loads at 0.6 s. The power

generated to the AC grid increases (Pgsi4) as shown in Figure 6.12 (b) when there is a
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reduction in the loads demanded (P,,,q) across the network, while the PVA’s output
remains within its rated capacity, whereas the grid current amplitude (I;.;4) also
increases, resulting in a further drop in voltage in the feeder impedance of the AC grid.
Similarly, the decrease in the loads demanded also causes the amplitude of the phase
voltage (Vy,) at the PCC to increase. Figures 6.12 (d-e) show the network simulation
outcomes when the network is undergoing UPF operation from the STATCOM, such that
the grid’s reactive power is zero, i.e., Qsriq = 0. The point of common coupling phase
voltage amplitude rises above the acceptable range, even with the load demanded from
the system, which is not in agreement with the IEEE-1547-2018 and Southern Africa grid
code regulation at point of common coupling publication in [135], [187] that established
uniform criteria and requirements for interconnection of distributed energy resources
(DER) with electric power systems (EPS) and associated interfaces. It is observed that
during no-load conditions between 0.6 s and 0.9 s, the point of common coupling phase
voltage amplitude (Vp,) rises above 330 V as shown in Figure 6.12 (e) and is
unacceptable because it is more than 10% of the rated value of the PCC. The South
Africa Grid Code Act accepts + 15% to +10% RDG voltage variation connection at the
point of common coupling for large renewable distributed generation above 100 kW, while
IEEE-1547 stipulated £6% variation for PVA connection at the point of common coupling

of alternating current/voltage.
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Figure 6.12: Voltage rise with Zero Grid Reactive Power (a) load varies at 0.4 s to
0.6 s, and switched off at 0.6 s to 0.9 s, grid current increases. (b) Reduction in the
load power between 04 s to 0.9 s (c) Increase in power to the grid due to reduction in
the load between 0.6 s to 0.9 s. (d) Reactive power during unity power factor mode

of the STATCOM. (e) Increase in the phase voltage.
6.7.2 Proposed method with UPF and VR Mode

The results of the proposed method are depicted in Figure 6.13 (a-j) where the network
is operating normally such that the system is in its unity power factor mode at rated loads
demand and PVA. However, at 0.4 s, the phase voltage amplitude (Vy,) at the PCC rises
because of the reduction in the loads demanded within the system. Consequently, the
operating mode of the network changes from the unity power factor to a voltage regulation
mode to minimize the voltage rise at the PCC to an acceptable range, in relation to IEEE
1547 and Southern Africa grid code requirement. It is observed during the voltage
regulation mode that the network’s reactive power increases from zero (Qg;,iq = 0) to 1.15
kVAR. Also at 0.4 s, when the loads demanded reduces to zero, (Qg;iq) iNnCreases from
1.15 kVAR to 5 kVAR. This causes more power to be transported to the AC grid, resulting
in a greater drop in the impedance of the feeder and, therefore, more reactive power
being generated to the grid to limit the voltage rise at the point of common coupling. The
phase voltage amplitude (Vy,) is within an acceptable range, in agreement with IEEE
1547 and Southern Africa grid code requirement. It can be observed that phase voltage
increases up to 250 V, which is less than the maximum allowable range. However, there

is no reflection of power quality challenges noticed due to an unbalanced or non-linear
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load in the system, because the network currents are balanced during the operation. The
network measured parameters such grid RMS Value of Voltage/Current, grid current (I,)

harmonics, during the experiment are depicted in Table 1, which are withing an
acceptable range during grid compensation.
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Figure 6.13. (a) PCC Voltage, Grid Current, Load Current, and PV Current, (b) Grid
Reactive Power (0 — 1.15 kVAR), (c) Grid Reactive Power (1.15 — 5 kVAR), (d) Phase

Voltage, (e) Solar Irradiance, (f) Normal Rated Power, (g) Flow of PCC Voltage and Grid

Current, (h) Grid Power, (i) Load Power and (j) Reactive Power.
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Table 6.1: Gid RMS Value of Various Voltage/Current.

I, =15.4 A, 0.99 pf

Voltage/Curr | Grid RMS % THD Value
ent/Power
Factor
Viria ab = 14.14 kV, bc = 14.14 kV, ca | 2.01 %, 2.01 %,
=14.15 kV 2.0%
3 Iria g =55.10 A, 0.99 pf, Ig=55.10 A, 0.99 | 3.3 %, 3.3 %, 3.4 %
2 pf, Ig = 55.12 A, 0.99 pf
i®)
()
g
lioad 1,=59.10 A, 0.99 pf, I, =59.22 A,0.99 | 26.6 %, 26.8 %,
pf, I. =59.59 A, 0.99 pf. 26.9%
PViurrent Isppq = 55.5 A, 0.99 pf, Iy, =55.5A, | 16.01 %, 16.01 %,
0.99 pf, I5,,. = 55.56 A, 0.99 pf 16.21 %
Veria ab = 14.34 kV, bc = 14.34 kV, ca | 5.3%,6.3%,5.4%
=14.34 kV
Iria ;o = 60.10 A, 0.99 pf, I, = 60.10 A, | 4.3%,4.3%,5.4%
(D)
% 0.99 pf, I, =60.12 A, 0.99 pf
<
=
> Lioad 1,=0A, 0.99 pf, I, =15.1 A, 0.99 pf, | 0%, 4.3%, 5.4 %
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PViurrent Ispva= 55.5 A, 0.99 pf, I, = 70.5 A, | 18.3 %, 25.3 %,
0.99 pf, Iy, = 69.56 A, 0.99 pf 22.4 %

Veria ab = 1450 kV, bc = 1450 KV, ca | 0.6 %, 0.6 %,
=14.54 kV 0.45%

Ioria Iy = 69.20 A, 0.99 pf, I, = 69.6 A, | 0.3%, 0.7 %, 0.4 %

0.99 pf, I, = 69.9 A, 0.99 pf

No-loads and

L oud I,= 0A1,=0A,I.=0A 0.0 %, 0.0 %, 0.0 %

PV currents Igpyq = 69.20 A, 0.99 pf, Iy, = 69609 %, 0.8 %,
A, 0.99 pf, I, = 69.9 A, 0.99 pf 0.85%

6.7.3 PVAs Variation

The Figure 6.14 (a—i) shows the impact of the network when the (Ppy) varies from rated
to zero. The solar power (Ppy,) varies rapidly when solar irradiance fluctuates from
1000 W/m? to 0 W/m?. There is nothing to be tracked by PPPT after 0.4 s, as the power
generated by the solar farm is zero and (V) reduces to less than 400 V. The grid power
and the grid current (I;;4) and (Pgiq) vVary with load power, while the rated value of the
load power (P;) remains unchanged. Originally, the voltage rise at the point of common
coupling is because of the drop at the feeder impedance (negative, which means it
produces energy) when power is fed to the AC grid. However, the drop in the feeder
impedance reduces due to the decrease in the power transported to the AC grid with
(Ppy), hence, the phase voltage amplitude (V3,) reduces. Moreover, when solar power
generated is equal to zero, power is absorbed from the AC grid and the drop in the feeder
impedance is positive (the energy is being consumed); therefore, the phase voltage

amplitude is less than the rated voltage (249 V) and the regulating operation is carried
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out in the system, such that the system behaves like STATCOM by active filtering

characteristics. The grid reactive power maintains a zero position when (V,) at the PCC

is less than the maximum voltage amplitude while the network operation is in unity power
factor mode, such that (I, = 0).
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Figure 6.14: (a) PCC Line Voltage and Current, (b) Solar Irradiance, (c) Peak Power
Point Tracking, the blue is the tracking sequence while the green line is the error regulator
(d) PCC Phase Voltage, (e) PV Power Output, (f) DC Voltage, (g) Solar Voltage, (h) Grid
Reactive Power and (i) STATCOM Voltage.
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6.8. Conclusion

The research investigation in this paper shows that variation in the consumer’s loads
(reduction) can cause an increase in the power generated from PVAs to the grid, as well
as an increase in current amplitude, reduction in voltage of the feeder impedance and an
increase in phase voltage amplitude at the PCC. When the system is undergoing unity
power factor mode, PCC voltage amplitude tends to rise with loads, and PCC phase
voltage amplitude rises above an acceptable range with no-load. Similarly, load reduction
causes voltage rise at PCC during UPF mode, which can be regulated by changing to
voltage regulation mode. Generation of positive reactive power to the grid by the
STATCOM reduces voltage rise at PCC, which also regulates the phase voltage while
solar PVAs are in continuous operation, which justified the first research question
mentioned in the introduction. Furthermore, fluctuation in the sun’s irradiation causes a
decrease in PVA power generation, resulting in variation of the grid current and power.
The impact of zero PVA generation causes power to be absorbed from the grid, which
causes a positive in the feeder impedance, leading to the reduction in the voltage
amplitude. This satisfies the second research question but is corrected when the system
operates in its voltage regulation mode. If the active power generated by the PVAs is
higher than that of the local consumers, excess power is delivered to the grid. The
operation of PVAs has been presented in this paper to solve power quality issues, such
as a voltage rise at the point of common coupling. It is therefore recommended that the
PCC of PVAs should be strategically monitored and regulated to avoid power quality

challenges whenever there is load variation and no generation from PVAs.
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6.9 Summary

This chapter investigates the voltage rise regulation with a grid connected Solar Photo-
voltaic system. Solar system, solar and battery modelling, factors affecting solar array
performance, energy management and solar power tracking are adequately discussed.
Design and simulation of a propose microgrid for DUT, control strategy, load variation
under PV system, effect of PV variation on the system, and the grid behaviours during
STATCOM UPF and VR mode are analysed. The overall contributions of this chapter are
as follows: strategic regulation of PCC voltage rise through the generation of positive re-
active power without disconnecting renewable distributed generation integration with
higher penetration levels can be achieved in a distribution network, in-loop second order
integral filtering algorithm can get rid of or filter any form of grid current distortions
generated from the non-linear loads in a distribution network. Peak power point tracking
error can be minimized from the solar power tracking system by the addition of integral
regulation algorithm. The output voltage and power of the PVAs can be reinforced and
stable when a compensator is installed in the network, even with fluctuation in the sun’s

irradiation and the loads.
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CHAPTER 7

GRID VOLTAGE REGULATION UNDER VARYING SOLAR
IRRADIATION

7.1 Introduction

The concept of introducing solar systems would provide electricity accessibility to remote
rural areas that have no access to the grid system. Countries of the world are planning to
reduce fossil fuel emissions due to its negative effect to human health and the
environment by substituting traditional fossil fuel-based means of energy generation with
renewable energy resources as solar power. Solar power is more popular because it is
cheap to maintain, clean, renewable on a human time scale and produces no noise
disturbance. Grid integration of the solar system is expected to grow more in the future
due to the decrease in the cost of solar components, power electronic interface
development and the government support tariff. However, the power output of PV solar
system is intermittent in nature depending on sun irradiance and the temperature
operation of the solar cell. Hence, it is vital to extract maximum power from solar panels
in all conditions. This section of the thesis presents the tracking method of peak output
power of a photovoltaic solar system connected with a DC-DC boost converter using an
improved Incremental Conductance with Integral Regulator Strategy (IC+IR). The
simulation results show that peak power can be harnessed from the solar panel with
stable output voltage under varying operating conditions. This chapter investigates grid
voltage regulation under varying solar irradiation. It explores the solar tracking algorithms,
perturb and observe strategy, incremental conductance, improved incremental
conductance with integral regulator to track peak power point of the solar system,
modelling of a boost converter, proposed converter restoration scheme, and converter

block/de-block scheme. The contribution of this chapter is as follows:

* Improved Incremental Conductance with Integral Regulator Strategy (IC+IR)

is used to track peak power point of the solar.

* Automatic block and de-blocking restoration control scheme are designed in

controlling the converter switching mechanism to prevent the device from
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fault current/grid fault and voltage rise.

* Oscillation occurrence at the output power due to the error signal generated
between the instantaneous conductance and the incremental conductance

are attenuated by the integral regulator.
* Grid voltage stability during variable load, solar irradiance, and temperature.
7.2 Solar Tracking Algorithms

Several tracking algorithms have been developed recently to access peak power at any
certain sun irradiance and temperature [233]. Perturb and Observation method is quite a
popular algorithm due to its simple and quick application, but the production of oscillation
at its output level is a setback. Also, it can track Peak Power Point Tracking (PPPT) at a
wrong direction if there is a quick change in the direction of the sun’s irradiance [234].
Incremental Conductance is another algorithm that possesses the advantage of improved
capability as compared to the perturb and observation method. However, the method has
the disadvantage of reduction in efficiency because it can swing the PPT round [231],
[235], hence, there is a need for a modified incremental conductance algorithm that is
robust, stable and devoid of swing. To carry out the investigation of grid voltage regulation
with varying solar irradiance, a solar system is integrated into the grid at the (PCC) with
the aid of power electronic devices such as a DC-to-DC converter otherwise, a stand
alone is considered. This section of the thesis presents an improved Incremental
Conductance with Integral Regulator Strategy (IC+IR) to access the solar array peak
power point for perfect efficiency, time reduction, and error minimization. The error signal
is generated at PPP during instantaneous conductance and the incremental conductance
is reduced to zero by a proportional integral (PI) controller in the closed-control loop
diagram. The overall result provides stability of the output signals (i.e., voltage, current)
of the PV and to supply constant power output to the load at a variable solar irradiance

and temperature.

7.2.1 Overview of Perturb and Observe Strategy

The perturb and observe method of PPPT of the solar system is the simplest method of

power tracking strategy. This is a process by which an operating voltage is adjusted and
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forces the power of a solar system to the hill level and sustains it. It is otherwise known
as hill-climbing. In this method, an increment in an operating voltage is sustained to the
maximum when there is an improvement in the power generated, but it will stop when the
power is about to drop. The very point at which the power generated is highest just prior
starting to fall is known as Peak Power Point (PPP). The power output of the solar system
has the tendency to vary due to its non-linear characteristics, change in temperature and
irradiation [236]. The power generated is being compared to the previous power produced
by computing the system voltage. The current, negative or positive signs in the variation
in power and voltage obtained influences the decision in the direction of the algorithm.
Also, the two successive values are taken and measure the variation in power and voltage
by controlling the duty circle and the step size of the PPPT to establish the power loss
and the speed of the system. If there is no voltage produced, Perturb and Observe
Algorithm (P & OA) will oscillate around the PPPT. When there is an increase in voltage
produced, a change in the power level will be verified by the (P & OA). An increase in
voltage means that the power generated will be improved by P & OA. The drawback is
that the voltage level never remains at the same level when PPP is reached similar to the
power level. The PPPT strategy makes use of an iteration approach in attaining voltage
(Vpppr) and the current (Ipppr) through which the solar system generates its highest
power with the influence of temperature and irradiation. The flow chart of P & O is depicted

in Figure 8.1, and it is summarised as follows:

+ (1) and (V},) data are collected from solar panels where (I;) and (V) are solar panel

current and voltage.
+ (P,) is calculated from (1) and (V).
+ Power and voltage data are saved.

+ The data are verified for the next successive (k + 1)™ immediate and repeat the first

step.

+ The data processed at (k + 1) immediately are subtracted from the data processed
at Kt
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+ If (Z—Z < 0) on the solar curve on the right side, the slope of the graph will be negative.

Similarly, if (Z—z > 0) on the solar curve on the left side the slope will be positive.

Consequently, the reduced duty cycle appears at the right side of the curve, and

excessive duty appears on the left side of the curve.

+ Depending on the polarity of the slope after subtraction, the algorithm decides the

change in the duty cycle.

Stard

Detect V(k), I(k)
P(lk) = V({I)*I(k)

_ Yes
Decrease Increase Decreasd Increase
Vot \Y% Y \Y%
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l

Figure 7.1: Perturb and Observation flow chart.
7.2.2 Incremental Conductance
Incremental conductance works on the principle that the slope of the solar power graph

is negative at right hand side and positive at left hand side but equal to zero. This is

. . dl . .
otherwise known incremental conductance (E)’ which can obtain the solar power

derivative with respect to voltage (Z—i). The strategy of an incremental conductance is
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based on the derivative of solar system power and voltage equal to zero at PPP. It locates

PPP due to equality of instantaneous conductance (G = %) and conductance increment

(G = 2—;). Since solar systems current depends on voltage, the solar power can be

obtained. When equation 7.1 is equal to zero consequently, the highest power point can
be obtained when the incremental conductance is equal to the negative of the
instantaneous conductance as depicted in equation 8.6 and the voltage at that point is
known as PPP voltage in equation 7.7. This PPP voltage is sustained by the controller
until there is a change in the solar irradiation (Al) due to atmospheric condition variation.
Figure 7.2 shows the incremental conductance algorithm, and the algorithm process
decreases or increases (V;..r) to trace the new PPP.

w

Measure Voltage

and Current

Calculate dT and dV]

‘L dv=0 i

A
dl
£ @

ange

v (@
No change - . @j

Decrease ncrease ecrease Decrease| |Increase

duty duty duty duty duty

Figure 7.2: Flowchart of Incremental Conductance.

The speed of PPP tracking is dependent on the increment step. The higher the step
increases the faster the PPP tracking, hence, it may not exactly operate at PPP but

oscillate around it. Therefore, with the strategic control of the converter device installed,
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load resistance can be matched to the (?) This occurs where (V,,) is the open circuit

N

voltage and (/) is short circuit current of the solar system. The Incremental Conductance
method involves further calculation in the regulator which can track varying conditions
more quickly than the perturb and observe method, nevertheless, oscillations can be
generated at the output power due to the error signal generated between the

instantaneous conductance and the incremental conductance.

at PPP,L =0 (7.1)
av

P=1IxV (7.2)

P=I1V)xV (7.3)

ar dl

T =VxS+IV) (7.4)

VxZ41v)=0 7.5
= = (7.5)

ar _ _1w)

S=- (7.6)

at PPP,Vyer = Vppp (7.7)

7.3 Improve Incremental Conductance with Integral Regulator Strategy.

The principle of PPPT is to move the operating point by increasing Vp,, (decreasing the

duty cycle D) when % is positive or decreasing Vpy (increasing the duty cycle D) when
pv

My - . . . .
% is negative. The integral regulator scheme is added to the incremental conductance
pv

to minimize oscillation, obtain a perfect efficiency, reduce error, and reduce time taken in

tracking PPP as depicted in Figure 7.3. Figure 7.3a depicts the block diagram of the

IC+IR. The PPP can be tracked by comparing the instantaneous conductance é to the

incremental conductance g—‘l/. The condition é+§—; = 0, to obtain PPP in equation 7.8 is
rarely assured. The system operating point will be on the right of PPP in equation 7.9,

and on the left of PPP in equation 7.10. Hence, a new parameter e is introduced as é +
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2—; < e. This error signal is regulated by an integral regulator to adjust PV output voltage.

From the flow chart of an improved IC in Figure 7.3b, when Av is small, the controller

feedback will be slow resulting in losses of power, when Av is big, inaccuracy of V.,

arises, and the undesirable oscillations appear in the controller results. The amplitude of
the oscillations around the PPP is controlled by the value e. It decreases with the increase
of e and for a moderately great value of e, the operating point moves away from the true
PPP. Thus, the value of e should be precisely determined for improved performance of
the PPPT system. When e = 0 has been reached because of the adjustment carried out,
the PV module power will be maintained at the PPP. The error signal generated at PPP
during instantaneous conductance and the incremental conductance is reduced to zero
by the application of the integral regulator strategy which is used to derive the error signal
(e) to zero in equation 7.12. When the integral regulator is added to the incremental
conductance, there will be a reduction in the output oscillation, resulting in a better digital
resolution of the output, perfect control, and adaptation of the solar PV system to the ever-
changing climatic condition. Thus, the system efficiency is improved. The integral
controller improves the precision of both the system’s large step sizes when the
operational level is far from the PPP and when the small step sizes of PPP is reached to
extract the maximum possible level of power. The integral regulator does the manipulation
by accumulating the instantaneous error, then multiplies it by the integral gain and adds
it to the controller output. To reach the maximum power, the source impedance is equal
to output impedance such that by varying the duty cycle of the converter, source and

output impedance is matched, hence, the maximum power can be attained. When error

(3—; + é) is minimized, the regulator output will be equal to the Duty cycle correction. The

error signal (e) obtained in IC is processed through a IR controller to eliminate error e in
equation 7.13 where K,,and K;;, are the gain of the IR controller. The output signal U of

IR controller is further fed to PWM, which generates the corresponding pulses for the

IGBT of the boost converter. The updated duty cycle D(new) is modified in equation 7.16.
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_ 4+ =0at PPP (7.8)
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Kip

Uir = eKpp +—€ (7.13)
Dyew = Dprevious + Uir Wwhene >0 (7.14)
Dnew = Dprevious whene =0 (7.15)
Dyew = Dprevious — Uir wheme <0 (7.16)

7.4 Boost Converter Modelling

The effective implementation of the PPP tracking method involves a converter, (usually
DC-to-DC converter). To guarantee the optimization output power allocation of the solar
PV system, a boost converter is vital for the variant weather condition. Figure 7.4 depicts
the proposed boost converter and IC+IR for PPPT Technique. As the input decoupling
capacitance (C) is connected in shunt with the PV array, the input inductance of the
converter (L) is vital for PPPT dynamics. Thus, it guides the PPPT process and regulates

the PV voltage to exactly match the voltage at the PPPT.

/ Boost Converter
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Figure 7.4: Proposed Boost Converter and IC+IR PPPT Technique.
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The challenges of low power output occurrence are common to the conventional IC
technique, where PPP accomplishment is limited resulting in the reduction of the tracking
efficacy. The proposed method in this paper overcomes this shortcoming. The error signal
e obtained in IC is processed through IR controller to eliminate error. The proposed IC+IR
algorithm to access PPP is demonstrated using a DC-to-DC boost converter in Figure 7.4

and its mathematical model of the converter can be expressed in equations 7.17 to 7.19.

Ovpy _ vl
e - e (7.17)
@ — Upv_(l_D)vo) (7 18)

ot l

v, _ (-D)ii—(%2)
Fr c,

(7.19)

When R, is put into consideration in Figure 7.4, after applying Laplace transform, the

overall transfer function of the boost converter can be expressed in equation 7.20.

Yo
(V0C2)S+2.Rb

(LCy)S? +%.S+(1—D)2

The parameters of a discrete RI controller can be achieved by a continuous RI regulator.
The transfer function of the continuous RI regulator can be expressed in equation 7.21

Ki
Gs(s) = Kpp + Tb (7.21)
7.5 Propose Converter Restoration Scheme

The block and de-block control scheme of the converter is considered as an event
activated module to simplify the interfaces between different modules. Logic B is the block
signal at the input of the converter, normally low or zero as depicted in Figure 7.5. When
the converter receives the signal, it automatically blocks the converter. With the advent
of fault on the grid, the circuit breaker and the disconnector are properly coordinated to
carry out the fault isolation process. The fault is sensed by the converter and receives a
blocking signal while the circuit breaker receives the opening signal and isolates the fault.

During this period, the converter behaves like a rectifier diode. The proposed converter
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control scheme consists of block/de-block module, the monitor module and auto de-block
module. The voltage, current, disconnector and converter information are collected,
analysed and re-arranged into different kind of signal such as event signal, logic signal

etc., by the control monitor and transmitted the signal to the next module as operation

Operation Module

signal.
utomatic De-block Scheme ‘ Er(;eai;r;\
| System |
_ - [
Vi ‘De block Operahonl =
us Z %
an,n=152:...' g é:
1 _ -
nn=12 . |8 Block/De-block 5
A g
=]

I

Circuit -
Converter Disconnector

Breaker

4

Figure 7.5: Proposed diagram of converter restoration scheme.
7.6 Converter Block/De-Block Scheme

The block and de-block operation orders to the converter are generated by the block/de-
block module as depicted in Figure 7.6. The block/de-block module comprises 4 input
and 2 output, where the input (a) is the state of opening the grid circuit breaker when the
state is low or zero, the input (b) is the event to de-block the converter after the closing of
the circuit breaker by the AND gate, the input (c) is the event to block the converter when
it receives an unwanted signal such as over-voltage or a fault current which will reset the
[Set-Reset (SR)] trigger and the (Q) will go to zero or low state thereby opening the circuit
breaker. The reset input resets the device to its original state with an output Q which will
be either at high level 1 or low level 0 depending on the set/reset condition. The SR logic
is one-bit bistate device which has 2 inputs known as set and reset. The device is Set (S)
when the output is 1and Reset (R) when the output is zero (0). The blocking of the
converter is vital to the grid switching devices protected from fault current, voltage rise

and under-voltage. At the clearing of the grid fault event, the converter is de-block to
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restore power. When de-block signal is received by the converter, the circuit breaker will

turn off before the converter de-block. The input (d) is any fault occurrence that may occur

from the DC side.

Event to de-block
converter

State of opening

circuit break

Even to block
converter

C

d

OR

Fault from DC
side

AND

1

Block control
signal of converter

. Input control

(zero)
S Q
AND
>R Q]

2

signal of circuit
breaker

Figure 7.6: Converter Block/De-block module strategy.

Table 7.1: OR Gate Truth Table

OR Gate AND Gate

Input Output | Input Output R | Q | Q | Description
A|B Y=A+tB|A | B Y=A.B 0 |0 |1 |SetQ=1
0| O 0 0| O 0 1| 0] 1|Nochange
0| 1 1 0| 1 0 1[1|0|Set0=0
1/ 0 1 11 0 0 1| 1|0 | Nochange
1] 1 1 1 1 1 O(1|1]invald
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7.7 Test System Description

The A 100.7 kW, 330 SunPower arrays (SPR-305E-WHT-D) solar PV system is utilized
for three-phase grid integration under varying solar irradiation. IC+IR technique is
proposed to extract peak power from the solar PV array. The solar PV array feeds 100.7
kW power to the grid through DC-to-DC boost converter followed by DC-AC conversion
through voltage source inverter (VSI). The output voltage of the solar PV array that
corresponds to maximum power serves as the input of the DC-DC boost converter whose
gating pulse is generated from the IC+IR PPPT algorithm. The output of the DC-to-DC
converter is connected to VSI through a dc-link capacitor whose value is maintained
constant at 500V to balance power flow within the designed system. The Three-phase
VSl is fed on solar PV injects active power into grid operating under UPF. A dc voltage of
500V is converted to 260VAC by VSI. A 100kVA, 260V/20kV three-phase transformer is
employed to interface VSI with the grid. The block and deblock operation modules are
incorporated into the converter to generate the block and de-block signal sequences for
the converter as shown in Appendix A, Figure A5-A9 and is designed with
MATLAB/Simulink environment. The solar module consists of two inputs, the temperature
in degree and the irradiance in W/m?). The converter used is a 3-phase, 3-levels Voltage
Source Converter and it has internal and external control strategies. The internal control
strategy adjusts the direct and quadrature currents (I;) and (I,) of the active and reactive
current components while the external control strategy adjusts the voltage of the DC link.
The system temperature and the solar irradiation characteristics are obtained at 25°C and
1000W/m? respectively. On the system peak power, the network improves from 273 to
500 V DC. The tracking controller varies and optimizes the duty cycle of the converter to
access the peak power. The power factor is kept at unity by the (VSC) by setting (/,) to
zero and converts Direct Current (DC) voltage link from 500 V DC to 260 V AV. The
converted output voltages of the current regulator (V;) and (V) are modulated and
utilized by the pulse width modulation generator. A 10 kVAR filtering unit is connected to
the (VSC) output to minimize harmonics generated by the converter. The phase lock loop,
voltage and current regulators of the control system uses 100 ps sample time while it

takes 1 us to obtain an appropriate pulse width modulation waveform.
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7.7.1 Simulation, Result and Discussion

The network is simulated for 3 s. Att =0.05 s, a time delay block has been introduced in
the signal path of both boost converter and VSI to delay the insertion indices before a
converters switch occurs in the continuous model as shown in Figure 7.7a. It is applied
to prevent the effect of higher phase current and total capacitor voltage deviation and
unwanted signals such as switch-on instantaneous input current surge drawn by an
electrical device connected to the grid when first turned on. The converter behaves as
rectifier between 0.01 to 0.05 and the direct current link capacitor is charged to about
578.6851 V in Figure 7.7b, while the solar voltage obtained is 320.986 V in Figure 7.7c.
The value obtained is equal to the open circuit voltage in equation 23. Att=0.05 s, boost
converter and VSI are de-blocked in Figure 7.7a, and the duty cycle of the boost converter
is fixed at D = 0.5 in Figure 7.7d. The direct current link voltage is controlled and
maintained at a state of 500.8393 V at t = 0.205 s in Figure 7.7e. Hence, the solar PV
steady state voltage is obtained in equations 7.22 to 7.27. The calculated steady state
voltage of 250.32 V in equation 41 is approximately agreed with the simulated value of
249.5447 V in Figure 7.7f. The grid current and voltage are kept at unity power factor
such that they are in phase. The solar and the grid output power obtained are 95.3199
kW and 93. 5221 kW respectively in Figure 7.7g which are not equal to the rating of the
solar PV (100.7 kW).

PVyoitage = Nseries X Voc (7.22)
PVyoitage = 5 X 64.2 (7.23)
PVyoitage = 321V (7.24)
PVsteaay voitage = (1-D) xVdc (7.25)
PVsteady vottage = (1 — 0.5) X 500.64 (7.26)
PVsteady voltage = 250.32V (7.27)
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Figure 7.7: (a) Converters Block and De-block graph, (b) DC link and reference voltage,
(c) Solar Voltage corresponding to open circuit voltage, (d) Boost converter duty cycle,
(e) Regulated DC link voltage, (f) Solar output voltage and power, (g) Solar and Grid

Output power.

Att = 0.4 s to 0.6 s, PPP tracking is enabled while the PPP regulator initiates the
regulation processing by controlling and varying the duty cycle to extract the peak power.
Figure 7.8a depicts the simulation results for solar PV output power and voltage, grid
output power and the duty cycle. The solar PV peak power attained is 100.361 kW, the
grid power output is 98.7236 kW, the solar PV voltage improves from 251.6923 V to
273.5001 V att = 0.42 s and sustained the value till t = 0.6 s while the duty cycle goes to
0.44807 and maintained stability at 0.45433 in Figure 8a. The simulation result obtained
from the solar PV output voltage in Figure 8a is compared with the solar array
specification in equation 7.28. Both results are the same in equation 7.30. The error
generated is minimized and reduced to zero at t = 0.42 s by the regulator controller in
Figure 7.8b.

Solar output specification = N, X Voltage (7.28)
solar output specification = 5 X 54.7 (7.29)
273.5V (7.30)
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Figure 7.8: (a) PPP Tracking (b) Regulator Reduces Error to Zero att=0.4 s.

The simulation response betweent = 0.62 s and 1.5 s show that there is a variation in the
solar PV irradiance in Figure 7.9, where the irradiance of the sun changes suddenly from
1000 W/m? to 251.116 W/m? within 0.5 s and maintained stability for 0.1 s. It changes
from 251.116 W/m? to 686.7565 W/m? within 0.5 s in Figure 7.9a. The temperature
remains constant at 25 degrees att = 1.5 sin Figure 7.9b. The duty cycle keeps changing
att=1.5sin Figure 7.9 c but remains stable att = 2.1 s while D = 0.46007. The variation
in the irradiation of the sun results in the reduction of the solar PV and the grid output
power. Also, the solar PV output power changes within 0.5 s from 100.361 kW to 25 kW
and stable at 69.9254 kW. The grid output power changes from 98.7236 kW to 28.2 kW
and remains stable at 65.4836 kW within 0.6 in Figure 7.9d while the temperature remains
unchanged at 25 degrees. When t is between 1.2 s to 1.54 s, the irradiation of the sun
restores back from 251.116 W/m? to 1000 W/m? within 0.5 s while the temperature
changes within 0.1 s from 25 to 50 degrees in Figure 7.9b. The total duration of the
change in the sun irradiation is 1.1 s, during this period, the output power is low, but the
IC+IR (the green colour in Figure 7.9e) locates PPP due to equality of conductance
(G=1/V) and conductance increment (G=Al/AV) while PPP tracking algorithm keeps
tracking the peak power. The solar voltage output attains 295 V but remains stable at 290
V at 2.1 s in Figure 7.9f. The application of the IR minimizes the error signal, ripples and
the oscillation generated at the sliding surface between the instantaneous and
incremental conductance in Figure 7.99. The variation in the irradiation causes the
voltage at the boost converter to fluctuate between 0.6 s to 1.6 s in Figure 7.9h but VSI
keeps the grid voltage stable throughout the sun irradiation variation in Figure 7.9i. The

VSI prevents the occurrence of voltage dip in the grid during the variation in irradiation,
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temperature and load. Grid voltage remains within the acceptable range and the current
drawn by the loads are very low during the change in the sun irradiation in Figure 7.9j.
However, the solar PV output power may change suddenly due to a sudden change in
solar irradiation due to the deflection of the incoming beam, clouds, airborne aerosols,
snow, ice and reflectivity of the ground surface impacts. However, with the application of
the proposed IC+IR algorithm in this research paper to track the solar PV PPP, an
acceptable grid voltage and stable solar PV array’s voltage output can be achieved. This
satisfied the research question stated at the beginning of this thesis. The integral
controller improves the precision of both the system’s large step sizes when the
operational level is far from the PPP and when the small step sizes of PPP is reached to
extract the maximum possible level of power. It also minimizes the error (di/dV+I/V)
between the instantaneous conductance and the incremental conductance, reduce ripple

and improves the accuracy.
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regulator scheme, (h) Boost converter and (i) VSC voltage, (j) Grid voltage and current.
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7.8 Summary

This chapter presents an improved incremental conductance with an integral regulator to
extract peak power output from solar photovoltaic array. The proposed method provides
an excellent and accurate results in tracking peak power output, an acceptable grid
voltage is maintained during weather variations. Hence, ripples and errors (di/dV+I/V)
from PPP tracking of the sliding surface between the instantaneous and incremental
conductance are regulated by the integral control application. The proposed converter
restoration scheme which incorporates block/de-block control is aimed at protecting the
VSC from the grid disturbance and fault current. There is a reduction in the solar output
voltage oscillations resulting in a better digital resolution of the output power, perfect
control and adaptation of the solar system to the ever-changing climatic condition, thus,
the system efficiency is improved. This chapter would recommend two important aspects
to plant owners who want to ensure their plant's safety. One is the plant monitoring
through the application of an inverter restoration scheme that incorporates block/de-block
control and the other is to ensure the safety of the operator, protecting them from shocks

and accidents due to the grid faults in solar panels.

252



Voltage Rise Mitigation at the Point of Common Coupling of Large Renewable Distributed Generation and
Distribution Network

CHAPTER 8

CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE WORKS

8.1 Conclusion

The research investigations carried out in this thesis are divided into two parts. The first
part presents in detail the prospect of renewable energy resources. The second part
investigates the voltage rise mitigation at PCC with a large RDGs integration into a

distribution network.
8.1.1 Assessment on the Prospect of Renewable Energy Resource in Africa
Findings:

*+ Most of the renewable energies are still in a developmental stage. The existing
capacity still has vast untapped potential while some has not been accessed at
all. Very few are in a production phase. RDGs deployment can result in
additional economic benefits, such as job creation and socioeconomic growth in
rural areas and be a core factor of any low-carbon strategy.

8.1.2 Voltage Mitigation at PCC with Large RDG Integration
Findings:

+ With RDG integration into the power system, power flow is not only unidirectional
but bidirectional.

+ The is no concern for under voltage in a distribution network with RDG integration

because it can improve voltage profiles.

+ RDG integration can make a weak network become an active system by the
injection of active/reactive power at the PCC.

+ There is a potential voltage rise threat at PCC with a large RDG penetration level
at the PCC.
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A large integration of RDG to a distribution network can cause reverse power flows
to substations due to the node voltage at which RDG is connected to a distribution
network that is higher than any other node in the system. The weak node will
become an active node, while a further increase in the number of RDGs and
penetration levels would result in the power flowing in both directions, that is, to
the substation and to the farthest bus in the system.

Integration of a large RDG can cause voltage rise at PCC.

Compensator devices with reactive power generation/absorption capabilities can

minimize voltage rise at PCC.

Peak power point tracking error and oscillation can be attenuated with incremental

conductance and integral regulator schemes.

Solar system output voltage and power can be kept stable during load fluctuation,
sun irradiance variation and temperature with incremental conductance and

integral regulator scheme.

8.1.3 Deductions

*

*

RDG integration improves voltage profiles of a distribution network.
Large RDG integration causes a voltage rise at PCC.

Voltage rise can be suppressed at PCC with a compensator that can

generate/absorb reactive power.

Grid voltage fluctuation, voltage dips, variation can be minimized with the

installation of grid compensators.

It is therefore important to note that before considering RDG integration to the
power system, the power system operator should consider the possibility of power
being exported back to the substation in case there is an over generation of power
from RDG as this will give them the choice of installing a transformer that can

tolerate the operation of reverse power flow.
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8.2 Recommendation for Future Work

+ To further improve power quality of RDG integration at PCC, these future research
directions are recommended, online monitoring of power quality parameters can
be achieved by considering continuous measurement of voltages, currents, and
phase shifts using power quality analyzers to set alarms to warn when these

parameters are out of limit.

+ An automation system can be developed such that it depends on the unbalance
of electrical consumers of different phase and introduces or removes larger units

of electrical consumers from one phase to another.

+ The impact of the battery banks installation with PPPT optimization of the system
is not put into consideration in this study but shall be investigated upon in the near

future work.

+ Comparison of the impacts of pulse width modulation and PPPT for Solar PVAs
charge control for efficient power quality management at PCC shall be

investigated and their economic consideration shall be considered.
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APPENDIX A

Table Al: Load data

Bus A | Bus B | Active Reactive |Line length | Resistance and
power power /km Reactance/km
(KW) (kVAr)
632 645 0 0 0 0.625+j0.3125
632 633 35 6 2 0.625+j0.3125
633 634 35 6 2 0.625+j0.3125
645 646 35 6 2 0.625+j0.3125
650 632 35 6 2 0.625+j0.3125
684 652 35 6 2 0.625+j0.3125
632 671 35 6 2 0.625+j0.3125
671 684 35 6 2 0.625+j0.3125
671 680 35 6 2 0.625+j0.3125
671 692 35 6 2 0.625+j0.3125
684 611 35 6 2 0.625+j0.3125
692 675 50 20 5 0.625+)0.3125
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Table A2: Load data

Bus A Bus B Active power | Reactive power | Line length in
(KW) (KVAr) KM
632 645 200 116 0.1524
632 633 170 100 0.1524
633 634 480 270 0.1524
645 646 170 110 0.0914
650 632 230 132 0.610
684 652 300 200 0.244
632 671 170 151 0.610
671 684 375 202 0.091
671 680 118 93 0.305
671 692 270 80 0.091
684 611 950 770 0.091
692 675 128 86 0.152
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Table A3: Transformer data

Parameters Value
Substation 5 kVA
HV 115 kv
LV 4.16 kV
Frequency 50 Hz
X 8
R 1Q
Inline transformer 0.5 MVA
HV 4.16 kV
LV 0.48 kV
X 2
R 1.1Q
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Table A4: Converter parameter and DC load

12 pulse generators 50 HZ, 30°
Pulse width (degree) 40
Power electronic device 2 Thyristors
DC load
Resistive load 4.6 MW
Inductor 0.5e3 H
DFIG power 2 MVA at 0.9 p.f
rectifier 2 universal diodes
Snubber resistance 2000 ohms
Snubber capacitance 0.1e-6 F
Ron 1 e-3ohms
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Table A5: Data for RDGs

Rated power (Solar PV) 10x100 kV

Power factor Unity

Voltage 1.008-MW 260V/4.16 kV
Parallel strings 94

SunPower SPR-315E (series) 5

Three-phase Voltage Source Converter | 500 V DC to 260 V AC
(VSC)

Rated power (wind) 300 kVA
Power factor 0.98
Voltage 4.16 kV
Frequency 50 HZ
Stator resistance 0.00706 Q
Stator inductance 171 mH
Magnetizing inductance 29H
Rotor resistance 5mQ
Rotor inductance 156 Mh
Pole pair 0.013
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Converter parameter

Converter maximum power 0.5

Grid side coupling inductor 0.15 pu
Grid side coupling resistance 0.0015 pu
Nominal DC bus capacity 1000 pF
Nominal DC voltage 1200 V
Coupling inductor current [0 90]

Voltage regulator parameter

Grid voltage ref 1.0 pu
Grid side converter ref 0

Grid voltage regulator kp 1.25
Grid voltage regulator ki 300
Droop 0.03
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(b)

Figure A2: IEEE-13 Bus Test System with wind, Solar and STATCOM connection
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(b)

Figure A3: RDG (wind and solar PV) Integration with STATCOM connection
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Figure A6: Circuit Equivalent modelled in MATLAB/SIMULINK
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Figure A8: Proposed Equivalent Circuit for DUT Microgrid Designed in
MATLAB/Simulink
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Table A6: Data for SVC and STATCOM

Power rating 5 MVA
Voltage (L-L) 4.16 kV
Base power 5 MVA
Reactive power limit 2e6 — 1eb6
Average time delay 4e-3

Control parameter

Voltage ref 1.0 pu
Voltage regulator [0 0.03]
Val control 0.0
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APPENDIX B

Static Synchronous Compensator (STATCOM)

T
& STATEOM ;|
ol

STATCOM
[Fhasor Type)

Figure B1: STATCOM block

Inputs:

*

Trip - This input can be a logical signal (0 or 1). When the input is HIGH, the
STATCOM is disconnected, and its control system is disabled.

+ Vref - This input will only be visible if the option External control of reference

voltage Vref is checked.
Outputs:

*+ m - Output vector containing many internal signals. Each of these signals can be
accessed individually using a Bus Selector. The signals are:

+ Va_prim (pu), Vb_prim (pu) and Vc_prim (pu) - The first three signals of the output
vector contain the phasor voltages (phase to ground) Va, Vb and Vc at the
STATCOM primary terminals.

+ la_prim (pu), Ib_prim (pu), Ic_prim (pu) - These three signals contain the phase
currents la, Ib and Ic flowing into the STATCOM.

+ Vdc (V) - DC voltage.

+ Vm (pu) - Positive-sequence value of the measured voltage (pu);

+ Vref (pu) - Reference voltage.

+ OQm (pu) - STATCOM reactive power. A positive value indicates inductive
operation.

+ Qref (pu) - Reference reactive power.

+ |d (pu) - Direct-axis component of current (active current) flowing into STATCOM.
A positive value indicates active power flowing into the STATCOM.

+ Ig (pu) - Quadrature-axis component of current (reactive current) flowing into

STATCOM. A positive value indicates capacitive operation.
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* |dref (pu) - Reference value of direct-axis component of current flowing into the
STATCOM.

+ Igref (pu) - Reference value of quadrature-axis component of current flowing into
the STATCOM.

+ modindex - The modulation index m of the PWM modulator. A positive number (m)
between 0 and 1. When m equals to 1 it means that the VSC (Voltage-Sourced
Converter) is generating the maximum voltage without over modulation.

+ A, B and C - The three terminals of the STATCOM

| [Three-phase
- |Parallel RLC Load

Figure B2: 3-phase load

The three-phase parallel RLC load block models a three-phase balanced load as a
parallel combination of RLC elements. Its inputs and outputs are the three-phase
terminals A, B and C.

This load absorbs active and reactive power proportionally to the square of the applied
voltage to its terminals. The impedance value is constant for a specified frequency.

The user can define the nominal phase-to-phase voltage, the nominal frequency, the
active power of the load and the inductive and capacitive reactive power, positive and
negative Var, respectively.

The connection of the three phases of the load can also be defined with the following
options:

+ Y (grounded) - Neutral is grounded.

* Y (floating) - Neutral is not accessible.

+ Y (neutral) - Neutral is made accessible through a fourth connector.
+ Delta - Three phases connected in delta.

This block also gives the possibility to measure the three voltages across each phase of
the Three-Phase Parallel RLC Load block terminals. The measurements can be
accessed through a Multimeter block.

If the Branch voltages option is selected, the three voltages across each phase of the
block are measured. For a Y connection, these voltages are the phase-to-ground or
phase-to-neutral voltages and for a delta connection, these voltages are all phase-to-
phase voltages.
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If the Branch currents option is selected, the three total currents (sum of R, L and C
currents) that flow through each phase of the load are measured. For a delta connection,
these currents are the currents flowing in each branch of the delta.

Finally, if the Branch voltages and currents option is selected, the three voltages and
three currents of the load are measured.

Three-phase
Transformer

Figure B3: Three-phase transformer

The block implements a mode of a three-phase transformer using three single-phase
transformers. It has as inputs and outputs the three-phase terminals (A, B, C, a, b and c).

The transformer is based on three single-phase transformers that can be either linear
transformers or saturation transformers. This option can be made in the transformer’s
parameter menu. In this test platform, linear transformers were used for the simulations.

The two windings of the three-phase transformer can have one of the following
connections:

n Y,
= Y with accessible neutral;
= GroundedY;

» Delta (D1), delta lagging Y by 30 degrees;

Delta (D11), delta leading Y by 30 degrees;

If the Y with accessible neutral option is selected, a new output will appear with the label
N.

The parameters that can be defined are the nominal power, the frequency, the
magnetization resistance and inductance and, for each winding, the phase-to-phase
voltage, the winding resistance and the leakage inductance

X

Figure B4: Three-phase fault blocks.

1}
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The block can simulate a three-phase fault in a network. It implements a three-phase
circuit breaker where the opening and closing times can be controlled either from an
external Simulink signal (if the external control mode is selected) or from an internal
control timer (if the intern 86 control mode is selected). If the intern control mode is
selected, the user can define the transition times in the parameter menu. As inputs and
outputs, this block has the three-phase terminals that can be connected to the network
and has as a possible input, the external control signal as mentioned before.

The Three-Phase Fault block uses three Breaker blocks that can be controlled
individually, depending on the kind of fault that the user to simulate. The faults can be
phase-to-phase, phase-to-ground or a combination of phase-to-phase and ground faults.

W Sirmulink Librany Browser =] [ ]
il Eait ATy Help

O = Enter ssarch term ~ v =T
Linraries Librany: SemPowerSystems Search Res +
= | RealkTime Windowrs Target - ~
| RealTime Workshop el ettt
| RealTime VWorkshop Em

T
Lo
=
- Nk Report Generator
L
Tk
T

Litrariss

Electrical

| Robust Control Toolboox Sources

—l- spphcation Libraries
i —1- Distributed Resourc

i
o Generation @
Amchin
Dirives ibrary - P ==

AT drives

DC drives

Extra Sources
Shafts and spee...

Feassrements

Ponmar
bie AC Transmis Electronics
HWDC Systems

Powergui

- Extra Lipramy
fachines

leasurements
- P er Electronics

< | Simscape

- Wil Sirnulink 30 Sunimation

L. W simulink Control Design

S F N = S —

- — -
Showing: SimPowerSystems

Figure B5: Modelling in MATLAB/SIMULINK

In building an electrical Circuit with powerlib Library, the grouped of an electrical
components are contained in a library called powerlib, graphical user interface makes use
of the Simulink functionality to interconnect various electrical components together. The
following steps can be followed

+ Open the SimPowerSystems main library by entering the command at the
MATLAB prompt powerlib, the command displays a Simulink window showing
icons of different block libraries. From the File menu of the powerlib window, open
a new window containing your first circuit and save it. Open the Electrical Sources
library and copy electrical source (e.g. Voltage source, current source,
programmable source) block into the circuit window.

+ Select any electrical component needed from the library element, machine and
application library. Name and resize the block, interconnect the blocks by dragging
lines from outputs to inputs of appropriate blocks.

+ The voltage measurement block can be copied to measure the voltage; a display
system (scope) is needed, which can be copied from the Simulink Sinks library.

Powergui block
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For any simulation to be performed in the Simulink using elements from the
SimPowerSystems library, Powergui block must be added to the model, it is necessary
for the simulation of any Simulink model containing SimPowerSystems blocks. It is used
to store the equivalent Simulink circuit that represents the state-space equations of the
SimPowerSystems blocks

The presence of Powergui in the circuit designed allows different simulation solution.
However, the simulations included in this thesis use the phasor solution method for the
Wind Turbine Doubly-Fed Induction Generator

+ Continuous method, which uses a variable step Simulink solver.
+ |deal Switching method.
+ Discretization of the electrical system for a solution at fixed time steps.

+ Phasor solution method.

Ideal switch

Continuous

Phasor

Discrete

Figure A6: possible appearances of the Powergui block.
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Load model

The Three-Phase Series RLC Load block implements a three-phase balanced load as a
series combination of RLC elements. At the specified frequency, the load exhibits
constant impedance. The active and reactive powers absorbed by the load are
proportional to the square of the applied voltage

Nominal phase-to-phase voltage: The nominal phase-to-phase voltage of the load, in
volts RMS (Vrms).

Nominal frequency: The nominal frequency, in hertz (Hz).
Active power: The three-phase active power of the load, in watts (W).

Inductive reactive power: The three-phase inductive reactive power QL, in vars. Specify
a positive value, or 0.

Capacitive reactive power: The three-phase capacitive reactive power QC, in vars.
Specify a positive value, or 0.

Measurements: Branch voltages can be selected to measure the three voltages across
each phase of the Three-Phase Series RLC Load block terminals. For a Y connection,
these voltages are the phase-to-ground or phase-to-neutral voltages. For a delta
connection, these voltages are the phase-to-phase voltages. Branch currents can be
selected to measure the three total currents (sum of R, L, C currents) flowing through
each phase of the Three-Phase Series RLC Load block. For a delta connection, these
currents are the currents flowing in each branch of the delta
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i

| Block Parameters: Load lél

Three-Phase Series RLC Load {mask) {Jink)

Implements a three-phase series RLC load.

Parameters

Configuration [‘1’ {grounded) - ]

Mominal phase-to-phase voltage vn {Wrms)
4150
Mominal frequency fn (Hz):
50
Actwve power P (W)
170e3
Inductive reactive power QL {positive var):
S0e3
Capacitive reactive power Qc {negative wvar):

(4]

Measurements [Eiranch woltages and currents - ]

[ o J[ comem J[ v ][ aeey |

Figure A7: Three phase measurement and Bus bar

The Three-Phase V-1 Measurement block is used to measure three-phase voltages and
currents in a network. When connected in series with three-phase elements, it returns the
three phase-to-ground or phase-to-phase voltages and the three-line currents. The block
can output the voltages and currents in per unit (pu) values or in volts and amperes. If

voltage and current are to be measured in pu, the Three-Phase V-l Measurement block
does the following conversions:

Vabc(pu)
Vabe(pu) = Vape(pu) = Ve
baseLL % \/'2
V3
Iabc(pu)
lapc(pu) = P
base X \/'2
Vbase-\/3

Where VbaselLL is the base line-to-line voltage in volts RMS and Pbase is the three-
phase base power in volts-amperes. The two base values VbaselLL and Pbase are
specified in the Three-Phase Measurement block menu. Three phase measurement
block can use to make bus bar model, this is done by clicking on “used a label” inside the
three phase measurement block and try to reduce the block to a desired block.
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wWabcp

Iabcp

Figure A8: three phase measurements
Representation of DFIG in Simulink (power toolbox)

The Figure below shows the representation of DFIG in the power system toolbox, the
wind turbine and the generator has been built together as one unit. Parameters of the
wind turbine and the generator can only be input into the system.

wWind CmsSsd
Trip ="
o | s m
. |

=

|

wWind Turbine

Croubly-Fed Induction Generator
(Phasor Twpe

k| Block Parameters: Wind Turbine Doubly-Fed Inducticon Gensrator ... [m—— |

wwind Turbine Doubly-Fed Induction Generater (Phasor Type) (mask) gink) -

This block implements a phasor model of a doubly—fed induction generator driven
by a wind turbine.

Paramesters

Display: [Generator data -

Mom. power, L-L wvolt. and freqg. [Prdva), vnlvrms), fmiHz=)]:
[2Zes/0.958 4160 50]

Stator [Rs,Lis ] (pul:
[D.0070s 0. 171]

]

Rotor [Rr,Lir ] (pu):
[0.005 0. 155]

Magnetizing inductancs L {pu):
2.9

Inerta constant, fricton factor, and pairs of poles [H{s) Fleu) P 1:
[5.0< 0.01 3]

Imital conditions [0 thideg) Is(pu) ph_Is{deg) Ir{pu) ph_Irfdeg)i]:
[0.2 00000l

| = ] Cancel 1 [ Help ][ Apply ]

Figure A9: Simulink block for the DFIG

Input

+ Wind (m/s) - Input of the wind speed can be either a function or a constant. One
can use an interpolation of several wind velocities to simulate the wind evolution
over time. If the option External mechanical torque is selected, the wind velocity
input will not be visible.

+ Trip - Command signal of the wind turbine protection system. When the value of
the trip is zero (LOW) the protection system isn’t active. The protection system will
be activated when the trip value is equal to one (HIGH), which will happen when
any of the generator's measurements exceeds the reference values that were
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established. When the system is activated, the wind turbine is turned off, which
means that the generation of active and reactive power is equal to zero.

+ Tm - This input will only be visible if the External mechanical torque option is
selected. The mechanical torque must be negative for power generation. This input
should be used with an external turbine model.

+ Vref - This input is only visible when the Mode of operation parameter is set to
Voltage regulation or when the External grid voltage reference is selected. We can
define this reference value.

+ Qref - This input is only visible when the Mode of operation parameter is set to Var
regulation or when the External generated reactive power reference is selected.
We can define this reference value.

* |g_ref - This input is only visible when the parameter External reactive current
Iq_ref for grid-side converter is selected. We can define this reference value.

Outputs:

1. M - Output vector which contains 8 signals from the Wind Turbine Doubly-Fed
Induction Generator (WTDFIG). Each signal can be accessed individually using a
Bus Selector. The signals are:

+ labc (complex) (pu) - Phasor currents la, Ib e Ic, that flow in the WTDFIG terminals;

+ Vabc (complex) (pu) - Phase to ground voltages Va, Vb e Vc at the WTDFIG
terminals;

+ Vdg_stator (pu) - d and g components of the stator voltage. Vd_stator and
V(Q_stator are respectively the real and imaginary components of the positive
sequence voltage of the stator;

+ labc_stator (complex) (pu) - Phasor currents la, Ib e Ic that flow in the stator;

+ |dg_stator (pu) - d and g components of the stator current. Id_stator and Ig_stator
are respectively the real and imaginary components of the positive sequence
current in the stator;

+ Vdg_rotor (pu) - d and g components of the rotor voltage. Vd_rotor and Vq_rotor
are respectively the real and imaginary components of the positive sequence
voltage of the rotor;

+ |dg_rotor (pu) - d and g components of the rotor current. Id_rotor and Ig_rotor are
respectively the real and imaginary components of the positive sequence current
in the rotor;

* wr (pu) - Generator rotor speed in pu;

+ Tm (pu) - Mechanical torque applied to the generator in pu;
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+ Te (pu) - Electromagnetic torque in pu

+ Vdg_grid_conv (pu) - d and g components of the grid side converter voltage.
Vd_grid_conv e Vg_grid_conv are respectively the real and imaginary components
of the positive sequence voltage of the grid side converter

+ labc_grid_conv (complex) (pu) - Phasor currents Ia, Ib e Ic that flow in the grid side
converter

+ P (pu) - Output active power of the WTDFIG in pu. If this value is greater than zero
in means that there is generation of active power

+ Q (pu) - Output reactive power of the WTDFIG in pu. If this value is greater than
zero in means that there is a generation of reactive power

+ Vdc (V) - DC voltage in the WTDFIG
+ Pitch_angle (deg) - Pitch angle of the blades o the WTDFIG in degrees.

+ A, B and C - The three terminals of the WTDFIG.
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