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ABSTRACT

The world is rapidly transitioning towards renewable energy sources, with Inverter-
Based Resources (IBRs) emerging as key power sources for future distribution
systems. The electrification of rural and remote areas is progressing rapidly, bringing
power to previously underserved locations. However, remote distribution networks
face challenges, with one significant issue being lower fault levels.

Weak distribution networks in these remote areas give rise to several problems, with
voltage sag being a primary concern. VVoltage sag, often caused by sudden changes in
load or faults on the grid, poses a particular threat to process controllers, PLCs,
variable speed drives, robots, data processing and control equipment, in particular, are
highly sensitive to voltage sags, risking potential data loss. The simultaneous operation
of large machines can further exacerbate the challenges associated with low fault
levels.

In the context of IBR-based distribution systems, vulnerability to unbalanced voltage
sag is a specific concern. The Synchronous Reference Frame-Phase Locked Loop
(SRF-PLL) may incorrectly estimate the positive sequence voltage component,
resulting in a loss of controllability for the three-phase inverter. A grid-connected
power converter, in particular, is sensitive to voltage disturbances, as its control system
may lose controllability under such distorted operating conditions. This may lead to
damage the inverter, as it is unsuitable for injecting unbalanced currents and lacks a
specific control loop for negative-sequence current components. The abrupt
disconnection of inverters can result in voltage collapse, frequency instability, and
synchronous angle instability.

This research has addressed these challenges by developing a voltage sag mitigation
technique for weak distribution systems. A robust inverter control system capable of
maintaining connectivity during voltage sag events and a pre-assigned priority load
management scheme to effectively mitigate voltage sag were designed. Performance
evaluation revealed the success in mitigating voltage sag by applying the proposed
techniques when integrating IBR to weak grids.

Keywords: Inverter-Based Resources, Large Machine Operation, VVoltage Sag, Weak
Distribution Grid.
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CHAPTER 1

INTRODUCTION

Leveraging Inverter-Based Resources for Sustainability

Access to electricity has become a fundamental human need, reaching even the
smallest rural communities. Utilities aim to extend beyond urban centres, electrifying
remote and rural areas that have long been without access to electricity. These efforts
hold the potential for economic growth and improved livelihoods.

As the world moves towards a greener energy landscape, Inverter Based Resources
(IBRs) have gained significant attention. Due to the environmental benefits and
capacity for sustainable energy generation, IBRs, including solar and wind systems,

are emerging as prominent components of distribution systems.

Therefore, the addition of the IBRs makes rural electrification a more attractive option.
However, electrification of rural areas often presents unique challenges due to their
distance from existing power grids. These areas may be either grid connected or
operate with off-grid connections. Due to their distance from generation stations, grid
connected locations in such regions often encounter lower fault levels, rendering them

susceptible to the challenges associated with weak grids.

One of the main power quality issues is voltage sag. Low voltage ride through and
limited inertia of inverter-based resources can exacerbate voltage sags in weak grids.
Additionally, IBRs can be vulnerable to unbalanced voltage sags, potentially leading

to a loss of controllability.

Voltage Sag

As defined in IEEE Std 1159-2019, a voltage sag is "a decrease in root-mean-square
(rms) voltage (0.1 pu to 0.9 pu) at the power frequency for a duration of 0.5 cycles to
1 minute” [1]. Voltage sag can be defined as a critical power quality challenge
encountered by numerous industrial and household customers. This issue significantly
affects various process plant systems, including process controllers, Programmable

Logic Controllers (PLCs), variable speed drives, and robots. In instances involving



motor starters, a voltage sag can escalate into the failure of relays and contactors,
potentially resulting in a complete shutdown of operations.

The sensitivity of data processing and control equipment to voltage sags poses a
substantial risk of potential data loss. The systems, which are crucial for seamless
operations, are particularly vulnerable to voltage sags. Therefore, addressing voltage
sag issues in industrial settings is crucial [3].

Main Causes of Voltage Sag

The connection of large loads, sudden overloading of circuits and network faults can
cause voltage sags. Severity of voltage sag depends on the specific event.

1.1.1 Connection of Large Inductive Loads

Connecting a large inductive load increases current draw, causing voltage sags. The
severity depends on load size and system strength. Large inductive loads, such as
industrial plants, induction motors, and arc furnaces, typically have high inrush
currents, which causes shallow voltage sags for longer durations as shown by Figure

1-1 [2].
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Figure 1-1 Voltage sag due to large machine operation [2]



1.1.2 Sudden Overloading of Circuits

Sudden overloading of circuits occurs when more current is drawn from a circuit than
it is designed to handle. This can happen when multiple appliances or devices are

turned on at the same time, or when a faulty appliance is plugged in.

Sudden circuit overloads can also cause voltage sags, though typically less severe than

those caused by large machines starting up [2].

1.1.3 Network Faults

In general, faults in transmission systems are quickly cleared compared to those in
distribution systems. Transmission systems typically require rapid fault clearance,
necessitating fast protection measures. Circuit breakers are used to isolate the fault as
quickly as possible. Distance protection and differential protection, common in
transmission and sub transmission systems, contribute to quick fault detection and

clearance [2].

In contrast, distribution systems typically rely on overcurrent protection, which often
involves time grading techniques, leading to longer fault clearing times. An exception
exists in systems using current limiting fuses, which can promptly clear faults.

As illustrated in Figure 1-2, the severity and depth of voltage sags depend on the type

of fault on the electrical system.

Low Fault Level Grid Characteristics

A weak grid in a power system refers to a network with a low short circuit ratio (SCR)
and inertia constant (H). This means that the system has limited capacity to handle

sudden changes in loads, leading to voltage and frequency variation [4].
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Figure 1-2 Different type of voltage sags due to faults, (a) Three-phase to ground fault
through an impedance, (b) Phase to phase fault, (¢) Single phase to ground fault, (d)
Phase to phase to ground fault.

1.1.4 Large Inductive Machine Operation

The operation of large machines within a weak grid introduces several technical
considerations. Large machines, especially those with significant power requirements,

contribute to voltage sag, creating challenges for sensitive equipment.
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Figure 1-3 Voltage sag change with PCC fault level

Weak grids, which are inherently susceptible to voltage sag, face exacerbated issues
in maintaining a steady voltage level due to the operation of large machines. The
interaction between the machine operations and protective devices may lead to
undesired tripping, affecting the overall reliability of the grid.

Figure 1-3 illustrates the impact of a large machine starting event on the system voltage
at the PCC. The plot depicts voltage sags for various fault levels at the PCC. The
severity of the voltage sags increases with decreasing grid strength, as evidenced by
lower fault currents. Notably, the fault currents in this analysis are specified at the

medium voltage level of 11 kV.

1.1.5 Simultaneous Operation of Machines

The simultaneous operation of machines can exacerbate voltage sag in a weak grid.
When multiple machines or loads start operating simultaneously the combined effects,
may lead to voltage sags. Therefore, it is necessary to implement mitigation strategies

to ensure the reliable and uninterrupted operation of the system.

Problem Statement

In the dynamic landscape of power systems, the integration of IBRs has become

increasingly dominant. However, when dealing with weak distribution systems,



challenges can arise requiring the capability of IBRs to remain connected during the
low voltage ride through.

Unbalanced voltage sag, in particular, poses a significant risk as it may lead to the

disconnection of IBRs, introducing further complications in the power system.

Unbalanced voltage sag leads to disconnecting inverters from the grid, indicating a
"G_PHASE" error [5].

Voltage sags can degrade the performance of induction motors within the system. A
reduction in terminal voltage during a sag event directly affect to a decrease in motor

torque [2].

Voltage sag can be caused due to simultaneous acceleration of motors or large machine
operation. This, in turn, can disrupt the normal functioning of the system, emphasizing
the importance of proactively addressing the issue of voltage sag in weak distribution

systems [2].

Scope

This research aims to provide insights into the effectiveness of these mitigation
strategies in enhancing the resilience of weak distribution systems against voltage sag.
The study is focused on examining voltage sag phenomena in a distribution system
with lower fault levels with higher concentrations of IBRs. The proposed sag
mitigation approaches include the implementation of a load management scheme and
the robust operation of inverters. The load management scheme is designed based on
a predetermined order of priority and considers the unique characteristics of loads

within the system.

This thesis is bounded on addressing voltage sag mitigation, but will not cover the
areas related to steady state stability. To cover such an approach, it should include the
examination of parameters like system damping, eigenvalue analysis, and the impact
of reactive power compensation. It would contribute to a holistic analysis of the

distribution system's resilience.

Objectives

The core objective of this research is to design a hybrid voltage sag mitigation

technique for a renewable integrated weak distribution system, by designing a load



management algorithm, and a robust inverter control system that can remain connected

to the system during events of voltage sag.
The research will focus on two specific objectives to achieve this goal:

* Designing of an algorithm for implementing a pre-assigned priority load
management scheme to mitigate voltage sag.
» Designing of a robust inverter control system that can remain connected to the

system during events of voltage sag.



CHAPTER 2

LITERATURE REVIEW

Conventional Phase Locked Loop

The most widely used technique for achieving frequency independent grid
synchronization in three-phase systems is the Synchronous Reference Frame-Phase
Locked Loop (SRF-PLL). The conventional SRF-PLL employs Park's transformation
to convert the three-phase voltage vector from the stationary reference frame to the
synchronous reference frame. The angular position of this synchronous reference

frame is regulated by a feedback loop, ensuring the g component transforms to zero.

In SRF-PLL, the transformation to the synchronous reference frame has been rescaled
by a 2/3 factor. This scaling specifically allows the system to directly measure the

amplitude of the incoming sinusoidal voltage signal [6], [7].

During normal operation conditions, the d component directly reflects the amplitude
of the positive sequence sinusoidal input voltage (V*2). Its phase angle is determined

by the feedback loop output.

Under ideal grid conditions, free from harmonics and voltage unbalances, a wide
bandwidth for the SRF-PLL feedback loop enables rapid and precise determination of
the grid voltage's phase angle and amplitude. The SRF-PLL detects the amplitude and
phase angle of the balanced input voltage vector by setting the g-axis component of

the dq reference frame voltage (vq) equal to zero, vq = 0. [8], [9].

By strategically selecting a narrow bandwidth for the PLL, the response is enhanced
by reducing the impact of undesired signal components on the PLL output [6]. The
control loop's bandwidth is configured to ensure vq is approximately 0. This adjustment
enables the PLL to promptly follow the variations in the balanced voltage vector

applied at its input.
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Conventional filtering techniques alone are insufficient for accurately evaluating the
positive sequence component by extracting the average value of the d-axis component

of the synchronous reference frame voltage (vaq) [8], [9].

Figure 2-1 indicates the unbalanced voltage sag in a grid while corresponding positive
and negative sequence component representations are presented in Figure 2-2. Figure
2-3 presents the measured phase angle using SRF-PLL. The SRF-PLL cannot
segregate the positive sequence component during an unbalanced voltage sag event.
This is because the oscillatory va component does not directly provide information
related to the positive sequence component. Instead, it represents a combination of
both positive and negative sequence components. This limitation is illustrated in

Figure 2-4.

Conventional Inverter Control System Drawbacks

The design of grid-connected power converters necessitates careful consideration to
ensure their functionality under diverse grid voltage conditions. Developing robust and
secure control algorithms is paramount, particularly when the grid experiences

abnormal events. Grid faults are a prevalent source of such abnormalities, some

10



leading to unbalanced grid voltages at the converter's PCC. Consequently, the injected

currents deviate from their typical balanced and sinusoidal waveforms.

Unbalanced grid voltages, often resulting from grid faults, introduce distorted currents
into the power converter's output. The interaction between these distorted currents and
the unbalanced voltages can lead to uncontrolled oscillations in the active and reactive
power delivered to the grid. This scenario presents a significant control challenge, as
many conventional current control algorithms employed in the industry exhibit

limitations in accurately regulating the injection of unbalanced currents.

The effectiveness of a power converter's interaction with the grid under fault
conditions hinges on the control strategy employed for generating reference currents.
This process of reference current generation during grid faults is a critical aspect of
power converter control. The selection of these current set points directly influences
the converter's overall performance and its ability to deliver a specified amount of

active and reactive power [8], [9], [10].

Maintaining control over the currents injected by the power converter into the grid
phases is crucial, especially during significant grid voltage variations. To achieve this,
the control algorithms responsible for generating reference currents require continuous
estimation of the instantaneous behavior of these phase currents. Accurate real-time
estimation, including during transient fault conditions, is essential to prevent

overcurrent tripping events.

According to IEEE 1547-2018, three-phase Distribution Energy Resources may cease
to energize and trip if the negative sequence component of the applicable voltage is
greater than 5% of the nominal voltage for greater than 60 s or greater than 3% of the
nominal voltage for greater than 300 s, provided that the voltage unbalance is neither
caused nor aggravated by unbalanced currents of the local electric power system [11].
The inability to achieve accurate control during unbalance may result in damage to the
inverter. Therefore, as a preventive measure, this standard limit the LVRT capability
during an unbalanced event. From a power system perspective, the unavailability of

generation during such grid disturbances can lead to significant issues.
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Decoupled Double Synchronous Reference Frame -Phase Locked
Loop (DDSRF-PLL)

By employing this DDSRF approach, the positive sequence voltage component and
negative sequence component can be decoupled separately. This is accomplished by
defining two distinct reference frames of dg synchronous reference. This capability

facilitates precise grid synchronization, even in the presence of unbalanced voltages
[8].

This reference frame comprises two orthogonal rotating axes: a positive-sequence
frame (dg*) rotating in the positive direction with an angular position of 6, and a

negative-sequence frame (dq) rotating in the negative direction with an angular

position of 6.

qu+ = | [qu aB ( 2'1)
qu‘ = | [qu aﬁ (2-2)
[qu+] = [qu—]T = | cos(8) - sin(6) (2-3)

—sin(8) cos(0)

Equation (2-1) shows the transform equation of the positive sequence dg components
utilizing alpha-beta coordinates, with the transformation matrix presented in (2-3).

Similarly, (2-2) outlines the equation for the negative sequence dg components [8],
[9], [10].

The DC values of the dg* and dgq™ frames correspond to the amplitude of the sinusoidal
signals v* and v, respectively, and the coupling between these leads to oscillations at
2m. This coupling effect can be eliminated by considering the decoupling of oscillatory

components [8].

There are some other methods also available for achieving accurate grid
synchronization in power converter controllers, which can be implemented using a
stationary reference frame. One of the methods involves the use of resonant

controllers. In resonant controllers, the grid frequency is utilized for grid

12



synchronization. However, with the DDSRF-PLL, instead of using the grid frequency,
grid voltage phase angle is used as the synchronization variable [8], [9], [10].

Flexible Positive and Negative Sequence Control (FPNSC)

There are several methods available for injecting current during grid voltage
unbalanced conditions, and for this research, the Flexible Positive and Negative
Sequence Control (FPNSC) method [19] is employed.

Taking into account various limitations like power oscillations and the capabilities of
active, reactive power injection with the mentioned strategies, FPNSC is emerging as
a better method for generating reference currents via power converters, especially in

scenarios involving unbalanced grid conditions.

The equation for deriving the active reference current vector (iy) is obtained by
decoupling the instantaneous conductance by the positive sequence conductance (G1)
and negative sequence conductance (G™). The derived equation for the active reference

current vector is showed by (2-4).

ip = GtVt+ GV~ (2-4)

The active power current also includes a negative sequence component, allowing the
injection of either positive or negative sequence currents into the grid based on the grid

condition.

However, for precise delivery of a desired active power (P) to the grid, controlling the
injected current necessitates simultaneous control of both positive and negative
sequence components. This is due to their combined influence on the total active power
injection. To achieve this dual control, a scalar parameter (k1) is introduced to regulate

the contribution of each sequence component to the reference active power currents.

P P
1; :k1Wv++(1—k1)WV_ (2_5)

A similar concept can be applied for deriving the reactive current, wherein the scalar

parameter is named as ko. By utilizing this parameter, the given amount of reactive

13



power injection to the grid can be controlled. The respective equations with the scalars
are shown in (2-5) and (2-6).

¢ sV L+ (1 —k2) ¢ vy (2-6)

i =k X
T v

An equation for the total current injection by the inverter can be formulated utilizing
these relationships. The respective equation with the scalars are shown in (2-7), control
over the positive and negative sequence components of active power and reactive
power is achieved by adjusting ki and kz. This flexibility allows us to deliver current
based on grid measurements, effectively mitigating voltage sag [20], [21].

1 1

1 1
" = p [kl vt k) v‘] +0 [kz Lt k) v‘l] (2-7)

Inverter Controller during Voltage Sag

The integration of Inverter-Based Resources (IBRs) into power grids necessitates
robust control strategies for seamless operation under diverse grid conditions. These
strategies address two critical objectives: preventing unnecessary tripping of the
converter's protection system and supporting the grid voltage during Low Voltage Ride
Through (LVRT) conditions.

Unbalanced faults on the grid typically introduce negative sequence components into
the voltage waveforms at the IBR's connection point. Under these unbalanced
conditions, the currents injected by the inverter deviate from their ideal sinusoidal and
balanced patterns. This interaction between the unbalanced grid voltages and the
injected currents can lead to uncontrolled oscillations in both the active and reactive

power delivered by the IBR, further exacerbating grid instability. [20], [21].
Estimation of Over Current Limits

Due to the injection of unbalanced currents into the grid by FPNSC method, the
instantaneous current may differ from phase to phase. Therefore, accurate current
control is needed to prevent undesired tripping of the inverter. However, the locus of
the operating current of the inverter is changed based on the selected operating strategy

during unbalanced conditions. Additionally, factors considered under the strategy,

14



such as active power oscillation, active reactive power oscillation, or harmonic current

injection, lead to changes in the corresponding equations.

At any given moment, the total current injected by the inverter should equal the sum
of the active current (i,,) and the reactive current (iz). Adjusting the values of ki and
k. allows for the injection of a specific amount of active and reactive power. By
deriving an equation for total current based on the set point of total current injection,

can establish the locus of the operating current.

To define a current vector, the instantaneous values of its alpha-beta reference frame
need to be defined. Equation (2-8) presents the mathematical representation of

[, current vector, where I,,; and I,,s denote the modulus of two rotating vectors. I,
corresponds to the value of the large axis of the i, ellipse, while I,,¢ represents the

magnitude of its short axis. Equation (2-9) provides the same representation for i [22].

- pa _ [{pLcoswt (2-8)
P lpﬂ ngsinwt

lqa [ qssma)t (2-9)
IqLcoswt

With these overcurrent limits, the maximum current in each phase can be estimated.
The derived equation for power injection using the inverter can be formulated, as
shown in (2-10). Depending on the mode of operation, both active power and reactive

power, as well as the maximum reactive power, can be delivered to the grid.

The value of vy differs depending on the phase, whether it is a, b, or c. Generally, for
phase a, v is equal to 6, where 6 represents the angle difference between a phase and

the ) [22].

2 = p2 [kf w712+ (1 — k)2 |[v*|? + 2k, (1 — ky)cos2y.|v™|. |v‘|]
[v*|2 [v~|?
+ 02 [k%- =12 + (1 — k)2 |v+|2 + 2k, (1 — ky)cos2y. v+, |v‘|]
[v*|2. |v—|?
(Zkl + Zkz - 4‘k1k2)|v+|. |U_|.Si7’l2]/
[ EHERCRE ]

(2-10)
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Removal of Coupling Effects in DDSRF-PLL

The decoupled reference frames in DDSRF voltage vectors are rotated with +w and
—w frequencies respectively. The vaq" and vdq™ can be represented as (2-11) and (2-12)
respectively. It can be observed that these components consist of dc terms and ac terms.

For example, if oscillation generated by the voltage vector v~ on the dg™ axes signals
needs to be cancelled out, v- signals can be utilized, and vice versa [23].

Va4 [cos(e™) __[ cos(wt) . __1sinRwt)
Vagr = Vo [sin(go“) + Vcos(e )[ szn(Zwt)]+V sin(y )[cos(Zwt)]
(2-11)
_ Va- = [cos(p™) + +1 [cos(2wt) o + [-sin2wt)
qu_ - Vq—‘ =V [sin((p“)] +V COS((p )[sin(z(ut)] +V sm((p )[cos(Zwt)
(2-12)

+
Furthermore, in (2-4), the V' [@] term represents the DC component, while the

in(p™*)
V=cos(p™) [ ] + V7sin(¢p ™) [
[23].

cos(2wt)
sin(2wt)

sin(2wt)

] term represents the AC component
cos(2wt)

Loads Behaviour during Voltage Sag

Computers, consumer electronics, and certain process control equipment commonly
employ single-phase diode rectifiers to convert AC power to DC. However, during
voltage sag, tripping often occurs, primarily due to under-voltage protection activating

because of a reduction in DC bus or AC incoming voltage.

Adjustable speed AC drives (ASD) typically receive power through a three-phase
rectifier and are sensitive to voltage sag. Shallow and short sags might cause minor
issues like reduced torque, while deep and prolonged ones can lead to tripping.
Different ASD control strategies have varying degrees of tolerance while firing-angle
control (FAC) drives may experience phase-angle jumps, other control methods can
also be affected, leading to diverse issues like increased distortion, reduced torque, or
instability [2], [14]. Tripping can occur due to various phenomena:

e The motor drive controller's protection system detects sudden changes in
operating conditions, triggering tripping mechanisms to prevent damage to

power electronic components.
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e The voltage drop in the DC bus during the sag could lead to malfunctions or
trigger the tripping of the motor drive controller.

e Voltage sags can result in increased AC currents within ASDs. This overload
can activate overcurrent protection measures such as trips or blown fuses,

safeguarding the power electronics.

Voltage sag directly affects the operation of induction motors. The basis of induction
motor operation lies in the generation of magnetic flux within the motor. The motor's
torque production is directly proportional to the product of voltage and current. In
Figure 2-5, the magnetic flux of a 5.5 kW motor is shown during normal operation

under 85% rated loading.

When a voltage sag occurs, the reduced voltage directly impacts the magnetic flux
levels in the motor, resulting in a reduction in the motor's torque production capability.

The duration of the voltage sag is a crucial factor in determining the severity of its
impact on the induction motor. Prolonged voltage sags can have more severe
consequences, potentially leading to damage and long-term operational issues. In
Figure 2-6, the magnetic flux reduction due to a 30% voltage sag is shown [15], [16].

— — e Flux path

Figure 2-5 The magnetic flux of 5.5 kW induction motor with 85% rated load. The
magnetic flux of normal operation [16]
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Figure 2-6 The magnetic flux at half cycle since the 30% voltage sag [16].

Once the voltage is restored to its rated level, the induction motor initiates a recovery
process to restore its flux. During this phase, the motor strives to return to its normal
operating conditions. As the voltage returns to its regular level, the magnetic flux
levels in the motor increase, allowing the motor to regain its ability to generate the

required torque for optimal performance while experiencing higher inrush current [16].
Equipment Sensitivity for Voltage Sag

Electrical equipment is often sensitive to voltage sags, leading to variations in
performance and output depending on the severity of the sag. Power electronics-based
equipment, such as workstations, servers, and PLCs, are particularly vulnerable to
voltage sags. To address the behaviour of these sensitive devices, various standards

define acceptable durations for voltage sags.
Some common effects of voltage sags on computer equipment include:

o Network servers may lose data due to voltage sags, especially Hard Disk Drive
(HDD) storage systems.

e Voltage sags can cause operating system crashes, leading to server restarts.
This can result in delays in workstation processes, particularly in industrial

environments.
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e Prolonged or frequent voltage sags may damage this sensitive power electronic

equipment.

The CBEMA recognized the significance of voltage sag susceptibility in electronic
equipment and introduced the CBEMA curve. This curve represents allowable voltage
variations over time that sensitive electronic equipment can withstand without
malfunctioning or experiencing damage. The CBEMA curve is essentially a guideline
helping manufacturers and users understand the voltage tolerance limits of computer

equipment [1].

It typically shows that electronic equipment can withstand short-duration voltage sags
without adverse effects. However, as the duration increases, the allowable voltage
deviation decreases. Beyond certain limits, prolonged or severe voltage sags can lead

to data loss, equipment malfunctions, and, in extreme cases, permanent damage.
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Figure 2-7 Old CBEMA and ITIC curves [17]
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Various associations define their own susceptibility curves for voltage sag. Figure 2-7
shows the old CBEMA and ITIC curves. However, the ANSI standardized the
CBEMA curve in ANSI/IEEE 1100 standard. Figure 2-8 shows the New ITI
(CBEMA) curve used in the IEEE 1100 standard [18].
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CHAPTER 3
METHODOLOGY

General llustration

In this chapter, a brief overview of the implemented system is provided. The system

consists of two main subsystems:

1. operation of the inverter under unbalanced conditions
2. load management for voltage sag mitigation

Operation of the inverter under unbalanced conditions

A simplified overview of the proposed subsystem for the inverter control is illustrated
in Figure 3-1. Under normal grid operating conditions, the inverter is operated in a
predetermined mode. For example, if used as a solar inverter, maximum power point
tracking mode can be employed. When voltage unbalance occurs, it is detected by the
inverter's control system. Based on the unbalanced voltage, the inverter switches from

its current operating mode to the proposed mode of mitigating unbalanced voltage sag.

Terminal
Voltage

DDSRF dg
coordinates

Is the voltage No Inverter's normal
unbalanced ? operating mode

Inverter operates in
FPNSC mode to mitigate
unbalanced voltage sag

Figure 3-1 Flowchart of Inverter operation mode to mitigate unbalanced
voltage sag
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Once the voltage is restored, it reverts back to the normal operation. The proposed
control mode enables the inverter to remain connected during unbalanced voltage sag

and supports grid stability.
Load management for voltage sag mitigation

The second subsystem is the load management system. As elaborated in previous
sections, in weak grids, large machine operations often result in significant voltage
sags, which varies depending on the load type. Thereby, this subsystem was developed
to successfully integrate these large loads into the system and prevent voltage sag

violations.

It systematically connects loads while monitoring voltage sag levels. Figure 3-2 shows
the flowchart of the simplified system, illustrating the process. It first categorize the
voltage sag based on predefined severity levels. Depending on the severity level, the
load shedding scheme is activated upon voltage sag identification to restore the voltage
back to normal levels.

The load shedding scheme operates based on each load's priority level. Once the
voltage is successfully restored, the voltage sag detection system allows the system to
gradually reconnect all disconnected loads, thereby enabling the system to fully restore
all the loads those were shedded.

| Start

Is there a

it ” Is there any load
voltage sag?

to restore ?

Categorized the sag
level

Load Restore

Load shedding
scheme operation

Figure 3-2 Flowchart of Load Management System
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CHAPTER 4

MODELING APPROACH

Inverter Unbalanced Operation

4.1.1 Decoupled Double Synchronous Reference Frame -Phase Locked Loop
(DDSRF-PLL)

The DDSRF-PLL method is considered a better and more accurate synchronization
technique during grid voltage unbalance for inverter control system. The system is
modelled using MATLAB in order to simulate and demonstrate the performance
during voltage sag. As mentioned in the Chapter 2, the coupling effect of the positive
and negative sequence components introduces oscillatory components in the output

signal.

Figure 4-1 shows the positive sequence oscillatory component before the removal of
the coupling effect, while Figure 4-2 shows the negative sequence oscillatory signal
prior to removing the coupling effect. After the signal is converted to the dq coordinate
system, the unwanted coupling components need to be removed. Eliminating this
coupling effect results in a usable signal for effective control.
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Figure 4-1 Positive sequence component during the unbalanced voltage sag
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Figure 4-2 Negative sequence component during the unbalanced voltage sag

Figure 4-3 and Figure 4-4 respectively present the three-phase voltage and the detected
phase angle using DDRF-PLL during a grid fault. It can be observed from Figure 4-3
that this grid fault results in voltage unbalance and voltage sag in the grid voltage.

During the process of segregating the positive- and negative-sequence dq components,
cross-coupling between the d-axis and g-axis signals of both synchronous reference

frames can arise. This phenomenon is further illustrated in Figures 4-5 and 4-6.

Figure 4-5 shows the positive-sequence dq components, providing a clearer
understanding of the oscillatory component. It differentiates between the filtered d-
axis component (d*) and the d-axis component with the coupling effect (d*). The same
applies to the g-axis component.

Figure 4-6 focuses on the negative-sequence dg components. Under normal balanced
operation, there should be minimal to no negative sequence component present in the
grid voltage.

Voltage Per Unit

416 418 42 422 424 426 428 43 432 434 436
Time (s)

Figure 4-3 Grid voltages during unbalance
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Figure 4-6 Detected dq signals for the negative sequence component

However, Figure 4-6 highlights that unbalanced faults can introduce a significant
negative sequence component. A block diagram representation of the control model is
provided in Figure 4-7. This diagram clarifies the signal flow and processing steps
within the control system. The following functionalities are detailed in the block

diagram:
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Figure 4-7 Block diagram of grid voltage decomposition

e Grid Voltage Measurement: This block represents the acquisition of grid

voltage measurements (abc reference frame).

e of} Transformation: This block demonstrates the conversion of abc reference

frame voltages into the af coordinate system.

e Positive and Negative Sequence Decoupling: This block shows the separation

of positive and negative sequence components using the transformation

matrices discussed in (2-1) and (2-2), respectively.

e Low-Pass Filtering: This block represents the removal of high-frequency

components from the processed signal to ensure accurate information is

provided to the control system.

4.1.2 Flexible Positive and Negative Sequence Control (FPNSC)

The injection of currents during voltage unbalanced periods is enabled by the inverter

control operation done by the FPNSC strategy, with the maximum peak value of the

current serving as the operating limit. Based on this current limit set point, active and

reactive injection as well as maximum reactive power injection are executed, aligning

with the power injection requirements.

To avoid overcurrent limit violations in the inverter, the set point dynamically adjusts

the output current, preventing overcurrent operation.

Load Management System

4.1.3 Sag Detection for Load Management Scheme

To develop an accurate voltage sag detection system, a combined approach is

employed, as shown in Figure 4-9, integrating both the rms voltage levels and the

analysis of the rate of change of rms voltage.
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Figure 4-8 Load management scheme detection technique

This combined method ensures the accuracy of voltage sag detection, confirming the
voltage is stable before proceeding to the next execution phase. The integration of the
rms voltage sag level and its rate of change enables voltage stabilization monitoring.
Additionally, this approach contributes to preventing impulsive load restoration,

thereby safeguarding against potential disruptions.

This combined approach facilitates optimized load management, enabling all loads to
connect to the system while effectively reducing power quality issues arising from
voltage sag. Data acquired from this system can be stored on a server to identify
opportunities for future system enhancements. By analyzing this data, can gain
valuable insights into the system's performance. This includes identifying patterns of

large consumer load operations.

4.1.4 Load Prioritization Scheme

A distribution system consists of various types of loads that cater to the diverse energy
needs of consumers. These loads include lighting, heating, and many other diverse
needs in houses, shops, malls, and theatres, among other places. To address the
challenges of sag mitigation in a weak distribution system, a load management-based

approach is developed.
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Figure 4-9 Load prioritization scheme

The core of the proposed scheme lies in a customer-defined load prioritization.
Recognizing that different consumers have distinct energy requirements, this approach
allows utilities to categorise interruptible loads based on individual needs. By
incorporating this customer-centric approach, utilities can identify diverse consumer
load priorities at different times of the day and implement this scheme with minimal

disturbance for customer satisfaction.

As shown in Figure 4-10, the proposed scheme introduces three distinct levels of load
priorities. Consumers can change their priorities based on the time of the day, ensuring
that the loads are not interrupted with their requirement. Each load is assigned a
priority level, with Level 1 being the highest and the subsequent levels descending in

order.

To minimize the impact on customer satisfaction, load priority levels change based on
the time of the day. Proposed time-dependent method considers off-peak times, peak
times, and night time, and consumers can select their preference for the loads based on
the time. This scheduling ensures catering to the dynamic requirements of consumers

throughout the day.
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Figure 4-11 Implementation of proposed load management scheme
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For example, as illustrated in Figure 4-11, in a small distribution network, each house
or industry premises has a LMS system that enables customers to select their
preferences. The first step involves customers selecting the load type, with three basic
options: light, HVAC, and other. Subsequently, for each time period, the customer can

choose the priority for the selected load.

The highest priority level is priority level 1. Loads categorized with Level 1 priority
are not being shed during operation, irrespective of the system operation. This
exclusivity ensures that critical or essential loads operate smoothly throughout the time
period without any interruptions, thereby enhancing reliability and customer
satisfaction. While priority 3 has the lowest priority, the load management scheme
starts from this level. At any given moment, the central load management server has a
record of the connected loads and their priorities, and this data is utilized to execute
the scheme.

Block Parameters: Load Management Unit X

Load Priority Level Selector
Load Type

O Light O HVAC @ Other

The highest priority is labeled as '1," while the lowest priority is
assigned the number '3.'

Off-Peak Load Priority ~ Peak Load Priority  Night Time Priority

@ Load Priority 1 O Load Priority 1~ O Load Priority 1
(O Load Priority 2 @ Load Priority 2~ (O Load Priority 2
(O Load Priority 3 O Load Priority 3 ~ @ Load Priority 3

OK Cancel Help Apply

Figure 4-12 Load priority level selector interface
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Figure 4-13 shows the load priority level selector interface available at each customer's
premises. This system has the flexibility for the customer to define the priority level
for their selected load. For example, if we consider implementing this selection for a
ceiling fan, it would typically fall under the category of "other load.” In this setup,
during off-peak times, it is allocated the highest priority (level 1), during peak times,
it is shifted to priority level 2, and during night time it is designated the lowest priority
(level 3).

4.1.5 Load Shedding Scheme

As previously mentioned in Section 2.9, the CBEMA introduced a voltage sag

susceptibility curve for electronic equipment [1].

The CBEMA curve defines acceptable voltage sag levels based on both the depth of
the voltage sag and its duration. The curve suggests that equipment can typically
handle a voltage sag from 0.9 pu to 0.8 pu for a range of 0.5 to 10 seconds. A sag from
0.8 pu to 0.7 pu may only be tolerated for about 0.5 seconds, and durations below 0.7

pu become very brief, typically around 0.02 seconds.

The load shedding scheme consists of three different levels, and the operation is
determined based on the sag level (voltage sag levels are defined according to the IEEE
446 standard) [24].

Since the Level 1 shedding scheme operates within a time range of 0.5-10 seconds, the
load shedding scheme consists of 8 shedding stages. According to Table 4-1, each
stage executes and monitors whether the voltage sag is recovered. These stages
continue until the last stage. If the voltage sag is not recovered by the last stage, the
connected load is flagged, indicating that this large machine cannot be connected at

the moment.

The second level comprises only three stages due to its time range of 0.5 seconds. If
the voltage sag is not recovered until the last stage, the load is flagged, and the
connection is not established. In the case of a level 3 voltage sag occurrence, this load

is directly flagged.
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Table 4-1 Load shedding scheme

Level Voltage sag Level Load Shedding Scheme

Stage 1: P3-L Dimming up to 20%
Stage 2: P3-H
Stage 3: P3-L
Stage 4: P3-O
1 0.9-0.8
Stage 5: P2-H
Stage 6: P2-L
Stage 7: P2-O

Stage 8: Flag the connecting load

Stage 1: P3
2 0.8-0.7 Stage 2: P2

Stage 3: Flag the connecting load

3 Below 0.7 Stage 1: Flag the connecting load

4.1.6 Typical Response Time

As indicated in Table 4-2, given the typical latency associated with the most common
communication protocols in the utility industry. To ensure effective execution,
analysing the minimum duration of required data is crucial. This analysis considers
latency, processor processing time, and the time needed for physical link conversion.
A delay time of 100 milliseconds is considered in the load shedding scheme for optimal
performance. This indicates that every execution is performed by analysing a

minimum of 100 milliseconds of data.
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Table 4-2 Typical latencies of communication protocols [25]

Latency (Typical values)

IEEE C37.118 <1 ms
IEC 61850 4 ms
IEC 60870-6 ~10 ms
DNP3 10-50 ms

4.1.7 Restoration Scheme

The Restoration Scheme is a comprehensive strategy designed to restore all loads to
normal operation. It achieves this by carefully monitoring the voltage at each load

point when each load is connected.

Table 4-3 Restoration Plan

Step Connecting Load Category

1 P1

2 P2-0
3 P2-H
4 P2-L
5 P3-0
6 P3-H
7 P3-L
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As shown in Table 4-3, the Restoration Scheme consists of seven steps that are

initiated when the voltage at each load point returns to its normal range.

Following voltage recovery after the load shedding algorithm execution, the
restoration scheme implements a 200 ms wait time to allow for voltage stabilization
before initiating the restoration process. This ensures the voltage level remains within

acceptable limits before proceeding to the next.

Loads are then reconnected to the system in a staged manner, one step at a time. During
each step, the voltage magnitude at each bus (load point) is monitored to verify
restoration without voltage sag. After each stage is completed, a verification process

confirms voltage stability before proceeding to the subsequent stage.

The load-shedding scheme prioritizes ongoing shedding scheme. If a load connection
attempt occurs during the process, it is deferred until voltage sag has fully recovered.

The deferred load is then integrated following the established restoration sequence.

If a large machine causes a significant voltage sag in the system, the load will be
flagged in the algorithm. Consequently, the operation of those machines will be
restricted within a given period. This approach ensures that each step of the restoration
process is executed with precision, emphasizing thorough monitoring, verification,

and strategic management of loads to prevent any recurrence of voltage sag.
Integrated System Operation

The uniqueness of the load management scheme lies in its ability to recognize when a
load connects to the system. Upon connection, the system promptly identifies the
newly connected load and keeps track of the total number of connected loads at any
given moment. This approach ensures that the system remains unresponsive to
abnormalities such as short circuits and overcurrent faults that may occur

independently of new load connections.

The Decoupled Double Synchronous Reference-Based Phase-Locked Loop is a key
feature, enabling the inverter to control both positive sequence and negative sequence
voltages during voltage unbalances. This functionality enables the inverter remains

connected and provides support to the grid during both balanced and unbalanced
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conditions. In this approach, whenever a voltage sag occurs, it provides grid support
regardless of whether it is due to an unbalanced fault or load connection.
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CHAPTER 5

UNBALANCED INVERTER OPERATION

Unbalanced Inverter Operation

An example case is provided in this section to illustrate how the inverter's unbalanced
operation is executed. At this point, the fault level of the distribution system is selected
to demonstrate the characteristics of a weak grid. The inverter size is selected so that
it can make a noticeable contribution to restoring the system. In this section, a
commonly used multilevel inverter, specifically a 5-level diode-clamped inverter, is
utilized. The system's unbalanced state was created by creating an unbalanced fault, as

shown in Figure 5-1.

e Fault Level of the Grid: 10 MVA
e Capacity of the Battery Energy Storage System (BESS): 1000 Ah

e Inverter Type: 5-Level Diode-Clamped Inverter

In Chapter 2, the Flexible Positive and Negative Sequence Current (FPNSC) strategy
was introduced. This strategy allows for the adjustment of coefficients ki and k.
defined in (2-5) and (2-6) to control the ratio between positive and negative sequence
currents based on the operational philosophy and the requirements for active and
reactive power. However, in this particular study, coefficient ki can be disregarded.
Since the total power delivered to the grid solely targets voltage restoration at the PCC,

ki effectively becomes zero. Consequently, only reactive current injection is necessary

for the grid.
3ph
consumer
©) R
Transformer []
11/0.4kV - 3ph
SMVA Unbalanced Inverter

Fault

Figure 5-1 Unbalanced fault
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The value of k2 plays a critical role in this study. It determines the composition of the
reactive currents injected into the grid, specifically in terms of their positive and
negative sequence components. This, in turn, influences the effectiveness of voltage

restoration at the PCC.

The system model is shown in Figure 5-2, where the FPNSC strategy is configured to
inject the maximum positive-sequence reactive current that the power converter can
deliver. Figure 5-3 shows the grid voltage at the PCC without inverter support, while

Figure 5-4 illustrates voltage improvement at the inverter bus with inverter support.

Figure 5-2 Matlab model for the general system
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—
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Figure 5-3 The unbalance occurrence with absent inverter support
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Figure 5-4 The unbalance occurrence with inverter support

Summary

Grid faults can cause unbalanced voltages, harming connected power converters. To
prevent this, special controlling method are needed to avoid the inverter disconnection

even when the grid voltage is unbalanced.

Decoupled Double Synchronous Reference Frame Phase-Locked Loop (DDSRF-PLL)
systems provide accurate measurements of positive and negative sequence

components, facilitating effective inverter control.

Several control structures are available for injecting symmetrical components based
on the active and reactive power requirements. One of the most advanced strategies is
the Flexible Positive and Negative Sequence Control (FPNSC) strategy. In this study,
FPNSC is employed with the control on the maximum current where it limits the

current drawn at the output to ensure, current does not exceed the IBR's nominal value.
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CHAPTER 6

COST OF IMPLEMENTATION

Typical Implementation Cost

The cost of implementing this system depends on two factors: the size of the
distribution system and the existing features it includes. Utilizing existing demand-
side management infrastructure, local control centres, databases, and communication
platforms can help reduce costs and integrate additional features with other systems.

Table 6-1 shows the unit costs of some of the major items included in this system.

The items in Table 6-1 can be used to implement a system in smaller-scale distribution
systems. When changes occur in the size of the distribution system, the consideration
of incorporating more advanced components to effectively handle and control the

proposed load management schemes would be necessary.

Table 6-1 Typical System Implementation Component Cost

Per unit )
Component Product Unit Cost
Percentage cost
Micro Processor STM32 1.7% Rs.2,200.00
Central Server and Hpe Proliant
46.15% Rs.60,000.00
Database System Server G10
o MQTT 3100
Communication )
Edge Computing 45.69% Rs. 59,400.00
Gateway
Gateway
Communication
SIM7028 NB-loT 3.6% Rs 4,620.00
Hardware
The Cost For CTs Power Meter o Rs 3,900 —Rs
.J70
And VTs RS485 11,000
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This system is particularly suited for weak grids, as utilities can evaluate its impact on
connected consumers regarding voltage sag and the consequent financial and
economic losses. Implementation decisions can be based on this evaluation.
Unbalanced operation of the inverters can significantly contribute to issues in such
weak grids. Additionally, even off-grid distribution systems can be benefited from
incorporating this system, as it can help reduce power quality problems experienced

by consumers.
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CHAPTER 7

IMPLEMENTATION OF THE PROPOSED METHOD

Case Study 1

In Case Study 1, only the operation of the load management scheme was considered.
The chosen scenario involves a factory facing voltage sags due to the operation of its
large machine. The relevant system data includes a fault level at the 11 kV Bus of 18.5
kA, a 11/ 0.4 kV transformer with a rating of 100 kVA, and a cable consisting of an
Aerial Bundle Conductor with a cross-sectional area of 70 mm?. The largest machine
isa 7.5 kW rated induction motor. Figure 7-1 illustrates the ETAP model of the single-
line diagram, indicating the location of the large machine and providing an overview

of the total system schematic.

Cablel

Load?
13 kvA

Figure 7-1 ETAP model for case study 1
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Figure 7-2 Operating a large induction machine within a distribution system under light
load condition

As illustrated in Figure 7-2, operating the large machine under lightly loaded
conditions allows it to be started without exceeding the voltage sag limit. However, as
shown in Figure 7-3, when the overall system load reaches up to 50% of its capacity,

voltage sags occur ranging between 0.9 to 0.8.

This observation implies a correlation between the increasing load on the system and
the occurrence of voltage sag, particularly when starting the large induction machine.
Understanding this relationship is crucial for developing effective load management
strategies to mitigate voltage sag issues in the operational environment. By identifying
the critical load thresholds and their impact on voltage stability, specific measures can
be implemented to optimize system performance and ensure the seamless start of large

machines within acceptable voltage levels.

1 RMS Y
RMS B
RMS R
2095
2 09 ‘| /
= \ /
'\ A
0.85 b~ :
0.4 0.6 0.8 1 1.2 14

Time (s)

Figure 7-3 Operating a large induction machine within a distribution system under 50%
load condition
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Figure 7-4 Load management scheme operation

The implemented load management scheme demonstrates its effectiveness in rapidly
recovering voltages during voltage sag events. As illustrated in Figure 7-4, the scheme
can restore voltage less than 0.4 seconds. This rapid response is crucial for mitigating

the impact of voltage sags on sensitive equipment.

The severity of a voltage sag is categorized based on the rms voltage level. In this
scenario, the voltage sag falls within the range of 0.9 pu to 0.8 pu, corresponding to
sag level 1 as defined in Table 4-1. This category typically consists of multiple stages

with predetermined load shedding strategy.

The load management scheme operates by sequentially shedding non-critical loads in
stages. Once a specific stage successfully restores the voltage to an acceptable level,

the load shedding process stops at that stage.

Table 7-1 Load shedding scheme operation

Step Connecting Load Category
I (p1 ]
2 P2-0
3 P2 -H
4 P2-1)
5 P3-0O
6 P3 - Hi
7 P3-L
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Table 7-2 Load restoration execution

Level Voltage sag Level Load Shedding Scheme

Stage 1: P3-L Dimming up to 20%
Stage 2: P3-H

Stage 3: P3-L

Stage 4: P3-O

Stage 5: P2-H

Stage 6: P2-L

Stage 7: P2-0

Stage 8: Flag the connecting load

1 0.9-0.8

Stage 1: P3

2 0.8-0.7 Stage 2: P2 .
Stage 3: Flag the connecting load

3 Below 0.7 Stage 1: Flag the connecting load
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Figure 7-5 Load restoration execution

In this case study, the scheme efficiently recovered from the voltage sag by executing

only four stages of load shedding.

According to Table 7-1, it is evident that P3-L (20%), P3-H, P3-L, and P3-O operated
in the load shedding scheme. Thus, it can be observed that only priority scheme 3 loads

are being shed.

Therefore, during the restoration scheme operation, there is no need to start from step
1 since steps 1 to 4 were not operated during the load shedding scheme. Instead, as
shown in table 7-2, the operation begins from step 5, gradually adding each step while
monitoring the voltage stability at each stage, as shown in Figure 7-5. The complete
execution of the algorithm, along with the restoration scheme, is shown in Figure 7-5.

Appendix A presents the varying loading of the distribution system and the induction

machine starting conditions. It includes analysis of bus voltage, motor current, motor
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speed, slip variation, and different bus voltage variations using ETAP. This analysis is
conducted for both light loaded and conditions loaded with 50% or more, to examine

the variation of the aforementioned factors with the loading.

7.1.1 Summary

The LMS algorithm aims to rapidly recover voltage levels within the grid, minimizing
potential harm to connected equipment. Figure 7-6 depicts a scenario without the
algorithm, where voltage recovery takes more than 0.7 seconds. In contrast, Figure 7-
5 demonstrates that the algorithm successfully reduces the recovery time to less than
0.4 seconds. This faster recovery time minimizes the duration of voltage sag exposure

for sensitive equipment, enhancing overall grid resilience.

While the case study presented here showcases a recovery time improvement from 0.7
seconds to less than 0.4 seconds, the LMS algorithm can handle scenarios with longer

inrush times, such as those involving arc furnaces or large pumps.

2
Eys=Jy 1- {2} de (7-1)

Vnom

Where:

e V(t) isthe rms voltage during the voltage sag event
e V,,m IS the nominal voltage.

e T is the duration of voltage sag

45



1 RMS Y

RMS B
>0.7 RMS R
3 1
209 _ [ \
[0) | e “
o] [
209 ’\ ,
0 .‘
> [ f
0.85
1 | I 1
0.2 0.4 0.6 08 1 1.2 1.4 1.6 1.8
Time (s)

Figure 7-6 Without load management scheme

The voltage sag energy index (VSEI), as defined in (7-1), serves as a metric to
quantify the voltage sag impact of a voltage sag event (26). By calculating the voltage
sag energy index with and without the proposed load shedding scheme, can quantify
the scheme's effectiveness in mitigating the severity of voltage sags. In this case study,
the VSEI without the scheme is 206 ms, whereas with the scheme implemented, the
VSEI is significantly reduced to 90.59 ms. This substantial decrease highlights the
algorithm's capability to minimize the overall impact of voltage sag events on the grid.

7.1.2 Techno-Economic Analysis

Many weak distribution systems can adopt the load management-based sag mitigation
system to reduce the impact of voltage sag. This method offers significant technical,
economic, and customer satisfaction benefits. The following presents a techno-
economic analysis of the Load Management-Based Sag Mitigation System, focusing
on its potential to reduce voltage sag severity, improve power quality, increase
reliability, lower equipment damage costs, enhance productivity, boost customer
satisfaction, minimize lost revenue during voltage sag events, and mitigate the cost of

total system failure.

I. The LMS prevents exposure to voltage sags beyond acceptable time limits,
thus minimizing stress on electrical equipment.

ii. The LMS enhances overall power quality, leading to minimal system
malfunctions and disruptions.

iii. Mitigating voltage sag severity leads to less equipment wear and tear, with

minimal repair and replacement costs.
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Iv. Mitigating voltage sag severity ensures uninterrupted operations,

minimizing production losses and downtime costs.

V. Enhanced power quality improves customer experiences and reduces
complaints.
Vi. Prevent voltage sag induced shutdowns leading reduced direct revenue

losses during such events

From an economic perspective, the Load Management Based Sag Mitigation System
proves to be a cost effective investment by directly curbing equipment damage costs.
This translates into reduced expenses for repairs and replacements.

However, implementing and maintaining the LMS infrastructure, including sensors,

communication systems, and control software, involves upfront costs.

Considering this upfront and the maintenance cost Table 7-3 presents an economic

analysis done for case study 1.

Table 7-3 Economic analysis for case 1

Parameter | Annual Cost | | Value
Technical benefits
Reduced voltage sag severity
Improved power quality
Increased reliability
Economic benefits
Reduced equipment damage costs 100,000.00 95% 95,000.00
Improved productivity 500,000.00 95% 475,000.00
Increased customer satisfaction
Economic risks

Lost revenue during voltage sag events 1,000,000.00 95% 950,000.00
Cost of Total system failure 1,500,000.00 95% 1,425,000.00
Assumptions

System lifetime 10 years

Discount rate 15%

Total system cost 1,000,000.00
Calculations

Lifetime benefits 29,450,000.00
Discounted benefits 14,780,273.60
Net present value (NPV) (14,780,273.60)
Payback period 10
IRR 294.5%

This evaluation considers both the revenue lost due to voltage sags and the cost of total

system failure caused by voltage sag events. However, the actual revenue loss may
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vary based on the impact experienced by factories or customers. If a company has data
on the frequency and amount of revenue loss due to voltage sags, they can implement

this load management system accordingly.

Case Study 2

7.1.3 Load Management Scheme Operation

The case study 2 involved the simulation of a real distribution system in Sri Lanka that
utilized inverter based resources. Simulations were conducted for both the LMS and
scenarios involving the unbalanced operation of inverters on the same distribution
system. To demonstrate the characteristics of a weak distribution system, the fault level
at the PCC was reduced from 25 kA to 15 KA.

The evaluation of the reduction in voltage sag severity was conducted using the VSELI.

For the analysis of the implemented system operation, a small distribution system in

Pahala Bomiriya, Sri Lanka, has been selected, as shown in Figure 7-8.

Figure 7-7 Geographical view of the distribution system (Location: Pahala Bomiriya)

Table 7-4 System data
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PCC Details

Substation type Bulk and Distribution
TF Capacity 400 kVA
MYV side Voltage 33 kV

The considered network is composed of two three-phase solar PV systems and system

data is shown in Table 7-4.

The selected distribution system was comprised of various consumer types, and Table

7-5 displays the number of consumers in each category as of September 2023.

Based on the geographical locations of each consumer, the entire distribution system
was modelled using MATLAB Simulink to generate different scenarios. The model of
the total system using MATLAB is shown in Figure 7-9, and using this model, the

operation of the large machine in this system was simulated first.

Table 7-5 Consumer details of the selected system

Customer Type Number of Customers

15A -1p 1
30A-1P 12
60 A-1P 1
60 A-3p 7
30 A-3p 5
15 A-3P 2

Total 28
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Figure 7-8 Matlab model of the selected distribution system

As illustrated in Figure 7-10, a significant voltage sag occurs at the load PCC when
the large machine is operational. The measured voltage sag reaches approximately
0.85 pu and lasts for about 0.7 seconds. This voltage sag can potentially harm sensitive
equipment connected to the grid.

To evaluate the effectiveness of the load shedding scheme, the VSELI is calculated with

and without the scheme implemented.

The results reveal a substantial difference in the VSEI values. Without the scheme,
the VSEI is observed to be 169.26 ms as per (7-1). In contrast, with the scheme
implemented, the VSEI is significantly reduced to 65.02 ms. This substantial decrease

highlights the algorithm's capability to mitigate the severity of voltage sags.
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Figure 7-9 Voltage at the load PCC
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Figure 7-10 Voltage recovery by using the LMS

7.1.4 Inverter Unbalanced Operation

The operation of inverters under unbalanced voltage sag conditions is considered in
this section. Here, the unbalanced voltage sag was induced by an L-L-G fault, as shown

in Figure 7-12, and the terminal voltage of the load end inverter observed is shown in
Figure 7-13.
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Figure 7-11 Unbalanced fault at the selected distribution system
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Figure 7-12 Inverter 1 terminal voltage without inverter support
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Figure 7-14 RMS phase voltages during the voltage sag without unbalanced support
from the inverter 1
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Figure 7-13 Phase voltages during the voltage sag with unbalanced support from the
inverter 1
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Figure 7-15 RMS phase voltages during the voltage sag with unbalanced support
from the inverter 1
The Figure 7-13 clearly shows a significant voltage unbalance and sag at the inverter
PCC. This is further confirmed by the RMS voltage plots in Figure 7-14, where the R
and B phases drop to around 0.4 pu, while the Y phase experiences a near-zero RMS

voltage.
V2 _ 1-/3-68 (7-2)
Vi 1+,/3-68

_ V:b + Vlfc + V(,‘4C'l
(VA 4 VE +VE)?

The calculated unbalanced factor for this scenario, as defined in IEC TR 61000-3-14,
can be represented by (7-2), is 92.2% (27). This high value indicates a severe voltage
unbalance, further the VSEI is 54.46 ms.

In contrast, Figure 7-15 demonstrates a significant improvement in the phase voltages
at the inverter PCC when the unbalanced mitigation operation mode is activated during
the voltage sag event. This improvement is also reflected in the RMS voltage of Figure
7-16. The R phase voltage increases by more than 0.9 pu, the B phase by around 0.85
pu, and the Y phase by around 0.6 pu, showcasing the effectiveness of the proposed
control strategy. Figure 7-17 depicts the inverter current injection during this voltage

sag event.

By integrating the proposed unbalanced mitigation control strategy with the inverter,

the voltage unbalance factor is significantly reduced to 26.5%. Furthermore, the VSEI
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Figure 7-16 Inverter current injection during voltage unbalance

is substantially lowered to 20.08 ms. These results demonstrate the effectiveness of the

inverter's unbalanced mitigation operation in voltage sag events and improving overall
grid stability.
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CHAPTER 8

CONCLUSION

This research presented a hybrid voltage sag mitigation system specifically designed

for weak distribution systems with a high penetration of inverter-based resources.
Effectiveness of the Proposed Load Management Scheme

The effectiveness of the proposed LMS in mitigating voltage sag events was evaluated
through two case studies simulating weak grid conditions.

The first case study focused on a factory experiencing voltage sag during a large motor
starting event. Without the LMS algorithm, voltage recovery time was a significant
0.7 seconds. However, with the algorithm implemented, recovery time was reduced to
less than 0.4 seconds. Furthermore, the voltage sag energy index, a metric quantifying
the voltage sag impact, was substantially reduced from 206 ms to 90.59 ms, a decrease
of over 56.1%.

The second case study investigated a real distribution system with a reduced fault level,
simulating characteristics of a weak grid. Similar to the first case study, the LMS
algorithm demonstrated significant effectiveness. Without the scheme, the VSEI was
169.26 ms. When the LMS was implemented, the index was reduced to 65.02 ms,
reflecting a decrease of over 61.5%.

These case studies convincingly demonstrate the capability of the LMS algorithm to
improve voltage recovery times and significantly reduce the overall impact of voltage

sag events on the grid.

The significant improvements observed in both case studies highlight the effectiveness
of the proposed load management scheme in mitigating voltage sags within weak grid
environments. This approach offers a valuable tool for enhancing grid resilience and

power quality.
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Effectiveness of the proposed inverter mode for mitigating unbalanced voltage sags

Case study 2 evaluated the effectiveness of the proposed inverter control system's
unbalanced voltage sag mitigation mode. This mode was tested by simulating an L-L-
G fault.

Without the unbalanced voltage mitigation strategy activated, the fault resulted in a
severe voltage unbalance, reflected by an unbalanced factor of 92.2%. Additionally,

the voltage sag energy index, was 54.46 ms.

However, when the unbalanced voltage mitigation mode was activated, the inverter
significantly improved the voltage conditions at its PCC. The unbalanced factor was
substantially reduced to 26.5%. Furthermore, the VSEI was 20.08 ms.

e Over 71.1% reduction in the unbalanced factor demonstrates the effectiveness
of the control system in mitigating voltage unbalance during the fault.

e A decrease of over 63.2% in the VSEI highlights the system's capability to
minimize the overall impact of the voltage sag event.

The case study 2 findings demonstrate the effectiveness of the proposed inverter
control system with its unbalanced voltage sag mitigation mode. This strategy offers a
valuable tool for enhancing power quality in weak grids by addressing unbalanced
voltage sag events and improving overall grid resilience. This approach can be
particularly beneficial in systems with a high penetration of inverter-based renewable

energy sources. The combined system can provide the following features.

e With the proposed load management scheme in operation, voltage recovers within
CBEMA acceptable levels, mitigating undesirable exposure time to voltage sag in
sensitive items.

e The proposed system significantly enhances power quality issues caused by large
machine operations and unbalanced voltage sag events.

e The proposed system can utilise existing resources and offers a cost effective
solution, providing an economically viable approach to address voltage sag related

issues in weak grids.
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Overall, the proposed system represents a cost-effective solution tailored to the
challenges posed by weak grids. It offers benefits in terms of improved voltage levels,

enhanced power quality, and compatibility with existing infrastructure.

Future Improvements

While the proposed hybrid voltage sag mitigation system demonstrates significant
effectiveness, further research can explore potential enhancements to its capabilities

and overall performance within weak grid environments.
1. Feeder rearrangement for optimized load distribution

Distribution networks may not be optimized for handling voltage sag events.
Integrating a feeder rearrangement scheme with the existing LMS holds potential for
improving system strength and reliability. Feeder rearrangement involves strategically
reconfiguring feeder connections within the distribution network. This optimization
could involve techniques such as load balancing across feeders, reducing feeder
lengths, or isolating critical loads from non-critical ones during voltage sag events. By
implementing such strategies, the system can ensure a more even distribution of loads

across the grid, minimizing voltage sags and improving overall system resilience.
2. Centralized BESS for enhanced resilience

Incorporating a central BESS alongside the inverter operation for unbalanced
voltage sag mitigation system offers another capable way for enhancing the system's
resilience. The BESS can serve as a readily available source of active and reactive
power during voltage sag events. Additionally, by strategically integrating feeder
rearrangement strategies with the central BESS, nearby distribution systems can be
further strengthened. The BESS could be strategically located within the network to
provide support to multiple feeders experiencing voltage sag events. This combined
approach can enhance the overall resilience and performance of the system. However,
further research is necessary to determine the optimal placement and capacity of the

BESS to maximize its effectiveness within the specific weak grid environment.

These potential enhancements have the potential to further improve the capabilities of

the proposed system in several key aspects:
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1. Feeder rearrangement strategies can optimize load distribution across the grid,
minimizing voltage drops and improving the system's ability to handle higher
load demands without experiencing voltage sags.

2. Both feeder rearrangement and central BESS integration can contribute to
improved system reliability. Optimized load distribution and readily available
power reserves from the BESS can enhance the system'’s ability to maintain
stable voltage levels during disturbances and ensure continuous power supply

to critical loads.

By exploring these potential research directions, the proposed hybrid voltage sag
mitigation system can be further refined, leading to a more robust and resilient solution

for weak grid applications.
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Appendix A

This appendix present the varying loading of the distribution system and the induction
machine starting conditions in case study 1. It includes analysis of bus voltage, motor
current, motor speed, slip variation, and different bus voltage variations using ETAP.
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Figure A. 1 SLD of case study 1
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Figure A. 3 Motor terminal current during light load start-up

Figure A.1 illustrates a single-line diagram depicting the entire system analysed in
Case Study 1. The initial investigation focuses on the system's behaviour under light



loading condition. Figure A.2 illustrates the voltage profile at the motor's PCC during
the starting event. As depicted in Figure A.2, the motor's PCC voltage shows no
voltage sag under light load condition.
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Figure A. 5 Motor slip during light load start-up
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Figure A. 6 Bus voltage profiles during light load start-up

Figure A.3 illustrates the terminal current profile of the motor from its starting phase
to steady state. Additionally, Figures A.4 and A.5 show the variations in the motor's
speed and slip throughout the starting event under light load conditions.
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Figure A. 7 Motor PCC voltage at heavy load
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These figures offer detailed insights into the motor's acceleration process from
standstill to its steady state operating speed. While Figure A.6 shows motor's PCC
voltage experiences no voltage sag under light load.
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Figure A. 8 Motor terminal current during heavy load start-up
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Figure A. 9 Motor speed during heavy load start-up
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Figure A. 10 Motor slip during heavy load start-up
Voltage
100 =
>
L
% B Bus1 - Voltage
%: B Bus2 - Voltage
::_3 B Bus3 - Voltage
& / M Bus4 - Voltage
:; 90 K\} B Bus5 - Voltage
85 T T |
0 1 2 3

Figure A. 11 Bus voltage profiles during heavy load start-up




With the system loaded at 50% or more capacity, Figure A.7 demonstrates a
considerable voltage sag at the motor's PCC during the starting event. This highlights
the dependence of voltage sag severity on the system's loading conditions.

Figure A.8 shows the motor current profile during the starting event under heavy load.
Figures A.9 and A.10, respectively, present the motor's speed and slip variations
during the starting event under heavy load conditions.

The impact of the large machine starting event extends beyond the motor's PCC. Figure
A.11 shows the voltage variations at various buses during the starting event under
heavy load conditions. Notably, the figure reveals a more severe voltage sag at Bus 5,
which is the bus directly connected to the motor. This finding emphasizes the need for
mitigation strategies to address potential voltage sag issues during large motor starting
events, particularly under heavier loading conditions.
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