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Abstract

This investigation is concerned with the effectiveness of Distributed STATic
COMpensators (DSTATCOMSs) at providing voltage support in Single Wire Earth
Return (SWER) networks. The reason for the focus on SWER lines is the high cost of
upgrading them in the traditional way to solve voltage regulation problems that result
from load growth in some of the feeders. A number of aspects of DSTATCOM
installation and operation have been explored. These include their location, reactive
power circulation, reactive power prioritising, four quadrant operation and the timing

of installation and operation.

It has been possible to derive analytical expressions only for the case of a single
Thevenin source equivalent and a single load in parallel with a DSTATCOM. From
one of those expressions it was deduced that, on a voltage increment per kVAr basis,
DSTATCOMs are most effective as voltage regulators when they are installed at the
customer terminals rather than further upstream into the network. This result has been
found to apply generally to all practical SWER lines. Another derived expression
predicted a peak value of customer terminal voltage when active power (P) and
reactive power (Q) are injected by the DSTATCOM at constant kVA (S). This
maximum voltage represents a stability limit for the case where DSTATCOMs are
controlled to operate at constant k\VA. Load flow studies revealed that in general this

stability limit exists for all practical SWER lines.

To avoid VAr circulation it is proposed that droop control with hysteretic band is used
for DSTATCOM operation. The standard Newton-Raphson load flow formulation has
been extended to accommodate DSTATCOMs operating under droop control and with
operating point on a defined trajectory on the P-Q plane. Four defined trajectories have
been investigated under given hourly load demand profile. These are the Q-only
scheme, the constant kVA scheme with Q-priority, the load power factor follow
scheme and the power factor correction scheme. For each one of those defined
trajectories a modified Jacobian had to be derived. Load flow studies were based on
each of the modified formulations. The load flow programs were designed to

automatically provide a solution for each hour of a 24-hour demand profile



representing the worst case peak demand for a particular year in the life of any practical
SWER line. The customer DSTATCOM is either left on line, brought on line, left off
line or taken off line, depending on the calculated customer voltage. Those special
features of the load flow programs allowed them to be used to determine when and at
what customer location DSTATCOMs should be installed and what their ratings
should be. While the focus of the thesis has been on undervoltage problems; the
proposed solutions and algorithms are applicable to overvoltage problems caused by
the Ferranti Effect.
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CHAPTER 1

INTRODUCTION

1.1 Background

A Single Wire Earth Return (SWER) system is a single wire distribution line for
supplying single phase electric power. It has a distinguishing feature in that it uses the
earth as the return path for the current thus avoiding the need for a second or neutral
wire to act as a return path [1]. Power is supplied from the main backbone to the SWER
line by an isolating transformer. This transformer isolates the grid from ground or
earth, and changes the grid voltage to the SWER voltage [2]. SWER distribution
systems have been recognized as able to provide cost effective electricity over long
distances to sparsely populated rural areas in a number of countries such as Australia,
New Zealand, Canada and United States for over 50 years [3]. Currently more than
150000 km of SWER lines are in use all over Australia [4].

Whilst SWER systems are still currently being utilised in Queensland, there are
problems and issues that limit their full potential to deliver power of acceptable quality.
As a result of relatively long distance, the most serious power quality problem with
SWER distribution system is voltage regulation. The long distance lines will result in
low voltage at the end of the lines during peak demand [5, 6]. When the SWER line
was first installed, while low voltage was not a problem, steady load growth will cause
the problem to surface at some point in the life of the SWER line.

The above concerns may be addressed by changing taps of distribution transformers
[7], the use of voltage regulators [8], capacitors [9], reactors [10], Distributed
Generators (DG) [11], Static Var Compensators (SVC) and STATic COMpensators
(STATCOM) [12, 13]. Considering load growth in SWER lines, these solutions may



not be able to address the voltage problem. On the other hand upgrading of the network
by using heavier conductors is a relatively expensive option [3].

Significant research has been conducted in the STATCOM area considering it as
voltage support to enhance the voltage profile of the system either in typical three
phase systems or in SWER networks [14-16]. The performance and effectiveness of
STATCOMs, either reactive power only or four quadrant, will be affected by their
location in the power network, number and size. Placement is one of the key factors
and plays an important role in this matter. When considering placement of STATCOM,
there is the possibility of mounting it at the customer side or network side of the
customer transformer. In this study the Distribution STATCOM (DSTATCOM) is
being used to improve under-voltage problems due to load growth in dispersed rural
SWER:s. In fact, four quadrant DSTATCOM is able to supply or absorb active power
as well as reactive power using generator or storage such as a battery [4]. However
installing DSTATCOMs in the system as voltage support equipment increases the
possibility of VAr circulation. DSTATCOM operating modes, load sharing control
methods, droop characteristic design and practical implementation are the challenges

to be considered in this study.

1.2 Research Objectives

This thesis addresses the following questions in the context of SWER lines:
(@) How effective are DSTATCOMs at providing customer voltage support?
(b) Where and when should DSTATCOMs be installed?

In line with the above research questions the project objectives are:
(@) To compare the effectiveness of reactive power only (Q-only) DSTATCOMSs with
four quadrant DSTATCOM s at providing SWER line customer voltage support;

(b) To compare the effectiveness of connecting DSTATCOMSs on the primary side of

the SWER line customer transformer to connecting them on the secondary side;

(c) To propose and verify by simulation a control method for Q only DSTATCOMs
connected to a realistic SWER line to automatically inject or absorb appropriate

amount of reactive power while ensuring absence of VVAr circulation;



(d) To extend the method proposed in (c) above to four quadrant DSTATCOMs
connected to a SWER line.

1.3 Thesis Outline

This thesis is organised as follows:

Chapter 2 provides background knowledge about DSTATCOMSs and SWER lines. The
chapter also includes an overall literature review on current approaches for
DSTATCOM integration in SWER systems as voltage support equipment. The
placement of DSTATCOM, which can be at the customer or network side, is

highlighted. Furthermore, the droop control method is reviewed in detail.

Chapter 3 compares the placement of the DSTATCOM on the network side of the
customer transformer with its placement on the secondary side. It also analyses the
level of voltage support provided by the DSTATCOM as a function of its operating
point on the P-Q plane at rated kVA.

Chapter 4 introduces the Q_only DSTATCOM operating mode as a VAr compensator.
The classical droop control strategy is modified to avoid VAr circulation in the
network. The effectiveness of the proposed modification is demonstrated by load flow
studies on a real SWER line. A new Jacobian had to be derived to enable those studies

to be carried out.

Chapter 5 develops the Q_priority DSTATCOM operating mode. In this mode the
DSTATCOM acts as a source of active and reactive power. However, the
DSTATCOM operates in reactive power only mode until it reaches its kVA rating.
Active power is injected at rated kVA, only if additional voltage support is needed.
Hence reactive power injection is given priority as its nominal cost is zero. A new
droop control characteristic is proposed to maximize the voltage support capability of
the DSTATCOM operating in this mode. To ensure stable operation hysteretic control
is combined with the proposed droop characteristic. Load flow studies, based on a
modified Jacobian, are carried out to demonstrate effectiveness of the Q_priority
DSTATCOMs.



Chapter 6 proposes the load power factor follow DSTATCOM operating mode and
power factor correction mode for voltage support. In these modes, the DSTATCOM

is guaranteed not to contribute to the possibility of islanding.

Chapter 7 concludes with a summary of findings of this research. Proposals for further
research are presented.



CHAPTER 2

LITERATURE REVIEW

2.1 Introduction

This chapter begins with providing an outline of SWER lines and DSTATCOM
technologies. It systematically reports a comprehensive literature review on different
issues of DSTATCOM integration in distribution systems from the perspective of
system voltage profile and voltage support. The issues of DSTATCOM usage in bulk
size as a single device or in a number of small sizes are thoroughly reviewed in this
chapter. The placement of DSTATCOM either at the customer side or network side,
from the literature is highlighted. The second part of this chapter is related to different
ways of controlling DSTATCOMSs. A droop control method is reviewed in detail as
one of the popular control techniques, as well as load sharing strategies. Finally, the
gaps and limitations relating to DSTATCOM placement and conventional and

modified droop control methods, in terms of voltage control of systems, are discussed.

2.2 SWER Line Characteristics
2.2.1 SWER History

Nowadays, billions of people have no access to basic energy services. This is an
important and significant concern. A recent report in [17], World Energy Outlook
2015, highlighted that 1.2 billion people from all over the world are living without
electricity. It was also discovered that 2.7 billion people are using traditional ways of
cooking, such as charcoal and wood fires that present a significant indoor air pollution
threat. More than 80% of the above mentioned populations are living in rural and
remote areas. It has been predicted that more than half a billion people will still be
living without electricity in 2040.



The dominant obstacle to rural electrification is high cost [18]. In order to avoid the
expensive cost of power line upgrading and extensions, the World Bank is supporting
the expansion of simple distribution networks for rural electrification [19]. Single Wire
Earth Return (SWER) technology is one of the most reliable and cost effective
methods of rural electrification with a suitably low load density [20]. It is a single
wire electrical system used to provide electrical power to remote and sparsely
populated regions at a reasonable and cost effective price. Using SWER line
technology, a single conductor is used to transmit the electricity to the distribution
transformers at consumers’ homes, adapting all equipment grounded to the earth in

order to provide a return path for the current [2].

Lloyd Mandeno invented the idea of SWER networks in New Zealand in 1920. His
published paper in 1947 proposed SWER lines as an economic alternative to the
typical distribution network for remote electrification [21]. Nowadays this SWER
technique has become popular all over the world and many countries, such as
Australia, USA, New Zealand, South Africa, Brazil and Canada are using it to supply
rural electrification [22].

In order to electrify agricultural and rural regions, Australia recognised a need for
power system expansion in the1950s. Australian electricity authorities turned to the
SWER system due to its application years earlier as an economical solution for low
load density areas [23]. In 1959, an area in Central Queensland named Bajool began
to use the SWER system. Consequently, years later, thousands of kilometres in remote

regions of Queensland have installed SWER for rural land electrification [24].

Currently more than 150000km of SWER lines are in use all over Australia [4]. Ergon
Energy, a local Queensland based distribution company, covers the operation and
maintenance of 97% of the State of Queensland, where they manage around 150000km
of power lines. Of these power lines, 65000km are SWER lines supplying
approximately 26000 customers. The SWER system voltage level operates at 11kV,
12.7kV or 19.1kV and supplies electricity to farms and small country towns in rural

Queensland [25]. Depending on the life of the hardwood pole, the maximum lifetime



of these Australian SWER networks is considered to be around 70 years, with a
replacement cost of around $30000 to $50000 per kilometre [26].

For residential low voltage customers, Energy Queensland, formerly known as Ergon
Energy, are required to operate within the National Electricity Rules which legislates
a 240V connection point must remain within 240V with maximum variation of 6%.
Considering the standard variation, the provided voltage level has to be between 225V
and 255V which are 0.94pu and 1.06pu respectively [27].

2.2.2 Isolating Transformer

Commonly, a three phase supply feeder is used to feed a SWER line. SWER networks
are presented in two basic types: firstly through an isolating transformer from the main
supply as is illustrated in Figure 2.1 and secondly, directly from the main supply named
direct SWER as shown in Figure 2.2. To isolate the earth current that circulates in
SWER line as a return current, from three phase system, an isolating transformer is
installed at the beginning of the feeder. As a result, not only it remains earth fault
protection sensitivity but also avoids possible interfaces with underground
telecommunication cables [23]. In addition, it provides earth fault protection on
Medium Volt (MV) networks in terms of grid extension [28-30].

Earth Potential Rise (EPR) is an issue of concern in SWER networks, and it is
important to assure of designing, constructing and maintaining of earthing system [20].
Isolating transformers in SWER lines have to be capable of transferring all the
currents, such as load current, and line capacitive charging current. Due to high
charging current of SWER long feeder, low isolation transformer impedance is
necessary. Also, to avoid presenting potential step and touch hazards, earth return
currents are kept as low as possible [23]. The typical size of SWER isolating
transformers range between 100-300kVA, depending on the system design and

specifications [2].
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As can be seen in Figure 2.1, the isolating transformer input is 33kV. Alternatively, in
other cases this can be 22kV or 11kV. Only one phase of the three-phase system is
connected and the output is single phase 19.1kV (alternatively 12.7kV or 6.35kV for
22kV or 11kV input, respectively). A single phase step down customer transformer

(distribution transformer) is used to reduce the voltage level to 240V [1].



While substation at the source has an entirely grounded neutral, using an isolating
transformer is not essential [20]. Excluding it and connecting one of the phases directly
to the SEWR line is currently used in some countries, for example Brazil [30].

Direct SWER means lower cost and no constraint of load but it also may cause
interference to telecommunication cables or high voltage concerns to electrical
apparatus due to the flowing back of current [28]. On the other hand, using an isolating
transformer controls SWER earth fault currents, maintains the sensitivity of earth fault
protection and limits the load [31].

According to Ergon energy reports, more than 80% of SWER lines are isolated in
SWER voltage break down percentage of 55% in 12.7kv, 36% in 19.1kv and only 9%
in 11kv [2]. Figure 2.3 shows a SWER line isolating transformer in Ergon Energy
operation.

Figure 2.3: SWER line isolating transformer [2].



2.2.3 Conductors

Based on load and customer density, line length changes with an average of 60km for
SWER feeders, even though there is a 400km SWER system available in Australia
[23]. However, the length of lines between customers varies from 1km up to 20km, with

some rural properties up to 25km [3].

Typically, SWER lines use low quality conductors, relatively resistive, cheap in price,
with low load transmission capacity, due to small load current compared to normal
three phase system. The most common types of power line conductors in SWER
networks at spurs (toward customers) are Steel Cored Galvanized Zinc (SC/GZ) and
Steel Cored Aluminium Clad (SC/AC). It has to be noted that steel conductors are
harder and stronger than others with the ability to stand much longer distances.
Conductors Banana and Sultana, with less resistivity and smaller R/X ratio, are more
suitable to be used in main backbone feeder areas. They are closer to substations and
have to carry more currents than other feeders. Other types of conductors are also used
in limited applications [2]. Table 2.1 shows the properties of common SWER

conductors in Ergon Energy [32].

Table 2.1: Properties of common SWER conductors in Ergon Energy
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2.2.4 Loads and Customers

Small density of load is a distinguishing characteristic of rural electrification including
SWER networks. Typically, a normal SWER line has a load density of around 0.5kVA
per kilometre, reported to be in a range of between 0.3 to 0.5kVA, with 3.5kVA as
After Diversity Maximum Demand (ADMD) in Queensland, Australia [2, 32, 33]. The
maximum customer load size starts from less than 2kW up to around 15kW [3].

SWER distribution level transformers, to be used at the customers, are sized in 10kVA,
25 kVA and 50kVA [3]. The distance between the customers varies from one to 20km
due to SWER low load densities. They are fed by distribution transformer secondary
windings with voltage levels of either 240V or 480V. A typical SWER customer
transformer mounted on a termination pole at the end of the branch is shown in Figure
2.4.

Figure 2.4: SWER customer transformer [34].
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2.25 SWER Advantages

The SWER network key advantages are outlined below [2, 20, 35]:

e Simplicity: Can be constructed quickly due to simple design and simple wire.

e Maintenance: Simple and cost effective to maintain as a result of having one wire
and less pole top hardware.

e Cost: Fewer protection and switching devices decrease the capital cost

e Metering: Less complicated metering method as Low Voltage (LV) instruments
are able to connect directly to the earth lead.

e Hazards: Hot metal and arcing are the result of two wires clashing. Using only one
wire significantly decreases the possibility of hazards.

e Spans: A single light conductor makes the spans longer and the pole quantity
fewer.

o Reliability: Increased network reliability due to a decrease in equipment failure.

2.3 SWER Issues

SWER networks do suffer from some issues relating to their design and operation. Some

of these issues will be investigated in this part of study. There are three main concerns:

e Load growth
e Ferranti effect

e \oltage regulation

2.3.1 Load Growth

Over the last decades Australia has seen a substantial rise in its energy usage, including
electricity. SWER electricity consumption is increasing at an average of 3% per annum
[32, 36]. However, this does depend on the geographical location, and the load type to
be used. Demand growth can be increased to 7% as an average [37]. It also has to be
noted that residential load growth is greater than the consumption growth in significant

areas of Australia [38].
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Ergon Energy estimates a load growth for a period of 10 years (2015-2025) as 10%
Probability of Exceedance (POE). This is illustrated in Figure 2.5. Due to demand,
continued growth and limited capacity of peak load supply, Australian energy
companies encounter with the experiment of affordability. As a matter of concern,
some SWER networks may over loading, or close to entirely cycle capacity or even

operating near voltage margin [2].

2.3.2 Ferranti Effect

Voltage increase happening at the receiving end of a long energized power lines
compare to the sending end voltage is known as the Ferranti effect. Usually, it appears
on a live long line with a length of more than 80 kilometres and very light load. In fact,
the greater the voltage and the longer the length of line, the greater the Ferranti effect
will be. Such lines include EHV, UHV or SWER [39].

Ferranti effect will be influenced by two associated parameters, line capacitance and
charging current. Line capacitance and charging current increase subsequently as the
length increases and load current drops respectively. Figure 2.6 illustrates that with
increasing distance, the Ferranti effect causes a voltage rise along the line. This effect
Is not notably remarkable in many distribution networks, but due to long line lengths
and off peak light load, it is conspicuous in SWER lines and possibly able to harm

electrical apparatus and equipment [34].
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2.3.3 Voltage Regulation

Voltage regulator has been one of the popular forms of power conditioning over the

past years. The concept involves monitoring load voltage level (generally RMS value)
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and adjusting it within acceptable limits. This is defined as a ratio of voltage change
magnitude among the sending and receiving end of transmission or distribution line
over the receiving end voltage. It presents the power system capacity to deliver almost

the steady voltage to customers in different load situations.

Voltage regulation issues can last a few cycles or longer, perhaps many hours. The
short term problems can be recognised as voltage sags or surges, and the longer lasting

ones are known as a LV and High Voltage (HV) challenges [41].

Voltage regulation in SWER networks is a typical challenge for Australian electrical
energy distributers due to a mixture of causes, such as locating at the end of network,
where system regulation is already largely high [24]. Field tests performed on SWER
networks in 2015 reported both overvoltage and undervoltage problems [40]. In
addition, capacity constraints are happening due to voltage regulation issues in SWER
lines [5].

2.4 Voltage Regulation Options

Regulating the supplied voltage to customers within acceptable limits is one of the
distribution network operator’s responsibilities [42]. Voltage regulation is the main

concern for SWER lines within the Ergon Energy distribution portfolio [6].

As a result of performing with the voltage lower than standard, electrical equipment
may overheat, break down or operation may be unstable. On the other hand, high
voltage can result in component failure or overheating due to voltage stress. In either
case, a voltage regulator would be applied to supply voltage within the normal
operating parameters of the loads [41]. The desired voltages can be obtained by one

of, or combinations of the techniques described in the following subsections [4].

2.4.1 Load Tap Changer (LTC)

Load Tap Changer (LTC) adds turns to or subtracts turns from the winding of
transformer which results in a change in voltage level of both sides due to transformer
ratio difference. This can be done whether the power transformer is carrying a load or

de energised. It would call On Load Tap Changer (OLTC) if transformer number of
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turn ratio changes while it is supplying the load [7]. Typically, OLTC transformer
coupled with a relay named Automatic Voltage Control (AVC) to adjust tap position
in order to regulate the voltage [43]. Generally, it determines whether to modify the
tap position or not, and will be limited by the number of taps and steps. The OLTC is
commonly used in the distribution systems to transform from 33kV to 11kV or 6.6kV
[42].

While the secondary voltage noticed to be operating apart from the permitted value,
the tap changer mechanism corrects its tap position to recover the required voltage
level in order to AVC relay command. The main drawback of this structure is that the

limitation of tap changer operation to its tapping constraints and capacity [44].

2.4.2 Series/Shunt Capacitors

One of the major roles of capacitors in power systems is regulating the voltage,
whether connected as a single unit or bank, either in series or shunt, or even fixed or
switched. In order to minimize the voltage drop caused by inductive reactance, series
capacitors act as a negative reactance (capacitive) used to compensate the positive

reactance of system.

Using capacitors in series decreases the dropped voltage due to lagged load current for
all customers downstream from the capacitor. It performs like a voltage regulator that
improves the voltage which is proportional to the current amplitude and power factor
angle. Unlike shunt capacitors, the series one minimises the fluctuation of voltage
sourced by quick inductive load variation [9]. Upstream customers do not realise any
flicker difference [8]. The effectiveness of the series capacitors are less for the more
resistive loads. Series capacitors are also more practical and efficient on the system
with higher X/R ratios [9]. They have been used to address voltage issues on electrical
power networks for more than 65 years, but in limited options. Ferroresonance
possibility through downstream transformers, difficulties on short circuit protection

and their cost has made them less popular in practice [8].

Power Factor Correction (PFC) is the method shunt capacitors apply to improve the
voltage in the power network. Due to shunt capacitor reactive power injection to the
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system, the source current magnitude is cut down and consequently, the dropped
voltage between the source and customer reduced [45]. Moreover, the feeder power

and system resistive losses are reduced, due to transmission line current reduction [46].

Switching on the switchable shunt capacitors at the peak demand and switching off
these capacitors at the light load would result in boosting their effectiveness. It is
important to control the switched capacitor correctly due to load variation during the
day [7]. Some of the gains and benefits of shunt capacitor usage include, power bill
reduction, system capacity rise, voltage improvement and losses reduction [47].
Distributed LV switched shunt capacitor banks at Weir SWER networks with 400km

length and 96 customers are used to provide voltage support [6].

2.4.3 Fixed/Switched Shunt Reactors

Voltage rise occurs due to the charging capacitance of long transmission lines with a
light load at the end of the feeder [4]. It might be not noticeable in a typical three phase
distribution system, but due to low load density and very long power lines, it is a
remarkable challenge for SWER networks. It makes it difficult to keep the SWER

customers voltage within an acceptable range [10].

Fixed shunt reactors have been introduced to address such an issue, by installing them
in a SWER system to reduce the capacitive loading of the line and regulate voltages
during off peak period. Such a solution regulated the voltage issue at light load. These
reactors sat on top of the existing load during heavy consumption. It reduced the
SWER line load ability and increased the low voltage problem that already existed
[4]. The ideal way of combatting this challenge is to replace fixed shunt reactors with
a switchable reactor through a circuit breaker or a contactor, including multiple smaller
reactors (preferably LV as it is economic and simpler [48]). VVoltage problems during
peak times can be avoided by switching them off [34, 49]. A low voltage controllable
reactor that is connected to the LV side of a SWER distribution transformer, has been
proposed to regulate the voltage in two SWER systems, Jericho North and Stanage
Bay, located in Queensland, Australia [4, 10].

Switched inductors are used to limit the line voltage rise at light load in a typical

transmission system. Likewise, switched shunt capacitors are applied to raise the line
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voltage at peak load. Unfortunately, a SWER line has a high R/X ratio and these
techniques of reactive compensation will be rather limited in the case of SWER

networks. The resistive line loss will remain high in any case [50].

2.4.4 Distributed Generation (DG)

Implementing Distributed Generation (DG) in a typical three phase power system has
been a popular choice due to several advantages such as power loss reduction,
decreased cost, voltage enhancement, system upgrade deferral and improvements in
reliability [51]. It operates in a very effective form of voltage support by injecting real
power in to the system. It can be generated from renewable or non-renewable sources,

throughout various types of technologies [7, 50].

There is great potential for the use of DGs in SWER lines in terms of improving
voltage regulation. This is due to SWER lines often being considered as a weaker
network with a notable resistive element to the impedance of lines [11]. DG gains
cause a line power flow reduction leading to improvement of voltage profile [52]. The
voltage rise, due to injected DG power, can be higher at the connection point than
substation point; as a result it can pass to the transmission system from distribution
level [7].

DGs are considered allocating in two cases, centralised or distributed. Results show a
single DG can lead to more benefits for a typical three phase power system. On the
other hand, SWER networks with a long power line, distributed customers, and motor
starts, can have more benefits allocating distributed DG than a single DG [11]. DG
development in diverse technologies and its usage in distribution levels of systems
raise a stability concern, and there is a necessity for further study on the avoidance of
adverse effects [7, 53].

2.4.5 Voltage Regulator

Voltage regulators were developed to provide a more stable source of voltage than the
electric utility can provide [41]. New technologies to improve SWER distribution
systems operation, which includes LV voltage regulators, have been introduced

recently, although HV voltage regulators are still considered one of the traditional
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solutions [4]. In comparison with HV regulators allocated at SWER backbone
transmission lines, the LV regulators benefit from being cost effective and easy to
install [2]. Traditionally, the LV side of a SWER distribution transformer is connected
to a single load and supplies just one customer. This means, aside from upstream

voltage issues, customer’s individual voltage can be adjusted exclusively [2].

A generous regulation range of £16% and a very short response time of 33
milliseconds make LVRs advantageous and beneficial in terms of SWER system
voltage support. Energy companies, like Ergon Energy in Australia installed LVRs in
SWER systems in order to enhance the voltage level for their consumers [2]. More
than 1000 LVRs are being installed throughout the SWER networks. Figure 2.7 shows
LVR mounted on a SWER transformer pole for a 240V single phase supply by Ergon
Energy [54].

It should be noted that, in the case of power outage or circuit breaker reclosing, LVRS
are not able to maintain supply due to lack of battery backup. Furthers, sags and swells
are the concerns that may lead the LVRs in to a temporary pass through due to their
voltage operating range [54].

2.4.6 FACTS Devices

Flexible Alternating Current Transmission System (FACTS) devices are a power
electronic built structure that arranges part of AC transmission system factors control
in order to raise capacity of power transferring and controllability of the network [55].
Parameters such as the voltage needs of a particular customer, power line impedance

of a specific pattern, phase shift angle and real and reactive power flow,
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Figure 2.7: Low Voltage Regulator (LVR) mounted on a SWER transformer pole for 240V single
phase supply [54].

are directly or indirectly related to FACTS devices. In addition, they are also
applicable in terms of voltage stability and voltage profile section of electric power
systems. Some typical and popular examples of FACTS devices are Static
Synchronous Series Compensator (SSSC), Unified Power Flow Controller (UPFC),
Thyristor Controlled Series Compensator (TCSC), Static VAr Compensator (SVC)
and STATic COMpensator (STATCOM) [12, 13].

It is usual to classify FACTS devices based on their connections type in three different
groups; series connected, shunt connected and combined series-shunt. FACTS devices
connect to the system in series such as TCSC, control power flow. Shunt connected
FACTS devices, such as SVC or STATCOM, however, manage the voltage. Devices
like UPFC, which have both series-connected and shunt-connected components, are
known as combined series-shunt devices and can control voltage and power flow

simultaneously [12].

The three FACTS Controllers, TCSC, SVC and STATCOM, are able to regulate the
system dynamic control efficiently [56]. The shunt FACTS devices, SVC and
STATCOM are considered as a reactive power source with the capability of avoiding

voltage collapse in the system and are able to control its operation at a stable level
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[57]. FACTS devices connected in shunt have potential to bring some benefits for
power systems due to their usage in appropriate locations and size. Some of these

advantages are listed as below [58]:

e Improving voltage profile of power systems

e Reducing or clearing away power line overload

e Boosting power system dynamic and transient stability
e Cutting down the value of energy losses remarkably

e Deferring the necessity of system upgrading

e Adding further capacity to the existing structure

Both STATCOM and SVC are suitable for use in voltage control, compensating
regular voltage variation and over voltage reduction [56]. Basically, their operation
principals are the same while STATCOM is capable of producing more reactive power
during below voltage regulation range and also responding faster due to no delay in
thyristor firing of Voltage Source Converter (VSC) [2]. Providing more voltage
stability margin than SVC at the weakest bus [59] and having superior performance
with newer technology makes STATCOMSs completely reliable and a popular choice
[56].

2.4.7 STATic COMpensator (STATCOM)

Power electronic parts of STATCOMs are able to control the flow of power in the
system and enhance the transient stability of a network. Power electronic control
systems adjust the voltage level at the terminals of a STATCOM by regulating the
injected or absorbed reactive power from the system. ASTATCOM acts in a capacitive
mode and injects generated reactive power into the system while the voltage level is
less than a certain value. Conversely, it absorbs reactive power from the network and
operates like an inductor to bring down the voltage when it is above a certain level [2].
In fact, STATCOMSs are also able to supply or absorb active as well as reactive power
by having sources such as a generator or a battery [56].
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STATCOM key advantages are listed below [60]:

e Fast dynamic response to system load changes
e Moderation of harmonics
e High efficiency low voltage regulation

e Real power source injection

Much research has been conducted in regard to the usage of STATCOM systems,
considering them as a voltage support device to enhance the voltage profile of the

system either for typical three phase systems or for SWER networks [14-16, 59-63].

A distributed approach of supporting voltage and modifying reactive power can apply
to STATCOM systems in various sites with voltage and reactive power issues for both
transmission applications and at distribution levels. This dispersed approach of
STATCOM application in the distribution system is referred to as Distribution Static
Compensation (DSTATCOM). In the event of a lone bulk reactive support component
failure, the risk of reactive power support loss will be lower due to the usage of
DSTATCOM in the network [61].

In addition, DSTATCOM has been developed to boost power system efficiency and
reliability of a distribution network due to its shunt connected voltage source
converter. DSTATCOMs play a vital role in distribution systems in terms of voltage
support improvement and power loss reduction, under two different circumstances,
steady state and dynamic [64]. Gains such as reactive support, voltage control and
quick voltage recovery support, improving system voltage stability, enhancing system
transient stability, increasing system reliability, boosting line capacity and decreasing
system losses are considered some of the benefits of employinga DSTATCOM system

due to flexible voltage and reactive control approaches [61].

Due to the benefits of both FACTS devices and Energy Storage Systems (ESSs),
combining DSTATCOM with ESS like Battery Energy Storage (BES) or
superconductor devices, can be a means of increasing the flexibility and capacity of

such equipment in case of system voltage support. Superconducting Magnetic Energy
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Storage (SMES) applied with DSTATCOM can be a solution to raise the capacity of
transmission including power flow controls. DSTATCOM has the ability to supply
and absorb active and reactive power, known as four quadrant DSTATCOM operation.
Not only does this have the ability to raise and lower the voltage, but can also control
the series impedance or phase angle of the system. It makes it possible to have a system
with lower line losses and transmission lines close to the thermal limits operation [65].

The FACTs are normally reserved for power electronic equipment (SVCs,
STATCOMs) used in HV, EHV and UHV transmission. On the other hand,
DSTATCOMs are used at distribution level. However design and operation of FACTs
and DSTATCOMs are based on the same fundamental principles.

25 DSTATCOM Placement

The performance and effectiveness of FACTSs devices like DSTATCOM, either alone
or combined with an active power source, will be affected by their number, size and
location in the power network. Placement is one of the key criteria and plays an
important role. Many researchers have investigated the location of FACTSs devices
including DSTATCOMs in order to enhance power network operation using
placement algorithms. Some of these algorithms are Particle Swarm Optimization
(PSO), Tabu Search (TA), Simulated Annealing (SA), Genetic Algorithm (GA),
Evolutionary Algorithm (EA), Bees Algorithm (BA), Harmony Search Algorithm
(HSA), Group Search Optimizer with Multiple Producer (GSOMP) and Bacterial
Swarming Algorithm (BSA) [65].

One of the other ways of considering placement of DSTATCOM is the possibility of
mounting it on the customer side at distribution level or on the network side at
transmission level. Either way it could be applied in multiple locations or in a

centralised single point placement.

2.5.1 Network Side Injection

The research by [66] presented steady-state performance figures of Voltage Source
Inverters (VSI) including DSTATCOM and DG for voltage regulation in a radial

distribution system. Devices were connected to the system in parallel through a
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coupling transformer allowing them to be considered at transmission level. The
optimal voltage profile during light load conditions and under full load conditions were
accomplished by applying an optimisation algorithm. This was developed by
calculating terms of the required active and reactive power for placing voltage support
equipment in a single location, or distributed in two locations. It has been concluded
that multiple injection, in this case from two locations, will be more effective in
enhancing voltage regulation. Furthermore, results show that it would be more
efficient for the power to be injected from the end of the line rather than closer to the

primary source.

In a similar study [61], a distributed approach of DSTATCOM in multiple locations in
order to provide voltage support and reactive power control has been suggested for
transmission application and smaller utilities. Results show multiple installation of
DSTATCOM is more effective than a single large lumped solution where voltage and
reactive power is a concern. Another achievement of the distributed approach is higher
system reliability e.g., a single point failure with a single centralised unit removes

reactive power support.

Studies by [67] examined DSTATCOM for distribution voltage regulation
predominantly on long feeders with voltage issues. It has been considered that a single
DSTATCOM mounted somewhere between the source and the customer with a
specific distance from the substation. DSTATCOM is given to be a cost effective
solution to solve voltage regulation problems in long feeders. DSTATCOM usage for
supporting the voltage in a lumped load system raised the system capacity of the line
in order to improve its transient response and bulk capacity for voltage control. In
addition, DSTATCOM may supply loads with low loss factors as a backup when
placed in the middle of a distribution power line.

The study in [60] proposed Real Genetic Algorithm (RGA) technique to find the
optimum location for one DSTATCOM in order to improve system voltage security
margin under peak load condition. The best location has been carried out to be
somewhere in between 2 lines of the test system with significant cost saving and an

active power losses reduction on top of voltage security enhancement.
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Another study in [63] developed an algorithm named Particle Swarm Optimization-
Time Varying Acceleration Coefficients (PSO-TVAC) to support the voltage by
supplying or consuming reactive power due to DSTATCOM installation in suitable
site and size. The optimal location and size of DSTATCOM found to be beneficial

and increased the power system voltage profile on standard IEEE system.

In addition, a recent study in [64] proposed a practical technique with the objective of
minimizing losses and improving voltage profile using DSTATCOM. This technique
finds the best potential busbar in a radial distribution system, based on different
defined indexes, with the aim of raising the candidate bus voltage to 1pu. The results
indicate a reduction in active power losses and an improvement in system voltage
profile. It was concluded that the DSTATCOM made a significant change in
distribution network voltage profile and presents itself as a cost effective and reliable

solution in terms of loss saving.

Further research [68] studied the optimal location and sizing of DSTATCOM using
Immune Algorithm (IA) in order to improve the current and voltage profile of the
system. Biologically inspired algorithm was applied to find the optimum location and
size of DSTATCOM in three different load conditions, light, medium and peak.
Results show that using this technique to find the optimal size and location for voltage
support equipment can decrease power losses, cost of DSTATCOM and current profile
and also boost the buses voltage.

The research in [65] proposed a genetic algorithm to find the best location of injecting
or absorbing power using DSTATCOM in two different methods, combining with
storage or without storage. It has been concluded that using DSTATCOM alone will
improve the load ability of a system but not as much as using it combined with storage
system. One single DSTATCOM with storage is the best solution to address the

voltage problem in the system.

Another study [69] used PSO algorithm to find out the best place and size of
DSTATCOM and DG to be used with the objective of improving voltage profile and
reducing power losses in radial distribution networks. Based on defined scenarios

these devices can be used either alone or together, either in the same place or in a
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different location. This study examined three different power systems, and all
concluded a single result. The optimal placement and size of DG and DSTATCOM
boosts the voltage profile and decreases system losses. Moreover, it has to be noted
that placement of DG and DSTATCOM in the same bus has been more effective than
placement in different buses, with respect to voltage improvement.

In a similar study [70] an analytical method to find the optimal place for DSTATCOM
in power networks was proposed. This method is based on a simple load flow to
calculate the system power losses and voltage. It has been considered that the
DSTATCOM is able to inject and absorb active power as well as reactive power due
to its storage device. DSTATCOM has been modelled to maintain the voltage of the
connected bus at 1pu. The proposed method was found to be implemented effectively
and easily, resulting in system voltage improvement of IEEE 33bus systems. One
method, presented in [15] used Particle Swarm Optimisation (PSO) and Continuation
Power Flow (CPF) to find the optimum location of DSTATCOM. It aimed, with
respect to the DSTATCOM size, to enhance system voltage profile, reduce power
losses and improve the load capability of the system. The results showed that
following this proposed method of allocating multiple DSTATCOM, in different sizes,
distributed in multiple locations which were suffering from voltage problems, can help
to reach the mentioned goals. In addition, the voltage stability of power systems
remarkably increased using 5 different sized DSTATCOMs, spread over an IEEE 57
bus test power system.

Similarly another study [71] uses the PSO optimisation algorithm to solve efficient
size and location problems for multiple DSTATCOM devices in different load
conditions from low to peak. The results indicated that, as the size of the load changed,
the optimum location of DSTATCOM may vary, but certainly the size was increased.
In addition, an important conclusion to consider is as the load increases, the impact of
having two DSTATCOM units in the network becomes more effective than having

only one, in terms of network voltage improvement.

Recently, a report from Ergon Energy [72] showed that the Grid Utility Support
System (GUSS) units are an advanced, cost effective technology solution that will

improve the quality and reliability of electricity supply to rural customers on
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constrained single wire high voltage distribution lines, known as SWER. GUSS works
on rural and remote sections of the electricity network by charging batteries overnight,
when demand for electricity is low, and discharging during peak demand periods. The
main functions of GUSS are peak load reduction and voltage support of the SWER
line. Additionally, customers on constrained networks who have had to limit their

demand due to the available capacity may be able to access additional supply.

2.5.2 Customer Side Injection

The study in [73] compared two voltage compensation schemes of DSTATCOM. One
to be placed alone where it is connected at a single feeder node, or multiple
installations, where two of them are connected to two different places along a feeder.
It is assumed that DSTATCOMs are connected at the customer at distribution level
and are considered to be a customer side injection solution. The steady state results
indicate that distributed point reactive power injection can greatly enhance the system
voltage profile compared to single point injection.

SVCin[74] and DSTATCOM in [75, 76] were proposed as load Voltage Support (VS)
equipment in a radial distribution network to be installed, in order to boost the voltage
profile of the system. Both are considered as VAr compensator only with no storage
elements and the line resistance has been ignored, as it assumed to be small compared
to the line reactance. Results indicated that spreading out the VS devices between all
loads and placing them at the customer side was advantageous over lumped VS on the
network side. Benefits mentioned were lower VAr requirements, enhanced voltage

regulation, cost effectiveness and higher reliability.

Similar studies in [75, 77] introduced Static VAr Systems (SVS) to regulate the voltage
when the load centres required support. These studies examined whether voltage
support devices, with the availability of DSTATCOM or SVC, should be connected to
a single or a few large SVS, connected on the network side through a transformer, or
distributed amongst a number of smaller ones in between customers without the need
for transformers. It was concluded that distributed individual SVS, placed at the
distribution level among the loads was more beneficial than centralised support

equipment mounted at the transmission line level.
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2.6 Load Sharing Control Methods

The DSTATCOM, as a source of active and reactive power, has to be considered from
a control and load sharing point of view. To accomplish proper flows of real and
reactive power in the system, several control techniques are proposed. The most
popular ones are the master-slave control method [78], the power deviation control
method [79], and frequency and voltage droop methods [80]. The droop technique is
one of the most effective methods of control that is able to organise automatic load
sharing between generators and develops the inverter operating power with the given
ratings [81].

2.6.1 Droop Based Control Method

Researchers have recently been more interested in the employment of droop control
methods, with the following advantages: [82-86]:

e Easy implementation

e No communications required

e Flexibility, redundancy and expandability

e High reliability

e Different power ratings

As reported in [87], the concept of the voltage droop control method can be applied to
different types of networks such as radial, meshed and SWER distribution systems.
The Q-V droop method is considered as a popular technique to control the PCC voltage
magnitude as studied in [88]. Two different types of droop method, frequency and
voltage, are developed by the researchers in [89-91]. As these are decentralized
control methods, the real power-frequency droop (P—f) control and the reactive power—
voltage droop (Q-V) are used in distributed energy resources (DERS), Interface
converters (DICs) [78, 86, 88, 92-97], micro grid environment [92, 94] and UPS
systems [78, 86, 93]. This control strategy can be adopted with no external
communication in between the units (inverters) [90, 98], to avoid circulating currents
[96, 99, 100]. It can be a suitable method to control injected active and reactive powers
to the grid [101].
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2.6.2 Modified Droop Control Method

Modifying the conventional droop control method will improve the load sharing of the
power network as reported in [102]. The power sharing between the inverters via
several control designs are investigated in [85, 103-106]. Furthermore, the droop
method with some modification was developed to make the system operation stable
and secure [94, 96, 107-116]. In these papers, real and reactive power controls the

frequency and voltage respectively.

A new droop control technique for interline photovoltaic (IPV) systems has been
proposed in [117]. The Point of Common Coupling (PCC) voltage on the system will
be regulated via IPV, which is operating as a FACTS device. To achieve voltage
regulation in the system, the coupling effect between active and reactive powers, due
to complex network impedance has to be considered. The modified P-Q-V droop
control strategy is able to regulate the PCC voltage in low X/R ratio systems. The
performance of typical and proposed droop control is compared and analysed.

As shown in [118], to improve the stability of parallel inverters in regards to
boundedness and load sharing, the new droop named Bounded Droop Controller
(BDC) is proposed. The BDC also introduces a bounded characteristic for the control
output by considering the theory of Robust Droop Control (RDC). The closed loop
stability of the system for the proposed bounded control method, regardless of the load
type, (linear or nonlinear), is analysed via the small gain theorem. To increase the
robustness of the controller against numerical errors and external disturbances, its

structure is modified by forming an attractive oscillator scheme.

The combination of conventional and modified droop methods to control the system
voltage is proposed in [119]. It has been considered as a reliable and effective
technique in low voltage distribution networks in cases of severe voltage issues. It
works by changing the mode of droop control from typical to modified droop control
and vice versa. The conventional droop method controls the voltage while it is within
the Voltage Dead Band (VDB). On the other hand, when the voltage is operating
below or above the VDB, the modified droop control method will be applied to

regulate the voltage within the requested range. It is concluded that the proposed droop
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control method can extend the state of voltage emergency and keep it in the normal

level.

To improve the reactive power sharing of DG units in AC micro grids, a new reactive
power control technique is developed in [120]. The proposed control method is based
on the operation of sharing error reduction and voltage recovery. The voltage bias of
the droop characteristic curve is activated by the low-bandwidth synchronization
signals and changed via sharing error reduction operation. The voltage recovery
operation is performed to restore the output voltage to its rated value. Simple
communications between the DGs has been considered to improve their power sharing
and it does not affect the plug-and-play feature of each DG unit. As only a low
bandwidth communication network is needed, it is recognised to be a cost effective

and practical control method.

Another new load sharing method for parallel connected three phase VSCs is adopted
in [121]. In this study the focus is on improving the frequency droop for real power
sharing and developing a new droop control method for reactive power sharing. The
improved frequency droop method operates on the phase angle of the VSC instead of
frequency. To achieve the desired system response, the operator tunes the real power
sharing controller without adding an integral gain term into the real power control
algorithm to regulate the frequency. On the other hand, the new reactive power sharing
applies integral the load bus voltage control, combined with a reference that is drooped
versus reactive power output. The desired speed of response will be achieved by

varying the gain of integrator without affecting voltage regulation

In [122] the operation of droop control is improved as the decentralized control
strategies in DICs for autonomous power sharing. In this study the voltage restoration
mechanism is applied in the Q-V droop control method to improve the reactive power
sharing among DICs in the network. In the new reactive power-voltage droop control
method, the voltage shows the rate of change of the voltage magnitude with time. The

mentioned mechanism is proposed to maintain the magnitude of voltage at steady state.

Searching for optimal values of the droop coefficients is also addressed in [123], where

the share of reactive power supply is determined by using particle swarm optimisation.
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There are several methods reported in [124] to simulate distribution systems over the
last few decades. These network simulations are known as power flow and the most
common calculation procedure is based on the solution of the non-linear equations of
the studied network by means of a Newton-Raphson solver. Modified Newton
Raphson (MNR) method is applied for implementation of the DG droop control

method into a load flow through a novel approach for an islanded micro grid in [125].

In [62] it is reported that the recent increase of DGs in distribution networks has made
necessary the development of new control strategies for the mitigation of power quality
issues. One of these functions, considered as one of the most promising solutions for
the management of voltage congestion, is represented by the droop control method of
DG units. The traditional power flow formulation often does not allow for easy
integration of these functionalities in the simulation environment and alternative
strategies are normally adopted in order to investigate the effects of local controllers
on the network electrical quantities. This study applied a simple modification for

power flow that allows the integration of local controllers for distributed generation.

2.7 Summary

This chapter provided a brief overview of SWER line characteristics and related issues
including voltage regulation. It also provided a literature review on the voltage
regulation options to be applied in SWER systems. The concept and application of a
STATCOM as voltage support equipment were also reviewed in this chapter. In
addition, a comprehensive literature review discussed the placement of DSTATCOM
in terms of system voltage improvement, either by centralised or decentralised
application. It also analysed the possibility of network side injection or customer side
injection placement. However, a clear study on DSTATCOM placement as voltage
support equipment to be installed at distribution level or SWER line level has not been
reported in literature. Moreover, the DSTATCOM operation point in networks with
different specifications and load situations and its effect on system voltage has not

been discussed.
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This chapter also provided a review of parallel invertor operation and load sharing
control methods. It also discusses the different modifications applied to improve the
load sharing of active and reactive power components in the network. It has also been
reported that the reactive power will not be shared accurately and in some stages, it
can result in reactive power circulation and stability problems. The modification to be
applied in the DSTATCOM droop control method to avoid VAr circulation has not
been reported. Moreover, the control mode of DSTATCOM from a voltage support
point of view and a practical solution to avoid islanding in the network has not been
discussed in literature. In addition, the implementation of a droop based DSTATCOM
control mode in a load flow study has not been reported.
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CHAPTER 3

DSTATCOM PLACEMENT AND OPERATING

POINT IN SWER SYSTEM

3.1 Introduction

In this study DSTATCOM is being used as voltage support equipment in a SWER
system. When considering placement of DSTATCOMs, there is the possibility of
mounting it on the customer side or the network side. Firstly, the DSTATCOM will
be considered as a reactive power source, able to support the voltage via VAr
compensation. Secondly, the four quadrant DSTATCOM, as a source of active and
reactive power, will be applied. After that, the effect of voltage support equipment
location, load size and SWER line R/X ratio on the DSTATCOM operating point will
be investigated. After that, voltage sensitivity analysis is performed to assist with
discussion of the DSTATCOM operating point. Finally, the SWER system
configuration is developed, using MATLAB, to study the DSTATCOM location and

operating point as voltage support equipment.

3.2 Long SWER Line Voltage Support

In order to provide dynamic voltage support by VAr compensation, DSTATCOM will
be used. The compensator is treated as a reactive current source. To cancel voltage
drop and to keep load voltage within nominal values, additional capacitive current has

to be injected into the system.
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Two SWER line voltage support schemes are presented in this section:

e Voltage support provided by DSTATCOM at the Network Side (DS.NS).
e Voltage support provided by DSTATCOM at the Customer Side (DS.CS).

If the voltage support is provided on the customer side; the injected capacitive current
leads the voltage by 90°. If the voltage support is provided on the network side, then
the injected capacitive current leads the customer transformer primary voltage by 90°.
In both cases the line current is the vector summation of the load current and

compensation current.

3.2.1 Single Line Diagram of a Four Bus SWER System

A single line diagram of a simple SWER line including four nodes is shown in Figure
3.1 The SWER line is connected to an infinite bus with voltage Vi=1pu. Transformer
T12 is an isolating transformer which is located between bus 1 and 2 and transformer
T4 connects the line to the load and is located between buses 3 and 4. The SWER line
is a long SWER line with a high R/X ratio. The SWER line impedance is represented
by R+jX . The load RL is connected to bus 4 as a customer and draws I from the

network.

0 I \ v I 563 I

T12

Figure 3.1: Single line diagram of a four bus SWER system.

3.2.2 Phasor Diagram

In this part of study, the power factor of the load is assumed to be corrected. The

current drawn by the load depends on the load impedance and the voltage V4. Current

34



causes the voltage drop in the transformer and line reactance which results in a drop
in transmission voltage V3 and the load voltage V4. The load voltage Va4 is in phase
with the load current I.. This is represented by the phasor diagram as shown in Figure
3.2.

Load current and voltage are in phase as the power factor is corrected to be unity.
Voltage drop is caused by the load current I, through the SWER line impedance R+jX
and isolating and distribution transformer reactance j(Xt12+Xt34). It means the voltage

drop at bus 4 will be the amount of R+j(X+Xr12+Xt34) multiplied by I..

\

Figure 3.2: Phasor diagram of a four bus SWER system.

3.3 Placement of Voltage Support Equipment

In this part of the study, the same size DSTATCOM will be located in two different

locations, .i.e. the network side and the customer side.
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3.3.1 Network Side Voltage Support

The DSTATCOM in this instance is voltage support equipment provided on the
network side. Figure 3.3 shows single line diagram of a four bus SWER system,
including a network side DSTATCOM. As can be seen, the DSTATCOM is connected
to bus 3, which is the supply side of the customer transformer. The network side
DSTATCOM current is Ipsns. All the voltages, except V1, will be changed due to the
installation of DSTATCOM at bus 3.

It is possible to calculate the value of voltage support due to the DSTATCOM reactive

current (Ips.ns) injection into the network side of the customer transformer.

Voltage boost due to the network side DSTATCOM injection at bus 4 is A | Vans | and

will be calculated as below:
I\/AnewNS|_|V4|: A|V4.Ns| (31)
A|V4.NS|:|RL(IL_ ILnewNS)| (32)

I s s (R+ J(Xpp + X)) |
(R+R)+ 1(Xp + X + X10)]|

|IL_ Lnew | —

3.3)

T12

Substituting equation (3.3) in (3.2) will show the voltage change at bus 4 as follows:

I g s (R+ §(Xpp + X)) |
CRER)F I(Xy + X+ X140

A|V4.NS|: R

(3.4)

T12

As shown in equation (3.4), A|V4,Ns| is the voltage boost at bus 4 due to
DSTATCOM current injected Ips.ns at bus 3.
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Figure 3.3: Single line diagram of a four bus SWER system including network side DSTATCOM.

3.3.2 Customer Side Voltage Support

A single line diagram of a four bus SWER system including a customer side
DSTATCOM is shown in Figure 3.4. The injected current from customer side
DSTATCOM Ips.cs will increase all bus voltages except V1.

Voltage boost due to the customer side DSTATCOM at bus 4 is A | Vacs | will be
calculated as below:

|V4newcs |_ |V4| =A |V4‘cs | (35)

A|V =|RL(IL_ ILnewCS)| (36)

4.CS|

|| —1 :|jIDS.CS(R+j(XT12+X+XT34))|
L RER) + (X + X+ X, |

(3.7)

T12

Substituting equation (3.7) in (3.6) will show the voltage change at bus 4 as follows:

Ios s (R+ §(Xpp, + X + X15))|
(R+R)+ J(Xop + X + X1 3) |

AN, | =R, (3.8)

As shown in equation (3.8), A | Vacs | is the voltage rise at bus 4 due to DSTATCOM
injected current Ips.cs at bus 4.
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Figure 3.4: Single line diagram of a four bus SWER system including customer side DSTATCOM.

3.3.3 Comparison of Two Voltage Support Schemes

As the same size DSTATCOM is installed in two different locations, both injected

currents are equal in magnitude, as per equation (3.9).

(3.9)

|IDS.CS|: |IDS.NS|

DSTATCOM injection currents are equal. In this case the only difference is the
location of injection which could be either the network side or customer side. The
magnitude of voltage boost achieved at bus 4 due to the network side DSTATCOM
and customer side DSTATCOM are expressed in equations (3.4) and (3.8)
respectively. To evaluate the effectiveness of both types of DSTATCOM placements
in terms of voltage support, the ratio of the voltage rise due to customer side current

injection over network side injection will be calculated as below:

1, X+ X
R+ j(X;,+X)

A|V4.cs| _ R+ j(X

T34) (310)
AV

4.NS|

From equation (3.10), as the nominator is greater than denominator, this ratio is always
more than one. This implies both placements of DSTATCOM, either network side or
customer side, will provide voltage boost, but it is a more pronounced boost when
DSTATCOM is placed on the customer side due to the customer transformer reactance
Xr3a.
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Network side DSTATCOM compensation current Ipsns passes through isolating
transformer reactance and SWER line reactance j(Xt12+X) but customer side
DSTATCOM compensation current Ipscs passes through a larger reactance
J(X712+X+XT34). This compensation current produces a higher voltage boost when
DSTATCOM is located on the customer side.

More importantly, this ratio will be affected by system impedance and SWER line R/X

ratio while load and DSTATCOM size will not influence this value.

As shown in equation (3.11), the R/X ratio of the network side installed DSTATCOM

is greater than the R/X ratio of the one placed on the customer side:

(R > R4 e (3.11)

As aresult, locating DSTATCOMSs on the customer side of SWER lines to support the

voltage will be more effective than on the network side.

3.4 Four Quadrant DSTATCOM

During light load conditions, the Q-only DSTATCOM might be a solution to tackle
the voltage problem, but considering load growth, it would not be sufficient and an
active power source (generator or energy storage elements such as battery) is required.
When it comes to energy storage, cost would be the greatest challenge. Price reduction
due to battery technology development is making the DSTATCOM solution more
competitive compared to the SWER line upgrading option [3]. An example is the
recently implemented Grid Utility Support System (GUSS) in Australia by Ergon
Energy [126]. Future batteries will be smaller in size and cheaper in price. It gives

researchers an opportunity to include them as a part of solution.

Using a source of active power, any kind, in DSTATCOM system makes it able to
absorb or inject active power which means the extra ability of supporting voltage
during a heavier load. Four-quadrant DSTATCOM operation will be introduced as
voltage support equipment in a SWER system in section 3.6 where stability of the

operating point on the P-Q plane is investigated.
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3.5 SWER System Voltage Analysis

DSTATCOMs may have a role at network locations suffering from poor voltage
regulation. Depending on the load and voltage level, DSTATCOM will operate at a

different operating point to improve the voltage.

3.5.1 Single Line Diagram of Two Bus SWER System

A single line diagram of a simple SWER system, including DSTATCOM, is shown in
Figure 3.5. The four-quadrant DSTATCOM is used for voltage support. For
simplicity, isolating and customer transformer reactance are lumped with the SWER
line reactance. The DSTATCOM (Pbs2+jQps2) and the load (PL2+jQL2) are connected
to bus 2.

Load

Vi V2
I SLine PL2 hi jQLZ
— LtllE =,
R+jX
PDSZ + jQDSZ
DSTATCOM

Figure 3.5: Single line diagram of a simple SWER system including four quadrant DSTATCOM.

3.5.2 Voltage Drop Analysis

The phasor diagram of the two bus SWER line is shown in Figure 3.6. As can be seen
the customer voltage V2 will drop due to current passing through SWER line R+jX.
From phasor diagram the voltage drop is AV with real and imaginary components of

AVy and AVyrespectively.

Voltage V1 will be expressed as:

V,=(V, +AV )+ jAV,

1

(3.12)
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Voltage drop is expressed as:

AV = AV, + JAV,

In the presence of DSTATCOM we have:

R(P

AV = LZ_PD82)+X(QL2_QDSZ)

\Y

2

X (PLZ — PDSZ)_ R(QLZ _QDSZ)

AV =
Y v

2

Substituting (3.14) and (3.15) in (3.13):

AV =

R(PLZ — PDSZ)+ X (QLZ _QDSZ) " J X (PLZ — PDSZ)_ R(QLZ _QDSZ)

\Y

2

o
\K
IL ine

Figure 3.6: Phasor diagram of a two bus SWER system.
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From the phasor diagram shown in Figure 3.6, the relationship between bus voltages
and the voltage drop components is:

V) = (V, +AV,)* + AV ? (3.17)

Substituting (3.14) and (3.15) in (3.17):

2 |— R(F)Lz_PDsz)"'X(QLz_QDsz)—|2_i_|—X(PL2_PDsz)_R(QLZ_QDSZ)—|2

R Ve Ve | (3.18)

Simplifying (3.18):

2 RZ(PLZ_PDSZ)Q n XZ(QLZ_QDSZ)Z +2RX(PL2_PDSZ)(QL2_QDSZ)
V2

2

+ 2R(PL2 - Posz)+ 2X (QLZ _QDSZ)+

V2

2

(3.19)

4 2 2 2 2 2

V2:V2 +R (PLZ_PDSZ) +X (QLZ_QDSZ) +2RX(PL2_PDSZ)(QLZ_QDSZ)+2V2 R(PLZ_PDSZ)_l_

1 2
V

2

+ 2V22X (QLZ _QDSZ) + X Z(PLZ B PDSZ)Z + RZ(QLZ _QDSZ)Z - 2RX (PLZ B PDSZ)(QLZ _QDSZ)
Vv 2

2

(3.20)

_V12V22 +Vz4 + 2V22R(PL2 - PDSZ)+ ZVZZX (QLZ _QDSZ)+ RZ(PLZ - PDSZ)Z +X 2(QLz _QDsz)z +X 2(PLz - PDSZ)Z +

+R2(QL2 _QDSZ)Z + [ZRX (PLz - PDSZ)(QLZ _QDsz)]_[ZRX (PLZ - PDSZ)(QLZ _QDSZ)] =0

(3.21)
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2

4 z|— v | 22 2 202 2
V, 2V, T?"’R(PM_PDSZ)"'X(QLZ_QDsz)J"'[(PLz_PDsz) (R™+ X )+(QL2_QDSZ) (R™+X )]:0

(3.22)

2

4 2 [ \A 1 2 2 2 2
V, +V, ZLR(PLZ_PDSZ)-I—X(QLZ_QDSZ)_7J+(R + X )|:(PL2_PDSZ) +(Qr2 = Qos.) J:O

(3.23)

Setting V22 =F, (3.23) can be rewritten in the form of:

2

ol VI ey : :
F +2FLR(PL2_PDSZ)+X(QLZ_QDSZ)_?J-I—(R + X )|:(PL2_PDSZ) +(Qr, = Qps.) :|:O

(3.24)

In Figure 3.7, the voltage at bus 2 is shown as a function of DSTATCOM active power
injection. The voltage change |AV>| at the peak is zero where V2 is Vamax and Ppsz is
Pvomax. The voltage at bus 2 reaches its maximum when the DSTATCOM active
power injection is Pvamax. The vertex is the point (Pvamax,Vamax). In other words, if
the DSTATCOM connected to bus 2 operates with active power injection of Pvamax,
the maximum voltage support would be available. This means injecting active power

greater than Pvomax Will not improve the voltage any further (equation (3.24)).

From (3.23), V2 can be expressed as (3.25).

4

ViV )
Vz :\/R(PDSZ_PL2)+X(QDSZ_QL2)+?+\/T+V1 [R(PDSZ_PL2)+X(QDSZ_QLZ)]_[X(PDSZ_PLZ)_R(QDSZ_QLZ)]

(3.25)
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‘sz‘ =0
V2Max

» Pbs>

Pvamax

Figure 3.7: Maximum voltage and DSTATCOM active power at bus 2.

As shown in equation (3.25), the voltage at bus 2 is a function of DSTATCOM power,
load size, system impedance (R+jX) and SWER system R/X ratio.

Defining net active and reactive power as:

P, =Py, — P, (3.26)
Qz = QDSZ - QLZ (3_27)

Equation (3.25) is simplified by substituting (3.26) and (3.27) as:

(VAR VA 2
V, = 4|RP, + XQ, + =+ [ +V,*[RP, + XQ,]-[XP, - RQ,]
2 4 (3.28)
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The four quadrant DSTATCOM rated power diagram, including the active and
reactive power constraints is shown in Figure 3.8. In addition, the operating point of
DSTATCOM with size Sps is labeled. If the DSTATCOM is set to perform at ¢ps2
operating point, it is able to inject active power Ppsz and reactive power Qps2 in to the

system.

3.6 DSTATCOM Operating Point Analysis
3.6.1 Operation Point Angle

Apparent power in terms of DSTATCOM active and reactive power is given by:

PDzsz + Q;sz = S;sz (329)

DSTATCOMI
Operating *

| -Q

Figure 3.8: Rated power circle diagram of a four quadrant DSTATCOM.
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The derivative of (3.29) with respect to Q is:

dpP
2Py, ﬁ"‘zomz =0 (330)
dPos, _ Qoso (3.31)
dQps, Pos>

The voltage for a given load can be expressed as a function of DSTATCOM active

and reactive power that is:

V2 = f(PDsz!QDsz) (332)

oV oV
AV, | = AP, —2+ AQ,,, — (3.33)
aPDSZ a(gDSZ

With respect to voltage change at the maximum point being zero, where V2 is Vamax

and Pps is Pvamax, an assumption of | AV2 | = 0 will be made and equation (3.33) is

rewritten as:

ikl Moy (3.34)
aPDSZ a(DDSZ

AP

DS 2

av,
APDSZ aQDSZ (335)

DS 2

On the other hand, if Sps> is constant, then:

APDSZ dPDSZ (336)
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Substituting (3.31) and (3.36) in (3.35):

oV,
QDSZ — aQDSZ (337)
PDSZ 8V2
%PDSZ
Applying (3.37) for a simple SWER system as Figure 3.5:
oV,
QDSZ — szmax _ aQZ (338)

P

DS2 Pv 2max 8V2
oP,

Equation (3.38), plotted in Figure 3.9, shows that if DSTATCOM real and reactive
power of Pps2 and Qps are injected at the ratio of its connected node voltage sensitivity

(OV2/0Q2)/(0V2/0P2), the maximum voltage enhancement can be obtained.

For a given customer load distribution and at a given DSTATCOM apparent power
output, system voltage first rises as active power injection is increased before reaching
a maximum and then decreasing. This needs to be taken into consideration when
designing the closed loop voltage control system of the DSTATCOM. A stability
margin will be needed if the maximum system voltage is on unstable operating point.
This point will be introduced as DSTATCOM Steady-state Stability Limit (DSSL)
point. In this chapter, DSSL main function is as a DSTATCOM operating within the

maximum voltage support range.

Figure 3.10 shows the DSSL lay-out, with the combination of three graphs as already
shown in Figures 3.7, 3.8 and 3.9.
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a\%Qz Qo _ Qo

8\/ - Ps P max
%Pz Ds2 V2

"o,

ov,
oP,
— > Pos2
PV2max
Figure 3.9: Relationship between power and sensitivity ratio, equation (3.38).
From rated apparent power:
-1 QD 2
fose = tan (=222
DSSL . (339)
Substituting (3.38) in (3.39):
ov,
_ -1 8Q 2
¢DSSL = tan ( aVZ ) (340)
oP,

Where: ¢pssi is the DSSL angle. If the DSTATCOM at bus 2 operates at this angle the

customer voltage will be raised to its maximum.
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Qos2

QossL
PDSZ
V2
|AV,|=0
VZMax
PDSZ
PpssL
QDS/
PDSZ
v,
Q, _ Qps2 — Qpsst
oV, P, P,
%Pz Ds2 DSSL
oV
V20, _
oV
%P 2
PDSZ
PossL

Figure 3.10: DSTATCOM Steady state Stability Limit (DSSL) Point lay out.
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3.6.2 Voltage Sensitivity

The DSSL operating point is directly related to the voltage sensitivity of the SWER
system. Therefore, before setting the DSTATCOM to its operating point, a sensitivity
study should be performed.

Partial derivative of (3.25) with respect to Pps2 is:

VR=-2X%(P,,, - P,) +2RX (Qps, - Q,,)

oV

Vl4 2 2
2\/+V1 [R(Pnsz - PLZ) +X (QDSZ _QLZ)]_[X (PDSZ - PLZ) - R(Qosz - QLZ)]
oP

DS2 V2 V4 2 2
2\/R(Posz - PLZ) +X (QDSZ - QLZ) + ?Jr \/;+V1 [R(Posz - PLz)+ X (QDSZ 7QL2)]7 [X (PDSZ - PLZ)7 R(QDSZ 7QL2)]

(3.41)
Partial derivative of (3.25) with respect to Qps: is:

V1zx - 2RZ(QDsz - QLZ) +2RX (Pnsz - PLZ)

X +

v ¢ ) 2
2\/1+V1 [R(Pnsz - PL2)+ X (QDSZ _QLZ)]_[X (PDs2 - PLZ)_ R(Qosz _QLZ)]

ov 4

0Qys, V1z VIA 2 ,
2 R(Posz_PL2)+X(Q052_QL2)+?+ T+V1 [R(PDSZ_PLZ)+X(QDSZ_QLZ)]_[X(PDSZ_PLZ)_R(QDSZ_QLZ)]

2

(3.42)
Voltage sensitivity ratio is:
V12X - ZRZ(QDSZ _QL2)+ ZRX (PDSZ - PLZ)
X +
ov, VA ) )
2\/1+V1 [R(PDSZ - PL2)+ X (QDSZ _QLZ)]_ [X (PDsz - PLZ)_ R(Qosz _QLZ)]
9Qps _ 4
ov, R V12R_2X2(P032_PL2)+2RX (QDSZ_QLZ)
oP

Ds2

+
v * 2 2
2\/;"'\/1 [R(PDSZ = P,) + X (Qops, _QLZ)]_[X (Pos, = Po) = R(Qps, _QLZ)]

(3.43)
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ov, 1 . v, ¢ )
0Q 7XV1 -R (QDSZQL2)+RX(PD52PL2)+X\/;+V1 [R(PD527PLZ)+X(QDSZ7QL2)]7[X(PD527PLZ)7R(QD527QLZ)]Z
DS2 _
N, o1, VAR 2
—RV-X (PDSZ_PLZ)+RX(QDSZ_QL2)+R T+vl [R(PDSZ_PL2)+X(QDSZ_QLZ)]_[X(PDSZ_PLZ)_R(QDSZ_QLZ)]

aPt:sz 2
(3.44)

Net active and reactive power as (3.26) and (3.27) will be used to simplify the voltage

sensitivity ratio.

Partial derivative of (3.28) with respect to P is:

V,’R - 2X *P, + 2RXQ,

R +
Vl4 ) 2
o, 2 T+v1 [RP, + XQ,]-[XP, - RQ,]
oP, Vi v 2
24|RP, + XQ, + ~1-+ [~ +V*[RP, + XQ,]-[XP, - RQ, ]
2 4 (3.45)
Partial derivative of (3.28) with respect to Q2 is:
. VX - 2R?’Q, + 2RX (P,,, - P,,)
A 2
v, 2\/;+V12[RP2)+ XQ,]-[XP, - RQ,]
0Q, & \/ ¢ ,
2,|RP, + XQ, + =+ ,[+V,*[RP, + XQ,]-[XP, - RQ, ]
2 4 (3.46)
Voltage sensitivity ratio is:
Y 4
ﬁ 1XV12—R2Q2+RXPZ+X\/V;+V12[RP2+XQ2]—[XP2—RQ2]2
2
N, 1, o, VAR 2
op Eva - X*P,+RXQ, +R T+v1 [RP, + XQ,]-[XP, -RQ,]
2
(3.47)
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As can be seen in equation (3.47), the voltage sensitivity ratio will be affected by load,
SWER line impedance and system R/X ratio. The greater the voltage sensitivity
(0V2/0Q2)/(0V2/0P2), the less active power is needed in order to reach the DSSL point

and maximize the voltage support.
The active and reactive power at DSSL point is to be calculated from (3.39) as:

P Doz (3.48)

DsSsL 2
«/1+ tan” ¢,

QDSSL = Py, tan ¢DSSL (3-49)

Where: Sps is known as a size of DSTATCOM, PpssL is DSTATCOM active power
when it is operating at DSSL point, Qpss. is DSTATCOM reactive power when it is
operating at DSSL point and ¢pss. can be calculated from equation (3.40).

Generally, the governing equation of voltage in node 2 as given in (3.25), can be

written for DSSL point as:

4

(VAT VAR
VZMax = \/R(PDSSL - PL2)+ X (QDSSL _QL2)+?+\/T+V1 [R(PDSSL - PLZ)+ X (QDSSL _QLZ)]_[X (PDSSL - PLZ)_ R(QDSSL _QLZ)]

2

(3.50)

3.6.3 Load Flow Study

For a realistic SWER system with more customers and equipment, finding the voltage
sensitivity as in equations (3.45) and (3.46) will be complicated, and that is where the
load flow study becomes important. Load flow calculations are fast and precise and
widely used in research [127-129]. In order to determine the DSSL point and find
sensitivity for all the load buses, the Newton Raphson load flow approach will be used.

The inverse power flow Jacobian relates changes in power injections to changes in

angles and voltages, that is:
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LAV J =1 ’1[ J (3.51)

Equation (3.51) shows the angle and voltage amplitude values for all nodes resulting
from active and reactive power changes. The inverse of a Jacobian, shown in (3.52),
will be the key point in load flow study. In equation (3.52), the elements of Jacobian
inverse matrix are shown. As can be seen, it is divided into four sub matrices. The [J°
11 and [J1]12 elements show the voltage angle change due to active and reactive power
changes. Also, the [J]21 and [J}]22 elements show the magnitude of the voltage
changes due to active and reactive power changes. For each node in the system, there
is an associated real power sensitivity of 0V/OP and reactive power sensitivity of
0V/0Q. The diagonal elements of the inverse Jacobian matrix represent the sensitivity
of one bus voltage magnitude to the injection of power at the same bus, whereas the
off diagonal elements represent the sensitivity to power injected at other buses [4].
Instead of applying equations (3.45) and (3.46), the diagonal elements of [J]21 and [J°
122 with the values of OVn/OPn and 0Vn/OQn for node N will be used to find the
voltage sensitivity for each customer.

[ 65 05, | s o6, |
| 1 . 1 1 e 1 |
| oP, oP, | 2Q, 2Q, |
| | : : ’ P
IaaN 85, |85, 25, I : :
-1 -1
. Iapl oP, | 0Q, 6QNI |[J RIE L| (352)
| v ov. | av ov | e '
| apl apl an an | L[J L ]ZZJ
| 1 N 1 N |
| : |
| |
| oV, v, |av, ov, |
| om opP, | 2Q, oQ, |

3.6.4 Q-Priority

The DG operation with Q priority is the most economical, as it requires less generation

energy and reduces the fuel consumption for the same level of voltage requirement.
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For low levels of voltage correction, it has been found beneficial for the DG to firstly
operate before real power injection, varying reactive power injection from minimum
to maximum. At higher levels of voltage correction, it is best to operate the DG at full
rating with real and reactive injection. The DG controller needs to increase real power
injection and decrease reactive injection slowly and will settle at the point of maximum

voltage sensitivity [11].

The DSTATCOM operation and power injection based on Q-priority strategy is shown
in Figure 3.11. If reactive power injection is able to support the voltage, no active
power will be applied. But, if reactive power injection reached its limitation (to be
DSTATCOM size, thermal limitation or stability issues) and the voltage problem still
remains, the active power will be used to improve the voltage. In this study the
DSTATCOM size is considered as a reactive power compensation limitation. It has to
be noted that to keep the DSTATCOM operating point on the power circle, as the
active power injected raises, the reactive power is reduced as shown in step 2, 3 and 4
in Figure 3.11. The DSTATCOM operating point angle starts from 90° (¢1) which
corresponds to maximum Q and zero P injection. In this chapter the DSTATCOM will

be operating following the Q-priority strategy.

3.7 Case Study

In this section two sample networks will be studied. The four node SWER system is

shown in Figure 3.12, and a real one with 126 nodes is shown in Figure 3.23.

3.7.1 Simple Four Bus SWER System

The single line diagram of a simple SWER system including four nodes, network side
and customer side DSTATCOM and load is shown in Figure 3.12. Customer loads

and customer transformers are lumped.
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Stepl

Figure 3.11: Operation of DSTATCOM and power injection based on Q-priority strategy.

The switch Spsns connects the DSTATCOM from the network side to the SWER
system at bus 3 and switch Sps.cs connects the DSTATCOM from customer side to
the SWER system at bus 4. The voltage level of DSTATCOM at bus 4 will be the same
as customer voltage V4, but the network side DSTATCOM voltage needs a step up
transformer to increase its voltage to the voltage of the SWER line at bus 3 (it is
assumed that a step up transformer is included within the DSTATCOM system). The
load is considered to be PL4+jQrs. The DSTATCOM for both sides has the ability to
inject or absorb the same amount of reactive power Qpsns and Qpscs. SWER line
length L with impedance of R23+jX23 is shown, also isolating and customer transformer

reactance are jXt12 and jXts4 respectively.
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,\/\/\/_W @ PLs+jQua
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( DSNS ( Qoscs
[DSTATCOM | [DSTATCOM |

Figure 3.12: Single line diagram of a simple SWER system including four nodes, network side and
customer side DSTATCOM and a load.

Table 3.1 shows the simple SWER system specifications that will be used as a first

case study.

Table 3.1: Simple SWER system specifications

Isolating transformer 400kVA
Customer transformer 200 kVA
SWER line length 120 km
Conductor type BANANA
System impedance (Z1_2+Z2 3+Z3 4) 0.1524+j0.1526
Load size (%60 of Transformer size) 120kVA
Load power factor 0.9

The magnitude of voltage at bus 4 (V) when there is no DSTATCOM connected to
the system is calculated to be 0.859pu using equation (3.25). Bus number one is
assumed to be an infinite bus with voltage magnitude of 1pu. In this case, three
different sizes of DSTATCOM as a percentage of customer transformer size will be

considered:

e 60kVAr as 30% of customer transformer rating
e 120KkVAr as 60% of customer transformer rating

e 180kVAr as 90% of customer transformer rating

Table 3.2 shows the customer voltage boost A | V4| due to DSTATCOM reactive
power injection for different sizes and locations. The voltage level at bus 4 with
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network side and customer side DSTATCOM reactive power injection is defined as
Vans and Vacs respectively. As can be seen, regardless of the DSTATCOM size, the
customer side DSTATCOM improved the voltage to the higher level than the network
side one. It means the voltage rise due to VAr compensation at bus 4 through
DSTATCOM customer side, A | Vacs |, is greater than that on the network side,
A | Vans | . The ratio of DSTATCOM customer side voltage boost over the network
side, A | Vacs | /A | Vans | , has not been affected by the DSTATCOM size. As shown
in equation (3.10), this ratio will be affected by system impedance and R/X ratio. In
this case, A | Vacs | /A | Vans| is more than 1.2 which means, using DSTATCOM at
customer side as voltage support, equipment is more effective than network side by

more than 20%.

Table 3.2: Customer (lumped) voltage boost due to different DSTATCOM sizes and locations

DSTATCOM | Vi Vins | Vacs | A|Vans| | A[Vacs| | A|Vacs|/A|Vans]|
kVAr pu pu pu
60 08059 | 08778 | 0.896 0.0719 0.0901 1.23
120 0.8059 | 0.9363 | 0.9671 0.1304 0.1612 124
180 0.8059 0.9864 1.0271 0.1805 0.2212 1.25

The SWER line R/X ratio plays an important role in terms of voltage support. The
following part investigates its effect on the ratio of voltage change due to DSTATCOM
customer side and network side injection. It is assumed that in the case of changing
the R/X ratio of line, the impedance remains constant.

Figure 3.13 shows the effect of SWER feeder R/X ratio on the voltage improvement
due to DSTATCOM VAr injection at the customer side over the network side for three
different DSTATCOM sizes. Load size is fixed at 60% of customer transformer rating.
As can be seen the voltage boost is not affected by the size of DSTATCOM, but more
so by line R/X ratio. Depending on the R/X ratio of the SWER line, using
DSTATCOM at the customer side is more effective than on the network side, up to
70% in this case. The more resistive the system is, the more effective the customer
side VAr compensation gets. This means that as the system becomes more resistive
the effect of customer transformer reactance becomes more significant in terms of

voltage support via reactive power injection.
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The effect of load on the system voltage improvement due to DSTATCOM customer
side over network side VAr injection in three different sizes is shown in Figure 3.14.
As can be seen, it has not been affected by load and DSTATCOM size.

The DSTATCOM with the ability to inject and absorb active and reactive power will
be analysed in this part of the study. The focus is on investigating the effect of location
and size on the operating point of DSTATCOM in terms of voltage support. Two
different possible locations to install the DSTATCOMSs are the network side and
customer side. Three different DSTATCOM sizes as a percentage of customer

transformer size will be used.

1.8

1.7

16 //

1.5 /

14 ==—60KVAT
/ 120KVAr

13

' 180K VAT
1.2

1.1

A|V4.CS|/A| VANS |

1.0
0.00 0.50 1.00 1.50 2.00

SWER line R/X ratio

Load 60% of transformer rating

Figure 3.13: The effect of SWER line R/X ratio on the voltage improvement due to DSTATCOM
customer side and network side VAr injection in three different sizes.

58



1.8

1.7

1.6

15

1.4 60KVAr
120KVAr
1SOKVAr

1.3

A|V4.CS|/A| VANS |

1.2

11

0 10 20 30 40 50 60 70 80 90

Load as a percentage of transformer rating

SWER line R'X=0.7

Figure 3.14: The effect of load on the ratio of voltage improvement due to DSTATCOM customer
side over network side VAr injection in three different sizes.

Table 3.3 shows the location and size effect of DSTATCOM on DSSL point. As can
be seen, DSSL point is not affected by the DSTATCOM rating but it is by location.
Regardless of the size of DSTATCOM, the maximum voltage support due to installing
the DSTATCOM at the customer side is higher compared to the network side. The
DSTATCOM rating effects on the DSSL point when it is located at the customer side
and network side are shown in Figure 3.15 and 3.16 respectively. The DSSL angle is
not affected by the size of DSTATCOM and it is kept at 42° for network side injection
and 35° for customer side. In this case, the DSTATCOM is always operating at this
angle to provide the maximum voltage support at the DSSL point, but it is higher when
the support is provided at the customer side, as is shown in Figure 3.17.

Table 3.3: Location and size effect of DSTATCOM on DSSL point

DSTATCOM Vs (0VI0Q)/(6V/oP) $°pssL Pos Qos Vimax
kVA pu kW kVAr pu
NS | CS | NS Cs NS | CS NS Cs
60 0.8059 1.14 35 42 50 45 35 40 | 0.9181 | 0.9342
120 0.8059 1.14 35 42 99 90 69 80 | 0.9755 1.003
180 0.8059 1.14 35 42 148 134 104 | 120 | 1.0269 | 1.0638
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Figure 3.15: DSTATCOM size effect on customer side DSSL point.
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From equation (3.44), it is obvious that voltage sensitivity (6V/0Q)/(6V/oP) varies
depending on the system R/X ratio and load. The effects of these will be investigated
in this part of study. Figure 3.18 shows the effect of R/X ratio on DSSL point. As the
SWER line R/X ratio increased, the DSSL active power level increased which means
that more active power is needed to reach the maximum voltage support. The higher
the R/X ratio is the lower value of the voltage sensitivity (6V/0Q)/(6V/6P) and dpssL
for each customer. In other words, the higher the R/X ratio, the more active power is

needed to reach the DSSL point and to improve the voltage level.
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Another factor that affects the DSSL point is the load. It is changing all the time, not
only during the day, but in the future considering load growth. In this part of study,

the relationship between the load sizes on DSSL point will be analysed.

Figure 3.19 represents the effect of load size on the DSSL point. The load size is
assumed as a percentage of each customer’s transformer rating from 10% to 80%. As
it is obviously seen, the DSSL point active power increases with the load size. Larger
loads will reduce the value of voltage sensitivity (6V/6Q)/(6V/6P) and ¢pss. for each
customer. The bigger the load, the more the active power is needed in order to reach
the DSSL point.

In Figure 3.20, two different R/X ratios are considered to examine their effects on the
DSSL point. The load and DSTATCOM sizes are 60% and 30% of the transformer
rating respectively. As can be seen, ¢pssL1 for R/X equal to 0.3 is operating on 67°
with active and reactive power of 24kW and 55kVVAr. As the R/X ratio is increased to
1.8 at DSSL2, ¢pssi2 reduced to 28°, with increased active and reactive power to 53kW

and 28KV Ar respectively.
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In Figure 3.21, the effect of load change on the DSSL point is shown. SWER line R/X
ratio is considered to be 0.7, with the same DSTATCOM size of 60kVA. As can be
seen, the DSSL3 defined when the load was 10% of transformer size (20kVA). At this
point, ¢pssLs is operating at 54° with 35kW and 48kVAr. If the load is increased to
80% of transformer rating (160kVA), the ¢pssis only reduces by 8°. Active and
reactive power for DSSL4 is raised to 41kW and 43kVAr. Clearly it can be seen that
change of R/X ratio reduced the ¢pss. by 39°, but change of load dropped it by 8°. It
can be concluded that the SWER line R/X ratio and load have the same effects on the

DSSL point but the R/X ratio is more pronounced.

3.7.2 Richmond SWER Line

In this study, a load flow model of a SWER line is developed using MATLAB®. The
Richmond SWER line model proposed in this study is based on one phase of the
Richmond triplex system. It originates at Richmond 66/33/19.1kV zone substation
and is located in Central Queensland, Australia as shown in Figure 3.22. The
Richmond system comprises of 126 nodes with 49 customers. The single line diagram
of the Richmond SWER line is shown at Figure 3.23. All the data is available in the
appendix. Uniform loads and DSTATCOMs are considered for all customers in the
study. All the sizes will be based on a percentage of installed customer transformer
capacity. Single phase transformers with standard ratings of 10kVA or 25 kVA are
installed at customer locations. Out of all 49 customers, only 13 are using 25kVA and

the rest use the smaller size which is 10kVA.

In this case, the load size is considered to be 35% of the customer transformer size. In
addition, all customers have DSTATCOM with 45% transformer size installed at the
network side or customer side. These 49 DSTATCOMs are only able to inject or
absorb reactive power to support the voltage. Newton Raphson load flow was used to
find the voltage of all locations. As shown in Figure 3.24, for the given load all the

customers were suffering from low voltage problems (less than 0.94pu).
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Figure 3.22: Location of Richmond SWER line system [2].

To improve the voltage profile of the system in two different scenarios, the same size
of DSTATCOM will be placed at the network side and customer side. It has been
assumed they are only able to inject or absorb reactive power. As already discussed,
the amount of voltage rise is expected to be different based on DSTATCOM location.

As can be seen in Figure 3.24, voltage level improved due to maximum possible VAr
injection of DSTATCOM at the network side, but still some of the customers suffered
from a low voltage. On the other hand, by installing DSTATCOM at the customer
side, the voltage will be fully supported at all customer locations and operating within

nominal limits.
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Richmond customers’ voltage change due to different DSTATCOM location is shown

in Table 3.4. As can be seen, the effectiveness of VAr injection using the same

DSTATCOM at the customer side is greater than on the network side by 14% t016%.

Depending on the R/X ratio of SWER systems this percentage could be up to 70% as
discussed in the first case study.

11

17

14

13 15

12 21

22

25

26

18
19

20

39
16

37

38

23
29

24

31

27
28

40

33

44
45

43
42

47

41
46

48
49

30

32

34

36

35

Figure 3.23: Single line diagram of Richmond SWER line with 126 nodes and 49 customers [2].
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Figure 3.24: Network side and customer side DSTATCOM effect on all customers’ voltage profile
(Load & DSTATCOM size 35% & 45% of transformer rating; only Q injection is considered).

In the previous section of this study, all customers were considered to have consumed
35% of its transformer rating, which is a light load. As already discussed, the low
voltage problem has been addressed by reactive power injection using DSTATCOM
at the customer side. Considering peak load and load growth, reactive power injection
is not a sufficient solution. Four-quadrant DSTATCOM installation, with the ability

of injecting and absorbing active and reactive power, will be studied now.

Figure 3.25 shows the maximum possible voltage due to DSTATCOM operation at
DSSL point in network side and customer side. The load and DSTATCOM are 65%
and 45% of transformer rating (6.5kVA and 4.5 kVA). The minimum voltage when
there is no DSTATCOM connected in to the system is calculated to be 0.7334pu,
which belongs to customer 49 at the end of the line. As can be seen, all customers are
suffering from low voltage issues, and having DSTATCOM on the customer side has

improved all voltages above 0.94pu.
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Table 3.4: Richmond customers’ voltage change due to different DSTATCOM location

Customr No.| Vpu | Vosns | Vbscs |A|Vns| [A]|Ves||A|Ves| 7A]|wns|
1 0.9158 | 0.9619 | 0.9694 | 0.0461 | 0.0536 1.16
2 0.9129 | 0.9595 0.967 | 0.0466 | 0.0541 1.16
3 0.9112 | 0.9581 | 0.9656 | 0.0469 | 0.0544 1.16
4 0.9099 0.957 | 0.9645 | 0.0471 | 0.0546 1.16
5 0.909 | 0.9562 | 0.9638 | 0.0472 | 0.0548 1.16
6 0.909 0.9562 | 0.9637 | 0.0472 | 0.0547 1.16
7 0.9155 | 0.9618 | 0.9692 | 0.0463 | 0.0537 1.16
8 0.9155 | 0.9617 | 0.9692 | 0.0462 | 0.0537 1.16
9 0.915 0.9614 | 0.9688 | 0.0464 | 0.0538 1.16
10 0.9152 | 0.9616 0.969 0.0464 | 0.0538 1.16
11 0.9074 | 0.9557 | 0.9632 | 0.0483 | 0.0558 1.16
12 0.9005 | 0.9504 0.958 0.0499 | 0.0575 1.15
13 0.8946 | 0.9456 | 0.9533 0.051 0.0587 1.15
14 0.8945 | 0.9456 | 0.9532 | 0.0511 | 0.0587 1.15
15 0.8923 | 0.9437 | 0.9514 | 0.0514 | 0.0591 1.15
16 0.8847 | 0.9373 0.945 | 0.0526 | 0.0603 1.15
17 0.8846 | 0.9372 | 0.9449 | 0.0526 | 0.0603 1.15
18 0.8846 | 0.9372 | 0.9449 | 0.0526 | 0.0603 1.15
19 0.8837 | 0.9365 | 0.9442 | 0.0528 | 0.0605 1.15
20 0.8837 | 0.9365 | 0.9442 | 0.0528 | 0.0605 1.15
21 0.8918 | 0.9437 | 0.9514 | 0.0519 | 0.0596 1.15
22 0.8896 | 0.9421 | 0.9498 | 0.0525 | 0.0602 1.15
23 0.8866 | 0.9398 | 0.9475 | 0.0532 | 0.0609 1.14
24 0.8852 | 0.9387 | 0.9464 | 0.0535 | 0.0612 1.14
25 0.8829 | 0.9367 | 0.9444 | 0.0538 | 0.0615 1.14
26 0.8828 | 0.9367 | 0.9444 | 0.0539 | 0.0616 1.14
27 0.8816 | 0.9356 | 0.9434 0.054 0.0618 1.14
28 0.8816 | 0.9356 | 0.9434 0.054 0.0618 1.14
29 0.8851 | 0.9387 | 0.9464 | 0.0536 | 0.0613 1.14
30 0.8851 | 0.9386 | 0.9464 | 0.0535 | 0.0613 1.15
31 0.8849 | 0.9385 | 0.9462 | 0.0536 | 0.0613 1.14
32 0.8844 | 0.9381 | 0.9458 | 0.0537 | 0.0614 1.14
33 0.8832 | 0.9371 | 0.9449 | 0.0539 | 0.0617 1.14
34 0.8833 | 0.9373 0.945 0.054 0.0617 1.14
35 0.8831 | 0.9371 | 0.9448 0.054 0.0617 1.14
36 0.8827 | 0.9368 | 0.9445 | 0.0541 | 0.0618 1.14
37 0.8895 0.942 0.9497 | 0.0525 | 0.0602 1.15
38 0.8863 | 0.9394 | 0.9471 | 0.0531 | 0.0608 1.15
39 0.8864 | 0.9396 | 0.9473 | 0.0532 | 0.0609 1.14
40 0.8858 | 0.9392 | 0.9469 | 0.0534 | 0.0611 1.14
41 0.8844 | 0.9381 | 0.9458 | 0.0537 | 0.0614 1.14
42 0.8816 | 0.9358 | 0.9435 | 0.0542 | 0.0619 1.14
43 0.8815 | 0.9357 | 0.9435 | 0.0542 0.062 1.14
44 0.8802 | 0.9346 | 0.9424 | 0.0544 | 0.0622 1.14
45 0.8801 | 0.9346 | 0.9423 | 0.0545 | 0.0622 1.14
46 0.882 | 0.9361 | 0.9439 | 0.0541 | 0.0619 1.14
47 0.8815 | 0.9357 | 0.9434 | 0.0542 | 0.0619 1.14
48 0.8796 | 0.9341 | 0.9419 | 0.0545 | 0.0623 1.14
49 0.8796 | 0.9341 | 0.9419 | 0.0545 | 0.0623 1.14
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Figure 3.25: Maximum possible voltage due DSSL point in Network side and customer side (load
65% transformer size, DSTATCOM 45% of transformer size).

The voltage profile without DSTATCOM (second column in Table 3.4) clearly
justifies the need for voltage support. The voltage profile of customer 49 with load and
DSTATCOM of 65% and 45% of transformer rating (6.5kVA and 4.5 kVA) is shown
in Figure 3.26. The DSTATCOM is located at two different locations, customer side
and network side. According to the Q priority strategy, the voltage changes due to 4.5
KVAr injected reactive power in to the system are shown by the vertical orange and
blue colour for network side and customer side locations respectively. As can be seen,
only Q injection will boost the voltage level, but it is not enough to fully support the
voltage. The next step is injecting active power into the system to improve customer
voltage to an acceptable level. It is clear that customer side DSTATCOM has
corrected the voltage while the network side DSTATCOM has not been able to solve
the voltage issues. The same situation is shown for customer 47 in Figure 3.27, with

a different size of DSTATCOM as it is a proportion of customer transformer rating.
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Figure 3.26: The effect of DSTATCOM location on maximum voltage support at customer 49.
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Customer side and network side voltage sensitivity with respect to active and reactive
power change are shown in Figure 3.28 and 3.29 respectively. As can be seen, the
voltage sensitivity for both active and reactive power changes is higher at the customer
side for all the customers. In the case of customer side support and due to transformer
inductance, the voltage sensitivity of reactive power change is more than that of active

power change.
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Figure 3.28: Customer side and network side voltage sensitivity with respect to active power change.
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Figure 3.29: Customer side and network side voltage sensitivity with respect to reactive power
change.

The voltage for all 49 customers due to different DSTATCOM operating angles, is
shown in Figure 3.30. As expected, the maximum voltage occurs when DSTATCOM
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operates on its DSSL point. Figure 3.31 shows a system voltage profile due to different
DSTATCOM operating angles and locations. As can be seen, customer side
DSTATCOM voltage support is more effective than that on the network side.

Figure 3.32 shows the location effects on the voltage sensitivity ratio. As can be seen,
voltage sensitivity ratio on the customer side is always greater than the network side
for all the customers. In other words, the DSTATCOM reaches its DSSL point with

less amount of P than Q when it is located on the customer side.

The network side and customer side DSSL angle, voltage sensitivity ratio and
maximum voltage support for all customers are shown in Table 3.5 and 3.6

respectively.
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Figure 3.30: System voltage profile due to different customer side DSTATCOM operating angle.
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Figure 3.32: Location effects on the voltage sensitivity ratio
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Table 3.5: Network side DSSL angle and maximum voltage support for all customers

Customr No. [ VNs (pu) | dv/dq/ dv/op| ¢ps.Ns | PFps.ns [DSTATCOM (kvA)[ PDs.Ns (kw) | QDS NS (kVAn) | VMAX (pu)
1 0.81 1.62 58 0.52 11.25 5.90 9.58 0.945
2 0.81 1.06 47 0.69 11.25 7.72 8.18 0.943
3 0.80 0.84 40 0.77 45 3.44 2.90 0.942
4 0.80 0.73 36 0.81 45 3.64 2.64 0.942
5 0.80 0.62 32 0.85 45 3.82 2.38 0.941
6 0.80 0.62 32 0.85 45 3.83 2.36 0.941
7 0.81 1.55 57 0.54 11.25 6.09 9.46 0.945
8 0.81 1.54 57 0.55 11.25 6.13 9.43 0.945
9 0.81 1.58 58 0.54 11.25 6.03 9.50 0.944
10 0.81 1.29 52 0.61 45 2.76 3.55 0.945
11 0.80 1.20 50 0.64 45 2.88 3.46 0.940
12 0.78 1.05 46 0.69 45 3.10 3.26 0.935
13 0.77 0.91 2 0.74 11.25 8.31 7.58 0.930
14 0.77 0.76 37 0.80 45 3.59 2.71 0.931
15 0.76 0.94 43 0.73 45 3.29 3.07 0.929
16 0.75 0.72 36 0.81 11.25 9.15 6.55 0.924
17 0.74 0.71 35 0.82 11.25 9.18 6.51 0.924
18 0.74 0.71 35 0.82 11.25 9.17 6.52 0.924
19 0.74 0.61 31 0.85 45 3.85 2.33 0.924
20 0.74 0.60 31 0.86 45 3.85 2.33 0.924
21 0.76 1.08 47 0.68 45 3.05 3.31 0.929
22 0.76 1.06 47 0.69 45 3.09 3.27 0.927
23 0.75 0.94 43 0.73 45 3.29 3.07 0.925
24 0.75 0.97 44 0.72 11.25 8.09 7.81 0.924
25 0.74 0.76 37 0.80 45 3.59 2.72 0.923
26 0.74 0.75 37 0.80 4.5 3.60 2.71 0.923
27 0.74 0.65 33 0.84 45 3.78 2.44 0.922
28 0.74 0.65 33 0.84 45 3.78 2.44 0.922
29 0.75 0.94 43 0.73 45 3.27 3.09 0.924
30 0.75 0.94 43 0.73 45 3.28 3.08 0.924
31 0.75 0.90 2 0.74 45 3.34 3.02 0.924
32 0.74 0.91 2 0.74 45 3.33 3.03 0.924
3 0.74 0.76 37 0.80 45 3.58 2.72 0.923
34 0.74 0.85 40 0.76 45 3.44 2.91 0.923
35 0.74 0.81 39 0.78 45 3.49 2.84 0.923
36 0.74 0.74 36 0.80 45 3.62 2.67 0.923
37 0.76 1.06 47 0.69 45 3.09 3.27 0.927
38 0.75 0.87 41 0.76 11.25 8.50 7.37 0.925
39 0.75 0.89 42 0.75 45 3.36 2.99 0.925
40 0.75 0.97 44 0.72 45 3.24 3.13 0.925
41 0.74 0.94 43 0.73 11.25 8.18 7.72 0.923
42 0.74 0.77 37 0.79 45 3.57 2.74 0.922
43 0.74 0.76 37 0.80 45 3.58 2.72 0.922
44 0.73 0.65 33 0.84 45 3.78 2.45 0.921
45 0.73 0.64 33 0.84 45 3.78 2.44 0.921
46 0.74 0.82 39 0.77 45 3.49 2.84 0.921
47 0.74 0.81 39 0.78 11.25 8.74 7.08 0.921
48 0.73 0.62 32 0.85 45 3.83 2.36 0.920
49 0.73 0.61 31 0.85 4.5 3.84 2.34 0.920
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Table 3.6: Customer side DSSL angle and maximum voltage support for all customers

Customr No. | Vcs (pu) |dv/idq/ dvidp| ¢ps.cs | PFps.cs [DSTATCOM (kvA)| Pbs.cs (kw) | QDs.cs (kVAr) [ VMAX (pu)
1 0.81 1.65 59 0.52 11.25 5.83 9.62 0.973
2 0.81 1.46 56 0.56 11.25 6.34 9.29 0.971
3 0.80 1.59 58 0.53 4.5 2.40 3.81 0.969
4 0.80 1.53 57 0.55 4.5 2.47 3.76 0.968
5 0.80 1.45 55 0.57 4.5 2.55 3.71 0.967
6 0.80 1.45 55 0.57 4.5 2.56 3.70 0.967
7 0.81 1.63 59 0.52 11.25 5.88 9.59 0.973
8 0.81 1.63 58 0.52 11.25 5.89 9.59 0.973
9 0.81 1.64 59 0.52 11.25 5.86 9.60 0.973
10 0.81 1.72 60 0.50 4.5 2.26 3.89 0.973
11 0.80 1.70 59 0.51 4.5 2.28 3.88 0.967
12 0.78 1.65 59 0.52 4.5 2.33 3.85 0.962
13 0.77 1.36 54 0.59 11.25 6.66 9.07 0.957
14 0.77 1.52 57 0.55 4.5 2.47 3.76 0.957
15 0.76 1.60 58 0.53 4.5 2.38 3.82 0.955
16 0.75 121 50 0.64 11.25 7.17 8.67 0.949
17 0.74 1.20 50 0.64 11.25 7.19 8.65 0.949
18 0.74 1.20 50 0.64 11.25 7.19 8.65 0.949
19 0.74 1.40 54 0.58 4.5 2.62 3.66 0.948
20 0.74 1.40 54 0.58 4.5 2.62 3.66 0.948
21 0.76 1.65 59 0.52 4.5 2.33 3.85 0.955
22 0.76 1.64 59 0.52 4.5 2.34 3.84 0.954
23 0.75 1.59 58 0.53 4.5 2.40 3.81 0.951
24 0.75 1.37 54 0.59 11.25 6.62 9.10 0.950
25 0.74 1.50 56 0.56 4.5 2.50 3.74 0.948
26 0.74 1.49 56 0.56 4.5 2.50 3.74 0.948
27 0.74 1.42 55 0.58 4.5 2.60 3.68 0.947
28 0.74 1.42 55 0.58 45 2.60 3.68 0.947
29 0.75 1.59 58 0.53 4.5 2.40 3.81 0.950
30 0.75 1.59 58 0.53 4.5 2.40 3.81 0.950
31 0.75 1.57 58 0.54 4.5 241 3.80 0.950
32 0.74 1.57 58 0.54 4.5 2.42 3.80 0.950
33 0.74 1.49 56 0.56 4.5 2.51 3.74 0.949
34 0.74 1.54 57 0.55 4.5 2.46 3.77 0.949
35 0.74 1.52 57 0.55 4.5 2.48 3.76 0.948
36 0.74 1.47 56 0.56 4.5 2.53 3.72 0.948
37 0.76 1.64 59 0.52 4.5 2.34 3.84 0.953
38 0.75 1.32 53 0.60 11.25 6.80 8.96 0.951
39 0.75 1.57 58 0.54 4.5 2.42 3.80 0.951
40 0.75 1.60 58 0.53 4.5 2.38 3.82 0.951
41 0.74 1.36 54 0.59 11.25 6.66 9.06 0.949
42 0.74 1.50 56 0.56 4.5 2.50 3.74 0.947
43 0.74 1.49 56 0.56 4.5 2.51 3.74 0.947
44 0.73 141 55 0.58 4.5 2.60 3.67 0.946
45 0.73 141 55 0.58 4.5 2.61 3.67 0.946
46 0.74 1.52 57 0.55 4.5 2.47 3.76 0.948
47 0.74 1.26 52 0.62 11.25 6.98 8.82 0.947
48 0.73 1.38 54 0.59 4.5 2.64 3.65 0.946
49 0.73 1.38 54 0.59 4.5 2.65 3.64 0.946
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3.8 Conclusions

This chapter addresses the voltage regulation problems in SWER systems.
DSTATCOMs in Q-only mode as a source of reactive power, and four-quadrant mode
including active power injection have been proposed to support the voltage. Two
possible locations for voltage support equipment, the network side of the distribution
transformer or the customer side have been studied. In addition, the DSTATCOM
operating point and its effect on system voltage support was analyzed. Two SWER
networks, a simple one with only 4 nodes and a real one with 126 nodes load at
Richmond, Australia, have been modeled using MATLAB®,

It is shown that having DSTATCOM on the customer side as a source of reactive
power is much more effective than on the network side to support the voltage due to
customer transformer reactance. Customer side DSTATCOMs are likely to be more
cost effective because they operate a standard low voltage. Network side
DSTATCOMSs may not be cost effective because either they have to operate at high
voltage or would need a transformer. In addition, system losses are generally less
while the DSTATCOM is mounted as voltage support equipment at the customer side
than network side. This is even more significant for systems with higher R/X ratio,
which means that as the system becomes more resistive, the effect of customer

transformer reactance becomes more significant in terms of voltage support.

Considering load growth, as VAr compensation alone is insufficient to solve the future
voltage issues, having voltage support equipment with a source of active power would
be advantageous. Four-quadrant DSTATCOMSs with the ability to inject or absorb

active and reactive power has been proposed for voltage support.

The operating point of a DSTATCOM and its effectiveness on SWER system voltage
improvement has been studied in this part. The focus was on determining the
DSTATCOM operating point to have the maximum possible support during heavy
load. The maximum voltage support (DSSL point) includes more reactive power than
active power when the DSTATCOM is located at the customer side compared with a
location on the network side. In fact, the DSSL point for each customer depends on

its voltage sensitivity ratio which will be affected by load, SWER line impedance and
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system R/X ratio. The less the voltage sensitivity (0V2/0Q2)/(0V2/0P2), the more
active power is needed to meet the DSSL point.

The important thing to be noted is that the DSTATCOM excessive P injection will not
raise the voltage. DSTATCOM steady state stability limit point introduced as DSSL
Is the point to provide maximum voltage support in SWER network. The optimal size
is determined based on the DSSL index. Exceeding the DSSL optimum point will not
raise the voltage but also may have some stability margin issues. For a given customer
load distribution and at a given DSTATCOM apparent power level, system voltage
will first rise with increasing active power injection, reach a maximum and then
decrease. This needs to be taken into consideration when designing the closed loop
voltage control system that the DSTATCOM is part of. A stability margin will be
needed if that maximum system voltage is in an unstable operating region.

The operating mode to allow DSTATCOM to support the voltage is the next issue to
be considered for SWER systems. The parallel operation of DSTATCOMSs in such a
system, and the necessary load sharing strategy, is a new challenge to be studied. In
coming chapters, different types of DSTATCOM operating mode with reference to
SWER network voltage support will be analysed.

Ideally, the cost of DSTATCOMs being proposed should be shared between the

customers and the network service provider. Sharing of cost is fair because the
DSTATCOMs provide benefits to both the customers and network service providers.
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CHAPTER 4

Q_ONLY DSTATCOM OPERATING MODE

4.1 Introduction

As discussed in chapter 3, the best place to install DSTATCOM as voltage support
equipment would be on the customer side. Assuming DSTATCOM is to be placed on
the customer side to support the voltage, four different operating modes: Q-only; Q-
priority; load power factor follow and load power factor correction mode will be

discussed in coming chapters.

This chapter studies Q-only DSTATCOM operating mode which means only reactive
power can be injected or absorbed. The aim is to support the voltage using
DSTATCOMs that are able to perform in Q-only mode while it is active. Typical
reactive power voltage droop characteristics will be used on DSTATCOMSs and in
addition a modified one will be proposed. Due to DSTATCOM installation as voltage
support equipment, reactive power (VAr) circulation is a possibility. How to minimise
this effect in a SWER systems will also be analysed. Finally, the SWER system model
is developed, using MATLAB, to study DSTATCOM operation in Q-only mode and
the possibility of VAr circulation.

4.2 DSTATCOM Q-only Mode Operation

In this part of the study, it has been assumed that if the DSTATCOM is ON, it is
operating in reactive power only mode. In other words, the voltage in the system will

be maintained only via injecting or absorbing VArs using DSTATCOM.

Figure 4.1 represents a simple AC system including a four-quadrant DSTATCOM and
its power diagram. The DSTATCOM is able to operate in four quadrants but in this
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chapter it is on Q-only operating mode. In this case, the operating point of the
DSTATCOM is always located somewhere on the reactive power axis as is
highlighted.

4.3 Droop Characteristics
4.3.1 Droop Control Techniques

The droop control method is a popular way for power sharing in an electrical system.
It is used to obtain DSTATCOM parallel operation and proper reactive power sharing
between them.

AC Network

@ » Load
fr.o

(@)
Four Quadrant
DSTATCOM
Q
A
>P (b)

Figure 4.1: (a) A simple AC system including four quadrant DSTATCOM and (b) its power diagram.
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The DSTATCOM reactive power-voltage droop characteristic (Qs-V) is represented
at Figure 4.2. The droop control equation is defined as:

Qsi = in (Vref - |V| |) (41)
Where: Qs is the calculated DSTATCOM reactive power amount to be injected or
absorbed, Kg; is a constant, Vrer is the reference voltage and |Vij| is the amplitude of the
voltage at bus number i. The reference voltage is a fixed value, but customer voltage
will change with the varying load conditions.

Depending upon the amplitude of V;, the control action will be as follows:

a) |Vil<Vret, low voltage problem is detected, Qs is positive and VArs to be injected

b) |Vi[>Vrer, high voltage problem is detected, Qsi is negative and VArs have to be

absorbed

¢) |Vil=Vref, system is operating on a normal situation, no action is needed

A

A

(-Qsi, [Vi])

in
(Qsi, [Vil)

-Qsi Qsi > Qs (KVAr)

Figure 4.2: Reactive power-voltage droop characteristics (Qs-V).
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If the bus voltage is less than the reference voltage, it means the customer has a low
voltage problem and reactive power Qsi is calculated to be positive referring to
equation (4.1). Inthis case, DSTATCOM reactive power Qsi has to be injected to raise
the voltage Viup to Ve as is shown at Figure 4.2. On the other hand, high voltage
problems will be detected when voltage Vi is greater than Vrer and Qsi will be negative.
This negative sign of Qsi indicates that reactive power has to be absorbed to push the

voltage down toward Ve as is illustrated at Figure 4.2.

4.3.2 Droop Implementation in Load Flow Study

There are several different methods of solving the resulting nonlinear system of
equations. One of the most popular is the Newton—Raphson method. This method
starts with initial guesses of all unknown variables: voltage magnitudes and angles at
load buses; and the angle of the voltage at generator buses. In this study, Qs-V droop
will be implemented in the load flow equations to compute the DSTATCOM reactive
power Qsi while it is operating in Q-only mode. A modified Newton Raphson method
is proposed to solve the power flow problem for power networks. This is achieved
using a simple approach in which the droop control of the DSTATCOM is combined
with the conventional Newton Raphson method. The presented method provides a
simple, easy to implement, and accurate approach to solve the power flow equations
for SWER lines.

4.3.3 Modified Jacobian Matrix Elements

Implementing DSTATCOM as a source of reactive power in the SWER system will
change the matrix [J] that is consists of partial derivatives known as a Jacobian matrix.
The first step to be considered is to review the active and reactive power at bus i, while
a DSTATCOM with Q-only mode operation is connected to it, as is shown at Figure
4.3. Considering the mentioned mode for connected DSTATCOM at bus i, makes its
active power Ps to be zero in this case, Figure 4.3(a). Further, the DSTATCOM

reactive power connected to bus i will be Qsi as is represented at Figure 4.3(b).
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Figure 4.3: (a) Active and (b) reactive power flow at bus i including DSTATCOM operating in Q-only
mode.

From Figure 4.3, net active and reactive power Pi and Qi will be calculated as:

Pi = PGi - PDi (4-2)

Q = (QGi - QDi) +Q, (4.3)
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The total P and Q flowing into bus i, for a converged solution is:

fo (8,V) = (P —Py,) - Z V, [V[[G, cos(s, - ) - B, sin(6, - 5)]=0 (4.4)

£, (8.V) = Qg - Qo)) + Ky (Voo =N+ S V|V, [B, cos(8, - 6,) + G, sin(6, -6)1=0  (4.5)

The Jacobian matrix [J] contains the partial derivatives of the expressions for P and Q

flowing into each bus. These partial derivatives fall into four categories and [J] is often

partitioned into four submatrices described as follows:

[ oP, oP, | oP, oP, ]
I 25, a5, [oV,] oV, | I
| : : P
I oP, oP, | oP, oP, I
| _I 005, CEMEIYA oV, | I_|F311|3121| @6
| aq, 2Q, | 29, 0Q, |_LJ_21 EJ '
| |
| 651 85N a|V1| a|VN||
| | :
| |
| a(DN a(DN a(gN a(DN |
Lacsl 05, || a|vN|J

The partials derivatives can be obtained from the equations 4.4 and 4.5 for P; and Q.

Diagonal and off-diagonal terms will be calculated in 8 different equations as follows.
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Main-diagonal and off-diagonal terms of submatrix J11 are determined to be as:

of

— = (QG| QD|) + KQ| Nref [V |)) + IV | (47)
00,
Z;' =N, [V [[6, sin(5, - 5) + B, cos(5, - 5,)] (4.8)

Main-diagonal and off-diagonal elements of submatrix Ji2 are determined to be as:
|V|_[ (PGI PDI) |V| G“]IIV| (49)

o,

o]

~M|[G, cos(s, - 5,) - B, sin(5, - 5,)] (4.10)

Main-diagonal and off-diagonal terms of submatrix J.1 are determined to be as:

of,,

—Qi 4.11
o5 - Py, )+|V| ( )
LT ~V,|Vil[B, cos(5, - 8,) + G, sin(s, - 8))] (4.12)

Main-diagonal and off-diagonal elements of submatrix J2. are determined to be as:

of . )
2 = in _[(QGi _QDi)+ in(vref _|Vi|)_|Vi| Bii]/rvi| (4'13)

ol

of.

Qi
o

= V,[[B,, cos(5, - 5,) + G, sin(s, - 5,)] (4.14)
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Compared with a normal Jacobian matrix, a DSTATCOM that is able to operate in Q-
only mode at bus i with reactive power of Qsi, only change the diagonal elements of
Ji1 and Jz2 as shown above at equations 4.7 and 4.13. Running a load flow with this
new Jacobian matrix will calculate the amount of DSTATCOM reactive power

considering typical droop Qsi-V;i for a given load of Ppi and Qpi to raise the voltage.

4.4 Modified Droop Characteristics

New droop characteristics will be proposed in this part of the study. Firstly, a
hysteresis control loop for DSTATCOM Q-only mode will be defined. Following the
loop forces the DSTATCOM to be switched ON or OFF based on the amplitude of the
voltage calculated at bus i via the load flow study. The expecting outcome of this
control component is minimising VAr circulation and reducing the amount of reactive

power that is needed to support the voltage in a SWER network.

4.4.1 VAr Circulation

The voltage issues experienced at the customers placed downstream and relatively far
from the source is more significant than others. The more serious the voltage problem
i, the greater the reactive power is needed to support the voltage. The injected reactive
power into the network will not only correct the voltage locally, but may affect other
customers, including upstream ones that are close to the power system back bone with
minor voltage issues. As a result, it may cause overstepping the voltage of these
customers above the reference voltage. In this case, the control system detects a high
voltage problem and attempts to push the voltage down via applying (Qsi-Vi) droop
characteristics and absorbing reactive power Qsi. In other words, the reactive power
injected in one part of the system to boost the voltage will be absorbed in another part
as it causes a high voltage problem. This circulating reactive power in the system will
be termed VAr circulation. To minimise the possibility of VAr circulation occurring a
modified droop characteristics as a part of the DSTATCOM control system will be

proposed.
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4.4.2 Hysteresis Control Loop for Q-only Mode

The general idea of this part is to minimise VAr circulation and avoid unnecessary
reactive power circulating in the system while it is operating in within an acceptable
voltage range. The hysteresis control loop will be introduced to control the state of
DSTATCOM with respect to the defined voltage boundaries. It is obvious that the
lower and upper voltage thresholds can be set at any value, depending on the standard
voltage levels and system specifications.

The DSTATCOM state will be inactive if the customer voltage is operating within the
nominal range. If the voltage reaches its lower level, the DSTATCOM will be
activated and operating in Q-only mode to improve the network voltage by injecting
reactive power. If the system voltage some time later, reaches the top limit of the
nominal range, a high voltage event will be detected and reactive power will be
absorbed to reduce the voltage. The hysteresis band control for Q-only mode,
including the DSTATCOM switching with respect to the defined voltage limits, is
shown at Figure 4.4. As can be seen, the voltage at each costumer is the only input
used to control the state of the DSTATCOM. The DSTATCOM state changes from
OFF to ON and Qs has to be injected when the voltage reaches its lower limit of 0.94pu
(Line AB).

The high voltage system scenario that activates the DSTATCOM is when the voltage
reaches the upper band of 1.06pu and a high voltage event will be detected (Line GH).
In this case the voltage will be reduced by Qs absorption. The reactive power control
will be terminated only when the voltage is operating within the normal range, in this
example at 0.99pu the DSTATCOM will be switched OFF (Line DE). On the other
hand, absorbing VArs will be stopped by switching OFF the DSTATCOM when the
voltage is down to 1.01pu, i.e. within the nominal range (Line JF). The state of
customer voltage, DSTATCOM and Qs based on the amplitude of voltage and

hysteresis loop controller is shown in detail in Table 4.1.
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Figure 4.4: The hysteresis control loop for Q-only mode including DSTATCOM switching ON or
OFF position.

Table 4.1: Detailed hysteresis control loop of DSTATCOM Q_only mode corresponded with

Figure 4.4
Position on Voltage Customer Voltage | DSTATCOM Qs Status
Hysteresis Loop pu Status Status
AB 0.94 Low Voltage OFF — ON To be injected
BD 0.94-0.99 Allowable range ON Is injecting
DE 0.99 Normal ON — OFF Injection terminated
EA 0.99-0.94 Allowable range OFF No injection/ absorption
EF/FE 0.99-1.01 Allowable range OFF No injection/ absorption
FG 1.01-1.06 Allowable range OFF No injection/ absorption
GH 1.06 High Voltage OFF — ON To be absorbed
HJ 1.06-1.01 Allowable range ON Is absorbing
JF 1.01 Normal ON — OFF Absorption terminated
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4.5 Modified Droop Characteristics Including Hysteresis Control Loop

Improving the load sharing of networks is usually based on modifications of the typical
droop control method. In this section, a modified droop characteristic with respect to

the proposed hysteresis control loop will be introduced.

The outcome of applying the hysteresis control loop shown in Figure 4.4 with a typical
Qsi-Vi droop characteristic as shown in Figure 4.2, with modifications is shown in
Figure 4.5 (Please note that Ve is set to 1pu).

Firstly assume that the voltage at bus i, which is located on line EA with DSTATCOM
state OFF, is 0.96pu. If the load increases then the voltage will drop accordingly and
when it reaches 0.94pu (point A), the DSTATCOM will be switched ON (from point
Ato B). The reactive power Qs will be injected into the system via DSTATCOM and
as a result the voltage will rise. From point B to D the system performs as a typical
droop controller. When it reaches point D with a voltage of 0.99pu, the DSTATCOM
will be switched OFF (from point D to E). The DSTATCOM may be deactivated, e.g.

when the voltage goes down, reaching 0.96pu.

The path of ABDEA will be introduced as a VAr injecting cycle. On the other hand,
if this path goes upward, DSTATCOM will remain OFF until the voltage increases to
1.06pu (point G), and will then be switched ON (from point G to H). While it is
operating from point H to J, the reactive power will be absorbed and the voltage will
be reduced following a typical droop characteristic. When it reaches point J the
DSTATCOM will be switched OFF (from point J to F). From point F, depending on
the load changes, the voltage can go up or down. If it goes up, the same cycle will be
repeated and FGHJF will be introduced as a VAr absorbing cycle. But if it goes down
again the VAr injecting cycle will be operated that as previously discussed.
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-Qsi Qs —> Qs (kvan

Figure 4.5: Modified droop characteristics including hysteresis control loop.

45.1 DSTATCOM Q-only Mode Flowchart

Q-only mode of DSTATCOM operation has been described in detail in a flowchart
shown in Figure 4.6. As can be seen, it includes droop implementation in load flow,
Jacobian matrix elements modification and lower and upper voltage boundary
switching limits of DSTATCOMs.

4.6 Case study

In this section Richmond SWER network with 126 nodes shown in Figure 3.23 will
be studied.

4.6.1 Load Growth

The average energy usage growth rate for rural and residential regions in Australia is
about 3% [3]. The maximum Australian SWER networks asset life most often depends
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on the life of the species of hardwood pole, whose replacement life is up to 70 years
[26]. Ergon Energy’s SWER network in Queensland ranges in age between 25 — 45
years [29]. In this study the 24hr load cycle over a 70 year period of time with 5 year

intervals will be considered.

Figures 4.7 and 4.8 show the typical 24hr load profile for the 70 years period, assuming
3% annual load growth for two different types of customers with rated transformers of
10 and 25 kVA respectively. In this case, the load has two peaks during the day, the
lighter one in the morning at around 7:00hrs and a heavier one in the evening at time
19:00hrs.

4.6.2 Results and Discussions

The 24 hours voltage profiles of customers 47 and 49 with load profiles shown in
Figures 4.7 and 4.8 are displayed in Figures 4.9 and 4.10 respectively. As can be seen
in both figures the voltage is down to around 0.65pu at peak times of 19:00 of year 70.
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Figure 4.6: DSTATCOM Q-only mode flowchart.
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Figure 4.7: A typical 24 hours load profile in 70 years period of time considering 3% annual load

growth for customer 49 (rated transformer of 10 kVA).
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Figure 4.8: A typical 24 hours load profile in 70 years period of time considering 3% annual load

growth for customer 47 (rated transformer of 25 kVA).
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Figure 4.9: The 24 hours voltage profile of customer 49 corresponded with the load at Figure 4.7.
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Figure 4.10: The 24 hours voltage profile of the customer 47 corresponded with the load at Figure 4.8.
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In Figure 4.11, the voltage profile of all 49 customers at peak time (19:00) over the 70
year period is shown. Depending on the customer location and load size the voltage
is operates at different levels. As expected, customers located at the far end of the
network suffer from more serious voltage problems than others. At year 25 some of
the customers’ voltages dropped lower than 0.94pu and as time goes on more
customers suffering from voltage issues. It is obvious that at year 35 all 49 customers
are dealing with low voltage issues and the system is operating below the required
standard voltage level. Taking into account that the loading in this instance is at its
peak, meaning this voltage level is the worst daily outcome over the annual period for
each year studied.

The droop characteristic of reactive power-voltage control, as shown in Figure 4.2,
was implemented in a load flow study for the Richmond network. The DSTATCOM
is operating in Q-only mode, with Kgi fixed for all DSTATCOMSs and Vetis set at 1pu.
The voltage profile of all 49 customers at peak demand (19:00) over the 70 year period
using Qsi-Vi droop characteristic is represented at Figure 4.12. The outcomes of the
load flow show that applying droop resulted in full system voltage correction as
expected. It shows all the customers performing at voltage levels close to Vres which

is 1pu.

The DSTATCOM reactive power of Qs to be injected or absorbed for all customers at
time 1:00 of year 5 is shown at Figure 4.13. As expected VAr circulation has occurred
at customers located along the back bone of the system close to the source without a
serious voltage problem. As previously discussed, due to VAr injection at other
customer nodes, the voltage on these 5 customers increased above 1pu, and the control

system detects this as a high voltage problem, engaging DSTATCOMs to absorb VArs.
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Figure 4.11: The voltage profile of all 49 customers at peak time 19:00 in 70 years period of time.
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Figure 4.12: The voltage profile of all 49 customers at peak time 19:00 in 70 years period of time,
using Qs-V droop characteristic as at Figure 4.2.
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Figure 4.13: The DSTATCOM reactive power Qs to be injected or absorbed for all customers at time
1:00 of year 5, using Qs-V droop characteristic as at Figure 4.2.
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Figure 4.14: The DSTATCOM reactive power Qs to be injected or absorbed at customer 1 in 24 hours
of year 5, using Qs-V droop characteristic as at Figure 4.2.
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The DSTATCOM reactive power of Qs to be injected or absorbed at customer one in
the 24 hours period of time of year 5 is illustrated in Figure 4.14. The calculated Qs is
negative during the lightly loaded hours, which means the voltage has been detected
to be above Vs and VArs have to be absorbed to correct the voltage. Both Figures
4.13 and 4.14 show evidence of VAr circulation. In the system with droop control
implemented into load flow it was necessary to address such a problem by modifying

the droop control.

Typical and modified droop characteristics (Figures 4.2 and 4.5) have been
implemented in load flow to calculate the needed DSTATCOM reactive power Qs in
terms of voltage support. The DSTATCOM reactive power Qs for all customers at
peak time of 19:00 for a 70 year period, using both types of Qs-V droop characteristic
Is shown in Figure 4.15. As can be seen, using the modified droop method not only
supports the voltage with less reactive power injection and minimises the possibility
of VAr circulation, but also reduced the number of customers needing to install a
DSTATCOM. In this case, 9 out of 49 existing customers do not need any voltage
support equipment to be installed.

The voltage profile of all 49 customers corresponding to the injected DSTATCOM
reactive power Qs in Figure 4.15 is shown in Figure 4.16. In both cases the voltages
have been fully supported and the system is operating within normal tolerances during
the peak period.

It has to be noted that the voltage profile in Figure 4.16 is only showing year 70. The
voltage profile of all customers at the peak time (19:00) in the 70 years period with the
modified droop characteristics including hysteresis control loop is shown in Figure
4.17. Itis obvious that the voltage of all the customers during the 70 years period have
been fully supported and operating above the lower voltage threshold that is set to
0.94pu.
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Figure 4.15: The DSTATCOM reactive power Qs for all customers at peak time 19:00 of year 70
using typical and modified Qs-V droop characteristic as at Figures 4.2 and 4.5.
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Figure 4.16: The voltage profile of all 49 customers corresponded with injected DSTATCOM reactive
power Qs shown at Figure 4.15.
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Figure 4.17: The voltage profile of all 49 customers at peak time 19:00 in 70 years period of time,
using modified droop characteristics as at Figure 4.5.
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Figure 4.18: The needed DSTATCOM reactive power Qs to support the voltage in 70 years period of
time using typical and modified Qs-V droop characteristics.
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The required DSTATCOM reactive power Qs to support the voltage in 70 years period
of time using typical and modified Qs-V droop characteristics is represented in Figure
4.18. As can be seen, the modified droop method not only supports from year 25, but
also lowers amount of KV Ar that has to be injected compared to the typical droop. The
saved kKVVAr following from modified droop can be more than 25%, irrespective of the
20year delay in commencement of voltage support.

The 24 hours DSTATCOM operating status in years 25 and 70 to support the voltage
are shown at Tables 4.2 and 4.3 respectively. It has to be considered that, if it is
showing “OFF”, it means voltage is fine and no support is needed but if it is showing
“Q”, it means that customer suffering from either high or low voltage problem,

DSTATCOM status is ON and operating on Q-only mode to support the voltage.

The 24hr voltage profile of all 49 customers in years 25 and 70 corresponding to Tables
4.2 and 4.3 are shown at Figures 4.19 and 4.20 respectively. As can be seen, the
voltage level for all customers is above the lower voltage threshold and the system has
been fully supported. The voltage of some customers in year 25 at time 18:00 dropped
very close to 0.94pu and as for the next hour the load would be increasing, with a low
voltage event likely to happen. Table 4.2 shows some of the DSTATCOMs switched
ON to improve the voltage at time 19:00.

Table 4.4 shows the DSTATCOM usage for all the customers over the 70 years period.
It includes the year of DSTATCOM installation and when it reaches its maximum
capacity to support the voltage. As can be seen, 9 of the customers which are located
closer to the back bone and not far from the source do not need any DSTATCOMSs to
be installed in this period of time. However, the system requires DSTATCOMs to be
installed from year 25 and considering load growth more customers would be involved
by year 70. In addition, the DSTATCOM of customer 47 reaches its maximum
capacity from year 40 and more DSTATCOMS reach this limitation in following
years. As can be seen, the DSTATCOM with Q-only operating mode is a solution to
support the voltage for limited period of time depending on the load size and location.
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Table 4.2: 24 hours DSTATCOM operating status in year 25 to support the voltage
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Table 4.3: 24 hours DSTATCOM operating state in year 70 to support voltage
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Figure 4.19: 24 hours voltage profile of all 49 customers in year 25 corresponding to Table 4.2.
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Figure 4.20: 24 hours voltage profile of all 49 customers in year 70 corresponding to Table 4.3.
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Table 4.4: DSTATCOM usage for all customers over a 70 years period

Customer Number 1 2 3 4 5 6 I 8 9 10

Year DSTATCOM is needed | - | - | - 170 | 70 | - | - | -

Year DSTATCOM reaches its maximum | --—- | -—- | - | === | - | —= | -— | - [ ---
Customer Number 11 12 | 13 14 15 16 17 18 19 20

Year DSTATCOM is needed -—- | 60 | 45 | 55 | 55 | 25 | 25 | 25 | 50 45

Year DSTATCOM reaches its maximum | --- | --- | 55 [ 70 | 70 [ 45 | 45 | 45 | 60 55
Customer Number 21 | 22 | 23 | 24 | 25 | 26 | 27 | 28 | 29 30

Year DSTATCOM is needed 55 | 55 [ 55 | 25 | 35 | 40 | 25 | 25 | 25 25

Year DSTATCOM reaches its maximum | 70 | 70 | 60 | 50 | 50 | 55 | 50 | 55 | 55 55
Customer Number 31 | 32 | 33 | 34 | 35 | 36 | 37 | 38 | 39 40

Year DSTATCOM is needed 25 | 25 | 25 | 25 | 25 | 25 | 30 | 25 | 25 25

Year DSTATCOM reaches its maximum | 60 | 60 | 60 | 50 | 50 | 50 | 55 | 45 | 55 55
Customer Number 41 | 42 | 43 | 44 | 45 | 46 | 47 | 48 | 49

Year DSTATCOM is needed 25 | 25 | 25 | 25 | 25 | 25 | 25 | 25 | 25

Year DSTATCOM reaches its maximum | 45 | 60 | 60 | 55 | 55 | 55 | 40 | 50 | 50

4.7 Conclusions

This chapter presented a Q-only operating mode for DSTATCOM to support the
voltage in a SWER network, by either absorbing or injecting VArs to reduce or
increase the voltage to the desired level. The operation of the DSTATCOMs in the
system as voltage support equipment was able to be controlled using a traditional
reactive power-voltage droop. Moreover, the Jacobian matrix was modified due to
implementation of droop with a Newton Raphson load flow. To minimise the
possibility of VAr circulation and reduce the quantity of reactive power required to
support the voltage, a modified droop method was implemented. This was done by
considering a hysteresis control loop that could control the state of the DSTATCOM,
either ON or OFF, absorbing or injecting VArs.

The results demonstrated that using a typical droop control may cause VAr circulation
in the system but that the modified droop, with hysteresis control loop included, not
only minimised the VAr circulation possibility, but also reduced the amount of reactive
power required to support the system voltage. Furthermore, it has reduced the required
number of DSTATCOMSs needed to be installed in the system as voltage support

equipment.

In reality there is a limit for the use of VAr compensation (transformer rating, stability

issues and thermal limitation). In this study, the VAr compensation is considered to be
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limited by the DSTATCOM size with maximum of the transformer rating. In such a
system the use of DSTATCOMs with Q-only operation is a solution for a limited time
period, as shown in Table 4.4. Another type of DSTATCOM operating mode will be
introduced in next chapter as a solution to support the voltage for a longer period of

time when the DSTATCOM reaches its VAr compensation limit.
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CHAPTER 5

Q_PRIORITY DSTATCOM OPERATING MODE

5.1 Introduction

Another type of DSTATCOM operation mode, namely Q-priority, will be studied in
this chapter. Applying reactive power as much as possible to support the system
voltage in this mode is given priority and in the cases where the voltage issue can not
be addressed by reactive power support alone, then active power is included. When
the DSTATCOM is OFF it means no voltage support equipment is operating in the
system and the voltage is within standard tolerances of supply. On the other hand,
when it is ON it means that a voltage issue, either low or high, has been detected and
the system voltage has to be pushed back to within tolerance boundaries. In this case,
depending on deviation from the normal tolerances the DSTATCOM might be
operating in Q-only mode or P-Q mode. In order to achieve this functionality a new
droop characteristic that allows the DSTATCOM able to operate in the Q-only mode
or P-Q mode will be proposed. The introduced droop characteristic for the
DSTATCOM as voltage support equipment will be verified by load flow studies.
MATLAB is used to study the DSTATCOM Q-priority mode for a SWER system.

5.2 DSTATCOM Q-Priority Mode Operation

In this chapter the DSTATCOM will be operating in Q-priority mode. The priority of
this voltage support method is to inject or absorb reactive power, but in the cases where
Q only is not able to correct the voltage, active power injection can also be included.
This means the DSTATCOM will be operating in either Q-only mode or P-Q mode.
The DSTATCOM operating point sits on the reactive power axis when it is in Q-only
mode and on a power circle when operating in P-Q mode.
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Figure 5.1: The DSTATCOM power injection in Q-priority mode operation.

Figure 5.1 shows the DSTATCOM power injection in Q-priority mode operation for

four different system operating conditions.

As illustrated in figure 5.1, the operating point may either be located on the Q axis
(steps 1 and 2) or on the power circle (steps 3 and 4). The first 2 steps are Q-only
mode as per Figure 4.1 in the previous chapter. Assuming the DSTATCOM is
operating at point 2 and due to a variation in load conditions the corresponding voltage
will drop. Due to DSTATCOM size limitations, it is not able to inject more reactive
power and step 3 will be taken. As can be seen, instead of going further up and
injecting more VArs, the operating point will sit on the P-Q circle witha DSTATCOM

active and reactive power of Pz and Qg3 respectively.

As the DSTATCOM rating is assumed to be fixed, the operating point would be
somewhere on the circle with the same Sps. Considering future load increment step 4

would be taken and a new DSTATCOM operating point adjusts at point 4. To improve
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the voltage in the network more active power is needed, but to stay on the circle the

reactive power will be reduced.

5.3 Droop Characteristics

Two different types of droop can be used while the DSTATCOM is operating on Q-
priority mode. If only reactive power is enough to support the voltage, the Qs-V droop
will be used as like the previous chapter. But, if active power is included and Ps and
Qs applied to support the voltage of the system, the new type of droop that named

active power-voltage droop (Ps-V) will be used.

5.3.1 DSTATCOM Reactive Power-Voltage Droop

In this case only reactive power will be used to support the voltage and the
corresponding droop characteristic is shown in Figure 5.2(a). As can be seen, if the
DSTATCOM operating point sits on the Q axis, (Figure 5.2, point A), the Qs-V droop
will be used. The droop control equation has already been defined at previous chapter

as equation (4.1). It is obvious that the Ps, DSTATCOM active power, is zero.

5.3.2 DSTATCOM Active Power-Voltage Droop

When the load is too heavy, the system voltage will drop and in order to support it,
injection of active power needs to be considered. The DSTATCOM operating point
will sit on the P-Q circle and in this case new droop characteristics will be introduced.
Figure 5.2(b) shows the active power-voltage droop characteristics when the
DSTATCOM is required to inject or absorb active and reactive power (operating point
B).

The new droop control equation for Psi-Vi droop characteristics is defined as:

Py =K,V = Vi) (5.1)

Qg = S[2>si - P (52)
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Cosdy, = Spi (5.3)

Where: Psi and Qsi are respectively the DSTATCOM active and reactive power injected
and Spsi is the rated VA of the DSTATCOM. In this case the DSTATCOM will be

operating at a power factor of Cos ¢bsi.

5.3.3 Load Flow Study Droop Implementation

Implementing the Q-Priority droop controls for a Newton Raphson load flow will be
studied in this section. Depending on the system load and DSTATCOM operating
point two different situations with different droop characteristics will be considered as
per Figures 5.2(a) and 5.2(b). The first will be used with only reactive power
supporting the voltage and DSTATCOM operating on the Q axis in Q-only mode. In
this case, Qs-V droop will be implemented in the load flow equations to compute the
required DSTATCOM reactive power Qsi. The second droop characteristic will be
used when active and reactive powers are included with the DSTATCOM operating
on the P-Q power circle. The new droop characteristics, Psi-Vi, will be implemented
in the load flow and the respective DSTATCOM active and reactive power at bus i, Psi

and Q:si, will be calculated.

5.3.4 Modified Jacobian Matrix Elements

The implementation of the DSTATCOM in Q-priority mode as a source of active and
reactive power in the load flow will change the Jacobian matrix elements. Figure 5.3
represents the power at bus i, for the DSTATCOM operating in Q-priority mode. With
the DSTATCOM operating with reactive power, the power connection in Figure 5.3
(@l) and (b) will be considered, which has already been discussed in the previous
chapter. On the other hand, when active power is included, Figure 5.3 (a2) and (b) will
be considered where Psi is the DSTATCOM active power to be injected in to bus i.
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Figure 5.3: (al) and (a2) Active and (b) Reactive power flow at bus i with DSTATCOM operating in
Q-priority mode.
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From the Figure 5.3 (a2) and (b), net active and reactive power will be calculated as:

Pi =K pi Nref - [Vi |) + (PGi - PDi) (5'4)

Qi = \/S Dsi -K; pi Vet — |Vi |)2 +(Qqi — Qyp) (55)
Where: Pj and Q; are the respective net active and reactive powers injected at bus i.

The total P and Q flowing in to bus i, for a converged solution are:

fo (8V) =K (Vyy =V )+ (P = Pyy) - Z V.|V [G, cos(s, - 5,) - B, sin(s, -5)]1=0  (5.6)

CADE \/s;Si ~ K2V = VD? + Qe - Qo) + Z V, V. [B, cos(s, - 5,) + G, sin(s, -5)1=0 (5.7)

The Jacobian matrix diagonal and off-diagonal terms will be calculated as follows:

Main-diagonal and off-diagonal terms of submatrix Ji11 are determined to be as:

Zf_;: B \/SéSi - Ksi 0/ref - |Vi |)2 + (QGi _QDi) + [Vi |Z Bii (5'8)
of,.. .
6_; =V, V|G, sin(s, - &) + B, cos(5, - 8,)] (5.9)

k

Main-diagonal and off-diagonal elements of submatrix Ji. are determined to be as:

NI_K (K Ve =V D+ (P = P =V [ 6,17 | (5.10)

of,
= -V,|[G, cos(s5, - 5,) - B, sin(5, - 5,)] (5.11)
a|V |

Main-diagonal and off-diagonal terms of submatrix J.; are determined to be as:
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of .. 2
a_;l =-[K pi(Vref - |Vi |)) + (PGi - PDi)] + |V|| G; (5'12)

%: -V, |Vil[B, cos(s, - 5,) + G, sin(5, - 6,)] (5.13)

Main-diagonal and off-diagonal elements of submatrix Jo2 are determined to be as:

of .. 1 2
T o R Y SR S (514

ol

oy,

o]

= |V,|[B, cos(6, - &) + G, sin(s, - &,)] (5.15)

As can be seen from the above equations, having a DSTATCOM installed in bus i
operating in Q-priority mode will change the diagonal elements of all 4 Jacobian
submatrices. Running a load flow with Q-priority mode implemented will calculate
the required amount of active and reactive power for DSTATCOM to support the

voltage for given system load values of Ppi and Qp;i .

5.4 Modified Droop Characteristics

In this part of the study a hysteresis control loop for DSTATCOM Q-priority mode
control will be defined. This loop controls the DSTATCOM operation i.e. ON or OFF,
based on the amplitude of the voltage calculated at bus i via the load flow study.
Whether the DSTATCOM is ON, depends on its respective operating point on either
the Qs-V or Ps-V droop characteristic being applied.

5.4.1 Hysteresis Control Loops for Q-priority Mode

The new hysteresis control loop with respect to the Q-priority mode of DSTATCOM
will be defined in this part of the study. It will control the state of the DSTATCOM
based on defined upper and lower voltage boundaries. The hysteresis control loop for
Q-priority mode including the DSTATCOM mode switching boundaries is shown in

Figure 5.4. Compared with the Q-only mode, the new control approach includes active
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power injection as the voltage reaches 0.92pu, which means the reactive power
injection could not solely solve the voltage problem. In this case, active power
injection is required and the DSTATCOM will be able to support the voltage via
injection of both P and Q elements. As can be seen, when the voltage reaches 0.94pu
(point A) the DSTATCOM will be switched ON and operate in Q-only mode (line
AB). After this point, there are two possibilities, firstly, that the voltage increases due
to VAr injection and secondly, that voltage decreases due to rising load. The first
possibility has been already discussed in Q-only mode, but the question is how the
DSTATCOM will react if the voltage dropped (line BC) as VAr is injected. When the
system voltage reaches 0.92pu (point C) the Q-only control mode of the DSTATCOM
will be switched OFF (line CK) and the P-Q mode will be turned ON (line KM). When
the DSTATCOM is operating in P-Q mode, as in point B of Figure 5.2, active and
reactive power will be injected into the system and the voltage will increase (line MN).
This operating mode will continue until the voltage reaches the upper control band of
0.99pu (point N). Operating at the voltage of 0.99pu will be detected as a normal
condition and the DSTATCOM P-Q mode will be switched OFF (line NE).

All the logical possibilities related to DSTATCOM operational state for all possible
customer voltage amplitude scenarios, along with the defined control boundaries from
Figure 5.4 are detailed in Table 5.1.

5.4.2 DSTATCOM Q-Priority Mode Flowchart

The Q-priority mode of DSTATCOM operation has been explained in a flowchart in
Figure 5.5. As can be seen, it includes two different droop control implementations in
a load flow as shown in Figure 5.2. Modified elements of the Jacobian matrix, with
upper and lower voltage boundaries and switching conditions of the DSTATCOMSs

respective operating modes are also given.
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Q-Only Mode: ON

Q-Only Mode: OFF
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Figure 5.4: Hysteresis control loop for Q-priority mode showing DSTATCOM state.

Table 5.1: Hysteresis control loop details for DSTATCOM Q-priority mode as per Figure 5.4

Voltage

(pu)

Hysteresis | Voltage Customer DSTATCOM Qs/ Ps Status
Loop (pu) Voltage Status Mode State
Position
AB 0.94 Low voltage Q-only OFF—ON Qs to be injected
BD 0.94-0.99 | Allowable range Q-only ON Qs is injecting
DE 0.99 Normal Q-only ON—OFF Qs injection terminated
EA 0.99-0.94 | Allowable range | Q-only/P-Q OFF No injection/absorption
EF/FE 0.99-1.01 | Allowable range | Q-only/P-Q OFF No injection/absorption
FG 1.01-1.06 | Allowable range | Q-only/P-Q OFF No injection/absorption
GH 1.06 High voltage Q-only OFF—ON Qs to be absorbed
HJ 1.06-1.01 | Allowable range Q-only ON Qs is absorbing
JF 1.01 Normal Q-only ON—OFF Qs absorption terminated
BC 0.94-0.92 | Allowable range Q-only ON Qs is injecting
CK 0.92 Low voltage Q-only ON—OFF Qs injection terminated
KM 0.92 Low voltage P-Q OFF—ON Qs&Ps to be injected
MN 0.92-0.99 | Allowable range P-Q ON Qs&Ps are injecting
NE 0.99 Normal P-Q ON—OFF Qs&Ps injection terminated
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‘ Read the load profile ‘
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‘ Set Kqi, Kpi, Vref and rated DSTATCOM Power ‘
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‘ Read the load flow data & form the Y bus matrix ‘
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Figure 5.5: DSTATCOM Q-priority mode flowchart.
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55 Case Study

In this section the Richmond SWER network in Central Queensland with 126 nodes
as represented in Figure 3.23 will be studied.

5.6 Results and Discussions

The DSTATCOM operation in Q-priority mode at time 7:00 in year 70 for all 49
customers is shown in Figure 5.6. As can be seen, the DSTATCOMs located at the
first 11 customers have not been activated at all and for the remaining 38 customers
the system voltage is supported via reactive power injection alone. This is explained
by the fact that the load during the morning peak is not a heavy one, and none of the
DSTATCOMSs needed to operate in P-Q mode. The system voltage profile
corresponding to DSTATCOM operation of Figure 5.6 is represented in Figure 5.7.

During the afternoon peak when the load increases to its maximum the DSTATCOM
will not be able to operate only in Q-only mode. The DSTATCOM operation of all
customers at time 19:00 in year 70 is shown in Figure 5.8. The amount of active and
reactive power needed to support the voltage by the DSTATCOM has been shown as
Ps and Qs. Only at customer 1 the DSTATCOM is never being used and 7 customers
operated in P-Q mode. The other 41 customers’ voltages are supported solely through
reactive power injection. The DSTATCOMs at four of these customers (13, 20, 28 and
34) appear on the limit of allowable reactive power injection and if the load increase
continues they will switch to P-Q mode operation. The system voltage was fully
supported via the DSTATCOMs and is shown in Figure 5.9.
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Figure 5.6: Q-Priority DSTATCOM operation, time 7:00, year 70, P-Q mode limits: 0.92pu-0.99pu.
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Figure 5.7: System voltage profile, time 7:00, year 70 with DSTATCOM operating in Q-priority
mode.
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Figure 5.8: DSTATCOM operation in Q-priority mode, time 19:00, year 70, P-Q mode limits: 0.92-

0.99pu.
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Figure 5.9: System voltage profile, 19:00, year 70 for DSTATCOM operating in Q-priority mode.

123




The DSTATCOM operation of a random customer, number 41, has been picked to
show the results for a 24 hours period of time in Figure 5.10. As can be seen, this
customer’s DSTATCOM is operating for all but 2 hours in the day, operating either in
Q-only mode or P-Q mode. During the day it is operated in Q-only mode, coming
close to the limit value of VAr injection during the morning peak. At 18:00 the
maximum possible reactive power injection was reached and the DSTATCOM
operation changed to P-Q mode with values of active and reactive power of Ps and Qs
respectively. The voltage was fully supported during these 24 hours as shown in
Figure 5.11.

In Table 5.2, the DSTATCOM operating mode of all customers with rated power of
10kVA over a 24 hour period in year 70 is shown. The DSTATCOM switched ON at
0.94 to operate at Q-only mode and changed to P-Q mode at the voltage of 0.92pu. In
both modes when the voltage increased to 0.99pu it will be switched OFF.

The DSTATCOM mode will change its operation to P-Q mode when the voltage drops
to 0.92pu. It has to be considered that this lower boundary can be modified based on
how much the system is allowed to operate under 0.94pu. In this part, the voltage limit
used for switching the DSTATCOM mode from Q-only to P-Q will change to 0.93pu
instead of 0.92pu. As the DSTATCOM is switched to this mode earlier, it is expected
that the DSTATCOM will be operating in P-Q mode for a longer period over the same
time frame. In the other words, the system will incorporate the active power injection
earlier than before in order to support the system voltage. The effect of such a change
on the operation of the DSTATCOM is more significant for a lighter load than a
heavier load. The operation of the Q-priority mode for all customers at time 7:00 in
year 70, switching the P-Q mode ON at 0.93pu is shown in Figure 5.12. As can be
seen, 15 of the customers have their DSTATCOM operating in P-Q mode compared
to the 0.92pu level scenario shown in Figure 5.6, where none of the customers used
active power to support the voltage. The voltage is completely supported by the new

switching voltage value as shown in Figure 5.13.
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Figure 5.10: DSTATCOM customer 41 daily operations profile, year 70, P-Q mode limits: 0.92-
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Figure 5.11: Daily voltage profile of customer 41, year 70.
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Table 5.2: DSTATCOM operations, Sps=10 kVA, year 70, Q-only mode: 0.94-0.99pu; P-Q mode

limits: 0.92-0.99pu

9 11011 (12 (13[14[15)16|17(18[19|20|21 |22 |23 |24

8

OFF | OFF | OFF |OFF |OFF | OFF | OFF |OFF | OFF | OFF | OFF | OFF | OFF | OFF | OFF | OFF | OFF | OFF | OFF | OFF | OFF | OFF | OFF | OFF

OFF |OFF |OFF |OFF | OFF | OFF | OFF | OFF | OFF | OFF | OFF | OFF | OFF | OFF |OFF|OFF|OFF| Q [ Q [Q [ Q@ [ Q@ [ Q | ©

OFF |OFF |OFF |OFF |OFF | OFF |OFF | OFF | OFF | OFF | OFF |OFF |OFF |OFF |OFF|OFF|OFF| @ [Q [Q [ Q@ [ Q@ [ Q | @

OFF |OFF | OFF |OFF | OFF |OFF |OFF | OFF |OFF | OFF |OFF |OFF |OFF [OFF|OFF|OFF[OFF| @ [ | @ | Q@ [ Q| Q@ | @

OFF |OFF |OFF |OFF | OFF | OFF | OFF | OFF | OFF | OFF | OFF | OFF | OFF | OFF |OFF|OFF|OFF| Q | Q [Q [Q [ Q [ Q | Q

OFF |OFF |OFF | OFF | OFF | OFF | OFF | OFF | OFF | OFF | OFF | OFF | OFF | OFF |OFF|OFF|OFF| | Q [Q [Q [Q [ Q | Q

OFF |OFF |OFF |OFF | OFF | OFF | OFF | OFF | OFF | OFF | OFF | OFF | OFF | OFF | OFF | OFF|OFF|OFF| | Q [Q [ @ [ Q@ | @

OFF |OFF | OFF |OFF | OFF | OFF | OFF | OFF | OFF | OFF | OFF | OFF | OFF | OFF | OFF | OFF|OFF|OFF| @ | @ [ @ [ @ [ Q@ | Q

OFF |OFF |OFF |OFF | OFF | OFF | OFF | OFF | OFF | OFF | OFF | OFF | OFF | OFF | OFF | OFF|OFF|OFF| @ [ Q@ [ @ [ @ [ Q@ | @

OFF |OFF |OFF |OFF |OFF | OFF | OFF | OFF | OFF | OFF | OFF | OFF |OFF | OFF | OFF |OFF|OFF|OFF| @ [ @ [ @ [ @ [ @ | @
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OFF[OFFIOFFIOFFIOFF| Q | Q | Q [Q | Q| Q [Q |QJQ|Q[QR[|Q|Q[QR|Q]Q|Q|Q|Q

OFF[OFFIOFFIOFFIOFF| Q | Q | Q [Q | Q| Q [Q |QJQ|Q[QR[|Q|Q[QR|Q]Q|Q|Q|Q

OFF[OFFIOFFIOFFIOFF| Q | Q | Q [Q | Q| Q [Q |QJQ|Q[Q[|Q|Q[Q|Q]Q|Q|Q|Q

OFF[OFFIOFFIOFFIOFF| Q | Q | Q [Q | Q| Q [Q |Q|]Q|Q[Q|Q|Q[QR|Q]Q|Q|Q|Q

oFF|oFF|oFF|oFFloFF| Q [ [ Q| | Q|0 ||| | o | o ]| o |PQ[Po[rP-Q|P-Q|P-Q[P-Q|PQ
ofF|oFF|oFF|oFFloFF| Q@ [ Q| | Q|0 ||| o | o | ]| o |PQ[Po[rP-Q|P-Q|P-Q[P-Q|PQ
OFF|OFF|oFF|oFFloFF| @ [ Q@ |Q [0 | Q|0 Q| Q|0 | Q| Q| Q |PQ[r-Q|P0Q|P-Q[PQ|PQ|PQ

OFFIOFF| Q | Q [Q [QR ] Q|Q [QR|Q|Q[Q|Q|Q|Q[QR|Q|Q[QR|Q]Q|Q|Q|Q

OFFIOFF| Q | Q [Q [Q ] Q|Q [Q|Q|Q[Q|QR|JQ|Q[QR|Q|Q[QR|Q]Q|Q|Q|Q
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OFFIOFFI Q | Q [Q [QR ] Q|Q [QR|Q|Q[Q|Q|Q|Q[QR|Q|Q[QR|Q|]Q|Q|Q|Q

OFFIOFFI Q | Q [Q [QR | Q|Q QR |Q|Q[Q|Q|Q|Q[QR|Q|Q[QR|Q]Q|Q|Q|Q

OFFIOFFI Q | Q [Q [QR ] Q|Q [QR|Q|Q[Q|Q|JQ|Q[QR|Q|Q[QR|Q]Q|Q|Q|Q

OFFIOFF| Q | Q [Q [Q ] Q|Q [QR|Q|Q[Q|QR|JQ|Q[QR|Q|Q[QR|Q]Q|Q|Q|Q

OFFIOFF| Q | Q [Q Q] Q|Q[Q|Q|Q[Q|Q|JQ|Q[QR|Q|Q[QR|Q]Q|Q|Q|Q

OFF[OFFIOFFIOFFIOFF| Q | Q |Q [Q | Q| Q [Q |QJQ|Q[Q[|Q|Q[QR|Q]Q|Q|Q|Q

OFF|oFF|oFF|oFFloFF| Q @ [ Q| |Q | [Q || Q|0 [ Q| Q| |PQ[PQ|P-Q|P-Q|PQ| Q

OFF[OFFIOFFIOFFIOFFI Q | Q | Q [Q | Q1 Q [Q | Q] Q|Q[Q[Q|Q[Q|Q]Q|Q|Q[Q

OFF[OFFIOFFIOFFIOFF| Q | Q | Q [QR | Q| Q [Q QR |Q|Q[QR[Q|Q[QR|Q]Q|Q|Q|Q

OFFIOFFI Q | Q [Q Q| Q|Q [QR|Q|Q[QR|Q]Q|Q|Q]Q|Q |PQIPQIP-QIP-Q|P-Q[P-Q

OFFIOFF| Q | Q [Q [Q ] Q|Q [Q|Q|Q[Q|QR|JQ|Q[QR|Q|Q[QR|Q]Q|Q|Q|Q

OFFIOFF| Q | Q [Q [Q ] Q|Q [Q|Q|Q[Q|QR|JQ|Q[QR|Q|Q[QR|Q|]Q|Q|Q|Q

OFFIOFFI Q | Q [Q [Q ] Q |Q [Q|Q|Q[Q|Q|JQ|Q[QR|Q|Q[QR|Q]Q|Q|Q|Q

OFFIOFFI Q | Q [Q [Q ] Q|Q [Q|Q|Q[Q|Q|JQ|Q[QR|Q|Q[QR|Q]Q|Q|Q|Q

OFFIOFFI Q 1 Q [Q [Q ] Q|Q[Q|Q|Q[Q|Q]Q|Q[QR[]Q|Q[QR|Q]Q|Q|Q[Q

orflorrl o o |ofofololaolaofofololofo]ao[a]a [rolrolrofr-ofr-0lr-Q

OFFIOFFI Q | Q [Q [QR | Q|Q [QR|Q|Q[Q|Q|Q|Q[QR[|Q|Q[QR|Q|]Q|Q|Q|Q

OFFOFF|QjQjQfRejQjQfejQjQfejRjQJQfR|Q|JQfQR|QR]|QJQ]Q|Q
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Figure 5.12: DSTATCOM Q-priority mode, time 7:00, year 70, P-Q mode limits: 0.93pu-0.99pu.
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Figure 5.13: System voltage profile, time 7:00, year 70, DSTATCOM operating in Q-priority mode.
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The operation of the DSTATCOM in Q-priority mode at time 19:00 in year 70,
switching P-Q mode ON at 0.93pu and OFF at 0.99pu and the system voltage profile
are shown in Figures 5.14 and 5.15 respectively. As expected the results changed
slightly during peak load periods compared to the previous switching states as shown

in Figure 5.8.

Figure 5.16 shows the DSTATCOM operation of customer 41 for a 24 hours period in
year 70, switching P-Q mode ON at 0.93pu and OFF at 0.99pu. By comparison with
Figure 5.10, if the DSTATCOM switched to P-Q mode while at 0.93pu, active power
will be applied one hour earlier from 18:00 and be switched OFF at time 23:00. The

supported system voltage profile is shown in Figure 5.17.

The DSTATCOM operations for all customers with rated power of 10 k\VA over a 24
hours period in year 70 are shown in Table 5.3. The DSTATCOM is switched ON at
0.94pu to operate in Q-only mode and changed to P-Q mode at a voltage of 0.93pu. In
both modes when the voltage increased to 0.99pu the DSTATCOM will be switched
OFF. As expected the P-Q mode started earlier and ran for a longer time during the
day. The results show that more active power is needed to support the system voltage
if the DSTATCOM switches to P-Q mode at a voltage of 0.93pu.
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Figure 5.14: DSTATCOM Q-priority mode operations, time 19:00, year 70, P-Q mode limits: 0.93pu-
0.99pu.
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Figure 5.15: System Voltage profile, time 19:00, year 70, DSTATCOM operating in Q-priority mode.
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Figure 5.16: DSTATCOM operation of customer 41 over a 24 hours period, year 70, P-Q mode limits:
0.93pu-0.99pu.
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Figure 5.17: Voltage profile of customer 41 over a 24 hours period, year 70, Q-priority mode.
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Table 5.3: DSTATCOM mode operation: Sps=10 kVA, year 70, Q-only mode limits: 0.94-0.99pu;

P-Q mode limits: 0.93-0.99pu

9 110[11]12|13[14]15[16|17[18|19|20[21]|22|23 |24

8

7

OFF|OFF |OFF |OFF|OFF |OFF | OFF | OFF |OFF |OFF |OFF |OFF |OFF |OFF [OFF|OFF|OFF[OFF| Q | Q [ Q | Q | Q |OFF

OFF|OFF |OFF|OFF|OFF |OFF | OFF | OFF | OFF | OFF | OFF |OFF | OFF |OFF [OFF |OFF|OFF[OFF| Q | Q [ Q | Q | Q |OFF

OFF |OFF [OFF |OFF | OFF |OFF | OFF | OFF |OFF [OFF |OFF | OFF |OFF |OFF|OFF|OFF[OFF[ Q [ Q | Q | Q | Q | Q |OFF

OFF |OFF|[OFF|OFF|OFFIOFF| Q | Q [ Q [Q [Q [Q | Q|Q|Q[Q[Q[Q[Q[|Q| Q]| Q| Q |OFF

OFF|OFF|OFF|OFF|OFF[OFF| Q | Q [Q | Q | Q [Q | Q| Q[Q|Q|Q[Q]|Q|Q[Q] Q]| Q |OFF

OFF|OFF|OFF|OFF|OFF[OFF| Q | Q [Q | Q | Q [Q | Q| Q[Q | Q| Q[Q ]| Q| Q[Q] Q]| Q |OFF

OFF|OFF |OFF|OFF|OFF |OFF | OFF |OFF |OFF |OFF |OFF |OFF |OFF |OFF [OFF|OFF|OFF[OFF| Q | Q [ Q | Q | Q |OFF

OFF|OFF |OFF |OFF|OFF |OFF | OFF|OFF |OFF |OFF |OFF |OFF|OFF |OFF [OFF|OFF|OFF[OFF| Q | Q [ Q | Q | Q |OFF

OFF|OFF |OFF |OFF | OFF |OFF | OFF | OFF |OFF |OFF |OFF |OFF |OFF |OFF [OFF |OFF|OFF[OFF| Q | Q [ Q | Q | Q |OFF

OFF|OFF |OFF |OFF|OFF |OFF | OFF | OFF |OFF |OFF |OFF |OFF |OFF |OFF [OFF |OFF|OFF[OFF| Q | Q [ Q | Q | Q |OFF

OFF|OFF |OFF |OFF|OFF |OFF | OFF | OFF | OFF | OFF | OFF |OFF | OFF |OFF [OFF|OFF|OFF[ Q | Q | Q [ Q | Q | Q |OFF

OFF|OFF|OFF|IOFFIOFF| Q [ Q |[Q JQ |Q [Q]Q|Q[Q|Q|Q[Q|Q|Q|Q|QJQ|Q]|Q

OFF|OFF[OFF[OFF|OFF| Q | Q | Q [ Q [Q [Q [Q | Q| Q| Q| Q| Q[ Q [P-Q|P-Q|P-Q|P-Q|P-Q|OFF

OFF|OFF|OFF|OFFIOFF| Q [Q [Q JQ |Q [Q]JQ|Q[Q|Q|Q[Q|Q|Q|Q|QJQ|Q|Q

OFF|OFF |OFF|OFF|OFF [OFF | P-Q | OFF |OFF | OFF |OFF |OFF |OFF|OFF[OFF|OFF[ Q | Q | Q [ Q | Q | Q [ Q | Q

OFF |OFF |OFF |OFF |OFF | P-Q | P-Q | P-Q| P-Q | P-Q | P-Q| P-Q | P-Q| P-Q | P-Q| P-Q| P-Q| P-Q| P-Q| P-Q| P-Q| P-Q | P-Q | OFF

OFF |OFF |OFF |OFF |OFF | P-Q | P-Q | P-Q| P-Q | P-Q| P-Q| P-Q | P-Q| P-Q | P-Q| P-Q| P-Q | P-Q| P-Q | P-Q | P-Q| P-Q | P-Q | OFF

OFF |OFF |OFF |OFF |OFF | P-Q | P-Q | P-Q| P-Q | P-Q| P-Q| P-Q | P-Q| P-Q | P-Q| P-Q| P-Q | P-Q | P-Q | P-Q | P-Q| P-Q | P-Q | OFF

OFFIOFFI Q [Q[Q|Q|Q[Q[QJQJQJQ|Q|Q|Q|Q|QIQIQIQ[Q[Q]Q]|Q

OFFIOFFI Q [Q[Q|Q|Q[Q|QJQJQJQ|Q|Q|Q|Q|Q[QIQ[Q[Q[Q]Q]|Q

OFF |OFF |OFF |OFF | OFF |OFF | P-Q | OFF |OFF [OFF [OFF |OFF |OFF |OFF|OFF|OFF| Q [ Q [Q [ Q | Q | Q | Q | Q

OFF |OFF |OFF |OFF | OFF |OFF | P-Q | OFF |OFF [OFF [OFF |OFF |OFF|OFF|OFF|OFF| Q [ Q [Q | Q | Q | Q | Q | Q

OFF|OFF|OFF|OFF|OFF|OFF|P-Q[ Q [ Q [ Q | Q| Q]| Q|Q[Q[Q[Q[|Q|Q|Q|Q|Q|[Q]|Q

OFF|OFF|OFF|OFF |OFF | P-Q| P-Q | P-Q [ P-Q | P-Q | P-Q| P-Q [ P-Q [ P-Q | P-Q | P-Q | P-Q | P-Q | P-Q | P-Q [ P-Q | P-Q | P-Q | OFF

OFFIOFF| Q [Q|Q[Q[Q|QJQ|Q|Q]JQ|Q|Q|Q|Q[Q|Q|Q|Q|Q]Q|Q]|Q

OFFIOFFI Q [Q[Q|Q|Q[Q[QJQJQJQ|Q|Q|Q|Q|QIQIQIQ[Q[Q]Q]|Q

OFFIOFFI Q [Q[Q|Q|Q[Q[QJQJQJQ|Q|Q|Q|Q|QIQIQIQ[Q[Q]Q]|Q

OFFIOFFI Q [Q[Q|Q|Q[Q[QJQJQJQJQ|Q|Q|Q|QIQIQIQ[Q[Q]Q|Q

OFF|OFF|OFF|OFF|OFFIOFFIP-Q| Q [Q [Q | Q[ Q] Q| Q[Q[Q[Q[|Q]|Q]Q|]Q|Q[Q]Q

OFF|OFF|OFF|OFF|OFF|OFF|P-Q[ Q [ Q [ Q| Q| Q]|Q|Q[Q[Q[Q|Q|Q|Q|Q|Q|[Q]|Q

OFF|OFF|OFF|OFF|OFF|OFF|P-Q[ Q [ Q | Q| Q| Q| Q|Q[Q[Q[Q]|Q|Q|Q|Q|Q|[Q]|Q

OFFIOFF| Q [Q|Q[Q[Q|QJQ|Q[QJQ|Q|Q|Q|Q[Q|Q|Q|Q|Q]Q|]Q]|Q

OFFIOFF| Q [Q|Q[Q[Q|QJQ|Q|QJQ|Q|Q|Q|Q[Q|Q|Q|Q|QJQ|Q]|Q

OFFIOFF| Q [Q|Q[Q[Q|QJQ|Q|QJQ|Q|Q|Q|Q[Q|Q|Q|Q|Q]JQ|Q]|Q

OFFIOFFI Q [Q[Q|Q|Q[Q[QJQJQJQ|Q|Q|Q|Q|QIQIQIQ[Q[Q]Q]|Q

OFFIOFFI Q [Q[Q|Q|Q[QJQJQJQJQ|Q|Q|Q|Q|QIQIQIQ[Q[Q]Q|Q

OFF|OFF|[OFF|OFF|OFF[OFFIP-Q[ Q | Q | Q [Q Q| Q[ Q]Q[Q|Q|Q[(Q]|]Q|Q|Q]Q]Q

OFF|OFF|OFF|OFF|OFF | P-Q [ P-Q | P-Q | P-Q | P-Q | P-Q [ P-Q [ P-Q | P-Q | P-Q | P-Q | P-Q | P-Q [ P-Q | P-Q | P-Q | P-Q | P-Q | OFF

OFF|OFF|OFF|OFF|OFF|OFF|P-Q[ Q [ Q [ Q | Q| Q]| Q|Q[Q[Q[Q|Q|Q|Q|Q|Q|[Q]|Q

OFF|OFF|OFF|OFF|OFF|OFF|IP-Q[ Q [ Q [ Q| Q| Q]| Q|Q[Q[Q[Q|Q|Q|Q|Q|Q|[Q]|Q

OFFIOFF| Q [Q |Q[Q[Q[Q]JQ|Q[Q|Q|Q[Q|Q]Q|Q [PQIP-Q|P-Q[P-Q|P-Q|P-Q|OFF

OFFIOFF| Q [Q|Q[Q[Q|QJQ|Q|QJQ|Q|Q|Q|Q[Q|Q|Q|Q|QJQ|]Q]|Q

OFFIOFFI Q [Q [Q|Q|Q[QJQJQJQJQ|Q|Q|Q|Q|QIQIQIQ[Q[Q]Q]|Q

OFFIOFFI Q [Q[Q|Q|Q[Q|QJQJQJQ|Q|Q|Q|Q|QIQIQIQ[Q[Q]Q]|Q

OFFIOFFI Q [Q[Q|Q|Q[Q[QJQJQJQ|Q|Q|Q|Q|QIQIQIQ[Q[Q]Q|Q

OFFIOFFI Q [Q[Q|Q|Q[Q[QJQJQJQ|Q|Q|Q|Q|QIQ[Q[Q[Q[Q]Q]|Q

OFFIOFF| Q [Q |Q [Q[Q|Q]JQ|Q|Q]Q|Q[Q|Q]|Q]|Q [P-QIP-Q|P-Q[P-Q|P-Q|P-Q|P-Q

OFFIOFF| Q [Q|Q[Q[Q|QJQ|Q|QJQ|Q|Q|Q|Q[Q|Q|Q|Q|Q]Q|Q]|Q

OFFIOFF| Q [QJQJQfQjQJQjQjQjQjQjQlQjQjQJQjQjQJQJQ]Q|Q
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As already discussed in this chapter, the P-Q mode operations begin when the voltage
falls to either 0.92pu or 0.93pu and ceases operations at a voltage of 0.99pu. Active
and reactive power is used to support the voltage until it rises to 0.99pu and then the
DSTATCOM will be switched OFF. An alternative control scenario is that the
DSTATCOM P-Q mode could be switched OFF at a voltage of 0.97pu. This will save
more active power from being used when supporting the network voltage. The results
for such a scenario, P-Q mode ON at 0.92pu and OFF at 0.97pu, is shown in Table 5.4.
Comparing these results with those in Table 5.2, the DSTATCOM P-Q mode has been
switched OFF 2 hours earlier, significantly reducing the active power required to
support the system voltage.

The DSTATCOM operating point for all customers over a 24 hours period in year 70
with P-Q mode switching ON at 0.92pu and 0.93pu are shown in Figures 5.18 and 5.19
respectively. As can be seen in Figure 5.19, more DSTATCOMs are operating on the
P-Q circle while the P-Q mode is being applied with a higher amount of active power

injection used for voltage support.
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Table 5.4: DSTATCOM with Sps=10kVA, year 70, Q-only mode limits: 0.94-0.97pu; P-Q mode

limits: 0.92-0.97pu

9110 [11]12|13[14]15(16|17|18[19]20(21|22|23 |24

8

7

6

OFF |OFF | OFF | OFF |OFF |OFF| OFF | OFF | OFF |OFF | OFF| OFF | OFF | OFF |OFF | OFF | OFF | OFF | OFF |OFF | OFF | OFF | OFF | OFF

OFF |OFF | OFF | OFF |OFF |OFF| OFF | OFF | OFF |OFF | OFF | OFF | OFF |OFF |OFF|OFF|OFF| Q | Q | @ | @ | Q [OFF|oFF

OFF | OFF | OFF | OFF |OFF | OFF | OFF| OFF |OFF | OFF | OFF| OFF |OFF |OFF | OFF|OFF|OFF| Q [ Q [ Q | [Q [ Q | @

OFF | OFF | OFF|OFF |OFF | OFF | OFF| OFF | OFF | OFF | OFF| OFF |OFF |OFF | OFF|OFF|OFF| Q [ Q | Q | [Q | Q | @

OFF |OFF | OFF | OFF | OFF | OFF| OFF | OFF | OFF | OFF | OFF | OFF | OFF |OFF|OFF|OFF|OFF| Q | @ | @ [Q [ Q | Q | Q

OFF |OFF | OFF | OFF | OFF | OFF | OFF | OFF | OFF | OFF | OFF | OFF | OFF |OFF|OFF|OFF|OFF| Q | @ | @ [ Q [ Q | Q | Q

OFF |OFF | OFF | OFF | OFF | OFF| OFF | OFF | OFF | OFF | OFF | OFF | OFF | OFF |OFF|OFF |OFF|OFF| Q | Q [ Q [ Q | Q@ | Q

OFF |OFF | OFF | OFF | OFF | OFF| OFF | OFF | OFF | OFF | OFF | OFF | OFF |OFF |OFF|OFF|OFF|OFF| Q | Q [ Q [ Q | @ | Q

OFF |OFF | OFF | OFF |OFF | OFF | OFF| OFF | OFF | OFF | OFF| OFF |OFF | OFF | OFF|OFF|OFF|OFF| Q | Q | @ [Q [ @ | @

OFF |OFF | OFF | OFF |OFF | OFF | OFF| OFF | OFF | OFF | OFF| OFF |OFF | OFF | OFF |OFF|OFF|OFF| Q | Q | @ [Q | @ | @

OFF |OFF | OFF | OFF |OFF | OFF | OFF| OFF |OFF | OFF | OFF| OFF |OFF |OFF | OFF|OFF|OFF| Q [ Q [ Q | [Q [ Q | @

OFF|OFFIOFFIOFFIOFF| Q [Q [Q | Q |Q |Q [Q |Q[Q[Q|Q[Q[QRJQ|Q[QR]Q|Q|Q

OFF|OFFIOFFIOFFIOFF| Q [Q [Q | Q |Q |Q [Q |Q[Q[Q|Q[Q[QRJQ|Q[QR]Q|Q|Q

OFF|OFF|OFFIOFFIOFF| Q |Q [Q JQ |Q [Q|Q |Q[Q|Q|Q[Q|QJQ[Q|QJQ|Q]Q

OFF|OFFIOFFIOFFIOFF| Q |Q | Q |Q Q| Q Q1 Q1QJ1Q1QJQJ]QJ]QJ]QJ]QJ]Q]Q|Q

orr|orr|orr|oFrlorFl @ | @ @ ||l o @l |o o] el q [ro[r-olr-|p-Q|P-Q|oFF|oFF
orr|orr|orr|oFrlorFl @ | @ | @ |||l @l |o | o] o] q [ro[r-olr-Q|pP-Q|P-Q|oFF|OFF
orr|orr|orr|oFFloFFl @ | @ | Q| Q ||l Q|| Q | o] e q [Po[rqlr-Q|pP-Q|P-Q|oFF|OFF

OFFIOFFI Q |Q |Q [Q|Q[Q|Q|Q|Q[Q|Q|Q[Q|Q[Q[QR|Q|Q[QR]Q|Q|Q

OFFIOFFI Q |Q |Q [Q|Q[Q|Q|Q|Q[Q|Q|Q[Q|Q[Q[QR|Q|Q[QR]Q|Q|Q

OFF|OFFIOFFIOFFIOFF| Q [Q [Q | Q |Q |Q [Q |Q[Q[Q|Q[Q[QRJQ|Q[QR]Q|Q|Q

OFF|OFFIOFFIOFFIOFF| Q [Q [Q | Q |Q |Q [Q |Q[Q[Q|Q[Q[QRJQ|Q[QR]Q|Q|Q

OFF|OFF|OFFIOFFIOFF| Q |Q [Q JQ |Q [Q|Q |Q[Q|Q|Q[Q|QJQ[Q|QJQ|Q]Q

orr|orr|orrlorrlorFl @ [ | Q| Q el lo ool o ||| [Po[r-QlP-Q[P-Q|oFF|oFF

OFFIOFFI Q |Q |Q |Q|Q|Q|Q|Q|Q[Q|Q|QJQJQ|QQ]Q|Q[Q]Q|Q|Q

OFFIOFFI Q |Q Q| Q|QJQ|QJQJQ[Q|Q|QIQ|Q|QQR]Q|Q[QR]Q|Q]|Q

OFFIOFFI Q |Q Q| Q|QJQ|QJQJQJQ|Q|QIQQ|QfQR]Q|Q[QR]Q|Q|Q

OFFIOFFI Q |Q |Q [Q|Q[Q|Q|Q|Q[Q|Q|Q[Q|Q[Q[QR|Q|Q[QR]Q|Q|Q

OFF|OFFIOFFIOFFIOFF| Q [Q [Q | Q |Q |Q [Q |Q[Q[Q|Q[Q[QJQ|Q[QR]Q|Q|Q

OFF|OFFIOFFIOFFIOFF| Q [Q [Q | Q |Q |Q [Q |Q[Q[Q|Q[Q[QJQ|Q[QR]Q|Q|Q

OFF|OFFIOFFIOFFIOFF| Q [Q [Q | Q |Q |Q [Q |Q[Q[Q|Q[Q[QRJQ|Q[QR]Q|Q|Q

OFFOFFI Q |Q[Q|Q|QJQJQ|Q|QJQ|QJQJQ|QJ]QJ]QJ]QJ]Q]QJ]Q]Q|Q

OFFIOFFI Q |Q |Q|Q|Q|Q|QJQJQ[Q|Q|QIQ|Q|QfQ]Q|Q[Q]Q|Q|Q

OFFIOFFI Q |Q |Q |Q|QJQ|QJQJQ[Q|Q|QIQJQ|QQ]Q|Q[Q]Q|Q|Q

OFFIOFFI Q |Q Q| Q|QJQ|QJQJQ[Q|Q|QIQJQ|QQR]Q|Q[QR]Q|Q|Q

OFFIOFFI Q |Q |Q [Q|Q[Q|Q|Q|Q[Q|Q|Q[Q|Q[Q[QR|Q|Q[QR]Q|Q]|Q

OFF|OFFIOFFIOFFIOFF| Q [Q [Q | Q |Q |Q [Q |Q[Q[Q|Q[Q[QJQ|Q[QR]Q|Q|Q

orF|orr|oFF|oFFloFF @ | @ | Q[ Q[ Q|| [Q| Q]| Q| Q| [PQ|r-Q|P-Q|P-Q|OFF|OFF

OFF|OFFIOFFIOFFIOFF| Q [Q [Q | Q |Q |Q [Q |Q[Q[Q|Q[Q[QRJQ|Q[QR]Q|Q|Q

OFF|OFFIOFFIOFFIOFF| Q [Q [Q | Q |Q |Q [Q |Q[Q[Q|Q[Q[QRJQ|Q[QR]Q|Q|Q

OFFIOFFIQ |Q |QJQ|Q[Q]JQ|Q[Q|Q|Q[Q|Q|Q[Q]|Q |PQIPQ|PQ|P-Q|OFF OFF

OFFIOFFI Q |Q |Q |Q|Q|Q|Q|Q|Q[Q|Q|QIQ|Q|QfQ]Q|Q[Q]Q|Q|Q

OFFIOFFI Q |Q |Q |Q|Q[Q|QJQ|Q[Q|Q|Q[QJQ|Q[Q]Q|Q[QR]Q|Q|Q

OFFIOFFI Q |Q |Q |Q|QJQ|QJQJQ[Q|Q|QJQ|Q|Q[QR]Q|Q[QR]Q|Q|Q

OFFIOFFI Q |Q |Q [Q|Q[Q|Q|Q|Q[Q|Q|Q[Q|Q[Q[QR|Q|Q[QR]Q|Q|Q

OFFIOFFI Q |Q |Q [Q|Q[Q|Q|Q|Q[Q|QJQ[Q|Q[Q[QR]Q|Q[QR]Q|Q]|Q

OFFIOFFI Q |Q |Q [Q [Q[Q |Q|Q|Q[Q|Q|Q[Q|Q|Q|Q |P-QIP-Q[P-QJP-Q|OFF|OFF

OFFIOFFI Q |Q |Q [Q[Q[Q|Q|Q|Q[Q|QJQ[Q|Q[Q[QR|Q|Q[QR]Q|Q|Q

OFFOFF|Q |Q [Q|Q|QJQ|Q|QJQJQJQJQJQJQJQJQJQJQJQJQJQ|Q
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Figure 5.18: Daily DSTATCOM operations, year 70, P-Q mode limits: 0.92-0.99pu.
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5.7 Conclusions

Q-priority mode for the DSTATCOM voltage support of a SWER system was
presented in this chapter. Operating in this mode allows the DSTATCOM to use
reactive power as the preferred option and inject active power as needed to maintain
the voltage within the prescribed levels. The DSTATCOM is based on the newly
proposed droop characteristics, Qs-V to operate in Q-only mode and Ps-V to operate
in P-Q mode. Newton Raphson load flows have been modified to consider the newly
proposed droop characteristics allowing control of the system voltage. A hysteresis
control loop has been added to minimise the possibility of VAr circulation, as

discussed in previous chapters to reduce the need for active and reactive power.

The results presented using the new droop characteristics including hysteresis control
and subsequent implementation with a DSTATCOM in load flows show that the
system voltage is supported for all of the different load conditions. The Q-priority
mode operates properly and corrects the voltage by applying reactive power only
during lightly loaded periods and then uses active power injection when the voltage

issues are more significant during heavy load periods.

It has been shown that a system with DSTATCOM installed for voltage support
operating in Q-priority mode can be a practical solution if islanding is not an issue.
Even so, there are some solutions available such as communications between the
DSTATCOMs and circuit breakers. Other solutions to avoid islanding are to use the
DSTATCOMs with schemes named load power factor follow and correction modes,

which will be studied in the next chapter.
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CHAPTER 6

LOAD POWER FACTOR FOLLOW AND

CORRECTION DSTATCOM OPERATING MODES

6.1 Introduction

Different types of DSTATCOM operating modes, namely Q-Only and Q-Priority,
have been discussed and analysed in the last two chapters. The Q-Priority mode which
can operate in Q-only or P-Q modes depending on the load conditions is a practical
solution to support the SWER system. An added issue to be considered regarding this
type of operation is communication. As there is no communication between Circuit
Breakers (CBs) and DSTATCOM s in the network, the possibility of islanding in the
system is an issue. Even in the case of intentional islanding the identification of
frequency reference for phasor calculations of real and reactive power may be an issue.
To avoid islanding in the SWER system another type of DSTATCOM operating mode
will be introduced, i.e. load power factor follow mode. In this mode the DSTATCOM
system follows the load power factor and will not allow P and Q to be injected to the
grid under islanded conditions. As the load PF will be changing during the day, the
DSTATCOM will follow it, with active and reactive power injected proportional to
the load. Furthermore, another type of DSTATCOM operating scheme will be
introduced as load power factor correction mode. In this scheme, the net power factor
seen from the source will be improved via DSTATCOM operating at PF correction
mode. Therefore, there is no active power to be injected to support the voltage and the
DSTATCOM will be used as a source of reactive power to improve the net power

factor.
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6.2 DSTATCOM Load PF Follow Mode Operation

The DSTATCOM operating mode considered in this part is the load power factor
follow. In this type of operating mode the DSTATCOM monitors the load power
factor and will adjust the operating point accordingly. As the amount of active and
reactive power to be injected never exceeds that of the load there is no need to be
concerned about islanding of the system. In terms of safety, detecting an islanding
mode is an important issue for the control system and as all the DSTATCOMSs are
operating at the power factor of load, there is no possibility of injecting P and Q to the

network while islanding.

The DSTATCOM power injection in load PF follow mode operation is shown in
Figure 6.1. The DSTATCOM operating point is always located on a line at the load
power factor angle. To have the DSTATCOM operating on the above mentioned

mode, the following condition applies:

Droas = Pos (6.1)

Where: ¢road and ¢ps are the load and DSTATCOM operating angles respectively.

The only difference between the load and the DSTATCOM output is magnitude. The
operating point will change under different load conditions but the active and reactive
power components are always smaller than that of the load. As illustrated in Figure
6.1, load has increased and the DSTATCOM operating point with respect to Pps and
Qps components has changed accordingly to support the load voltage. To avoid

islanding issues in this mode, there are also two other conditions that have to be met:

PDS(Max) < PLoad(Max) (62)

QDS(Max) < QLoad(Max) (63)

Where: Ppsvax) 1S the maximum DSTATCOM active power output while the

respective load active power is Proadmax). Qps(max) is the maximum DSTATCOM
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reactive power output while the load reactive power maximum is QLoadMax). Applying
the above two conditions means that the amount of DSTATCOM active and reactive

power to be injected in to the system is not permitted to exceed that of the load.

QLoad(max)

QDS(max)

PDS(max) PLoad(max)

Figure 6.1: DSTATCOM power injection in load PF follow mode of operation.

6.3 Droop Characteristics

Considering that the DSTATCOM is operating in load PF follow mode, regardless of
the load size or how small the voltage problem is, the active and reactive power

injection will be applied at all times to support the voltage. The active and reactive
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power to be injected to the system via DSTATCOM will be calculated individually

using its own droop characteristics.

6.3.1 DSTATCOM Active Power -Voltage Droop

The active power-voltage (Ps-V) droop characteristic of the DSTATCOM load PF
follow mode is shown in Figure 6.2. It is significantly different compared to that of
the typical droop characteristics in terms of slope. The slope is a function of load size
(Ppi) and as the load is increases, the DSTATCOM active power Ps increases

correspondingly.

The droop control equation for active power voltage control is defined as:

Psi = KSpi (Vref - Ivi |)'PDi (6-4)

Where: Ppi is the active power demand at customer number i and Ksp; is a

coefficient.

[V 0w

A

» Ps (Kw)

Psi

Figure 6.2: Active power-voltage (Ps-V) droop characteristics.
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6.3.2 DSTATCOM Reactive Power-Voltage Droop

In Figure 6.3 the reactive power-voltage (Qs-V) droop characteristics of DSTATCOM
operating in load PF follow mode is shown. As can be seen the slope of the droop is
a function of load size (Qpi) and the DSTATCOM injected reactive power Qsi, which

will increase as the load grows.
The droop equation for reactive power voltage control is defined as:
Qsi = KSqi (Vref - |Vi |)'QDi (65)

Where: Qp;i is the reactive power demand of customer i and Ksqi is a coefficient.

[V ou)

4 (Qsi Vi)

Qsi > Qs (KVAr)

Figure 6.3: Reactive power-voltage (Qs-V) droop characteristics.
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6.3.3 Load Flow Study with Droop Implementation

The droop characteristic implementation of DSTATCOM load PF follow mode with
the Newton Raphson method will be studied in this section. Two different droop
characteristics, active power voltage (Ps-V) and reactive power voltage (Qs-V) as
shown in Figures 6.2 and 6.3 will be implemented in a load flow simulation. As the
DSTATCOM has to follow the load power factor in this mode, active and reactive
power to be injected to the system is a function of demand. To calculate the
DSTATCOM active power injected (Psi) and reactive power injected (Qsi) in the load
flow, equations (6.4) and (6.5) will be used.

6.3.4 Modified Jacobian Matrix Elements

As a result of installing the DSTATCOM as a new system power source, the Jacobian
matrix elements need to be modified. The active and reactive power at bus i including
the DSTATCOM operating in load PF follow mode are shown in Figures 6.4 (a) and
(b) respectively.

In the above mentioned figure, the net active and reactive power at bus i will be

calculated as follows:
Pi = (PGi - PDi) + KSpi Nref - Ivi |)'PDi (6'6)
Qi = (QGi - QDi) + qui (Vref - |Vi |)'QDi (67)

The total P and Q flowing in to bus i, for a converged solution are:

fP,i(é’V) = (PGi - PDi) + KSpi (Vref - |Vi |)'PDi - Zn: |Vk||Vi |[Gik COS(5k - 5i) - B, Sin(ék - 5i)] =0

(6.8)

fQ,i(5’V) = (QGi _QDi) + KSqi(Vref - |Vi |)'QDi + z |Vk||vi |[Bik COS(5k - §i) + Gik Sin(§k _§i)] =0

(6.9)
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Qoil
Busi
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Figure 6.4: (a) Active and (b) reactive power flow at bus i for DSTATCOM load PF follow mode.

The diagonal and off diagonal terms of Jacobian matrix will be calculated as follows:
Main-diagonal and off-diagonal terms of submatrix Ji1 are determined to be as:

fo 2
%: (QGi _QDi) + KSqi (Vref - IVi |)'QDi + |Vl| B“ (610)
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of ..
6_; - IVk ||Vi|[Gik sin(d, = 6,) + By, cos(, ~ )] (6.11)
k

Main-diagonal and off-diagonal elements of submatrix Ji2 are determined to be as:

fo. 2
il :[KSpi_(Pi_PDi)_IVi| Gii]/lvi| (6.12)

o]

Ote _ ~V,|[G, cos(5, - 5,) - B, sin(s5, —5,)] (6.13)

o]

Main-diagonal and off-diagonal terms of submatrix J.1 are determined to be as:

ofy )
oo = (Pa= PG, (6.14)
%z—[\/kn\/i“Bikcos(&k—5i)+Giksin(5k—5i)] (6.15)

Main-diagonal and off-diagonal elements of submatrix Jo2 are determined to be as:

of . ,
= [KSqi - (QGi _QDi)+ KSqiNref _[Vi |)'QDi _I\/i| Bii]/Ni| (616)

ol

ot _
= V/|[B, cos(5, - 5,) + G, sin(5, - 5))] (6.17)

o

With respect to the above equations, a load flow analysis will calculate the active and

reactive power to be injected via DSTATCOM required to support the network

voltage.
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6.4 Hysteresis Control Loop for Load Flow PF Follow Mode

A hysteretic control loop will be proposed for a DSTATCOM operating in load PF
follow mode. The state of the DSTATCOM will be based on the value of the voltage
at each customer, with defined upper and lower voltage boundaries. The hysteresis
control loop for load PF follow mode including DSTATCOM state is illustrated in
Figure 6.5. As can be seen, the lower threshold is 0.94pu which switches the
DSTATCOM load PF follow mode ON. The DSTATCOM will be switched OFF at a
voltage value of 0.99pu, as it is considered to be within normal tolerances. By contrast
with the other two introduced hysteresis control loops described in the last two
chapters, which considered the issue of high voltage, in this loop the DSTATCOM
will only follow the load and therefore no power is absorbed.

The hysteresis control loop details for DSTATCOM load PF follow mode

corresponding to Figure 6.5 is shown in Table 6.1.

DSTATCOM
Status

Load P.F Follow Mode c b > > D
ON

0.94 0.99 1.01 1.06

Voltage (pu)

Load P.F Follow Mode < <
OFF A

Figure 6.5: Hysteresis control loop for load PF follow mode showing DSTATCOM state.
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Table 6.1: Hysteresis control loop of DSTATCOM load PF follow corresponding with Figure 6.5

Position on Voltage Customer Voltage | DSTATCOM Qs & Ps Status
Hysteresis Loop (pu) Status Status
AB 0.94 Low Voltage OFF — ON To be injected
BD 0.94-0.99 Allowable range ON Is injecting
DE 0.99 Normal ON — OFF Injection terminated
EA 0.90-0.94 Allowable range OFF No injection

6.5 DSTATCOM Load Flow PF Follow Mode Flowchart

The DSTATCOM load PF follow mode flowchart is shown in Figure 6.6. as expected
there are similarities with Figures 4.6 and 5.5 the main difference in this case is the
use of load power factor information to determine the operating point of the
DSTATCOM.

6.6 Hysteresis Control Loop for Load Flow PF Correction Mode

The load PF follow scheme is an effective DSTATCOM operation mode to support
the voltage but an expensive solution. In this part of study another type of
DSTATCOM operating scheme will be introduced. In this mode the DSTATCOM will
be used as a source of reactive power and the net power factor will be improved.
Correcting load power factor in SWER network is one of the ways to increase the
voltage and this scheme of operation will be considered as a voltage support mode.
Comparing to load PF follow mode, in this scheme everything will stay the same
except Kspi is equal to zero as there is no injection of active power to improve the load

power factor.

A hysteretic control loop will be proposed for a DSTATCOM operating in load PF
correction mode. The state of the DSTATCOM will be based on the value of the
voltage at each customer, with defined upper and lower voltage boundaries. The
hysteresis control loop for load PF correction scheme including DSTATCOM state is
illustrated in Figure 6.7. As can be seen, the lower threshold is 0.94pu which activates
the DSTATCOM load PF correction mode and the load power factor will be improved.
The DSTATCOM will be deactivated at a voltage value of 0.99pu, as it is considered

to be within normal tolerances.
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The hysteresis control loop details for DSTATCOM load PF correction mode

corresponding to Figure 6.7 is shown in Table 6.2.
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‘ Read the load profile and its power factor ‘

}

‘ Set the values for Vref, Kgi and Kpi ‘

]

‘ Read the load flow data & form the Y bus ‘

‘Assume initial bus voltages‘

|

=} Set the self iteration count ‘

Calculate Psi & Qsi

‘ Calculate Active and Reactive power mismatch ‘

}

‘ Calculate the Jacobian Matrix Elements ‘

}

‘ Update the bus voltages Vi ‘

Switch the DSTATCOM ON

Switch the DSTATCOM OFF

Set the DSTATCOM to operate at calculated Qsi & Psi

l

‘ Print the values of Vi ‘

!

All the customers are operating at normal voltage level

END

Figure 6.6: DSTATCOM load PF follow mode flowchart.

147




DSTATCOM
Status

Load P.F Correction c al - > D
Mode ON

Voltage (pu)

Load P.F Correction < -
Mode OFF A

Figure 6.7: Hysteresis control loop for load PF correction mode showing DSTATCOM state.

Table 6.2: Hysteresis control loop of DSTATCOM load PF correction corresponding with Figure 6.7

Position on Voltage Customer Voltage | DSTATCOM | Load Power Factor
Hysteresis Loop (pu) Status Status Status
AB 0.94 Low Voltage OFF — ON To be corrected
BD 0.94-0.99 Allowable range ON Is correcting
DE 0.99 Normal ON — OFF Correction terminated
EA 0.90-0.94 Allowable range OFF No correction

6.7 Case Study

An existing SWER system in Richmond, Queensland, Australia with 126 nodes and

49 customers is shown in Figure 3.23 and will be studied in this section.

6.7.1 Load PF Follow Mode Results

The DSTATCOM will be operating at a given load power factor but always at a lower
output level than the load. The two conditions for the rated active and reactive power
injected for DSTATCOM from equations (6.3) and (6.4) will be considered as:
Psi < 80%.Pp;i (6.18)
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Qsi < 80%.Qpi (6.19)

Results for DSTATCOM operation at customer 41 for a 24 hours period in year 70
with a given power factor of 0.9 is shown in Figure 6.8. The load power (shown with
a blue bar) is always followed by The DSTATCOM output power (shown with a red
bar) while it is switched ON. During the first 4 hours of the day the load is light and
the voltage is operating within normal tolerances (Figure 6.9), the DSTATCOM has
been switched OFF and there is no supporting power injection. The morning load rose
from time 5:00; where the voltage dropped below the lower band level of 0.94pu and
the DSTATCOM switched ON to load PF follow mode. The corresponding system
voltages with and without the DSTATCOM as per Figure 6.8 are shown in Figure 6.9.

To study the operation of the DSTATCOM, another customer that is located at the end
of the SWER line, customer 49, with more significant voltage issues will be studied.
The results are shown in Figures 6.10 and 6.11. As can be seen, the voltage corrections
now start 2 hours earlier due to the effects of this customer. The voltage in this case

has to be supported for the whole day via DSTATCOM to be kept within tolerances.

The loads of all customers without and with DSTATCOM over a 24 hours period with
three different power factors, 0.9, 0.8 and 0.7, in year 70 are illustrated in Figures 6.12
and 6.13 respectively. All the customers have been fully supported from a voltage
point of view via DSTATCOM operating in load PF follow mode with no islanding
potential.
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Figure 6.6: Daily load profile and DSTATCOM operation with PF 0.9 of customer 41 in year 70
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Figure 6.10: Daily load conditions of all customers with three different power factors, 0.9, 0.8 and 0.7,
year 70 with no DSTATCOM s in the network.

The state of the DSTATCOMs in load PF follow mode for all 49 customers in three
different load power factors, 0.9, 0.8 and 0.7 over a 24 hours period in year 70 are
shown in Tables 6.3, 6.4 and 6.5 respectively. The OFF state means there is no voltage
issue in the system and there is no need to run any voltage support equipment. The P-
Q situation shows that a voltage problem is detected and that the DSTATCOM s

switched ON to tackle the issue.

6.7.2 Load PF Correction Mode Results

The DSTATCOM will be operating at load PF correction scheme but always at a lower
reactive power output level than the reactive power of the load. The condition for the
rated reactive power injected for DSTATCOM from equation (6.4) will be considered

as.

Qsi < Qoi (6.20)
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Figure 6.11: Daily DSTATCOM operation, load PF follow mode, all customers with three different
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Results for the system load power factor using DSTATCOM operating at load PF
correction scheme in 24 hours of year 40 for three different power factors of 0.9, 0.8
and 0.7 are shown in Tables 6.6, 6.8 and 6.10 respectively. System voltage profile with
DSTATCOM operating in load PF correction mode corresponded with above
mentioned Tables are shown in Tables 6.7, 6.9 and 6.11 respectively. As can be seen
the net power factor at year 40 has been improved and the voltage is fully supported
in this scheme while the DSTATCOM has been activated. It has to be noted that this
scheme has been only effective by year 40 and will not be able to support the voltage

after that which shows its limited effectiveness.
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Table 6.3: DSTATCOM state, load PF follow mode, year 70, load PF of 0.9

CUSHR 1(2|3|4|5]|6]|7|8|9|10(11]12|13]|14|15|16(|17(18[19(20|21|22|23|24
1 |orr|oFr|oFF|oFF|OFF|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q | P-Q | P-Q|P-Q[P-Q[P-Q[P-Q|P-Q|P-Q|P-Q|P-Q |P-Q
2 |orr|oFF|oFF|oFF|oFF|P-Q[P-Q|P-Q|P-Q[P-Q|P-Q|P-Q[P-Q|P-Q|P-Q[P-Q|P-Q|P-Q|P-Q|P-Q| P-Q|P-Q[P-Q [P-Q
3 |orF|oFF|oFF|oFF|OFF|P-Q[P-Q|P-Q|P-Q[P-Q|P-Q|P-Q[P-Q|P-Q|P-Q[P-Q|P-Q|P-Q|P-Q|P-Q| P-Q|P-Q[P-Q [P-Q
4 |oFr|oFF|oFF|oFF|oFF|P-Q|P-Q|P-Q|P-Q|P-Q[P-Q[P-Q[P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q | P-Q
5  |oFF|oFF|oFF|oFF|oFF|P-Q|P-Q|P-Q|P-Q|P-Q[P-Q[P-Q[P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q |P-Q
6  |oFF|oFF|oFF|oFF|oFF|P-Q|P-Q|P-Q|P-Q|P-Q[P-Q[P-Q[P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q [P-Q
7 |oFF|oFF|oFF|oFF|oFF|P-Q|P-Q|P-Q | P-Q|P-Q[P-Q[P-Q[P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q| P-Q|P-Q [P-Q
8  |orr|oFr|oFF|oFF|oFF|P-Q[P-Q|P-Q|P-Q[P-Q|P-Q|P-Q[P-Q|P-Q|P-Q[P-Q[P-Q|P-Q|P-Q|P-Q|P-Q|P-Q[P-Q [P-Q
9 |oFF|oFF|oFF|oFF|oFF|P-Q|P-Q|P-Q|P-Q|P-Q[P-Q[P-Q[P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q | P-Q
10  |oFF|oFF|oFF|oFF|oFF|P-Q|P-Q|P-Q[P-Q|P-Q[P-Q[P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q [P-Q
11 |oFF|oFF|oFF|OFF|OFF|P-Q|P-Q|P-Q|P-Q|P-Q[P-Q[P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q| P-Q| P-Q| P-Q| P-Q [P-Q
12 |oFF|oFF|OFF|OFF|OFF|P-Q|P-Q|P-Q|P-Q|P-Q[P-Q[P-Q[P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q| P-Q| P-Q| P-Q [P-Q
13 |oFF|oFF|oFF|oFF|OFF|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q[P-Q|P-Q|P-Q|P-|P-Q|P-Q|P-Q[P-Q| P-Q|P-Q[P-Q [P-Q
14  |oFF|oFF|oFF|oFF|oFF|P-Q|P-Q|P-Q[P-Q|P-Q[P-Q[P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q| P-Q| P-Q| P-Q| P-Q [ P-Q
15  |oFF|oFF|oFF|oFF|OFF|P-Q|P-Q|P-Q[P-Q|P-Q[P-Q[P-Q[P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q [P-Q
16 |oFF|oFF|oFF|oFF|P-Q|P-Q|P-Q|P-Q[P-Q|P-Q[P-Q[P-Q[P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q| P-Q|P-Q|P-Q [P-Q
17 |oFF|oFF|oFF|OFF|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q[P-Q[P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q| P-Q| P-Q| P-Q [P-Q
18 |oFF|oFF|OFF|OFF|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q[P-Q[P-Q[P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q| P-Q| P-Q [P-Q
19 |oFF|oFF|oFF|oFF|P-Q|P-Q|P-Q|P-Q|P-Q[P-Q|P-Q|P-Q[P-Q|P-Q|P-Q[P-Q|P-Q|P-Q|P-Q[P-Q| P-Q|P-Q[P-Q [P-Q
20  |oFF|oFF|oFF|oFF|P-Q|P-Q|P-Q|P-Q[P-Q|P-Q[P-Q[P-Q[P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q| P-Q|P-Q| P-Q [P-Q
21 |oFF|oFF|oFF|oFF|oFF|P-Q|P-Q|P-Q[P-Q|P-Q[P-Q[P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q| P-Q| P-Q| P-Q|P-Q [P-Q
22 |oFF|oFF|oFF|oFF|OFF|P-Q|P-Q|P-Q|P-Q|P-Q[P-Q[P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q| P-Q| P-Q| P-Q| P-Q [P-Q
23 |oFF|oFF|oFF|OFF|OFF|P-Q|P-Q|P-Q | P-Q|P-Q[P-Q[P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q| P-Q| P-Q| P-Q| P-Q| P-Q [P-Q
24 |oFF|oFF|oFF|oFF|oFF|P-Q|P-Q|P-Q|P-Q[P-Q|P-Q|P-Q[P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q[P-Q| P-Q|P-Q[P-Q [P-Q
25  |oFF|oFF|oFF|OFF|P-Q|P-Q|P-Q|P-Q|P-Q[P-Q|P-Q|P-Q[P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q[P-Q| P-Q|P-Q[P-Q [P-Q
26 |oFF|oFF|oFF|oFF|P-Q|P-Q|P-Q|P-Q[P-Q|P-Q[P-Q[P-Q[P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q| P-Q| P-Q| P-Q [ P-Q
27 |oFF|oFF|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q[P-Q[P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q| P-Q| P-Q| P-Q| P-Q| P-Q [ P-Q
28 |oFF|oFF|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q[P-Q[P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q| P-Q| P-Q| P-Q| P-Q [ P-Q
29 |oFF|oFF|oFF|oFF|oFF|P-Q|P-Q|P-Q|P-Q[P-Q|P-Q|P-Q[P-Q|P-Q|P-Q[P-|P-Q|P-Q|P-Q[P-Q|P-Q|P-Q[P-Q [P-Q
30 |orr|oFF|oFF|oFF|oFF|P-Q|P-Q|P-Q|P-Q|P-Q[P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q | P-Q
31 |oFF|oFr|oFr|oFF|oFF|P-Q[P-Q[P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q[P-Q[P-Q | P-Q
32  |oFF|oFF|oFF|oFF|oFF|P-Q|P-Q[P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q[P-Q[P-Q | P-Q
33 |oFF|oFF|oFF|oFF|P-Q[P-Q|P-Q[P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q | P-Q[P-Q[P-Q | P-Q
34 |oFF|oFF|oFF|oFF|P-Q[P-Q[P-Q[P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q | P-Q[P-Q[P-Q | P-Q
35 |oFF|oFF|oFF|OFF|P-Q[P-Q[P-Q[P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q[P-Q|P-Q | P-Q
36 |oFF|oFF|oFF|oFF|oFF|P-Q[P-Q[P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q | P-Q | P-Q[P-Q[P-Q | P-Q
37 |oFF|oFF|oFF|oFF|oFF|P-Q[P-Q[P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q[P-Q[P-Q | P-Q
38 |oFF|oFF|oFF|oFF|oFF|P-Q|P-Q[P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q[P-Q[P-Q | P-Q
39 |oFF|oFF|oFF|oFF|oOFF|P-Q[P-Q[P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q | P-Q[P-Q[P-Q | P-Q
40  |oFF|oFF|oFF|oFF|OFF|P-Q[P-Q[P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q | P-Q | P-Q[P-Q|P-Q | P-Q
41 |orFr|oFF|oFF|oFF|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q[P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q | P-Q
42 |orr|oFF|P-Q|P-Q|P-Q[P-Q[P-Q[P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q | P-Q | P-Q[P-Q[P-Q | P-Q
43 |oFF|oFF|P-Q|P-Q|P-Q[P-Q[P-Q[P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q | P-Q | P-Q[P-Q[P-Q | P-Q
44 |oFr|oFF|P-Q|P-Q|P-Q[P-Q|P-Q[P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q | P-Q | P-Q[P-Q|P-Q | P-Q
45  |oFF|oFF|P-Q|P-Q|P-Q[P-Q[P-Q[P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q | P-Q[P-Q|P-Q | P-Q
46 |oFF|oFF|P-Q|P-Q|P-Q[P-Q[P-Q[P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q[P-Q[P-Q | P-Q
47  |orFr|oFF|P-Q|P-Q|P-Q[P-Q[P-Q[P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q | P-Q | P-Q | P-Q|P-Q | P-Q
48  |oFF|oFF|P-Q|P-Q|P-Q[P-Q[P-Q[P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q[P-Q[P-Q | P-Q
49  |oFF|oFF|P-Q|P-Q|P-Q[P-Q[P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q | P-Q | P-Q [ P-Q[P-Q|P-Q
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Table 6.4: DSTATCOM state, load PF follow mode, year 70, load PF of 0.8

CUSHR 112 (3|4 |5(6|7|8|9]10(11(12|13|14(15|16|17|18|19|20|21|22|23 |24
1 |OFF|OFF|OFF|OFF|OFF|OFF|P-Q|P-Q|P-Q|P-Q| P-Q|P-Q[P-Q|P-Q|P-Q[P-Q|P-Q|P-Q[P-Q | P-Q| P-Q|P-Q [ P-Q [P-Q
2 |OFF|OFF|OFF|OFF|OFF|OFF|P-Q |P-Q|P-Q[P-Q[P-Q|P-Q|P-Q[P-Q|P-Q|P-Q[P-Q|P-Q|P-Q[P-Q [ P-Q | P-Q|P-Q | P-Q
3 |OFF|OFF|OFF|OFF|OFF|P-Q[P-Q|P-Q|P-Q[P-Q|P-Q|P-Q|P-Q[P-Q|P-Q|P-Q[P-Q|P-Q|P-Q[P-Q [ P-Q|P-Q|P-Q | P-Q
4 |OFF|OFF|OFF|OFF|OFF|P-Q[P-Q|P-Q|P-Q[P-Q[P-Q|P-Q|P-Q[P-Q|P-Q|P-Q[P-Q|P-Q|P-Q[P-Q [ P-Q|P-Q|P-Q | P-Q
5  |OFF|OFF|OFF|OFF|OFF|P-Q[P-Q|P-Q|P-Q[P-Q|P-Q|P-Q|P-Q[P-Q|P-Q|P-Q[P-Q|P-Q|P-Q[P-Q | P-Q|P-Q|P-Q | P-Q
6 |orr|oFF|oFF|oFF|oFF|P-Q[P-Q|P-Q|P-Q[P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q[P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q | P-Q
7 |orr|oFF|oFF|oFF|oFF|oFF|P-Q | P-Q|P-Q[P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q[P-Q|P-Q|P-Q|P-Q | P-Q|P-Q|P-Q | P-Q
8  |orF|oFF|oFF|oFF|oFF|oFF|P-Q|P-Q|P-Q[P-Q|P-Q|P-Q|P-Q[P-Q|P-Q|P-Q[P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q | P-Q
9 |oFF|oFF|oFF|oFF|OFF|OFF|P-Q |P-Q|P-Q[P-Q|P-Q|P-Q|P-Q[P-Q|P-Q|P-Q[P-Q|P-Q|P-Q|P-Q | P-Q|P-Q|P-Q | P-Q
10 |OFF|OFF|OFF|OFF|OFF|OFF|P-Q [P-Q|P-Q[P-Q[P-Q|P-Q|P-Q[P-Q|P-Q|P-Q[P-Q |P-Q|P-Q[P-Q [ P-Q|P-Q|P-Q | P-Q
11  |OFF|OFF|OFF|OFF|OFF|OFF|P-Q [P-Q|P-Q[P-Q[P-Q|P-Q|P-Q[P-Q|P-Q|P-Q|P-Q |P-Q|P-Q[P-Q | P-Q|P-Q|P-Q | P-Q
12 |OFF|OFF|OFF|OFF|OFF|P-Q[P-Q|P-Q|P-Q[P-Q|P-Q|P-Q|P-Q[P-Q|P-Q|P-Q|P-Q|P-Q|P-Q[P-Q | P-Q|P-Q|P-Q | P-Q
13 |OFF|OFF|OFF|OFF|OFF|P-Q[P-Q |P-Q|P-Q[P-Q|P-Q|P-Q|P-Q[P-Q|P-Q|P-Q|P-Q|P-Q|P-Q[P-Q | P-Q|P-Q|P-Q | P-Q
14 |OFF|OFF|OFF|OFF|OFF|P-Q[P-Q |P-Q|P-Q[P-Q|P-Q|P-Q|P-Q[P-Q|P-Q|P-Q|P-Q |P-Q|P-Q[P-Q | P-Q|P-Q|P-Q | P-Q
15 |OFF|OFF|OFF|OFF|OFF|P-Q[P-Q |P-Q|P-Q[P-Q|P-Q|P-Q|P-Q[P-Q|P-Q|P-Q|P-Q |P-Q|P-Q[P-Q | P-Q| P-Q|P-Q | P-Q
16 |OFF|OFF|P-Q[P-Q|P-Q|P-Q[P-Q|P-Q|P-Q[P-Q|P-Q|P-Q|P-Q[P-Q|P-Q|P-Q|P-Q|P-Q|P-Q[P-Q|P-Q|P-Q|P-Q |P-Q
17 |OFF|OFF|P-Q[P-Q|P-Q|P-Q[P-Q|P-Q|P-Q[P-Q|P-Q|P-Q|P-Q[P-Q|P-Q|P-Q|P-Q|P-Q|P-Q[P-Q|P-Q|P-Q|P-Q |P-Q
18 |OFF|OFF|P-Q[P-Q|P-Q|P-Q[P-Q|P-Q|P-Q[P-Q|P-Q|P-Q|P-Q[P-Q|P-Q|P-Q|P-Q|P-Q|P-Q[P-Q|P-Q|P-Q|P-Q |P-Q
19  |oFF|oFF|P-Q|P-Q|P-Q|P-Q|P-Q[P-Q[P-Q[P-Q[P-Q[P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q| P-Q|P-Q|P-Q|P-Q | P-Q
20 |oFF|oFF|P-Q|P-Q|P-Q|P-Q|P-Q[P-Q[P-Q[P-Q[P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q| P-Q| P-Q|P-Q|P-Q | P-Q
21 |oFF|oFF|P-Q[P-Q|P-Q|P-Q[P-Q|P-Q|P-Q[P-Q|P-Q|P-Q|P-Q[P-Q|P-Q|P-Q|P-Q|P-Q|P-Q[P-Q | P-Q| P-Q|P-Q | P-Q
22 |oFF|oFF|P-Q[P-Q|P-Q|P-Q|P-Q|P-Q|P-Q[P-Q|P-Q|P-Q|P-Q[P-Q|P-Q|P-Q|P-Q|P-Q|P-Q[P-Q | P-Q| P-Q|P-Q | P-Q
23 |oFF|oFF|P-Q[P-Q|P-Q|P-Q[P-Q|P-Q|P-Q[P-Q|P-Q|P-Q|P-Q[P-Q|P-Q|P-Q|P-Q|P-Q|P-Q[P-Q|P-Q|P-Q|P-Q | P-Q
24 |oFF|oFF|P-Q[P-Q|P-Q|P-Q[P-Q|P-Q|P-Q[P-Q|P-Q|P-Q|P-Q[P-Q|P-Q|P-Q|P-Q|P-Q|P-Q[P-Q|P-Q|P-Q|P-Q | P-Q
25 |oFF|oFF|P-Q[P-Q|P-Q|P-Q[P-Q|P-Q|P-Q[P-Q|P-Q|P-Q|P-Q[P-Q|P-Q|P-Q|P-Q|P-Q|P-Q[P-Q|P-Q|P-Q|P-Q | P-Q
26 |OFF|OFF|P-Q[P-Q|P-Q|P-Q[P-Q|P-Q|P-Q[P-Q|P-Q|P-Q|P-Q[P-Q|P-Q|P-Q|P-Q|P-Q|P-Q[P-Q|P-Q|P-Q|P-Q | P-Q
27 |OFF|OFF|P-Q[P-Q|P-Q|P-Q[P-Q|P-Q|P-Q[P-Q|P-Q|P-Q|P-Q[P-Q|P-Q|P-Q|P-Q|P-Q|P-Q[P-Q|P-Q|P-Q|P-Q | P-Q
28 |OFF|OFF|P-Q[P-Q|P-Q|P-Q[P-Q|P-Q|P-Q[P-Q|P-Q|P-Q|P-Q[P-Q|P-Q|P-Q|P-Q|P-Q|P-Q[P-Q|P-Q|P-Q|P-Q | P-Q
29 |OFF|OFF|P-Q[P-Q|P-Q|P-Q[P-Q|P-Q|P-Q[P-Q|P-Q|P-Q|P-Q[P-Q|P-Q|P-Q|P-Q|P-Q|P-Q[P-Q|P-Q|P-Q|P-Q | P-Q
30  |oFF|oFF|P-Q|P-Q[P-Q|P-Q|P-Q[P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q[P-Q|P-Q|P-Q[P-Q|P-Q|P-Q|P-Q|P-Q|P-Q | P-Q
31  |oFF|oFF|P-Q|P-Q[P-Q|P-Q|P-Q[P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q[P-Q|P-Q|P-Q[P-Q|P-Q|P-Q|P-Q|P-Q|P-Q | P-Q
32 |orr|oFF|P-Q|P-|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q[P-Q|P-Q| P-Q|P-Q|P-Q|P-Q | P-Q
33 |oFF|oFF|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q[P-Q|P-Q| P-Q|P-Q|P-Q|P-Q | P-Q
34 |oFr|oFF|P-Q|P-Q|P-Q|P-Q|P-Q[P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q[P-Q|P-Q| P-Q|P-Q|P-Q|P-Q | P-Q
35 |oFF|oFF|P-Q|P-Q|P-Q|P-Q|P-Q[P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q[P-Q|P-Q| P-Q|P-Q|P-Q|P-Q | P-Q
36 |oFF|oFF|P-Q|P-Q[P-Q|P-Q|P-Q[P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q[P-Q|P-Q|P-Q[P-Q|P-Q|P-Q|P-Q|P-Q|P-Q | P-Q
37  |oFr|oFF|P-Q|P-Q[P-Q|P-Q|P-Q[P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q[P-Q|P-Q|P-Q|P-Q|P-Q|P-Q | P-Q
38 |oFF|oFF|P-Q|P-Q[P-Q|P-Q|P-Q[P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q[P-Q|P-Q|P-Q|P-Q|P-Q|P-Q | P-Q
39  |oFF|oFF|P-Q|P-Q[P-Q|P-Q|P-Q[P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q[P-Q|P-Q|P-Q|P-Q|P-Q|P-Q | P-Q
40  |oFF|oFF|P-Q|P-Q[P-Q|P-Q|P-Q[P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q[P-Q|P-Q|P-Q|P-Q|P-Q|P-Q | P-Q
41  |oFF|oFF|P-Q|P-Q[P-Q|P-Q|P-Q[P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q[P-Q|P-Q|P-Q[P-Q|P-Q|P-Q|P-Q|P-Q|P-Q | P-Q
42 |oFF|oFF|P-Q|P-Q[P-Q|P-Q|P-Q[P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q[P-Q|P-Q|P-Q[P-Q|P-Q|P-Q|P-Q|P-Q|P-Q | P-Q
43 |oFF|oFF|P-Q|P-Q[P-Q|P-Q|P-Q[P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q[P-Q|P-Q|P-Q[P-Q|P-Q|P-Q|P-Q|P-Q|P-Q | P-Q
44 |oFF|oFF|P-Q|P-Q[P-Q|P-Q|P-Q[P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q[P-Q|P-Q|P-Q[P-Q|P-Q|P-Q|P-Q|P-Q|P-Q | P-Q
45  |oFF|oFF|P-Q|P-Q|P-Q[P-Q[P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q[P-Q[P-Q|P-Q | P-Q
46 |oFr|oFF|P-Q|P-Q|P-Q|P-Q|P-Q[P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q[P-Q|P-Q|P-Q|P-Q|P-Q|P-Q | P-Q
47 |orr|oFF|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q[P-Q|P-Q| P-Q|P-Q|P-Q|P-Q | P-Q
48 |orFr|oFF|P-Q|P-Q[P-Q|P-Q|P-Q[P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q[P-Q|P-Q|P-Q[P-Q|P-Q|P-Q|P-Q|P-Q|P-Q | P-Q
49  |oFr|oFF|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q| P-Q| P-Q|P-Q | P-Q| P-Q| P-Q | P-Q| P-Q | P-Q
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Table 6.5: DSTATCOM state, load PF follow mode, year 70, load PF of 0.7

CUSHR 1(2(3|4|5|6]|7|8]|9(10(11|12|13|14|15|16|17|18|19|20(21|22|23|24
1 |orFr|oFr|oFF|oFF|oFF|OFF|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q | P-Q | P-Q [ P-Q | P-Q [P-Q[P-Q | P-Q
2 |orr|orF|oFF|oFF|oFF|oFF|P-Q|P-Q|P-Q|P-Q|P-Q | P-Q [P-Q|P-Q|P-Q[P-Q[P-Q[P-Q|P-Q|P-Q|P-Q|P-Q|P-Q [ P-Q
3 |oFF|oFF|oFF|oFF|oFF|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q[P-Q|P-Q|P-Q[P-Q[P-Q[P-Q|P-Q|P-Q|P-Q|P-Q|P-Q | P-Q
4 |oFF|oFF|oFF|oFF|oFF|P-Q[P-Q|P-Q|P-Q[P-Q[P-Q[P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q |P-Q
5  |oFF|oFF|oFF|oFF|oFF|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q[P-Q[P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q |P-Q
6 |orr|orr|oFF|oFF|oFF|P-Q[P-Q|P-Q|P-Q[P-Q|P-Q|P-Q[P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q[P-Q [P-Q
7 |orr|orF|oFF|oFF|oFF|oFF|P-Q|P-Q|P-Q|P-Q|P-Q | P-Q [P-Q | P-Q[P-Q[P-Q[P-Q[P-Q|P-Q|P-Q|P-Q|P-Q|P-Q [P-Q
8  |orF|oFF|oFF|oFF|oFF|oFF|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q[P-Q|P-Q|P-Q[P-Q[P-Q[P-Q|P-Q|P-Q|P-Q|P-Q|P-Q |P-Q
9  |oFr|oFF|oFF|oFF|oFF|oFF|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q[P-Q|P-Q|P-Q[P-Q[P-Q[P-Q|P-Q|P-Q|P-Q|P-Q|P-Q | P-Q
10  |oFF|oFF|oFF|oFF|oFF|oFF|P-Q|P-Q|P-Q | P-Q|P-Q|P-Q [P-Q[P-Q[P-Q[P-Q[P-Q[P-Q|P-Q|P-Q|P-Q|P-Q|P-Q [P-Q
11 |oFF|oFF|oFF|oFF|oFF|oFF|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q[P-Q|P-Q|P-Q[P-Q [P-Q
12 |oFF|oFF|oFF|oFF|oFF|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q[P-Q[P-Q|P-Q[P-Q[P-Q[P-Q|P-Q|P-Q|P-Q|P-Q|P-Q | P-Q
13 |oFF|oFF|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q[P-Q|P-Q[P-Q[P-Q[P-Q|P-Q|P-Q|P-Q|P-Q|P-Q | P-Q
14 |oFF|oFF|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q[P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q | P-Q
15  |oFF|oFF|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q[P-Q[P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q | P-Q
16  |orF|orF|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q[P-Q|P-Q|P-Q[P-Q[P-Q|P-Q|P-Q|P-Q|P-Q|P-Q | P-Q
17 |oFF|oFF|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q[P-Q|P-Q[P-Q[P-Q[P-Q|P-Q|P-Q|P-Q|P-Q|P-Q | P-Q
18 |oFF|oFF|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q[P-Q[P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q | P-Q
19  |oFF|oFF|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q[P-Q[P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q | P-Q
20  |oFF|oFF|P-Q|P-Q|P-Q|P-Q[P-Q[P-Q[P-Q[P-Q[P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q| P-Q| P-Q| P-Q| P-Q| P-Q [P-Q
21 |oFF|oFF|P-Q|P-Q|P-Q|P-Q[P-Q[P-Q|P-Q[P-Q[P-Q[P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q| P-Q| P-Q| P-Q| P-Q| P-Q [ P-Q
22 |oFF|oFF|P-Q|P-Q|P-Q|P-Q[P-Q[P-Q[P-Q[P-Q[P-Q[P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q| P-Q| P-Q| P-Q| P-Q [P-Q
23 |oFF|oFF|P-Q|P-Q|P-Q|P-Q[P-Q[P-Q[P-Q[P-Q[P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q| P-Q| P-Q| P-Q| P-Q| P-Q [P-Q
24 |oFF|oFF|P-Q|P-Q|P-Q|P-Q[P-Q[P-Q[P-Q[P-Q[P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q| P-Q| P-Q| P-Q| P-Q| P-Q [P-Q
25  |oFF|oFF|P-Q|P-Q|P-Q|P-Q[P-Q[P-Q[P-Q[P-Q[P-Q[P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q| P-Q|P-Q| P-Q| P-Q| P-Q [P-Q
26  |oFF|oFF|P-Q|P-Q|P-Q|P-Q[P-Q[P-Q|P-Q[P-Q[P-Q[P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q| P-Q| P-Q| P-Q| P-Q [ P-Q
27  |oFF|oFF|P-Q|P-Q|P-Q|P-Q[P-Q[P-Q[P-Q[P-Q[P-Q[P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q| P-Q| P-Q| P-Q [ P-Q
28 |oFF|oFF|P-Q|P-Q|P-Q|P-Q[P-Q[P-Q[P-Q[P-Q[P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q| P-Q| P-Q| P-Q| P-Q| P-Q [P-Q
29  |oFF|oFF|P-Q|P-Q|P-Q|P-Q[P-Q[P-Q[P-Q[P-Q[P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q| P-Q| P-Q| P-Q| P-Q| P-Q [ P-Q
30 |oFF|oFF|P-Q|P-Q|P-Q|P-Q[P-Q[P-Q[P-Q[P-Q[P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q| P-Q| P-Q| P-Q [P-Q
31 |oFF|oFF|P-Q|P-Q|P-Q|P-Q[P-Q[P-Q|P-Q[P-Q[P-Q[P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q| P-Q| P-Q| P-Q| P-Q [ P-Q
32 |oFF|oFF|P-Q|P-Q|P-Q|P-Q[P-Q[P-Q[P-Q[P-Q[P-Q[P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q| P-Q| P-Q| P-Q| P-Q| P-Q [ P-Q
33 |oFF|oFF|P-Q|P-Q|P-Q|P-Q[P-Q[P-Q[P-Q[P-Q[P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q| P-Q| P-Q| P-Q| P-Q| P-Q [P-Q
34 |oFF|oFF|P-Q|P-Q|P-Q|P-Q[P-Q[P-Q[P-Q[P-Q[P-Q[P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q| P-Q|P-Q| P-Q| P-Q| P-Q [P-Q
35 |oFF|oFF|P-Q|P-Q|P-Q|P-Q[P-Q[P-Q[P-Q[P-Q[P-Q[P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q| P-Q|P-Q| P-Q| P-Q| P-Q [P-Q
36 |oFF|oFF|P-Q|P-Q|P-Q|P-Q[P-Q[P-Q[P-Q[P-Q[P-Q[P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q| P-Q| P-Q| P-Q [P-Q
37  |oFF|oFF|P-Q|P-Q|P-Q|P-Q[P-Q[P-Q[P-Q[P-Q[P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q| P-Q| P-Q| P-Q| P-Q| P-Q [P-Q
38 |oFF|oFF|P-Q|P-Q|P-Q|P-Q[P-Q[P-Q|P-Q[P-Q[P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q| P-Q| P-Q| P-Q| P-Q| P-Q [P-Q
39  |oFF|oFF|P-Q|P-Q|P-Q|P-Q[P-Q[P-Q|P-Q[P-Q[P-Q[P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q| P-Q| P-Q| P-Q| P-Q| P-Q [P-Q
40  |oFF|oFF|P-Q|P-Q|P-Q|P-Q[P-Q[P-Q[P-Q[P-Q[P-Q[P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q| P-Q|P-Q| P-Q|P-Q|P-Q [P-Q
41  |ofF|oFF|P-Q|P-Q|P-Q|P-Q[P-Q[P-Q[P-Q[P-Q[P-Q[P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q| P-Q| P-Q| P-Q [P-Q
42 |oFF|oFF|P-Q|P-Q|P-Q|P-Q[P-Q[P-Q[P-Q[P-Q[P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q| P-Q| P-Q| P-Q| P-Q| P-Q [P-Q
43 |oFF|oFF|P-Q|P-Q|P-Q|P-Q[P-Q[P-Q[P-Q[P-Q[P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q| P-Q| P-Q| P-Q| P-Q| P-Q [P-Q
44 |oFF|oFF|P-Q|P-Q|P-Q|P-Q[P-Q[P-Q[P-Q[P-Q[P-Q[P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q| P-Q|P-Q| P-Q| P-Q| P-Q [P-Q
45  |orFF|oFF|P-Q|P-Q|P-Q|P-Q[P-Q[P-Q|P-Q[P-Q[P-Q[P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q| P-Q| P-Q| P-Q| P-Q [ P-Q
46 |oFF|oFF|P-Q|P-Q|P-Q|P-Q[P-Q[P-Q[P-Q[P-Q[P-Q[P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q| P-Q| P-Q| P-Q [P-Q
47  |oFF|oFF|P-Q|P-Q|P-Q|P-Q[P-Q[P-Q[P-Q[P-Q[P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q| P-Q| P-Q| P-Q| P-Q| P-Q [P-Q
48  |oFF|oFF|P-Q|P-Q|P-Q|P-Q[P-Q[P-Q|P-Q[P-Q[P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q| P-Q|P-Q| P-Q| P-Q| P-Q [P-Q
49  |oFF|OFF|P-Q|P-Q[P-Q|P-Q[P-Q[P-Q[P-Q[P-Q[P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q|P-Q| P-Q| P-Q| P-Q| P-Q| P-Q [ P-Q
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Table 6.6: System load power factor using DSTATCOM load PF correction mode, year 40,

load PF 0.9
HR
cus 1(2|3|4|5|6|7|8|9|10|11|12|13|14|15|16|17|18]|19[20|21|22]|23|24
1 09(09|09|/09(09)09(09|09(09|09|/09|09|109|09|09(09|09(09[09[09|09|09(|09]0.9
2 09]09(09|09|09(09|109|09(09|09]|09[(09|(09|09|09(09|09|09(09|09]09|09/(0.9]0.9
3 09(09|09|/09(09|09(09|09(09|09|/09(09|109|09|09(09|09(09[09(09|09|09(|09]0.9
4 09]09(09|09|09(09|09|09(09|09|09[(09(09|09|09(09|09|09(09|09]09|09/(0.9]0.9
5 09(09|09|/09(09)09(09|09(09|09|/09[09|109|09|09(09|09(09[09(09|09|09(|09]0.9
6 09]09(09|09|09(09|09|09(09|09|09[(09(09|09|09(09|09|09(09|09]09|09/(0.9]0.9
7 09(09|09|/09(09|09(09|09(09|09|/09[09|09|09|09(09|09(09[09(09|09|09(|09]0.9
8 09]09(09|09|09(09|109|09(09|09/09(09(09|09]09(09|09|09(09|09]09|[09/(0.9]0.9
9 09]09(09|09|09(09|109]|09(09|09]|09[09|(09]|09|09(09]|09|09(09|09]09|09/0.9]0.9
10 09(09|09|/09(09|09(09|09(09|09|/09(09|109|09|109(09|09(09[09(09|09|09(|09]0.9
11 09]09(09]|09]|09
12 09(09|09|09]09
13 09]09(09|09]09
14 09(09|09|09]09
15 09]09(09|09]09
16 09(09|09|09]09
17 09]09(09|09]09
18 09(09|09|09]09
19 09]09(09|09]09
20 09]09(09]|09]09
21 09(09]09]|09]09
22 09]09(09|09]09
23 09(09|09|09]09
24 09]09(09|09]09
25 09(09|09]|09]09
26 09]09(09|09]09
27 09(09|09|09]09
28 09]09(09|09]09
29 09]09(09]|09]09
30 09]09(09|09]09
31 09]09(09]|09]09
32 09(09|09]|09]09
33 09]09(09|09]09
34 09(09|09]|09]09
35 09]09(09|09]|09
36 09(09|09|09]09
37 09]09(09]|09]09
38 09(09|09|09]09
39 09]09(09|09]09
40 09]09(09]|09]09
41 09(09|09]|09]09
42 09]09(09]|09]|09
43 09(09|09]|09]09
44 09]09(09|09]09
45 09(09|09]|09]09
46 09]09(09|09]09
47 09(09|09|09]|09
48 09]09(09|09]09
49 09(09|09|09]09
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Table 6.7: System voltage profile with DSTATCOM operating in load PF correction mode, year 40,

load PF 0.9
HR
cus 1|2 |3|4|5|6|7|8]|9|10|11|12]13]|14|15|16|17|18|19|20|21|22]|23]24
1 0.99( 0.99] 0.98( 0.98] 0.98( 0.96] 0.97| 0.97| 0.97| 0.98| 0.98| 0.98| 0.98| 0.98| 0.97| 0.97( 0.97| 0.96( 0.95| 0.95( 0.96| 0.97( 0.97| 0.98
2 0.99( 0.99] 0.98( 0.98] 0.98( 0.96] 0.96/ 0.97| 0.97| 0.98| 0.98| 0.98| 0.98| 0.98| 0.97| 0.97( 0.96| 0.95( 0.95| 0.95( 0.96| 0.97( 0.97| 0.98
3 0.99( 0.99] 0.98( 0.98] 0.98( 0.96] 0.96/ 0.97| 0.97| 0.98| 0.97| 0.98| 0.97| 0.98| 0.97| 0.97( 0.96| 0.95( 0.95| 0.95( 0.96| 0.97( 0.97| 0.98
4 0.99] 0.99( 0.98| 0.98) 0.98] 0.96| 0.96( 0.97| 0.97| 0.98| 0.97| 0.98( 0.97| 0.98| 0.97| 0.97| 0.96( 0.95| 0.95| 0.95| 0.96| 0.97( 0.97| 0.98|
5 0.98| 0.98( 0.98| 0.98| 0.98| 0.96| 0.96( 0.97| 0.97| 0.98| 0.97| 0.98( 0.97| 0.98| 0.97| 0.97| 0.96 0.95| 0.95| 0.95| 0.96| 0.97( 0.97| 0.98|
6 0.98( 0.98] 0.98( 0.98] 0.98( 0.96] 0.96/ 0.97| 0.97| 0.98]| 0.97| 0.98| 0.97| 0.98| 0.97| 0.97( 0.96| 0.95( 0.95| 0.95( 0.96| 0.97( 0.97| 0.98
7 0.99( 0.99] 0.98( 0.98] 0.98( 0.96] 0.96/ 0.97| 0.97| 0.98] 0.98| 0.98| 0.98| 0.98| 0.97| 0.97( 0.96| 0.96( 0.95| 0.95( 0.96| 0.97( 0.97| 0.98
8 0.99] 0.99( 0.98| 0.98) 0.98| 0.96| 0.96( 0.97| 0.97| 0.98| 0.98| 0.98( 0.98| 0.98| 0.97| 0.97| 0.96( 0.96| 0.95| 0.95| 0.96| 0.97( 0.97| 0.98|
9 0.99] 0.99( 0.98 0.98| 0.98| 0.96| 0.96( 0.97| 0.97| 0.98| 0.98| 0.98( 0.98| 0.98| 0.97| 0.97| 0.96( 0.96| 0.95| 0.95| 0.96| 0.97( 0.97| 0.98|
10 0.99( 0.99] 0.98( 0.98] 0.98( 0.96] 0.96/ 0.97| 0.97| 0.98| 0.98| 0.98| 0.98| 0.98| 0.97| 0.97( 0.96| 0.96( 0.95| 0.95( 0.96| 0.97( 0.97| 0.98
11 0.98( 0.98] 0.98( 0.98] 0.98( 0.96] 0.96( 0.97| 0.97| 0.98]| 0.97| 0.98| 0.97| 0.98| 0.97| 0.97( 0.96| 0.95( 0.95| 0.95( 0.96| 0.97( 0.97| 0.98
12 0.98( 0.98] 0.98( 0.98] 0.98( 0.95] 0.96{ 0.96] 0.97| 0.97| 0.97| 0.97| 0.97| 0.97| 0.97| 0.97( 0.96] 0.95( 0.94| 0.94( 0.95| 0.96( 0.97| 0.98
13 0.98| 0.98( 0.98| 0.98| 0.97| 0.95| 0.96( 0.96 0.97| 0.97| 0.97| 0.97( 0.97| 0.97| 0.97| 0.96| 0.96( 0.95| 0.94| 0.94| 0.95| 0.96( 0.97| 0.98|
14 0.98( 0.98] 0.98( 0.98] 0.97( 0.95] 0.96/ 0.96| 0.97| 0.97| 0.97| 0.97| 0.97| 0.97| 0.97| 0.97( 0.96| 0.95( 0.94| 0.95( 0.95| 0.96( 0.97| 0.98
15 0.98( 0.98] 0.98( 0.98] 0.97( 0.95] 0.96/ 0.96| 0.97| 0.97| 0.97| 0.97| 0.97| 0.97| 0.97| 0.96( 0.96| 0.95( 0.94| 0.94( 0.95| 0.96( 0.97| 0.98
16 0.98( 0.98] 0.98( 0.98] 0.97( 0.95] 0.95[ 0.96] 0.96] 0.97| 0.97| 0.97| 0.97| 0.97| 0.96] 0.96( 0.95| 0.94( 0.94| 0.94( 0.95| 0.96( 0.96| 0.97
17 0.98] 0.98( 0.98 0.98| 0.97| 0.95| 0.95( 0.96/ 0.96] 0.97| 0.97| 0.97( 0.97| 0.97| 0.96| 0.96| 0.95( 0.94| 0.94| 0.94| 0.95| 0.96 0.96| 0.97|
18 0.98( 0.98] 0.98( 0.98] 0.97( 0.95| 0.95[ 0.96| 0.96| 0.97| 0.97| 0.97| 0.97| 0.97| 0.96] 0.96( 0.95| 0.94( 0.94| 0.94( 0.95| 0.96( 0.96| 0.97
19 0.98( 0.98] 0.98( 0.98] 0.97( 0.95] 0.95[ 0.96| 0.96{ 0.97| 0.97| 0.97| 0.97| 0.97| 0.96| 0.96( 0.95| 0.94( 0.94| 0.94( 0.95| 0.96( 0.96| 0.97
20 0.98( 0.98] 0.98( 0.98] 0.97( 0.95] 0.95[ 0.96] 0.96{ 0.97| 0.97| 0.97| 0.97| 0.97| 0.96] 0.96( 0.95| 0.94( 0.94| 0.94( 0.95| 0.96( 0.96| 0.97
21 0.98| 0.98( 0.98| 0.98| 0.97| 0.95| 0.96( 0.96 0.97| 0.97| 0.97| 0.97( 0.97| 0.97| 0.97| 0.96| 0.96( 0.95| 0.94| 0.94| 0.95| 0.96( 0.97| 0.98|
22 0.98( 0.98] 0.98( 0.98] 0.97( 0.95| 0.96/ 0.96| 0.97| 0.97| 0.97| 0.97| 0.97| 0.97| 0.97| 0.96( 0.96| 0.94( 0.94| 0.94( 0.95| 0.96( 0.97| 0.98
23 0.98( 0.98] 0.98( 0.98] 0.97( 0.95] 0.95[ 0.96| 0.97| 0.97| 0.97| 0.97| 0.97| 0.97| 0.97| 0.96( 0.95| 0.94( 0.94| 0.94( 0.95| 0.96( 0.97| 0.97
24 0.98( 0.98] 0.98( 0.98] 0.97( 0.95] 0.95[ 0.96| 0.96{ 0.97| 0.97| 0.97| 0.97| 0.97| 0.96] 0.96( 0.95| 0.94( 0.94| 0.94( 0.95| 0.96( 0.96| 0.97
25 0.98] 0.98( 0.98| 0.98) 0.97| 0.95| 0.95( 0.96/ 0.96] 0.97| 0.97| 0.97( 0.97| 0.97| 0.96| 0.96| 0.95( 0.94| 0.94| 0.94| 0.95| 0.96 0.96| 0.97|
26 0.98( 0.98] 0.98( 0.98] 0.97( 0.95] 0.95[ 0.96| 0.96| 0.97| 0.97| 0.97| 0.97| 0.97| 0.96] 0.96( 0.95| 0.94( 0.94| 0.94( 0.95| 0.96( 0.96| 0.97
27 0.98( 0.98] 0.98( 0.98] 0.97( 0.95] 0.95[ 0.96| 0.96| 0.97| 0.97| 0.97| 0.97| 0.97| 0.96| 0.96( 0.95| 0.94( 0.94| 0.94( 0.95| 0.96( 0.96| 0.97
28 0.98( 0.98] 0.98( 0.98] 0.97( 0.95] 0.95[ 0.96] 0.96{ 0.97| 0.97| 0.97| 0.97| 0.97| 0.96] 0.96( 0.95| 0.94( 0.94| 0.94( 0.95| 0.96( 0.96| 0.97
29 0.98] 0.98( 0.98| 0.98) 0.97| 0.95| 0.95( 0.96/ 0.96] 0.97| 0.97| 0.97( 0.97| 0.97| 0.96| 0.96| 0.95( 0.94| 0.94| 0.94| 0.95| 0.96 0.96| 0.97|
30 0.98] 0.98( 0.98| 0.98| 0.97| 0.95| 0.95( 0.96/ 0.96] 0.97| 0.97| 0.97( 0.97| 0.97| 0.96| 0.96| 0.95( 0.94| 0.94| 0.94| 0.95| 0.96 0.96| 0.97|
31 0.98( 0.98] 0.98( 0.98] 0.97( 0.95] 0.95[ 0.96| 0.96| 0.97| 0.97| 0.97| 0.97| 0.97| 0.96| 0.96( 0.95| 0.94( 0.94| 0.94( 0.95| 0.96( 0.96| 0.97
32 0.98| 0.98| 0.98| 0.98| 0.97| 0.95| 0.95| 0.96| 0.96| 0.97| 0.97| 0.97| 0.97| 0.97| 0.96| 0.96| 0.95| 0.94| 0.94| 0.94| 0.95| 0.96| 0.96| 0.97
33 0.98| 0.98| 0.98] 0.98| 0.97| 0.95| 0.95| 0.96| 0.96] 0.97| 0.97| 0.97| 0.97| 0.97| 0.96| 0.96| 0.95| 0.94| 0.94 0.94| 0.95| 0.96| 0.96| 0.97
34 0.98( 0.98] 0.98( 0.98] 0.97( 0.95] 0.95[ 0.96| 0.96| 0.97| 0.97| 0.97| 0.97| 0.97| 0.96] 0.96( 0.95| 0.94( 0.94| 0.94( 0.95| 0.96( 0.96| 0.97
35 0.98] 0.98( 0.98| 0.98) 0.97| 0.95| 0.95( 0.96/ 0.96] 0.97| 0.97| 0.97( 0.97| 0.97| 0.96| 0.96| 0.95( 0.94| 0.94| 0.94| 0.95| 0.96 0.96| 0.97|
36 0.98] 0.98( 0.98| 0.98| 0.97| 0.95| 0.95( 0.96/ 0.96] 0.97| 0.97| 0.97( 0.97| 0.97| 0.96| 0.96| 0.95( 0.94| 0.94| 0.94| 0.95| 0.96 0.96| 0.97|
37 0.98( 0.98] 0.98( 0.98] 0.97( 0.95| 0.96/ 0.96| 0.97| 0.97| 0.97| 0.97| 0.97| 0.97| 0.97| 0.96( 0.96| 0.94( 0.94| 0.94( 0.95| 0.96( 0.97| 0.98
38 0.98( 0.98] 0.98( 0.98] 0.97( 0.95] 0.95[ 0.96| 0.96| 0.97| 0.97| 0.97| 0.97| 0.97| 0.96] 0.96( 0.95| 0.94( 0.94| 0.94( 0.95| 0.96( 0.96| 0.97
39 0.98] 0.98( 0.98 0.98) 0.97| 0.95| 0.95( 0.96 0.97| 0.97| 0.97| 0.97( 0.97| 0.97| 0.97| 0.96] 0.95( 0.94| 0.94| 0.94| 0.95| 0.96 0.97| 0.97|
40 0.98] 0.98( 0.98| 0.98| 0.97| 0.95| 0.95( 0.96 0.97| 0.97| 0.97| 0.97( 0.97| 0.97| 0.97| 0.96| 0.95( 0.94| 0.94| 0.94| 0.95| 0.96( 0.97| 0.97|
41 0.98( 0.98] 0.98( 0.98] 0.97( 0.95] 0.95[ 0.96| 0.96| 0.97| 0.97| 0.97| 0.97| 0.97| 0.96] 0.96( 0.95| 0.94( 0.94| 0.94( 0.95| 0.96( 0.96| 0.97
42 0.98( 0.98] 0.98( 0.98] 0.97( 0.95] 0.95[ 0.96| 0.96{ 0.97| 0.97| 0.97| 0.97| 0.97| 0.96| 0.96( 0.95| 0.94( 0.94| 0.94( 0.95| 0.96( 0.96| 0.97
43 0.98] 0.98( 0.98| 0.98) 0.97| 0.95| 0.95( 0.96/ 0.96] 0.97| 0.97| 0.97( 0.97| 0.97| 0.96| 0.96| 0.95( 0.94| 0.94| 0.94| 0.95| 0.96 0.96| 0.97|
44 0.98] 0.98( 0.98| 0.98| 0.97| 0.94| 0.95( 0.96/ 0.96] 0.97| 0.97| 0.97( 0.97| 0.97| 0.96| 0.96| 0.95( 0.94| 0.94| 0.94| 0.94| 0.96 0.96| 0.97|
45 0.98( 0.98] 0.98( 0.98] 0.97( 0.94| 0.95[ 0.96| 0.96| 0.97| 0.97| 0.97| 0.97| 0.97| 0.96] 0.96( 0.95| 0.94( 0.94| 0.94( 0.94| 0.96( 0.96| 0.97
46 0.98( 0.98] 0.98( 0.98] 0.97( 0.95] 0.95[ 0.96| 0.96{ 0.97| 0.97| 0.97| 0.97| 0.97| 0.96] 0.96( 0.95| 0.94( 0.94| 0.94( 0.95| 0.96( 0.96| 0.97
47 0.98( 0.98] 0.98( 0.98] 0.97( 0.95] 0.95[ 0.96] 0.96{ 0.97| 0.97| 0.97| 0.97| 0.97| 0.96] 0.96( 0.95| 0.94( 0.94| 0.94( 0.94| 0.96( 0.96| 0.97
48 0.98] 0.98( 0.97| 0.97| 0.97| 0.94| 0.95( 0.96/ 0.96] 0.97| 0.97| 0.97( 0.97| 0.97| 0.96| 0.96| 0.95( 0.94| 0.94| 0.94| 0.94| 0.96 0.96| 0.97|
49 0.98] 0.98( 0.97| 0.97)| 0.97| 0.94| 0.95( 0.96/ 0.96] 0.97| 0.97| 0.97( 0.97| 0.97| 0.96| 0.96| 0.95( 0.94| 0.94| 0.94| 0.94| 0.96 0.96| 0.97|
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Table 6.8: System load power factor using DSTATCOM load PF correction mode, year 40,

load PF 0.8
HR
cus 12 |3|4|5|6|7|8|9|10[11|12|13|14|15|16|17[18[19|20|21|22]23]|24
1 08|08(08|08(08|08|08|08|08(08|08(08)08(08|08(08|08|08[08|08[08|08|08]|0.8
2 08(08)08|08(08|08|08|08|(08|08|08(08|/08|08|(08(08|08[08(08)08|0.8|08]|0.8]|0.8
3 08|08(08|08(08|08|08|08|08(08|08(08)08(08|08(08|08|08[08|08[08|08|0.8]|0.8
4 08(08)08|08(08|08|08[(08(08|08|08(08|08|08(08(08|08[08(08)08|0.8[08]|0.8]|0.8
5 08(08)08|08(08|08|08|08|(08|08|08(08|/08|08|08(08|08[08(08)08|0.8[08]|0.8]|0.8
6 08|08(08|08(08|08(08|08|08(08|08(08)08(08|08(08|08|08[08|08[08|08|0.8]|0.8
7 08(08)08|08(08|08|08|08(08|08|08(08|/08|08|08(08|08|08(08)08|0.8|08]|0.8]|0.8
8 08)|08(08|08(0.8
9 0.8(08)08|08(0.8
10 08)|08(08|08(0.8
11 08(08)08|08(0.8
12 0.8(08)08|08(0.8
13 08)|08(08|08(08
14 0.8(08)08|08(0.8
15 08)|08(08|08(0.8
16 0.8(08)08|08(0.8
17 0.8|108(08|08(0.8
18 0.8(08)08|08(0.8
19 0.8(08)08|08(0.8
20 08)|08(08|08(0.8
21 0.8(08)08|08(0.8
22 08)|08(08|08(0.8
23 08(08)08|08(08
24 0.8(08)08|08(0.8
25 0.8(08)08|08(08
26 0.8(08)08|08(0.8
27 08)|08(08|08(0.8
28 0.8(08)08|08(0.8
29 08)|08(08|08(0.8
30 08(08)08|08(08
31 0.8(08)08|08(0.8
32 08)|08(08|08(0.8
33 0.8(08)08|08(0.8
34 08)|08(08|08(0.8
35 0.8(08)08|08(0.8
36 0.8|08(08|08(0.8
37 08(08)08|08(0.8
38 0.8(08)08|08(08
39 08)|08(08|08(0.8
40 0.8(08)08|08(0.8
41 08)|08(08|08(0.8
42 0.8(08)08|08(0.8
43 0.8|108(08|08(0.8
44 08)|08(08|08(0.8
45 0.8(08)08|08(0.8
46 08)|08(08|08(0.8
47 0.8(08)08|08(0.8
48 08)|08(08|08(0.8
49 08(08)08|08(0.8
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Table 6.9: System voltage profile with DSTATCOM operating in load PF correction mode, year 40,

load PF 0.8
HR
cus 1|2|3|4a|5|6|7]|8|9|10[11]12]|13|14|15|16|17|18|19|20|21|22]|23|24
1 0.98( 0.98] 0.98( 0.98] 0.98( 0.96] 0.96( 0.97| 0.97( 0.98] 0.97| 0.98| 0.97| 0.98| 0.97| 0.97| 0.96 0.96{ 0.95| 0.95| 0.96| 0.97( 0.97| 0.98
2 0.98( 0.98] 0.98( 0.98] 0.98( 0.96] 0.96( 0.97| 0.97( 0.98] 0.97| 0.98] 0.97| 0.98| 0.97| 0.97| 0.96/ 0.95( 0.95| 0.95| 0.96| 0.97( 0.97| 0.98
3 0.98] 0.98( 0.98( 0.98| 0.98| 0.95| 0.96 0.97| 0.97| 0.98( 0.97| 0.98] 0.97| 0.98( 0.97| 0.97| 0.96| 0.95( 0.95| 0.95| 0.96| 0.97( 0.97| 0.98|
4 0.98( 0.98] 0.98( 0.98] 0.98( 0.95| 0.96( 0.96| 0.97( 0.98] 0.97| 0.98] 0.97| 0.98| 0.97| 0.97| 0.96/ 0.95| 0.95| 0.95| 0.96| 0.96( 0.97| 0.98
5 0.98] 0.98( 0.98( 0.98] 0.98| 0.95| 0.96 0.96] 0.97| 0.97( 0.97| 0.97| 0.97| 0.97( 0.97| 0.97| 0.96| 0.95( 0.95| 0.95| 0.95| 0.96 0.97| 0.98|
6 0.98( 0.98] 0.98( 0.98] 0.98( 0.95| 0.96( 0.96| 0.97( 0.97| 0.97| 0.97| 0.97| 0.97| 0.97| 0.97| 0.96 0.95| 0.95| 0.95| 0.95| 0.96( 0.97| 0.98
7 0.98( 0.98] 0.98( 0.98] 0.98( 0.96| 0.96( 0.97| 0.97( 0.98] 0.97| 0.98] 0.97| 0.98| 0.97| 0.97| 0.96/ 0.95| 0.95| 0.95| 0.96| 0.97( 0.97| 0.98
8 0.98] 0.98| 0.98( 0.98| 0.98| 0.96| 0.96( 0.97| 0.97| 0.98( 0.97| 0.98| 0.97| 0.98( 0.97| 0.97| 0.96| 0.95( 0.95| 0.95| 0.96| 0.97( 0.97| 0.98|
9 0.98( 0.98] 0.98( 0.98] 0.98( 0.96] 0.96( 0.97| 0.97( 0.98] 0.97| 0.98] 0.97| 0.98| 0.97| 0.97| 0.96/ 0.95| 0.95| 0.95| 0.96| 0.97( 0.97| 0.98
10 0.98( 0.98] 0.98( 0.98] 0.98( 0.96] 0.96( 0.97| 0.97( 0.98] 0.97| 0.98] 0.97| 0.98| 0.97| 0.97| 0.96/ 0.95( 0.95| 0.95| 0.96| 0.97( 0.97| 0.98
11 0.98] 0.98( 0.98( 0.98| 0.97| 0.95| 0.96 0.97| 0.97| 0.98( 0.97| 0.98| 0.97| 0.98( 0.97| 0.97| 0.96| 0.96( 0.95| 0.95| 0.96| 0.97( 0.97| 0.98|
12 0.98( 0.98] 0.98( 0.98] 0.97( 0.95| 0.96( 0.96| 0.97( 0.97| 0.97| 0.97| 0.97| 0.97| 0.97| 0.97| 0.96/ 0.95| 0.95| 0.95| 0.96| 0.96( 0.97| 0.98
13 0.98( 0.98] 0.98( 0.98] 0.97( 0.95| 0.96( 0.96] 0.97( 0.97| 0.97| 0.97| 0.97| 0.97| 0.97| 0.96] 0.96 0.95( 0.94| 0.95| 0.95| 0.96( 0.97| 0.98
14 0.98( 0.98] 0.98( 0.98] 0.97( 0.95| 0.96( 0.96| 0.97( 0.97| 0.97| 0.97| 0.97| 0.97| 0.97| 0.96] 0.96| 0.95| 0.94| 0.95| 0.95| 0.96( 0.97| 0.98
15 0.98( 0.98] 0.98( 0.98] 0.97( 0.95| 0.96( 0.96| 0.97( 0.97| 0.97| 0.97| 0.97| 0.97| 0.97| 0.96] 0.96| 0.95( 0.94| 0.94| 0.95| 0.96( 0.97| 0.98
16 0.98] 0.98( 0.97( 0.97| 0.97| 0.94| 0.95| 0.96] 0.96| 0.97( 0.97| 0.97| 0.97| 0.97( 0.96 0.96| 0.95| 0.94( 0.94| 0.94| 0.95| 0.96( 0.96| 0.97|
17 0.98( 0.98]| 0.97( 0.97]| 0.97( 0.94| 0.95( 0.96| 0.96( 0.97| 0.97| 0.97| 0.97| 0.97| 0.96( 0.96| 0.95| 0.94| 0.94| 0.94| 0.95| 0.96( 0.96| 0.97
18 0.98( 0.98]| 0.97( 0.97]| 0.97( 0.94] 0.95( 0.96| 0.96( 0.97| 0.97| 0.97| 0.97| 0.97| 0.96( 0.96] 0.95| 0.94| 0.94| 0.94| 0.95| 0.96( 0.96| 0.97
19 0.98] 0.98] 0.97( 0.97| 0.97| 0.94| 0.95| 0.96| 0.96| 0.97( 0.97| 0.97| 0.97| 0.97( 0.96 0.96| 0.95| 0.94( 0.94| 0.94| 0.95| 0.96( 0.96| 0.97|
20 0.98(0.98]| 0.97( 0.97]| 0.97( 0.94| 0.95( 0.96| 0.96( 0.97| 0.97| 0.97| 0.97| 0.97| 0.96( 0.96| 0.95| 0.94| 0.94| 0.94| 0.95| 0.96( 0.96| 0.97
21 0.98( 0.98] 0.98( 0.98] 0.97( 0.95| 0.96( 0.96] 0.97( 0.97| 0.97| 0.97| 0.97| 0.97| 0.97| 0.96] 0.96| 0.95( 0.94| 0.94| 0.95| 0.96( 0.97| 0.98
22 0.98] 0.98( 0.98( 0.98| 0.97| 0.94| 0.96 0.96] 0.97| 0.97( 0.97| 0.97| 0.97| 0.97( 0.97| 0.96| 0.96| 0.95( 0.94| 0.94| 0.95| 0.96 0.97| 0.97|
23 0.98( 0.98]| 0.97( 0.97]| 0.97( 0.94] 0.95( 0.96| 0.96( 0.97| 0.97| 0.97| 0.97| 0.97| 0.96( 0.96] 0.95| 0.94| 0.94| 0.94| 0.95| 0.96( 0.96| 0.97
24 0.98( 0.98]| 0.97( 0.97]| 0.97( 0.94| 0.95( 0.96] 0.96( 0.97| 0.97| 0.97| 0.97| 0.97| 0.96| 0.96] 0.95| 0.94| 0.94| 0.94| 0.95| 0.96( 0.96| 0.97
25 0.98] 0.98] 0.97( 0.97| 0.97| 0.94| 0.95| 0.96| 0.96| 0.97( 0.97| 0.97| 0.97| 0.97( 0.96 0.96| 0.95| 0.94( 0.94| 0.94| 0.95| 0.96( 0.96| 0.97|
26 0.98( 0.98]| 0.97( 0.97]| 0.97( 0.94| 0.95( 0.96] 0.96( 0.97| 0.97| 0.97| 0.97| 0.97| 0.96( 0.96| 0.95| 0.94| 0.94| 0.94| 0.95| 0.96( 0.96| 0.97
27 0.98( 0.98] 0.97( 0.97]| 0.97( 0.94] 0.95( 0.96] 0.96( 0.97| 0.97| 0.97| 0.97| 0.97| 0.96/ 0.96] 0.95| 0.94( 0.94| 0.94| 0.95| 0.96( 0.96| 0.97
28 0.98(0.98] 0.97( 0.97]| 0.97( 0.94| 0.95( 0.96] 0.96( 0.97| 0.97| 0.97| 0.97| 0.97| 0.96/ 0.96| 0.95| 0.94| 0.94| 0.94| 0.95| 0.96( 0.96| 0.97
29 0.98( 0.98]| 0.97( 0.97]| 0.97( 0.94| 0.95( 0.96] 0.96( 0.97| 0.97| 0.97| 0.97| 0.97| 0.96( 0.96| 0.95| 0.94| 0.94| 0.94| 0.95| 0.96( 0.96| 0.97
30 0.98] 0.98( 0.97( 0.97| 0.97| 0.94| 0.95| 0.96) 0.96| 0.97( 0.97| 0.97| 0.97| 0.97( 0.96 0.96| 0.95| 0.94( 0.94| 0.94| 0.95| 0.96( 0.96| 0.97|
31 0.98(0.98]| 0.97( 0.97| 0.97( 0.94| 0.95( 0.96| 0.96( 0.97| 0.97| 0.97| 0.97| 0.97| 0.96( 0.96| 0.95| 0.94| 0.94| 0.94| 0.95| 0.96( 0.96| 0.97
32 0.98( 0.98] 0.97( 0.97]| 0.97( 0.94| 0.95( 0.96] 0.96( 0.97| 0.97| 0.97| 0.97| 0.97| 0.96( 0.96] 0.95| 0.94| 0.94| 0.94| 0.95| 0.96( 0.96| 0.97
33 0.98] 0.98] 0.97( 0.97| 0.97| 0.94| 0.95| 0.96| 0.96| 0.97( 0.97| 0.97| 0.97| 0.97( 0.96 0.96| 0.95| 0.94( 0.94| 0.94| 0.95| 0.96( 0.96| 0.97|
34 0.98( 0.98]| 0.97( 0.97]| 0.97( 0.94| 0.95( 0.96| 0.96( 0.97| 0.97| 0.97| 0.97| 0.97| 0.96/ 0.96| 0.95| 0.94| 0.94| 0.94| 0.95| 0.96( 0.96| 0.97
35 0.98( 0.98] 0.97( 0.97]| 0.97( 0.94| 0.95( 0.96] 0.96( 0.97| 0.97| 0.97| 0.97| 0.97| 0.96/ 0.96] 0.95| 0.94| 0.94| 0.94| 0.95| 0.96( 0.96| 0.97
36 0.98] 0.98] 0.97( 0.97| 0.97| 0.94| 0.95| 0.96| 0.96| 0.97( 0.97| 0.97| 0.97| 0.97( 0.96 0.96| 0.95| 0.94( 0.94| 0.94| 0.95| 0.96( 0.96| 0.97|
37 0.98( 0.98] 0.98( 0.98] 0.97( 0.94| 0.96( 0.96| 0.97( 0.97| 0.97| 0.97| 0.97| 0.97| 0.97| 0.96] 0.96| 0.95( 0.94| 0.94| 0.95| 0.96( 0.97| 0.97
38 0.98( 0.98] 0.97( 0.97]| 0.97( 0.94] 0.95( 0.96] 0.96( 0.97| 0.97| 0.97| 0.97| 0.97| 0.96/ 0.96] 0.95| 0.94| 0.94| 0.94| 0.95| 0.96( 0.96| 0.97
39 0.98(0.98]| 0.97( 0.97| 0.97( 0.94| 0.95( 0.96| 0.96( 0.97| 0.97| 0.97| 0.97| 0.97| 0.96( 0.96| 0.95| 0.94| 0.94| 0.94| 0.95| 0.96( 0.96| 0.97
40 0.98( 0.98]| 0.97( 0.97]| 0.97( 0.94| 0.95( 0.96] 0.96( 0.97| 0.97| 0.97| 0.97| 0.97| 0.96/ 0.96] 0.95| 0.94| 0.94| 0.94| 0.95| 0.96( 0.96| 0.97
41 0.98] 0.98] 0.97( 0.97| 0.97| 0.94| 0.95| 0.96| 0.96| 0.97( 0.97| 0.97| 0.97| 0.97( 0.96 0.96| 0.95| 0.94( 0.94| 0.94| 0.95| 0.96( 0.96| 0.97|
42 0.98(0.98]| 0.97( 0.97]| 0.97( 0.94| 0.95( 0.96| 0.96( 0.97| 0.97| 0.97| 0.97| 0.97| 0.96( 0.96| 0.95| 0.94| 0.94| 0.94| 0.95| 0.96( 0.96| 0.97
43 0.98( 0.98]| 0.97( 0.97]| 0.97( 0.94| 0.95( 0.96] 0.96( 0.97| 0.97| 0.97| 0.97| 0.97| 0.96/ 0.96| 0.95| 0.94| 0.94| 0.94| 0.95| 0.96( 0.96| 0.97
44 0.98] 0.98( 0.97( 0.97| 0.97| 0.94| 0.95| 0.96| 0.96| 0.97( 0.97| 0.97| 0.97| 0.97( 0.96 0.96| 0.95| 0.94( 0.94| 0.94| 0.95| 0.96( 0.96| 0.97|
45 0.98( 0.98]| 0.97( 0.97]| 0.97( 0.94| 0.95( 0.96| 0.96( 0.97| 0.97| 0.97| 0.97| 0.97| 0.96( 0.96| 0.95| 0.94( 0.94| 0.94| 0.95| 0.96( 0.96| 0.97
46 0.98( 0.98]| 0.97( 0.97]| 0.97( 0.94] 0.95( 0.96| 0.96( 0.97| 0.97| 0.97| 0.97| 0.97| 0.96( 0.96] 0.95| 0.94( 0.94| 0.94| 0.95| 0.96( 0.96| 0.97
47 0.98] 0.98] 0.97( 0.97| 0.97| 0.94| 0.95| 0.96| 0.96| 0.97( 0.97| 0.97| 0.97| 0.97( 0.96 0.96| 0.95| 0.94( 0.94| 0.94| 0.95| 0.96( 0.96| 0.97|
48 0.98( 0.98]| 0.97( 0.97]| 0.97( 0.94| 0.95( 0.96| 0.96( 0.97| 0.97| 0.97| 0.97| 0.97| 0.96/ 0.96] 0.95| 0.94| 0.94| 0.94| 0.95| 0.96( 0.96| 0.97
49 0.98( 0.98]| 0.97( 0.97]| 0.97( 0.94| 0.95( 0.96] 0.96( 0.97| 0.97| 0.97| 0.97| 0.97| 0.96( 0.96| 0.95| 0.94| 0.94| 0.94| 0.95| 0.96( 0.96| 0.97
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Table 6.10: System load power factor using DSTATCOM load PF correction mode, year 40,

161

load PF 0.7
HR
cus 1(2|3|4|5|6|7|8|9|10]|11|12]13]|14|15|16|17[18|19|20|21|22|23|24
1 0707|0707 (07)07(07]|07|07]07]|07(07)07(07]|07|07]07]|07|07]07|07]|0.7]|0.7](0.7
2 07/07]07]|07(07)07(07]|07|07]|07|07(07)07(07]|07|07]07|07[0.7]|07(0.7]|0.7]|0.7](0.7
3 07|07]07)|07(07)07(07]|07|07]|07]|07(07)07(07]|07|07]07|07|0.7]07|07]|0.7]|0.7](0.7
4 07/07]07]|07(07)07(07]|07|07]|07|07(07)07(07]|07|07]07|07[0.7]|07(0.7]|0.7]|0.7](0.7
5 07|07]07]|07(07)07(07]|07|07]|07]|07(07)07(07]07|07]07|07|0.7]07|(0.7]|0.7]|0.7](0.7
6 07/07]07]|07(07)07(07]|07|07]|07|07(07)07(07]|07(07]07|07|0.7]|07(0.7]|0.7]|0.7](0.7
7 07|07]07]|07(07)07(07]|07|07]|07]|07(07)07(07]|07|07]07]|07|0.7]07|(0.7]|0.7]|0.7]|0.7
8 07|07(07)07|07(07|07|07(07|07]|07[07]|07]|07([07|07]|07|07(07)|07|07]|0.7]0.7]|0.7
9 07|07]07]|07(07)07(07]|07|07]|07]|07(07)07(07]|07|07]07|07|0.7]07|(0.7]|0.7]|0.7](0.7
10 07|07(07)07|07(07|07|07(07|07]07[07]|07]|07([07|07]|07|07(07]|07|07]|0.7]|0.7]|0.7
11 071070707
12 0.7]0.7(07]0.7
13 0707|0707
14 07]0.7(07]0.7
15 0710.7]0.7]|0.7
16 07]07(07]0.7
17 0707|0707
18 07]07(07]0.7
19 0710.7]0.7]|0.7
20 0707|0707
21 0707|0707
22 071070707
23 0710.7]0.7]|0.7
24 07107]0.7]|0.7
25 0707|0707
26 0707|0707
27 0707|0707
28 071070707
29 07]0.7(07]0.7
30 071070707
31 0.7]0.7(07]0.7
32 071070707
33 0.7]0.7(07]0.7
34 071070707
35 07]07(07]0.7
36 0.710.7]0.7]|0.7
37 07]07(07]0.7
38 0710.7]0.7]|0.7
39 0710.7]0.7]|0.7
40 0707|0707
41 0707|0707
42 0707|0707
43 071070707
44 0707|0707
45 071070707
46 0707|0707
47 0707|0707
48 07]0.7(07]0.7
49 071070707



Table 6.11: System voltage profile with DSTATCOM operating in load PF correction mode, year 40,

load PF 0.7
HR
cus 1|2|3|4|5|6|7|8|9|10|11]|12|13|14|15[16|17|18|19|20|21|22]|23]|24
1 0.98| 0.98] 0.98] 0.98( 0.98] 0.96/ 0.96( 0.97| 0.97( 0.98| 0.97| 0.98( 0.97| 0.98( 0.97| 0.97| 0.96( 0.95| 0.95| 0.95| 0.96| 0.97( 0.97| 0.98
2 0.98| 0.98] 0.98] 0.98( 0.97| 0.96/ 0.96| 0.96| 0.97( 0.97| 0.97| 0.97( 0.97| 0.97( 0.97| 0.97| 0.96( 0.95| 0.95| 0.95| 0.96| 0.96( 0.97| 0.98
3 0.98( 0.98] 0.98] 0.98( 0.97| 0.96/ 0.96( 0.96] 0.97| 0.97| 0.97| 0.97( 0.97| 0.97( 0.97| 0.97| 0.96( 0.95| 0.95| 0.95| 0.95| 0.96( 0.97| 0.98
4 0.98| 0.98] 0.98] 0.98( 0.97| 0.96| 0.96| 0.96| 0.97| 0.97| 0.97| 0.97( 0.97| 0.97( 0.97| 0.97| 0.96( 0.95| 0.95| 0.95| 0.95| 0.96( 0.97| 0.98
5 0.98| 0.98] 0.98] 0.98( 0.97| 0.96/ 0.96( 0.96] 0.97( 0.97| 0.97| 0.97( 0.97| 0.97( 0.97| 0.97| 0.96( 0.95| 0.94| 0.95| 0.95| 0.96( 0.97| 0.98
6 0.98| 0.98] 0.98] 0.98( 0.97| 0.96/ 0.96| 0.96] 0.97| 0.97| 0.97| 0.97( 0.97| 0.97( 0.97| 0.97| 0.96( 0.95| 0.94 0.95| 0.95| 0.96( 0.97| 0.98
7 0.98| 0.98] 0.98] 0.98( 0.98] 0.96/ 0.96( 0.97| 0.97| 0.98| 0.97| 0.98( 0.97| 0.98( 0.97| 0.97| 0.96( 0.95| 0.95| 0.95| 0.96| 0.97( 0.97| 0.98
8 0.98| 0.98] 0.98] 0.98( 0.98] 0.96/ 0.96| 0.97| 0.97| 0.98| 0.97| 0.98( 0.97| 0.98( 0.97| 0.97| 0.96( 0.95| 0.95| 0.95| 0.96| 0.97( 0.97| 0.98
9 0.98( 0.98| 0.98| 0.98( 0.98| 0.96| 0.96( 0.97| 0.97| 0.98( 0.97| 0.98| 0.97( 0.98| 0.97| 0.97( 0.96| 0.95| 0.95| 0.95| 0.96| 0.97| 0.97| 0.98
10 0.98| 0.98] 0.98] 0.98( 0.98] 0.96/ 0.96| 0.97| 0.97| 0.98| 0.97| 0.98( 0.97| 0.98( 0.97| 0.97| 0.96( 0.95| 0.95| 0.95| 0.96| 0.97( 0.97| 0.98
11 0.98( 0.98| 0.98| 0.98( 0.97| 0.96| 0.96( 0.96| 0.97| 0.97( 0.97| 0.97| 0.97( 0.97| 0.97| 0.97( 0.96] 0.95| 0.94 0.95| 0.95| 0.96 0.97| 0.98
12 0.98| 0.98] 0.98] 0.98( 0.97| 0.95| 0.95( 0.96| 0.97( 0.97| 0.97| 0.97( 0.97| 0.97( 0.97| 0.96| 0.95( 0.95| 0.94 0.94| 0.95| 0.96( 0.97| 0.97
13 0.98( 0.98| 0.98| 0.98( 0.97| 0.95| 0.96( 0.96| 0.97| 0.97( 0.97| 0.97| 0.97( 0.97| 0.97| 0.96( 0.96] 0.95| 0.94 0.95| 0.95| 0.96| 0.97| 0.97
14 0.98| 0.98] 0.98] 0.98( 0.97| 0.95| 0.96| 0.96| 0.97( 0.97| 0.97| 0.97( 0.97| 0.97( 0.97| 0.96| 0.96( 0.95| 0.94| 0.95| 0.95| 0.96( 0.97| 0.97
15 0.98( 0.98 0.97| 0.97( 0.97| 0.95| 0.96( 0.96| 0.97| 0.97( 0.97| 0.97| 0.97( 0.97| 0.97| 0.96( 0.96] 0.95| 0.94 0.95| 0.95| 0.96| 0.97| 0.97
16 0.98| 0.98] 0.97] 0.97( 0.97| 0.95| 0.95( 0.96| 0.96( 0.97| 0.97| 0.97( 0.97| 0.97( 0.96] 0.96| 0.95( 0.94| 0.94 0.94| 0.95| 0.96( 0.96| 0.97
17 0.98( 0.98 0.97| 0.97( 0.97| 0.95| 0.95( 0.96| 0.96| 0.97( 0.97| 0.97| 0.97( 0.97| 0.96| 0.96( 0.95| 0.94| 0.94 0.94| 0.95| 0.96| 0.96| 0.97
18 0.98( 0.98] 0.97| 0.97( 0.97| 0.95| 0.95| 0.96] 0.96( 0.97| 0.97| 0.97( 0.97| 0.97( 0.96] 0.96| 0.95( 0.94| 0.94 0.94| 0.95| 0.96( 0.96| 0.97
19 0.98( 0.98 0.97| 0.97( 0.97| 0.95| 0.95( 0.96| 0.96| 0.97( 0.97| 0.97| 0.97( 0.97| 0.96| 0.96( 0.95| 0.94| 0.94 0.94| 0.95| 0.96| 0.96| 0.97
20 0.98| 0.98] 0.97| 0.97( 0.97| 0.95| 0.95| 0.96] 0.96( 0.97| 0.97| 0.97( 0.97| 0.97( 0.96] 0.96| 0.95( 0.94| 0.94 0.94| 0.95| 0.96( 0.96| 0.97
21 0.98| 0.98] 0.97| 0.97( 0.97| 0.95| 0.96| 0.96| 0.97| 0.97| 0.97| 0.97( 0.97| 0.97( 0.97| 0.96| 0.96( 0.95| 0.94 0.95| 0.95| 0.96( 0.97| 0.97
22 0.98( 0.98] 0.97| 0.97( 0.97| 0.95| 0.96( 0.96] 0.97( 0.97| 0.97| 0.97( 0.97| 0.97( 0.97| 0.96| 0.96( 0.95| 0.94 0.94| 0.95| 0.96( 0.97| 0.97
23 0.98( 0.98] 0.97| 0.97( 0.97| 0.95| 0.95| 0.96| 0.96( 0.97| 0.97| 0.97( 0.97| 0.97( 0.96] 0.96| 0.95( 0.94| 0.94 0.94| 0.95| 0.96( 0.96| 0.97
24 0.98( 0.98] 0.97] 0.97( 0.97| 0.95| 0.95| 0.96| 0.96( 0.97| 0.97| 0.97( 0.97| 0.97( 0.96{ 0.96| 0.95( 0.94| 0.94 0.94| 0.95| 0.96( 0.96| 0.97
25 0.98| 0.98] 0.97| 0.97( 0.97| 0.95| 0.95| 0.96| 0.96( 0.97| 0.97| 0.97( 0.97| 0.97( 0.96] 0.96| 0.95( 0.94| 0.94 0.94| 0.95| 0.96( 0.96| 0.97
26 0.98/ 0.98] 0.97] 0.97( 0.97| 0.95| 0.95( 0.96| 0.96( 0.97| 0.97| 0.97( 0.97| 0.97( 0.96] 0.96| 0.95( 0.94| 0.94 0.94| 0.95| 0.96( 0.96| 0.97
27 0.98| 0.98] 0.97| 0.97( 0.97| 0.95| 0.95| 0.96| 0.96( 0.97| 0.97| 0.97( 0.97| 0.97( 0.96] 0.96| 0.95( 0.94| 0.94 0.94| 0.95| 0.96( 0.96| 0.97
28 0.98( 0.98] 0.97] 0.97( 0.97| 0.95| 0.95| 0.96] 0.96( 0.97| 0.97| 0.97( 0.97| 0.97( 0.96] 0.96] 0.95( 0.94| 0.94 0.94| 0.95| 0.96( 0.96| 0.97
29 0.98| 0.98] 0.97| 0.97( 0.97| 0.95| 0.95| 0.96| 0.96( 0.97| 0.97| 0.97( 0.97| 0.97( 0.96] 0.96| 0.95( 0.94| 0.94 0.94| 0.95| 0.96( 0.96| 0.97
30 0.98/ 0.98] 0.97] 0.97( 0.97| 0.95| 0.95( 0.96| 0.96( 0.97| 0.97| 0.97( 0.97| 0.97( 0.96] 0.96] 0.95( 0.94| 0.94| 0.94| 0.95| 0.96( 0.96| 0.97
31 0.98/ 0.98] 0.97| 0.97( 0.97| 0.95| 0.95| 0.96| 0.96( 0.97| 0.97| 0.97( 0.97| 0.97( 0.96] 0.96| 0.95( 0.94| 0.94 0.94| 0.95| 0.96( 0.96| 0.97
32 0.98( 0.98] 0.97] 0.97( 0.97| 0.95| 0.95| 0.96] 0.96( 0.97| 0.97| 0.97( 0.97| 0.97( 0.96] 0.96] 0.95( 0.94| 0.94| 0.94| 0.95| 0.96( 0.96| 0.97
33 0.98( 0.98] 0.97] 0.97( 0.97| 0.95| 0.95| 0.96| 0.96( 0.97| 0.97| 0.97( 0.97| 0.97( 0.96] 0.96| 0.95( 0.94| 0.94 0.94| 0.95| 0.96( 0.96| 0.97
34 0.98| 0.98] 0.97| 0.97( 0.97| 0.95| 0.95| 0.96] 0.96( 0.97| 0.97| 0.97( 0.97| 0.97( 0.96] 0.96| 0.95( 0.94| 0.94| 0.94| 0.95| 0.96( 0.96| 0.97
35 0.98| 0.98] 0.97] 0.97( 0.97| 0.95| 0.95| 0.96| 0.96( 0.97| 0.97| 0.97( 0.97| 0.97( 0.96] 0.96| 0.95( 0.94| 0.94 0.94| 0.95| 0.96( 0.96| 0.97
36 0.98( 0.98 0.97| 0.97( 0.97| 0.95| 0.95( 0.96| 0.96| 0.97( 0.97| 0.97| 0.97( 0.97| 0.96| 0.96( 0.95| 0.94| 0.94 0.94| 0.95| 0.96| 0.96| 0.97
37 0.98| 0.98] 0.97| 0.97( 0.97| 0.95| 0.96( 0.96| 0.97( 0.97| 0.97| 0.97( 0.97| 0.97( 0.97| 0.96| 0.96( 0.95| 0.94 0.94| 0.95| 0.96( 0.97| 0.97
38 0.98( 0.98 0.97| 0.97( 0.97| 0.95| 0.95( 0.96| 0.96| 0.97( 0.97| 0.97| 0.97( 0.97| 0.96| 0.96( 0.95| 0.94| 0.94 0.94| 0.95| 0.96| 0.96| 0.97
39 0.98| 0.98] 0.97| 0.97( 0.97| 0.95| 0.95| 0.96| 0.96( 0.97| 0.97| 0.97( 0.97| 0.97( 0.96{ 0.96| 0.95( 0.94| 0.94 0.94| 0.95| 0.96( 0.96| 0.97
40 0.98( 0.98 0.97| 0.97( 0.97| 0.95| 0.95( 0.96| 0.96| 0.97( 0.97| 0.97| 0.97( 0.97| 0.96| 0.96( 0.95| 0.94| 0.94 0.94| 0.95| 0.96| 0.96| 0.97
41 0.98/ 0.98] 0.97] 0.97( 0.97| 0.95| 0.95| 0.96| 0.96( 0.97| 0.97| 0.97( 0.97| 0.97( 0.96] 0.96| 0.95( 0.94| 0.94 0.94| 0.95| 0.96( 0.96| 0.97
42 0.98(0.98| 0.97| 0.97( 0.97| 0.95| 0.95( 0.96| 0.96| 0.97( 0.97| 0.97| 0.97( 0.97| 0.96| 0.96( 0.95| 0.94| 0.94 0.94| 0.95| 0.96| 0.96| 0.97
43 0.98| 0.98] 0.97| 0.97( 0.97| 0.95| 0.95| 0.96| 0.96( 0.97| 0.97| 0.97( 0.97| 0.97( 0.96{ 0.96| 0.95( 0.94| 0.94 0.94| 0.95| 0.96( 0.96| 0.97
44 0.98( 0.98| 0.97| 0.97( 0.97| 0.95| 0.95( 0.96| 0.96| 0.97( 0.97| 0.97| 0.97( 0.97| 0.96| 0.96( 0.95| 0.94| 0.94 0.94| 0.95| 0.96| 0.96| 0.97
45 0.98| 0.98] 0.97] 0.97( 0.97| 0.95| 0.95| 0.96| 0.96( 0.97| 0.97| 0.97( 0.97| 0.97( 0.96] 0.96] 0.95( 0.94| 0.94 0.94| 0.95| 0.96( 0.96| 0.97
46 0.98( 0.98 0.97| 0.97( 0.97| 0.95| 0.95( 0.96| 0.96| 0.97( 0.97| 0.97| 0.97( 0.97| 0.96| 0.96( 0.95| 0.94| 0.94 0.94| 0.95| 0.96| 0.96| 0.97
47 0.98| 0.98] 0.97| 0.97( 0.97| 0.95| 0.95| 0.96] 0.96( 0.97| 0.97| 0.97( 0.97| 0.97( 0.96{ 0.96| 0.95( 0.94| 0.94 0.94| 0.95| 0.96( 0.96| 0.97
48 0.98/ 0.98] 0.97| 0.97( 0.97| 0.95| 0.95| 0.96| 0.96( 0.97| 0.97| 0.97( 0.97| 0.97( 0.96] 0.96| 0.95( 0.94| 0.94 0.94| 0.95| 0.96( 0.96| 0.97
49 0.98/ 0.98] 0.97| 0.97( 0.97| 0.95| 0.95| 0.96| 0.96( 0.97| 0.97| 0.97( 0.97| 0.97( 0.96{ 0.96| 0.95( 0.94| 0.94 0.94| 0.95| 0.96( 0.96| 0.97
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6.8 Conclusions

The load PF follow mode and load PF correction mode of DSTATCOM operation
were introduced in this chapter. The load PF follow mode operates at the load power
factor in order to support the system voltage, but does not export P and Q into the grid.
The DSTATCOM control applied was with active power-voltage and reactive power-
voltage droop characteristics that were implemented in a load flow study with modified
Jacobian matrix elements. The droop characteristic has been applied in a hysteretic
control loop based on load voltage level. In addition, the load PF correction scheme
uses the DSTATCOM as a source of reactive power to improve the net power factor

seen from the source and as a result support the voltage of the network.

The results indicate that the SWER network voltage was fully supported via
DSTATCOM operation in load PF follow scheme for 70 years which shows its
effectiveness but it is an expensive solution. The load PF correction scheme is a
cheaper solution and supported the voltage up to year 40 but not beyond.
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CHAPTER 7

DISCUSSION AND CONCLUSIONS

7.1 Research Outcomes

The aim of this research project was to explore the effectiveness of DSTATCOMs at
improving under-voltage problems due to load growth in dispersed rural SWERs. The
reason for the focus on SWER networks is the high cost of upgrading them in the
traditional way to solve voltage regulation problems that result from load growth. The
following aspects of DSTATCOM installation and operation were explored in detail:
(a) their location (b) VAr circulation avoidance (c) reactive power prioritising (d) four

quadrant operation and (e) the timing of installation and operation.

7.1.1 DSTATCOM Location

From a simplified analysis presented in Chapter 3, involving a Thevenin source, a load
and a reactive power only DSTATCOM, it is clear that placement of the DSTATCOM
on the customer side of the SWER distribution transformer is significantly more
effective than placing it on the network side of the transformer. The fundamental
reason for this is the effect of the leakage reactance of the transformer. It effectively
provides a voltage boost for the load when capacitive current from the DSTATCOM
flows through it. While an analytical formula was derived to demonstrate this
advantage for the case of a single load, it is not possible to extend that formula for the
case of a more realistic SWER line with typically tens of customers on multiple
branches of the line. However a simulation carried out for a real SWER line with forty-
nine customers confirmed that about fifteen percent additional voltage boost is
possible with the DSTATCOMSs on the customer side.
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It must be pointed that the extent of the advantage obtained by the DSTACOMs being
installed on the customer side depends on a number of factors including the difference
in R/X impedance ratios of the Thevenin impedance on the network side and on the
customer side and on the number and location of customers. Quantitative evaluation
of the benefits of customer side DSTATCOMs compared to network side
DSTATCOMs should be done on a case by case basis as was done in Chapter 3 by
means of detailed load flow studies. Similarly, cost comparisons should be done on a

case by case basis.

This research has provided conclusive proof that less DSTATCOM total capacity is
required if the DSTATCOMs are located on the customer side. However it could be
argued that, unlike the case for the DSTATCOMSs on the customer side, those on the
network side could be combined into higher capacity DSTATCOMs which could be
cheaper per kVAr. But that is not necessarily the case because of the cost of the
required dedicated isolation transformer and earthing. Network losses are generally
less if the DSTACOMs are located on the customer side. It should also be noted that a
single higher capacity DSTATCOM is not necessarily cheaper per kKVAr compared
with a number of smaller DSTATCOM with the same total capacity. While the former
may have the advantage of economies of scale, the latter may have the advantage of

mass production.

7.1.2 VAr Circulation Avoidance

VAr circulation, if not avoided, effectively results in some of the capacity of installed
DSTATCOMs being consumed without any positive effect on voltage regulation. It
occurs when one or more DSTATCOM s inject reactive power into the network and
simultaneously one or more DSTATCOMs somewhere else in the network absorbs
reactive power. In practice there are two reasons that may cause VAr circulation.
These are voltage sensing errors and the remote effect.

A scenario where voltage sensing error might cause problems is as follows: Assume
that the target voltage for DSTATCOM A and DSTATCOM B is 1 per unit (pu) and
the voltage is actually 1pu. This means that both DSTATCOM A and DSTATCOM B
should neither inject nor absorb VArs. However if the DSTATCOM A’s voltage
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sensor reads the voltage as less than 1pu and DSTATCOM B’s voltage sensor reads
the voltage as more than 1pu, then DSTATCOM A unnecessarily produces reactive
power which is absorbed by DSTATCOM B specially if the two DSTATCOMS are

electrically close.

A scenario where VAr circulation occurs due to the remote effect is as follows:
Assume that without the action of the DSTATCOMs, the voltage at DSTATCOM A’s
location is 1.0pu and the voltage at DSTATCOM B’s location is 0.98pu. To bring the
voltage at its location to 1pu DSTATCOM B injects reactive power into the network.
This causes the voltage at DSTATCOMs A’s location to increase to a level higher than

1pu and it therefore absorbs reactive power to bring its voltage back to 1pu.

It has been demonstrated, by load flow studies, in Chapter 4, that the use of droop
control together with hysteretic control, avoids VVAr circulation. The hysteretic band
adopted was 0.94pu — 0.99pu for VAr injection and 1.01pu to 1.06pu for VAr
absorption. The DSTATCOMSs were represented in the load flow studies by their droop
characteristics. This required modification of the Jacobian used in the classical
Newton-Raphson based load flow problem.

7.1.3 Q Priority

Generally a DSTATCOM can regulate AC supply voltage by operating as a 4-quadrant
device on the P-Q plane. However since cost per kVAr is much less than cost per KW,
voltage regulation by reactive power injection or absorption is preferred compared to
the use of active power for the same purpose. In other words operating DSTATCOMs
in Q-only mode is given priority. As illustrated in Chapters 4 and 5, typically when a
DSTATCOM is brought into service and is in Q-only mode, its operating point would
remain on the vertical axis of the P-Q plane (P=0). This operating point shifts

vertically upwards as the DSTATCOM supplies more and more reactive power.

Eventually, the injected reactive power will reach some maximum allowable limit.
That could be due to the thermal rating of a plant item, a voltage stability limit or the
rating of the DSTATCOM itself with the maximum size of customer transformer. In
Chapter 5 it is assumed that the limit reached is the DSTATCOM rating. Once that
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limit is reached the DSTATCOM is made to operate at rated k\VVA but with increasing
active power. In other words the operating point is now in the first quadrant of the P-

Q plane and shifts along the rated kVVA circle as more active power is injected.

A clear outcome of this research has been the identification of a point on the rated kVA
circle that represents a peak achievable voltage. Analytical proof of the existence of
that peak voltage is provided in Chapter 3 for the case of a single load. It is also
confirmed that such a voltage peak exists for each DSTATCOM installed on a realistic
SWER line. There is a simple physical interpretation for this phenomenon. As the
operating point of the DSTATCOM shifts clockwise, injected active power goes up
and injected reactive power comes down. At first when injected active power is small
the voltage rise due to active power is more than the reduced voltage due to the drop
in injected reactive power. However as the operating point shifts further clockwise on
the rated KVVA circle a point is reached where the incremental voltage rise per injected
kW of active power matches the fall in voltage due to the drop in injected reactive
power. Beyond that point there is a net drop in voltage. This is an important conclusion
because it predicts that any closed loop voltage control system based on shifting the
DSTATCOM operating point along its rated kVA circle on the P-Q plane will

experience instability at the point where the voltage peaks.

7.1.4 The Possibility of Unwanted Islanding

Part of a distribution system may become isolated by deliberate opening of isolators
by field staff or by operation of fuses or other protection equipment such as reclosers
or circuit breakers. In rare cases operation as an “island” may continue if generation
of active and reactive power by sources embedded in that isolated part respectively

match the active and reactive power demand.

Distribution networks in general and SWER lines in particular are not designed to
operate in “island” mode. However increased embedded generation including rooftop
solar is increasing the likelihood of unwanted islanding. DSTATCOMs operating as
sources of active and/or reactive power will increase that likelihood further.

Chapter 6 considers the case where DSTATCOM operation is arranged so that there

is no net injection of either active power or reactive power back into the network, thus
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removing the possibility of the DSTATCOMSs contributing to islanding. In other
words active and/or reactive power outputs of the DSTATCOMs are consumed by the
local load. It has been demonstrated that if both active and reactive power is supplied
by the DSTATCOM, this mode of operation can be very effective at regulating
voltage. However the cost of the DSTATCOMs and their operation would most likely
be prohibitive especially if batteries are used. It has also been demonstrated that if the
DSTATCOMs are restricted to supply reactive power only, such that they only correct
load power factor, then their effect on voltage regulation is significant but far from

adequate.

7.1.5 Timing of DSTATCOM Installation and Operation

Part of the research question was “when and where should DSTATCOM s be installed
on a SWER line?*. A general approach has been proposed to address this question. A

real SWER line has been used to illustrate the proposed approach which is based on:

@) An assumed load demand growth rate for all consumers;

(b) a representative “worse case” daily demand profile for each year of operation
being considered; and

(©) a control scheme for the DSTATCOMs.

In practice demand growth rate is a complex function of a number of factors, is
generally different for different consumers and is not easy to predict. For simplicity
demand has been assumed to grow uniformly at 3% per year and to be the same for all
consumers. The 24-hour load profile corresponding to a particular year was taken to

be representative of the highest peak demand for that year.

The 24-hour load profile representing peak demand for a particular year was made up
of hourly demand intervals. A load flow solution was determined for each demand
interval and depending on the calculated customer voltage and chosen control scheme,
DSTATCOMs at each customer location was either automatically left off-line, brought
on-line, left on-line or brought off-line. Different control schemes have been trialled
and these were the Q-only scheme (Chapter 4), the Q-priority scheme (Chapter 5), the
load power factor follow scheme (Chapter 6) and the load power factor correction
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scheme (Chapter 6). Each control scheme was based on a DSTATCOM droop
characteristic and hysteretic band. Incorporation of the droop characteristic required
modification of the standard load flow formulation. In particular the Jacobian had to

be modified.

The modified load flow studies as described above was run for a real SWER line with
a total length of 365 km and 49 customers over a period ranging from year zero to year

70. The following were automatically deduced:

@) For each customer, the year that a DSTSTCOM first becomes necessary;

(b) For each customer and for each year, the KVAr and kW output of the
DSTATCOM;

(©) For each customer and for each year, the number of kWh (and KVArh)
delivered by the DSTATCOM on the representative peak demand day.

The load flow studies described above can be used to plan installation of the
DSTATCOMs as they are needed. For example for the SWER line considered, the
results in table 4.4 suggest that, if Q-only DSTATCOMs are used then beyond the 25™
year up to the 70", one to three additional DSTATCOM s need to be installed every
five years to maintain customer voltage above 0.94pu. Other results in Chapters 5 and
6 quantify kwWh requirements if four quadrant DSTATCOMs are used.

7.2  Further Work

The question of Q- priority has only been analysed in the case where the kVA rating
of the DSTATCOM is reached as more and more reactive power is injected with active
power output being zero. Given the relatively low cost of K\VAr injection relative to
KW injection, it is very likely that a more economical approach would be to have
DSTATCOMs rated so that Q-injection is not limited by the rating of the
DSTATCOMSs. More investigations are needed to explore DSTATCOM control
schemes that accommodate Q-injection limits (Qmax) that are not due to the rating of
the DSTATCOM being reached. Such limits may be due to the thermal rating of some
other electrical plant or to stability. Once that limit is reached, operation will change
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from pure Q-injection to a mix of Q-injection and P-injection. The question to be
explored is:

What would be the best trajectory of the DSTATCOM operating point after the Q-only
operating point limit (Qmax) is reached?

Unintentional islanding is regarded as a serious concern because of potential damage
to equipment and risk to safety. Yet, with the increased prominence of embedded
generation, the full benefit of Q-injection cannot be realised without a small risk of
unwanted islanding. The question to be explored is how to minimise this risk.
Communication between DSTATCOM s and between DSTATCOMs and isolators will

most probably play a key role in avoiding unwanted islanding.

There is currently a lot of interest in micro-grids. There may be benefits in operating
apart of a SWER line as a micro-grid that is connected to the main network for selected
periods of time and in island mode for the rest of the time. In other words, a feature of
some micro-grids is intentional islanding. A research question can focus on the role of
DSTATCOMs in a SWER line section that operates as a micro-grid.

170



[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]
[9]

REFERENCES

G. Bakkabulindi, "Planning Models for Single Wire Earth Return Power
Distribution Networks," Licentiate Thesis, School of Electrical Engineering,
Royal Institute of Technology, Stockholm, Sweden, 2012.

R. Nobbs, "Development of Advanced SWER Models for the Ergon Energy
Network," Bachelor of Engineering (Power Engineering), University of
Southern Queensland (USQ), 2012.

A. Helwig and T. Ahfock, "Extending SWER Line Capacity,” in Australasian
Universities Power Engineering Conference, AUPEC2013, Hobart, TAS,
Australia,, 2013, pp. 1-6.

N. Hosseinzadeh, J. E. Mayer, and P. J. Wolfs, "Rural Single Wire Earth Return
Distribution Networks — Associated Problems and Cost-Effective Solutions,"”
International Journal of Electrical Power & Energy Systems, vol. 33, pp. 159-
170, 2011.

J. Mayer, N. Hosseinzadeh, and P. Wolfs, "Modelling of Voltage Regulation
Issues in SWER Systems Using PSCAD/EMTDC," presented at the
Australasian  Universities Power Engineering Conference, AUPEC,
Melbourne, Australia, 2006.

S. Lowry, A. Maung Than Oo, and G. Robinson, "Deployment of Low Voltage
Switched Capacitors on Single Wire Earth Return Networks,” in 22nd
Australasian Universities Power Engineering Conference, AUPEC, 2012, pp.
1-5.

F. Viawan, "Voltage Control and Voltage Stability of Power Distribution
Systems in the Presence of Distributed Generation,” PhD, Department of
Energy and Environment, Chalmers University of Technology, Sweden, 2008.
T. A. Short, Electric Power Distribution Handbook: CRC press, 2014.

S. Miske, "Considerations for the Application of Series Capacitors to Radial
Power Distribution Circuits,” IEEE Transactions on Power Delivery, vol. 16,
pp. 306-318, 2001.

171



[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

M. R. Hesamzadeh, N. Hosseinzadeh, and P. J. Wolfs, "Design and Study of a
Switch Reactor for Central Queensland SWER system," in 43rd International
Universities Power Engineering Conference, UPEC2008, 2008, pp. 1-5.

M. A. Kashem and G. Ledwich, "Distributed Generation as Voltage Support
for Single Wire Earth Return Systems," IEEE Transactions on Power Delivery,
vol. 19, pp. 1002-1011, 2004.

N. G. Hingorani and L. Gyugyi, Understanding FACTS: Concepts and
Technology of Flexible AC Transmission Systems: Wiley-IEEE press, 2000.
R. M. Mathur and R. K. Varma, Thyristor-Based FACTS Controllers for
Electrical Transmission Systems. United States of America: John Wiley &
Sons, 2002.

R. Jarrett, A. M. T. Oo, and B. Harvey, "An Investigation Into the Use of Four
Quadrant Inverter Devices for Voltage and Var Support on SWER Systems,"
in 22nd Australasian Universities Power Engineering Conference,
AUPEC2012 2012, pp. 1-7.

E. N. Azadani, S. Hosseinian, M. Janati, and P. Hasanpor, "Optimal Placement
of Multiple STATCOM," in 12th International Middle-East Power System
Conference, MEPCON 2008. , 2008, pp. 523-528.

L. Rocha, R. Castro, and J. M. F. de Jesus, "An Improved Particle Swarm
Optimization Algorithm for Optimal Placement and Sizing of STATCOM,"
International Transactions on Electrical Energy Systems, vol. 26, pp. 825-840,
2016.

I. E. Agency. (2014). World Energy Outlook (WEO). Auvailable:
http://www.iea.org/newsroom/news/2014/november/world-energy-outlook-
2014.html

E. L. Owen, "Rural Electrification: The Long Struggle,” IEEE Industry

Applications Magazine, vol. 4, pp. 6, 8, 10-17, 1998.

A. R. Inversin, "Reducing the Cost of Grid Extension for Rural Electrication,"
Energy Sector Management Assistance Program, ESMAPFebruary 2000 2000.
C. Ratnayake, "Low Cost Grid Electrification Technologies A Handbook for
Electrification Practitioners,” Eschborn 2015.

L. Mandeno, "Rural Power Supply Especially in Back Country Areas,"
Proceedings of the New Zealand institute of engineers, vol. 33, pp. 234-271,
1947.

172


http://www.iea.org/newsroom/news/2014/november/world-energy-outlook-2014.html
http://www.iea.org/newsroom/news/2014/november/world-energy-outlook-2014.html

[22]

[23]

[24]
[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

G. Anderson, "Rural Electrification in Botswana-A Single Wire Earth Return
Approach,” Pakistan Journal of Information and Technology, vol. 1, pp. 202-
207, 2002.

N. Chapman. (2001) When One Wire |Is Enough. Auvailable:
http://tdworld.com/archive/when-one-wire-enough

J. Taylor, "SWER Problems", Internal document, CAPLEC 1990.

E. Energy, "Ergon Energy Distribution Annual Planning Report 2014/15 to
2018/19 - PART A," 2014.

N. Spencer and L. Elder, "Pole Service Life-An Analysis of Country Energy

Data," presented at the Energy 21C, Melbourne, Australia, 20009.

National Electricity Rules, A. E. M. C. (AEMC) Versian 45, 2011.

P. J. Wolfs, "Capacity Improvements for Rural Single Wire Earth Return
Systems,” in The 7th International Power Engineering Conference, IPEC,
2005, pp. 1-8.

N. Hosseinzadeh and J. Rattray, "Economics of Upgrading SWER Distribution
Systems,” in Australasian Universities Power Engineering Conference,
AUPEC2008, Sydney, Australia, 2008.

T. Brooking, N. J. Van Rensburg, and R. Fourie, "The Improved Utilisation of
Existing Rural Networks with the Use of Intermediate VVoltage and Single Wire
Earth Return Systems," in 3rd AFRICON Conference, 1992, pp. 228-234.

R. Karhammar, A. Sanghvi, E. Fernstrom, M. Aissa, J. Arthur, J. Tulloch, et
al., "Sub-Saharan Africa: Introducing Low-Cost Methods in Electricity
Distribution Networks,” Energy Sector Management Assistance Program
(ESMAP) 2006.

E. Energy. (2011). Overhead Construction Manual - Earthing Wood Pole.
Available:https://www.ergon.com.au/network/contractors-andindustry/devel
opers-toolkit/guidelines-and-manuals

N. Chapman, "Australia’s Rural Consumers Benefit from Single-Wire Earth
Return Systems," Transmission & Distribution, pp. 56-61, 2001.

P. Wolfs, S. Senini, N. Hossein-Zadeh, D. Seyoum, A. Loveday, and J. Turner,
"Thyristor Controlled Reactor Methods to Increase the Capacity of Single Wire
Earth Return Systems,” presented at the Australian Universities Power
Engineering Conference, AUPEC, 2005.

173


http://tdworld.com/archive/when-one-wire-enough

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

I. Da Silva, P. Mugisha, P. Simonis, and G. Turyahikayo, "The Use of Single
Wire Earth Return (SWER) as a Potential Solution to Reduce the Cost of Rural
Electrification in Uganda,” in Domestic Use of Energy, 2001, pp. 77-81.

J. Mayer, N. Hossein-Zadeh, and P. Wolfs, "Investigation of VVoltage Quality
and Distribution Capacity Issues on Long Rural Three Phase Distribution Lines
Supplying SWER Systems," presented at the Australasian Universities Power
Engineering Conference, AUPEC, 2005.

G. Bakkabulindi, M. R. Hesamzadeh, M. Amelin, and I. P. Da Silva, "Models
for Conductor Size Selection in Single Wire Earth Return Distribution
Networks," in AFRICON, 2013, 2013, pp. 1-5.

A. M. A. Haidar, K. Muttaqgi, and D. Sutanto, "Smart Grid and its Future
Perspectives in Australia,” Renewable and Sustainable Energy Reviews, vol.
51, pp. 1375-1389, 2015.

P. Q. World. (2011). Ferranti Effect. Available:
http://www.powerqualityworld.com/2011/09/ferranti-effect.htmi

E. Energy, "Ergon Energy Demand Management Plan 2015-16," Australia
2015.

J. D. Glover, M. S. Sarma, and T. Overbye, Power System Analysis and Design,
5th ed.: Cengage Learning, 2012.

C. Gao and M. A. Redfern, "A Review of Voltage Control Techniques of
Networks with Distributed Generations Using On-Load Tap Changer
Transformers,” in 45th International Universities Power Engineering
Conference UPEC2010, 2010, pp. 1-6.

S. Thongkeaw and M. Boonthienthong, "Technique for Voltage Control in
Distribution System," International Journal of Electrical, Computer,
Energetic, Electronic and Communication Engineering, vol. 7, pp. 826-829,
2013.

T. T. Hashim, A. Mohamed, and H. Shareef, "A Review on Voltage Control
Methods for Active Distribution Networks," Przeglad Elektrotechniczny
(Electrical Review), vol. 88, pp. 304-312, 2012.

T. Gonen, Electric Power Distribution System Engineering: McGraw-Hill,
1986.

M. Cho and Y. Chen, "Fixed/Switched Type Shunt Capacitor Planning of

Distribution Systems by Considering Customer Load Patterns and Simplified

174


http://www.powerqualityworld.com/2011/09/ferranti-effect.html

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

Feeder Model," IEE Proceedings-Generation, Transmission and Distribution,
vol. 144, pp. 533-540, 1997.

A. Rewar, M. Sharma, and A. Phathak, "Benefits of Shunt Capacitor Bank
Distribution Network,” International Journal Of Innovative Research In
Electrical, Electronics, Instrumentation And Control Engineering, IJIREEICE,
vol. 3, 2015.

J. Mayer, N. Hossein-Zadeh, and P. Wolfs, "Reactor Solutions for Voltage
Control of SWER Systems," presented at the Australasian Universities Power
Engineering Conference AUPEC, Melbourne, Victoria University., 2006.

P. Wolfs, S. Senini, N. Hossein-Zadeh, D. Seyoum, A. Loveday, and J. Turner,
"Reactor Based Voltage Regulators for Single Wire Earth Return Systems," in
Australian Universities Power Engineering Conference, AUPEC, 2006.

N. Hosseinzadeh, P. Wolfs, S. Senini, D. Seyoum, J. Turner, A. Loveday, et
al., "A Proposal to Investigate the Problems of Three-Phase Distribution
Feeders Supplying Power to SWER Systems,” Australasian Universities
Power Engineering Conference, AUPEC2004, 2004.

F. S. Abu-Mouti and M. E. El-Hawary, "Heuristic Curve-fitted Technique for
Distributed Generation Optimisation in Radial Distribution Feeder Systems,"
IET Generation, Transmission & Distribution, vol. 5, p. 172, 2011.

D. K. K. Gopiya Naik. S, M. P. Sharma, "Distributed Generation Impact on
Distribution Networks: A Review," International Journal of Electrical and
Electronics Engineering (IJEEE), vol. 2, 2012.

H. Kuang, S. Li, and Z. Wu, "Discussion on Advantages and Disadvantages of
Distributed Generation Connected to the Grid," in International Conference on
Electrical and Control Engineering, ICECE, 2011, pp. 170-173.

Brendan Cavanagh, Anthony Torrisi, and Jon Turner. (2012) Low Voltage
Regulator (LVR) Program. Transmission and Distribution. Available:

http://www.powertrans.com.au/transmission-and-distribution/transmission-

and-distribution-electronic-archive/

A. Edris, "Proposed Terms and Definitions for Flexible AC Transmission
System (FACTS)," IEEE Transactions on Power Delivery, vol. 12, 1997.

N. G. Hingorani, "FACTS Technology — State of the Art, Current Challenges
and the Future Prospects,” in IEEE Power Engineering Society General
Meeting, 2007.

175


http://www.powertrans.com.au/transmission-and-distribution/transmission-and-distribution-electronic-archive/
http://www.powertrans.com.au/transmission-and-distribution/transmission-and-distribution-electronic-archive/

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

S. Udgir, L. Srivastava, and M. Pandit, "Optimal Placement and Sizing of SVC
for Loss Minimization and Voltage Security Improvement Using Differential
Evolution Algorithm,” in International Conference on Recent Advances and
Innovations in Engineering, ICRAIE, Jaipur, India, 2014, pp. 1-6.

A. R. Jordehi, "Particle Swarm Optimisation (PSO) for Allocation of FACTS
Devices in Electric Transmission Systems: A Review," Renewable and
Sustainable Energy Reviews, vol. 52, pp. 1260-1267, 2015.

F. Larki, H. M. Kelk, M. Pishvaei, A. Johar, and M. Joorabian, "Optimal
Location of STATCOM and SVC Based on Contingency Voltage Stability by
Using Continuation Power Flow: Case Studies of Folad Khouzestan Power
Networks in Iran,” presented at the Second International Conference on
Computer and Electrical Engineering, ICCEE, 2009.

A. Karami, M. Rashidinejad, and A. Gharaveisi, "Optimal Location of
STATCOM for Voltage Security Enhancement via Artificial Intelligent,” in
International Conference on Industrial Technology, ICIT2006, 2006, pp. 2704-
2708.

X. Xu, M. Bishop, E. Camm, and M. J. Edmonds, "Transmission Voltage
Support Using Distributed Static Compensation,” in PES General Meeting |
Conference & Exposition, 2014, pp. 1-5.

M. R. G. V. D. M. C. Carlini, "Integration of Droop Control Functions for
Distributed Generation in Power Flow Simulations,” presented at the
International Annual Conference (AEIT), 2015.

S. Varshney, L. Srivastava, and M. Pandit, "Optimal Location and Sizing of
STATCOM for Voltage Security Enhancement Using PSO-TVAC," in
International Conference on Power and Energy Systems, ICPS, 2011, pp. 1-6.
A. Jain, A. Gupta, and A. Kumar, "An Efficient Method for D-STATCOM
Placement in Radial Distribution System,"” in 6th International Conference on
Power Electronics, IICPE2014, India, 2014, pp. 1-6.

E. Ghahremani and I. Kamwa, "Optimal Allocation of STATCOM with Energy
Storage to Improve Power System Performance,” in IEEE PES T&D
Conference and Exposition, 2014, pp. 1-5.

E. Twining and D. Holmes, "Voltage Profile Optmisation for Weak
Distribution Networks," Journal of Electrical & Electronics Engineering,
Australia, vol. 22, p. 179, 2003.

176



[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

S. M. Ramsay, P. E. Cronin, R. J. Nelson, J. Bian, and F. E. Menendez, "Using
Distribution Static Compensators (D-STATCOMS) to Extend the Capability of
Voltage-Limited Distribution Feeders,” in 40th Annual Conference on Rural
Electric Power, 1996, pp. A4/18-A4/24.

S. A. Taher and S. A. Afsari, "Optimal Location and Sizing of DSTATCOM
in Distribution Systems by Immune Algorithm," International Journal of
Electrical Power & Energy Systems, vol. 60, pp. 34-44, 2014.

S. Devi and M. Geethanjali, "Optimal Location and Sizing Determination of
Distributed Generation and DSTATCOM Using Particle Swarm Optimization
Algorithm," International Journal of Electrical Power & Energy Systems, vol.
62, pp. 562-570, 2014.

S. S. Hussain and M. Subbaramiah, "An Analytical Approach for Optimal
Location Of DSTATCOM In Radial Distribution System," in International
Conference on Energy Efficient Technologies for Sustainability, ICEETS2013,
2013, pp. 1365-1369.

Y. Del Valle, J. Hernandez, G. Venayagamoorthy, and R. Harley, "Multiple
STATCOM Allocation and Sizing Using Particle Swarm Optimization,” in
IEEE PES Power Systems Conference and Exposition, 2006, pp. 1884-1891.
A. Australia, "Energy Storage Study Funding and Knowledge Sharing
Priority," AECOM, Australia 13 July 2015.

E. Twining and D. Holmes, "Voltage Compensation in Weak Distribution
Networks using Multiple Shunt Connected Voltage Source Inverters,” in
Power Tech Conference, Bologna, Italy, 2003, p. 8 pp. Vol. 4.

S. Kincic, B. T. Ooi, D. McGillis, and A. Chandra, "Voltage Support of Radial
Transmission Lines by VAr Compensation at Distribution Buses," IEE
Proceedings - Generation, Transmission and Distribution, vol. 153, p. 51,
2006.

B. Ooi, S. Kincic, X. Wan, D. McGillis, A. Chandra, F. Galiana, et al.,
"Distributed Static VAr Systems (SVS) for Regulated VVoltage Support of Load
Centers," in Power Engineering Society General Meeting, 2003.

S. Kincic and A. Chandra, "Impact of Distributed Compensators on Power
System Voltages," in Electrical and Computer Engineering, CCECE2003,
2003, pp. 547-552.

177



[77]

[78]

[79]

[80]

[81]

[82]

[83]

[84]

[85]

S. Kincic, X. T. Wan, D. T. McGillis, A. Chandra, B. T. Ooi, F. D. Galiana, et
al., "Voltage Support by Distributed Static VAr Systems (SVS)," IEEE
Transactions on Power Delivery, vol. 20, pp. 1541-1549, 2005.

M. C. Chandorkar, D. M. Divan, and R. Adapa, "Control of Parallel Connected
Inverters in Standalone AC Supply Systems,” IEEE Transactions on Industry
Applications, vol. 29, pp. 136-143, 1993.

J.-F. Chen and C.-L. Chu, "Combination Voltage-Controlled and Current-
Controlled PWM Inverters for UPS Parallel Operation,” IEEE Transactions on
Power Electronics, vol. 10, pp. 547-558, 1995.

H. Hanaoka, M. Nagai, and M. Yanagisawa, "Development of a Novel Parallel
Redundant UPS," in The 25th International Telecommunications Energy
Conference, INTELEC2003, 2003, pp. 493-498.

L. Gyugyi, K. K. Sen, and C. D. Schauder, "The Interline Power Flow
Controller Concept: a New Approach to Power Flow Management in
Transmission Systems,” IEEE transactions on power delivery, vol. 14, pp.
1115-1123, 1999.

Z. Ahmad and S. N. Singh, "DROOP Control Strategies of Conventional Power
System Versus Microgrid Based Power Systems - A Review," presented at the
International Conference on Computational Intelligence and Communication
Networks, 2015.

E. Planas, A. Gil-de-Muro, J. Andreu, |. Kortabarria, and |. Martinez de
Alegria, "General Aspects, Hierarchical Controls and Droop Methods in
Microgrids: A Review," Renewable and Sustainable Energy Reviews, vol. 17,
pp. 147-159, 2013.

M. Chandorkar and D. Divan, "Decentralized Operation of Distributed UPS
Systems,” in Power Electronics, Drives and Energy Systems for Industrial
Growth, 1996, pp. 565-571.

J. M. Guerrero, N. Berbel, L. G. de Vicufia, J. Matas, J. Miret, and M. Castilla,
"Droop Control Method for the Parallel Operation of Online Uninterruptible
Power Systems Using Resistive Output Impedance,” in 21st Annual IEEE
Applied Power Electronics Conference and Exposition, APEC2006., 2006, p.

7 pp.

178



[86]

[87]

[88]

[89]

[90]

[91]

[92]

[93]

[94]

[95]

[96]

M. Chandrokar, D. Divan, and B. Banerjee, "Control of Distributed UPS
Systems," in Power Electronics Specialists Conference, PESC 1994, 1994, pp.
197-204.

R. A. Barr and V. Gosbell, "Introducing Power System Voltage Droop as a
New Concept for Harmonic Current Allocation,” in 14th International
Conference on Harmonics and Quality of Power-ICHQP, 2010, pp. 1-5.

K. De Brabandere, B. Bolsens, J. Van den Keybus, A. Woyte, J. Driesen, and
R. Belmans, "A Voltage and Frequency Droop Control Method for Parallel
Inverters,” IEEE Transactions on Power Electronics, vol. 22, pp. 1107-1115,
2007.

Y. Li, D. M. Vilathgamuwa, and P. C. Loh, "Design, Analysis and Real-Time
Testing of a Controller for Multibus Microgrid System," IEEE Transactions
on Power Electronics, vol. 19, pp. 1195-1204, 2004.

M. C. Chandorkar, D. M. Divan, and R. Adapa, "Control of Parallel Connected
Inverters in Stand-Alone AC Supply Systems," presented at the IEEE Industry
Applications Society Annual Meeting, 1991.

F. Katiraei and M. R. Iravani, "Power Management Strategies for a Microgrid
With Multiple Distributed Generation Units,” IEEE Transactions on Power
Systems, vol. 21, pp. 1821-1831, 2006.

R. H. Lasseter, J. H. Eto, B. Schenkman, J. Stevens, H. Vollkommer, D. Klapp,
etal., "CERTS Microgrid Laboratory Test Bed," IEEE Transactions on Power
Delivery, vol. 26, pp. 325-332, 2011.

M. C. Chandorkar, Distributed Uninterruptible Power Supply Systems:
University of Wisconsin--Madison, 1995.

P. Piagi and R. H. Lasseter, "Autonomous Control of Microgrids,”" in Power
Engineering Society General Meeting, 2006, p. 8 pp.

M. N. Marwali, J. W. Jung, and A. Keyhani, "Control of Distributed
Generation Systems— Part 1I: Load Sharing Control," IEEE Transactions on
Power Electronics, vol. 19, pp. 1551-1561, 2004.

E. Barklund, N. Pogaku, M. Prodanovic, C. Hernandez-Aramburo, and T. C.
Green, "Energy Management in Autonomous Microgrid Using Stability-
Constrained Droop Control of Inverters,” IEEE Transactions on Power
Electronics, vol. 23, pp. 2346-2352, 2008.

179



[97]

[98]

[99]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

D. De and V. Ramanarayanan, "Decentralized Parallel Operation of Inverters
Sharing Unbalanced and Nonlinear Loads,"” IEEE Transactions on Power
Electronics, vol. 25, pp. 3015-3025, 2010.

A. Tuladhar, H. Jin, T. Unger, and K. Mauch, "Parallel Operation of Single
Phase Inverter Modules With No Control Interconnections,” in Applied Power
Electronics Conference and Exposition, APEC, 1997, pp. 94-100.

J. M. Guerrero, M. Chandorkar, T.-L. Lee, and P. C. Loh, "Advanced Control
Architectures for Intelligent Microgrids—Part I: Decentralized and
Hierarchical Control,” IEEE Transactions on Industrial Electronics, vol. 60,
pp. 1254-1262, 2013.

J. M. Guerrero, P. C. Loh, T.-L. Lee, and M. Chandorkar, "Advanced Control
Architectures for Intelligent Microgrids—Part Il: Power Quality, Energy
Storage, and AC/DC Microgrids,” IEEE Transactions on Industrial
Electronics, vol. 60, pp. 1263-1270, 2013.

J. C. Vasquez, R. A. Mastromauro, J. M. Guerrero, and M. Liserre, "Voltage
Support Provided by a Droop-Controlled Multifunctional Inverter,” IEEE
Transactions on Industrial Electronics, vol. 56, pp. 4510-4519, 20009.

J. Hossain and A. Mahmud, Renewable Energy Integration: Challenges and
Solutions: Springer Science & Business Media, 2014.

L. Yun Wei and K. Ching-Nan, "An Accurate Power Control Strategy for
Power-Electronics-Interfaced Distributed Generation Units Operating in a
Low-Voltage Multibus Microgrid,” IEEE Transactions on Power Electronics,
vol. 24, pp. 2977-2988, 20009.

R. Majumder, B. Chaudhuri, A. Ghosh, R. Majumder, G. Ledwich, and F. Zare,
"Improvement of Stability and Load Sharing in an Autonomous Microgrid
Using Supplementary Droop Control Loop,” IEEE Transactions on Power
Systems, vol. 25, pp. 796-808, 2010.

Y. Mohamed and E. F. EI-Saadany, "Adaptive Decentralized Droop Controller
to Preserve Power Sharing Stability of Paralleled Inverters in Distributed
Generation Microgrids,” IEEE Transactions on Power Electronics, vol. 23, pp.
2806-2816, 2008.

Q.-C. Zhong, "Robust Droop Controller for Accurate Proportional Load
Sharing Among Inverters Operated in Parallel,” IEEE Transactions on
Industrial Electronics, vol. 60, pp. 1281-1290, 2013.

180



[107]

[108]

[109]

[110]

[111]

[112]

[113]

[114]

[115]

[116]

[117]

M. Reza, D. Sudarmadi, F. Viawan, W. Kling, and L. VVan Der Sluis, "Dynamic
Stability of Power Systems with Power Electronic Interfaced DG," in PES
Power Systems Conference and Exposition, 2006, pp. 1423-1428.

M. Dai, M. N. Marwali, J.-W. Jung, and A. Keyhani, "Power Flow Control of
a Single Distributed Generation Unit with Nonlinear Local Load," in IEEE PES
Power Systems Conference and Exposition, 2004, pp. 398-403.

J. Slootweg and W. Kling, "Impacts of Distributed Generation on Power
System Transient Stability,” in Power Engineering Society Summer Meeting,
2002, pp. 862-867.

S. K. Mishra, "Design-Oriented Analysis of Modern Active Droop-Controlled
Power Supplies,” IEEE Transactions on Industrial Electronics, vol. 56, pp.
3704-3708, 2009.

N. Rezaei and M. Kalantar, "Economic—Environmental Hierarchical
Frequency Management of a Droop-Controlled Islanded Microgrid,” Energy
Conversion and Management, vol. 88, pp. 498-515, 2014.

S. Xiao, W. Qiu, G. Miller, T. X. Wu, and I. Batarseh, "Adaptive Modulation
Control for Multiple-Phase Voltage Regulators,” IEEE Transactions on Power
Electronics, vol. 23, pp. 495-499, 2008.

Y. Liu, Q. Zhang, C. Wang, and N. Wang, "A Control Strategy for Microgrid
Inverters Based on Adaptive Three-Order Sliding Mode and Optimized Droop
Controls," Electric Power Systems Research, vol. 117, pp. 192-201, 2014.

P. Arboleya, D. Diaz, J. M. Guerrero, P. Garcia, F. Briz, C. Gonzalez-Moran,
et al., "An Improved Control Scheme Based in Droop Characteristic for
Microgrid Converters," Electric Power Systems Research, vol. 80, pp. 1215-
1221, 2010.

N. Yang, D. Paire, F. Gao, A. Miraoui, and W. Liu, "Compensation of Droop
Control Using Common Load Condition in DC Microgrids to Improve Voltage
Regulation and Load Sharing," International Journal of Electrical Power &
Energy Systems, vol. 64, pp. 752-760, 2015.

X. Zhao-xia and F. Hong-wei, "Impacts of P-f & Q-V Droop Control on
MicroGrids Transient Stability,” Physics Procedia, vol. 24, pp. 276-282, 2012.
A. Moawwad, V. Khadkikar, and J. L. Kirtley, "ANew P-Q-V Droop Control
Method for an Interline Photovoltaic (I-PV) Power System,” IEEE
Transactions on Power Delivery, vol. 28, pp. 658-668, 2013.

181



[118]

[119]

[120]

[121]

[122]

[123]

[124]

[125]

[126]

[127]

G. C. Konstantopoulos, Q.-C. Zhong, B. Ren, and M. Kirstic, "Bounded Droop
Controller for Parallel Operation of Inverters," Automatica, vol. 53, pp. 320-
328, 2015.

J.-J. Seo, H.-J. Lee, W.-W. Jung, and D.-J. Won, "Voltage Control Method
Using Modified Voltage Droop Control in LV Distribution System," in
Transmission & Distribution Conference & Exposition: Asia and Pacific,
2009, pp. 1-4.

H. Han, Y. Liu, Y. Sun, M. Su, and J. M. Guerrero, "An Improved Droop
Control Strategy for Reactive Power Sharing in Islanded Microgrid," IEEE
Transactions on Power Electronics, vol. 30, pp. 3133-3141, 2015.

C. K. Sao and P. W. Lehn, "Autonomous Load Sharing of Voltage Source
Converters," IEEE Transactions on Power Delivery, vol. 20, pp. 1009-1016,
2005.

C.-T. Lee, C.-C. Chu, and P.-T. Cheng, "A New Droop Control Method for the
Autonomous Operation of Distributed Energy Resource Interface Converters,"
IEEE Transactions on Power Electronics, vol. 28, pp. 1980-1993, 2013.

M. A. Hassan and M. A. Abido, "Optimal Design of Microgrids in
Autonomous and Grid-Connected Modes Using Particle Swarm
Optimization," IEEE Transactions on Power Electronics, vol. 26, pp. 755-769,
2011.

F. Milano, Power System Modelling and Scripting: Springer Science &
Business Media, 2010.

F. Mumtaz, M. H. Syed, M. A. Hosani, and H. H. Zeineldin, "A Novel
Approach to Solve Power Flow for Islanded Microgrids Using Modified
Newton Raphson with Droop Control of DG," IEEE Transactions on
Sustainable Energy, vol. 7, pp. 493-503, 2016.

M. Wishart, "The Grid Utility Support System (GUSS): An Energy Storage
System for Single Wire Earth Return Systems," in Series Seminars of IEEE
Queensland Section, Brisbane, Australia, 2013.

D. H. Popovi¢, J. A. Greatbanks, M. Begovi¢, and A. Pregelj, "Placement of
Distributed Generators and Reclosers for Distribution Network Security and
Reliability," International Journal of Electrical Power and Energy Systems,
vol. 27, pp. 398-408, 2005.

182



[128] M. T. Wishart, J. Turner, L. B. Perera, A. Ghosh, and G. Ledwich, "A Novel
Load Transfer Scheme for Peak Load Management in Rural Areas," IEEE
Transactions on Power Delivery, vol. 26, pp. 1203-1211, 2011.

[129] W. D. Stevenson, Elements of Power System Analysis, 1975.

183



APPENDIX A

This appendix provides Richmond SWER line data in Table Al and Figure Al as it
has been used for case study in this thesis.
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Figure Al: Single line diagram of Richmond SWER line with 126 nodes and 49
customers [2]
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TableAl: Richmond SWER network data

Line Number Line Specification
Line 1-2 400KVA Transformer
Line 2-3 47.655km BAN conductor
Line 3-4 25KVA Transformer
Line 3-5 5.454km SCAC conductor

Line 3-17 0.686km SCAC conductor
Line 3-21 0.947km SUL conductor
Line 5-6 3.075km SCAC conductor
Line 5-8 10.319km SCAC conductor
Line 6-7 25KVA Transformer
Line 8-9 10KKVA Transformer
Line 8-10 6.163km SCAC conductor
Line 10-11 10KVA Transformer
Line 10-12 5.431km SCAC conductor
Line 12-13 3.075km SCAC conductor
Line 13-14 10KVA Transformer
Line 12-15 3.512km SCAC conductor
Line 15-16 10KVA Transformer
Line 17-18 25KKVA Transformer
Line 17-19 0.160km SCAC conductor
Line 19-20 25KVA Transformer
Line 21-22 0.252km SCAC conductor
Line 21-26 11.149km SUL conductor
Line 22-23 25KKVA Transformer
Line 22-24 3.651km SCAC conductor
Line 24-25 10KVA Transformer
Line 26-27 3.075km SCAC conductor
Line 27-28 10KVA Transformer
Line 26-29 9.936km SUL conductor
Line 29-30 4.484km SCAC conductor
Line 30-31 10KVA Transformer
Line 29-32 5.635km SUL conductor
Line 32-33 0.240km SCAC conductor
Line 32-53 10.740km SUL conductor
Line 33-34 7.652km SCAC conductor
Line 33-38 6.453km SCAC conductor
Line 34-35 25KKVA Transformer
Line 34-36 7.986km SCAC conductor
Line 36-37 10KVA Transformer
Line 38-39 10KKVA Transformer
Line 38-40 11.191km SCAC conductor
Line 40 41 0.019km SCAC conductor
Line 41 42 25KVA Transformer
Line 40 43 0.246km SCAC conductor
Line 40 48 10.545km SCAC conductor
Line 43 44 0.303km SCAC conductor
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Line 46 47 25KVA Transformer
Line 43 46 0.188km SCAC conductor
Line 44 45 25KV A Transformer
Line 48 49 0.019km SCAC conductor
Line 49 50 10KVA Transformer
Line 48 51 0.235km SCAC conductor
Line 51 _52 10KVA Transformer
Line 53 54 0.352km SCAC conductor
Line 54 55 10KVA Transformer
Line 53 56 4.590km SUL conductor
Line 56_96 0.768km SUL conductor
Line 56_57 0.044km SCAC conductor
Line 57 58 10KVA Transformer
Line 56_59 13.485km SUL conductor
Line 59 60 2.063km SCAC conductor
Line 60 61 10KVA Transformer
Line 59 62 5.489km SUL conductor
Line 62_74 4.940km SUL conductor
Line 62_63 25KV A Transformer
Line 62_64 10.176km SCAC conductor
Line 64 69 9.781km SCAC conductor
Line 64 65 0.301km SCAC conductor
Line 65 66 10KVA Transformer
Line 65 67 0.372km SCAC conductor
Line 67 _68 10KVA Transformer
Line 69 70 0.137km SCAC conductor
Line 70 71 10KVA Transformer
Line 69 72 0.308km SCAC conductor
Line 72 73 10KVA Transformer
Line 74 79 1.155km SUL conductor
Line 74 75 0.097km SCAC conductor
Line 75 76 10KVA Transformer
Line 75 77 0.237km SCAC conductor
Line 77 _78 10KVA Transformer
Line 79 80 1.566km SCAC conductor
Line 80 81 10KVA Transformer
Line 79 82 8.876km SUL conductor
Line 82_83 0.032km SCAC conductor
Line 83 84 10KVA Transformer
Line 82_85 13.972km SUL conductor
Line 85 86 6.649km SCAC conductor
Line 86_87 10KVA Transformer
Line 85 88 6.523km SUL conductor
Line 88 89 0.287km SCAC conductor
Line 89 90 10KVA Transformer
Line 88 91 1.549km SCAC conductor
Line 91 92 0.749km SCAC conductor
Line 92 93 10KVA Transformer
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Line 91 94 5.938km SCAC conductor
Line 94 95 10KVA Transformer
Line 96 97 0.037km SUL conductor
Line 97 98 10KVA Transformer
Line 96 99 7.654km SUL conductor
Line 99 100 5.794km SCAC conductor
Line 100 101 25KV A Transformer
Line 99 102 5.491km SUL conductor
Line 102 103 3.972km SCAC conductor
Line 103 104 10KVA Transformer
Line 102 105 4.827km SUL conductor
Line 105 106 10KVA Transformer
Line 105 107 5.422km SUL conductor
Line 107 108 25KV A Transformer
Line 107_109 8.802km SUL conductor
Line 109 119 4.809km SCAC conductor
Line 109 110 8.002km SCAC conductor
Line 110 111 10KVA Transformer
Line 110 112 0.352km SCAC conductor
Line 112 113 10KVA Transformer
Line 112 114 9.836km SCAC conductor
Line 114 115 0.039km SCAC conductor
Line 115 116 10KVA Transformer
Line 114 117 0.557km SCAC conductor
Line 117 118 10KVA Transformer
Line 119 120 10KVA Transformer
Line 119 121 0.302km SCAC conductor
Line 121 122 25KV A Transformer
Line 119 123 | 17.124km SCAC conductor
Line 123 124 10KVA Transformer
Line 123 125 0.866km SCAC conductor
Line 125 126 10KVA Transformer
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