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Abstract

The penetration level of renewable energy resources increases in the power grid since they do not
have a negative impact on the environment as the conventional power plants. Renewable energy
resources are not required, by the current grid codes, to contribute to restore the voltage stability.
Moreover, they do not contribute to the short circuit current during fault disturbance. As a conse-
quence, the reliability as well as the voltage stability of the power grid have been negatively affected
during the disturbance.

In this thesis, STATCOM model has been developed, with different priority control strategy, to
increase the fault current as well as to enhance the voltage stability to support the renewable energy
resources to meet the grid requirements. Three priority control strategy has been considered: 1)
STATCOM with only positive sequence control strategy; 2) STATCOM with only negative sequence
control strategy; 3) STATCOM with positive and negative sequence control strategy with equal ratio
of 0.5. Each strategy has its own advantage and disadvantage in terms of increasing the positive
voltage and reducing the negative voltage in power grid. Furthermore, there level of contribution to
the short circuit current depends on the type of fault and the grounding of transformer.

Using the STATCOM device to enhance the performance of renewable energy resources during the
disturbance will help to increase the penetration of renewable energy resources to the grid without
having a negative impact on the voltage stability and the grid reliability.

Keywords:

Grid Code, LVRT, STATCOM, Positive voltage, Negative voltage, Short circuit current, Priority
control, Second harmonic.
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Chapter 1

Introduction

1.1 Background

The need for renewable energy sources (RES) have been increased as conventional power plants has an
impact on the environment with greenhouse gases. So, almost every country on the world has future
plan to integrate more renewable sources and shutting down the conventional plants, such as nuclear
plant. For instant, Germany is already supplying third of their electricity demand with renewable
energy and has future plant to increase the share of the renewable energy to cover up to 50% of their
demand with renewable source by 2030 [1]. By 2020, Denmark will supply 50% of electricity with
renewable energy. Furthermore, Denmark has goal to be fossil fuel free by 2050 by integrating large
amount of renewable energy source into their grid and replacing the natural gas, oil and coal with
renewable energy and bio-energy [2].

RES, such as wind and solar, have an affect on the short circuit capacity of the power gird. The
RES behave differently from synchronous machines in term of contributing to the short circuit current
(SCC) during any disturbance in the system, which has an impact on the protection device reliability
since these devices depend on sensing the currents flowing in the transmission lines. RES have been
treated as a small generation in the grid and they are allowed to be disconnected from the grid,
if the voltage level drops below 80%. Because, they are not required to contribute to restore the
voltage stability and they considered unimportant generation in terms of loss of production [3]. This
disconnection will cause another disturbance to the grid after already been through a crucial situation.
Thus, new technological problem are introduced to the system due to the high level of renewable
energy penetration into the grid. Especially, with power compensation, low voltage ride through
(LVRT) capability, and short circuit capacity of the network. As result, the power grid becomes weak.
Some countries, such as Germany, UK and Denmark, have created some new regulation in order to
connect RES to their power system. These requirements will result in improving the reliability of RES
in the grid in terms of voltage stability as well as SCC contribution during the disturbance.

During an unbalanced fault, the voltage across the dc link in full converter synchronous wind
turbine increases to a level that can either trip the protection relay or damage the converter because
of the output power in the grid side is reduced while the power supplied by synchronous generator
remains unchanged[4]. Therefore, the contribution to the negative sequence components is limited. In
addition, STATCOM is usually used to contribute to the positive sequence component, which does not
help to balance the power grid in the event of unbalance fault. The development of STATCOM with
different control strategy has been implemented to compensate for positive and negative sequences
components to support voltage restoration as well as the power grid stabilization.
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1.2 Aim

The aim of the project is to develop a STATCOM control strategy to quickly inject current during
fault condition to enhance RES to meet the grid code requirements. Furthermore, reactive current
injection during fault disturbance to support the system to recover the voltage as well as improving the
system reliability. Moreover, testing the grid with different priority setting for positive and negative
sequence to investigate the impact of negative sequence on the grid voltage stability as well as the
fault current contribution.

1.3 Thesis Outline

This paper is divided into seven sections. The first chapter gives a brief overview of the problem and
the aim of the project. The second chapter describing the Grid Code technical specification on the
behavior of the power plant. In the third chapter a short review on the theoretical background on
symmetrical component, shunt compensation devices and the STATCOM characteristics is provided.
The modeling of the STATCOM is described in the fourth chapter. In the fifth chapter the result is
discussed and analyzed. Chapter six discuss the environmental and ethical aspect of the project in
general. Finally, a brief conclusion about the final result and some suggestions for future work.



Chapter 2

Grid Code

This chapter provides a comprehensive literature review about grid code requirements for RES.

2.1 Introduction

Grid code requirements are technical specification, which define the behavior of the generating power
plant under continuous as well as dynamic conditions in the network. It has been found to ensure
the safety and the reliability of the national network. Furthermore, common grid disturbances are
described in detail, on how the power plant should withstand the disturbances without disconnecting
from the network. In severe condition, disconnecting the power plant is feasible, but the transmission
system operator need to be informed to give the permission. Grid code elaborates more on wind and
solar power plants. It leads to a great development of wind turbine technology recently.

In this chapter the gird code requirements on wind power plant for different countries are inter-
preted.

2.2 Requirement during steady state operation

There are three main requirement of the grid code during Normal operation condition: 1) The active
power output should not drop during the deviation of the frequency; 2) Reactive power demand for
typical voltage operation limit; 3) Reactive power demand during active power production. Steady
state operation will not be considered in this thesis.

2.3 Requirement during dynamic condition

In this section, the dynamic condition requirement to interconnect to the grid will be presented. This
thesis will focus on the requirement for LVRT as well as for supporting the voltage during severe
voltage drop.

Since there is not such described requirement for connecting STATCOM to the grid, the grid code
requirement for connecting wind turbine will be considered. The STATCOM will be included in wind
park system, which will complement the wind farm to fulfill together the grid code.

2.3.1 Low voltage ride through requirement

Low voltage ride through (LVRT), which also known as fault ride through (FRT), is the ability of
electric generator to stay connected during a fault condition for short period of time in order to
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support the system to restore stability. LVRT profiles is characterization in terms of fault time,

retained voltage and recovery ramp rates, this is illustrated in Figure 2.1.

A

100

90

80

70

60

V (%)

50

40

30 T

0.5 1.0 2.0 2.5 3.0

time (s)

Figure 2.1: Typical curve for LVRT requirements[5]
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Generally speaking countries with high penetration of renewable energy have developed their own

grid code with relatively detailed specification of the voltage characteristic during

a disturbance. A

comprehensive comparison of LVRT is presented in [5]. Figure 2.2 illustrates voltage profile for various
Grid Codes. Usually, LVRT requirement is applied for wind turbine. The manufacture of wind energy
needs to considered this technical specification in their own products. Grid code require wind parks

to support the gird during the disturbance by injecting reactive current.
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Figure 2.2: Voltage profiles for different Grid Codes [5][6][7]

e Germany:

German grid code [5]|6] requires a LVRT to restore up to 85% of the voltage in 3s,

as shown in Figure 2.2. In addition, it demands reactive current
the restoration of the grid voltage. If the grid voltage varied more

support during
than 0.1pu, the

voltage control should be activated within 20 ms, according to the German Grid
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Code [6]. Furthermore, the controller must inject a reactive current of at least 2%
of the rated current for every 1% drop in voltage, as shown in Figure 2.3.
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Figure 2.3: Voltage profiles for different Grid Codes[6][8]

o UK:

UK grid code [7]|5] requires wind turbines to stay connected during voltage dip
caused by either symmetrical or unsymmetrical disturbance, even if the voltage
drops down to 0%, as depicted in Figure 2.2. After the recovery of the nominal
voltage level at the low voltage side, active power must be restored to at least
90% of the pre fault value, unless there has been a cutback in the power sources.

e Denmark:

Figure 2.2 illustrates the LVRT requirements for the Danish grid code[5|[9]. For
voltage levels below 100kV, wind farms should stay connected even after a se-
quence fault events and for voltage levels above 1005V has slightly different se-
quence fault events [5].

All the grid codes requirements are enforced to the wind power plants. Since, the most common
type of wind turbines are decoupled from the grid by power electronic converter and the STATCOM
is based on power electronic devices, this paper is studying the possibility for the STATCOM to fulfill
these requirement in order to enhance the reliability of the wind power plants. German Grid code is
considered on this thesis.

2.4 Short circuit current requirement

In general, any generating plant must not get disconnected form the grid during fault events outside
the plant’s protection zone. They must contribute to the short circuit current during the fault period,
which must be coordinated with transmission system operators in each individual case [8]. As per
German grid code [6], the wind turbine should contribute to the SCC during the fault disturbances.
If the wind turbine contribute to the SCC with positive sequence control, it will increase the voltage
across the healthy line to a level that will trip an over-voltage relay, effect the sensitive load in the
system or damage the power electronic switches. In order to prevent the over-voltage across the
healthy line negative sequence control is needed.
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2.4.1 Negative sequence control

According to Germany grid code [6], if the negative sequence voltage is below 5% then the negative
sequence controller should not contribute to the negative sequence voltage in the system. However,
if the negative sequence voltage is above 5% then the negative sequence control should be activated,
as illustrated in Figure 2.4. The negative sequence current are linearly proportional to the negative
sequence voltage, which based on the slope (k). The reactive current injection should be within the
green lines with the slopes of K = 2 and k = 6, as described in the below equation.

Ai =k Av (2.1)
Where K is the gain factor.
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Figure 2.4: Reactive current injection limits[6]

2.4.2 Short term over voltage profile requirement

According to the Germany grid code [6], the voltage should not exceed 30% above the nominal voltage
for more than 100ms and 25% above the nominal voltage for about 60s, as illustrated in Figure 2.5.
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Figure 2.5: Over voltage Curve [6]



Chapter 3

Theory

This chapter provides a comprehensive literature review about symmetrical components, Shunt com-
pensation devices, characteristic as well as operation of the STATCOM, and dq transformation.

3.1 symmetrical component

Symmetrical components are methodology used to analyze an unbalance system by separating the
three phase quantities, such as voltage and current, into three sets of balanced phasors, which called
positive, negative and zero sequences, as illustrated in Figure 3.1[10]. The power system can be
considers as balance system, if it contain only the positive sequence component. The reason of the
power system become unbalanced are unbalanced load or unbalanced disturbance, such as single line
to ground (SLG) fault, double line to ground (DLG) fault or double line (DL) fault.

vi V3

Va
0
Vb
Vi V3
ve
Vi Ve
Positive sequence Negative sequence Zero sequence

Figure 3.1: Schematic diagram of STATCOM]10]

The positive sequence rotates in anti clock-wise direction, as shown in Figure 3.1. So the three
phasors of the positive sequence can be seen in this order abc. The three phasors can be formulated
as

vl =l 0° =}
v =vl/240° =ad%v} (3.1)
vl =vl/120°0 =avl

a

where a = 12120 and a? = 1240,
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On the other hand, the negative sequence rotates in clock-wise direction. The phasors order is acb,
they can be presented as

v =02 /0° =02
v =02/120° =av? (3.2)
vg = v2424()° :a%i

The zero sequence component can be found in some types of unbalanced disturbance[10]. Unlike
the others sequences, all three phasors of the zero sequence component are equal in magnitude and in
phase with each other. they can be written as

0 _ 9 — o0 (3.3)

@ =

(%

The notations 1, 2 and 0 represents positive, negative and zero sequence, respectively. According
to the symmetrical component, each phase of the voltage in the power system consists of the three
sequence components such that

0 1 2
Vg = v, + v, + v,

vy = v + vp + VP (3.4)
Ve = ’US —l—vi —1—113

According to the equations 3.1, 3.2 and 3.3, this equation 3.4 can be written in a matrix format

Vg 1 1 1 112
w| =11 a* al |v] (3.5)
Ve 1 a a?| [v?

In order to calculate the symmetrical components for the voltage, inverse this equation 3.5 is used.
It can be formulated as

1)2 1 1 1 1 Vg
vl = 3 1 a®> al |w (3.6)
v2 1 a a*| |v.

The same equations can be used to calculate the symmetrical components of the current.

3.2 Shunt compensation device

Shunt compensation devices have been developed in order to increase the reliability of the transmitted
power as well as improving the voltage profile in the controlled line by injecting or absorbing reactive
power. The objective of reactive power compensation is to change the transmission line characteristics
to make it more adaptable with load demand. So, shunt reactors are activated to reduce the over
voltage during low load condition and shunt capacitors are activated to maintain the voltage levels
during excessive load condition.

According to the equations 3.7 and 3.8, the midpoint shunt compensation can considerably boost
the active power transfer through the transmission line, which will increase the demand of reactive
power on the midpoint. Thus, shunt compensation devices are usually used to regulate the transmis-
sion line voltage, whereas series compensation devices are used to enhance the active power transfer
though the transmission line.

P= ?sm(é/% (3.7)
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Q= ﬁ(l —c0s(6/2)) (3.8)

T

There is two type of compensations:

e Shunt Capacitive Compensation: This method is used to keep up the voltage level under heavy
load conditions.

e Shunt Inductive Compensation: This method is used to minimize over-voltage under light load
or no load conditions.

There is two main type of shunt compensation devices, check Figure 3.2.
e Static Var Compensator (SVC), composed of:

— Thyristor Controlled Reactor (TCR), the reactor is connected thought bidirectional valves,
which is phase controlled.

— Thyristor Switched Reactor (T'SR), the reactor is connected thought bidirectional valves.
However, the valves is either fully on or off.

— Thyristor Switched Capacitor (TSC), the capacitor is connoted through bidirectional valves.
However, the valves is either fully on or off.

— Filter, Shunt passive device consists of indicators and capacitors that are tuned to resonate
at dominant harmonic frequency produced by the SVC.

e Static Synchronous Compensator (STATCOM), which is based on power electronic Voltage
Source Converter (VSC) device. It can absorb or inject reactive power as well as providing
active power if it connected to power source such as storage unit.

Lin
N Line

Transformer I
iTransformer

TCR TSC
TSR

(a) Basic SVC (b) Basic STATCOM

Figure 3.2: SHUNT COMPENSATION DEVICES

3.3 STATCOM

STATCOM is an advanced shunt device of FACTS family based on VSC. It can control the power
flow thought the line as well as enhance transient stability on the grid [11]. The STATCOM regulates
the voltage at the point of common coupling (PCC) by either injecting or absorbing reactive power
from the grid. When the grid voltage is low, the STATCOM response by generating a capacitive
current to the grid (injecting a reactive power). If the grid voltage is high, the STATCOM responses
by generating an inductive current to the grid (absorb a reactive power).
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3.3.1 Configuration

STATCOM uses three phases voltage source converter(VSC) as its basis, as shown in Figure 3.3. Its
output voltage connected to the grid via phase reactor and transformer. STATCOM has the ability
to regulate the ac voltage magnitude to produce and absorb reactive power for the power system.
Moreover, it can compensate for the harmonic in the system. The response of STATCOM is relatively
faster than the classic SVC. The required space for STATCOM installation is less than a similar classic
SVC.

HV Bus PCC Line

I

()
K Yd-Transformer
)

g Phase reactor

MV Bus

DC Capacitor

Figure 3.3: Schematic diagram of STATCOM

Normally speaking IGBTs are used as power electronic valves in the VSC. Unlike thyristors (used
in classic SVCs), IGBTs can be switched on and off at any time on point of wave. They improve
the response time of the STATCOM as well as the control efficiency. VSC has capacitor to provide a
current path and store energy.

3.3.2 Operation

There is a relationship between the quantities of ac side and dc side of the converter. The modulation
index of the control links the dc voltage to the fundamental component of modulated voltage, as
shown in equation 3.9.

Udc
2
The instantaneous active power flow form dc side to the ac side needs to be balanced in the
STATCOM][12][13]. So, the instantaneous active power at the ac side equal the dc side as illustrated
in the equation 3.10.

Ve =mg (3.9)

R‘z = Pdc
3 3.10
51152'5 cos(¢) = Ugelge ( )

To simplify the analysis, the phase voltage is considered to be balanced as described in equation
3.11. Usually the voltage contain high order harmonics.

10
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Vsq = Mg —— cos(wt)
¢ 2
Vep = maU—d cos(wt — —W) (3.11)
2 3
Uge 2
Vge = ma% cos(wt + ?ﬂ-)

Furthermore, the currents can be considered to be balanced and the phase inductance, which con-
nected to the ac side will eliminate the high order harmonics, leaving out the fundamental component.
The STATCOM current is lagging the voltage by power angle of ¢, check equation 3.12.

isq = s cos(wt — @)

) ) 2w

lsh = s COS(Wt —¢— ?) (312)
2

ise = iscos(wt — @+ %)

The value of the angle ¢ will decide if the STATCOM should consume or absorb reactive power
from the system. The instantaneous power flow correlated to one phase will be

Py = Vsqalsa
U )
P,, = Mo cos(wt)ig cos(wt — @) (3.13)

Udcis
Psa =Mgy

[cos(¢) + cos(2wt — )]

This equation related to the exchange of active power between dc side and ac side of the converter.
From the equation 3.13, the oscillating term appears to be oscillated at double fundamental frequency.
The second harmonic fluctuation is expected to be present in the system[12][13] . The phase shift in
the current as well as the voltage will result in the instantaneous power. As result, if the voltage and
current are shifted symmetrically, as shown in equations 3.11 and 3.12. The power flow equation of
the three phases will be

P, = ma%[cos((b) + cos(2wt — ¢)]
Py =m, Uacls [cos(¢) + cos(2wt — ¢ — 2%)] (3.14)
Py = my Udets [cos(@) + cos(2wt — ¢ + 2%)]

The power of each phase will oscillate at twice the fundamental frequency as in the equation 3.14.
By summing up the instantaneous power in the three phase, the second harmonic terms in the total
power equation will be eliminated, as described in the equation 3.15. This methods works only with
two or three level voltage source converters [12].

Ps:Psa+PSb+Psb
(3.15)

3 .
P, = ZmaUdczs cos (o)

During an unbalance fault in the system, the instantaneous power in the ac side of the converter
will contain dc component as well as second harmonic component, due to the interaction between the
positive sequence and the negative sequence voltage and current components[12][14]. The presence of
second harmonic component in the system during unbalanced fault will be elaborated more in detail
in Section 4.2.8.

11
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3.3.3 The V-I Characteristic

The STATCOM has the ability to produce both inductive and capacitive current compensation, as
shown in Figure 3.4. Theoretically, output current of the STATCOM can be controlled independently
in between the rated maximum inductive and capacitive range regardless to the grid voltage. The
characteristic illustrate that the STATCOM can supply full capacitive current at very low voltage.
This feature is needed in the situation where the STATCOM need to support the grid voltage with
full capacitive reactive power during and after the faults.

A
1.0

lSTATCDM

by

.
.
-
|
|
-
-

»
L

Control Range

Figure 3.4: The V-I Characteristic [11]

The exchange of active and reactive power between the grid and the STATCOM can be controlled
separately. There are so many possibility of active power generation or absorption with reactive power
generation or absorption can be achieved if the STATCOM has energy storage unit, check Figure 3.5.
In order to enhance the system stability, adequate control strategy need to be used for active and
reactive power output [15].

AC terminal
PCC Vac A
lac Absorbs P Supplies P
Supplies Q Supplies Q
Phase reactor /| ______ lac
A
| |
AC Terminal q I
> Vac
Ip
STATCOM
Vae | o Supplies P
> : Absorbs P upplies
DC Terminal Absorbs Q Absorbs Q
Energy Storage lgc ! lde  vge
Absorbs P | Supplies P

Figure 3.5: The exchange power between the grid and the STATCOM [15]

12
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3.3.4 Pules Width Modulation

Pulse-width modulation (PWM) is a control technique used to create voltage signals, that are sent
to the valve control unit of VSC to create the desired voltage waveform. PWM strategy consists of
two main signals, the voltage controlled signal and the wave carrier signal, which is a triangular wave.
ac voltage can be controlled by manipulating the pulse width as well as amplitude of the dc voltage
[16][11].

—— '\/g
Vie, = ﬁmavdc {ma <1.0 (3.16)

The modulation index m, is parameter that links the dc voltage to the ac voltage and defined as
follows:

-

Vcontrol
Mg = ———— (317)
Ucarrier

3.3.5 ABC to DQ frame transformation
2

In symmetrical ac system, the three phases of the electrical system are shifted by 5 from each other.
The analysis of the ac system can be done using «f transformation, which also known as Clarke
transformation, to reduce the ac system from three phase to two phase. af translates the three phase
Uq, Up, and u. to uq, ug and ug using the equation 3.18. ug = 0 if the sum of u, + up + u. = 0, which
means that the ac system is balanced.

Uq (t) 9 1 7% 7% ua(t)
U5(t) = 5 0 ? _g ub(t) (318)
uo(t) 5 03 5 ] [u(®)
where, u,, up, and u. are sinusoidal wave with phase shift of %’T:
uq(t) = Ucos(wt)
2w
up(t) = Ucos(wt — ?) (3.19)

2
ue(t) = Ucos(wt + ?ﬂ-)

dq transformation translates the ac system from fixed a8 frame to rotating dq frame. The vectors
v(t) and u(t), which is aligned with d-axis in the dq frame, are rotating counter clockwise with the
angular frequency w(t) in the af frame. Accordingly, v(t) and u(t) will occur as fixed vectors in the
dq frame, as shown in Figure 3.6

13
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Vs (0 - —

Va (t)

Figure 3.6: Rotating dq frame to fixed af frame [17]

The mathematical representation of the dq transformation is given by the matrix in equation 3.20.

uq(t) g | cos 0(t)) sin(0(t)) 0| |uq
uq(t)| = 3 —sin(0(t)) cos(0(t)) 0| |up (3.20)
ug(t) 0 0 1] |uo

3.3.6 Phase Locked-Loop

One of the most popular technique used for synchronization of three phase systems is Phase locked-
Loop (PLL)[18]. PLL is close loop system that compares the reference angle (6%) with measured
angle (6(t)) to reduce the error margin(Af(¢)) until 8 = 6(t). The Figure 3.8 illustrate the operation
principle of PLL, which translate the three phase voltage of the gird to dq rotating reference frame.
The angular location of the dq frame is regulated by the feedback loop, which regulates the q axis to
zero, as illustrated in Figure 3.7.[19]

14
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Figure 3.7: PLL operation principle
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Figure 3.8: Basic PLL control scheme. [19] [1§]
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Chapter 4

STATCOM Modeling

4.1 Introduction

This chapter will cover the STATCOM control modeling in a details. The STATCOM control consists
of voltage regulator of positive and negative sequence control, dc voltage regulator, a single current
control loop for both sequences and priority control. Furthermore, separation of the positive and
negative sequence components will be presented. The transformation of the positive and negative
sequences to their respective rotating reference frame dq is explained. The voltage regulators, the
current controller and priority control are tackled in detail. During the development of the model, YY
transformer is used in the begging. Then, transformer configuration is being changed to YA, which
is preferred configuration in order to prevent the zero sequence component from the network to be
transmitted into the STATCOM. Moreover, transformer is required to be grounded in the primary
side. The configuration changing has been explained. The second harmonic problem is presented with
the solution.

4.2 STATCOM Modeling

XLine RlLine Vs
%
Transmission Line
Xs
1 e
A A A
i i ic
s1 S2
S3 s4
S5 S6
A,

DC Capacitor

Figure 4.1: STATCOM connected to network

Figure 4.1 shows a typical STATCOM model connected to power network system. The STATCOM
consist of voltage source converter (VSC) with dc capacitor. It is connected to the gird to support the

16
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system voltage with reactive power. In the model, V; stands for PCC voltage, e stand for the output
of the VSC and X stand for phase reactor and transformer, as shown in Figure 4.1.

di

e=Vi=Li (4.1)
Rearranging the equation 4.1 in matrix format:
€q — Vg d i
€p —Vp | = LS% Z:b (42)
€c — Ve ic

by applying abc to dq transformation 3.18 and 3.20:

d id 0 —st id €q — Vsd
Li— | 7| = . 4.3
dt [zq] L}Ls 0 } [zq + €q — Vsq (4.3)
The modulation indices are represented by m,, mp and m.. The voltage across the dc capacitor

is noted by vg4.. The modulation indices are applied to generate firing pulses to the switches (S1-Sg).
The output of VSC is given as:

Vdc

€a = Ma—5-

ep = mb% (4.4)
Vdc

€c = mc7

Applying the Clarke and Park transformation 3.18 and 3.20 to transfer 4.4 from abc to dq frame:

Vdc

€d = My 9 (4 5)
Vdc '

€q = Mg,

mgq and m, represents the modulation indices in dq reference rotating frame.

4.2.1 DQ component, extracting positive and negative sequences

The three phase voltage V;, V3, and V. are converter into an equivalent two phase system V,, and V3
by using Clarke transformation 3.18. In balance system, V,, and V3 have the same magnitude but
shifted 90° from each other, which will be different in case of unbalance system. In order to analyse
the unbalance system, the positive and negative sequence components need to be separated from the
measured signal[20].
Sig = Pel*t 4 Ne 9%t (4.6)
To extract the pure positive and negative the voltage measured signal in equation 4.6 is multiplied
by e77% to introduce delay of 90°
Sig = Pel*t 4 Ne—Ivt
Sigoge = Pel“te ™% 4 Ne iwtels
velt = tjielt =) (4.7)
Siggoo = —jPej“’t + jNeij“’t
jSiggge = Pel“t — Ne~Iwt

After the multiplication, we obtain

17
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jSiggge = Pel“t — Ne~dvt (4.8)

By summing up the two equations 4.6 and 4.8, we get

2Pet = Sig + jSigoge
Sig + jSigege (4.9)
2
By substituting Sig = Vi, + 7V and jSiggoe = Vi 90c +jVp goo into the equation 4.9, we obtain
the positive sequence components

Pelvt =

Vo + 3V +jVa 900 — Vs _o0e

Pel@t = 5
| (4.10)
Peiwt — Va = Vp_o0° + (Vs + Va_go°)
2
Where,
Vo — Vs 900
Vap = %
4.11
Vs + Va_g0e (4.11)
Vin=—"5"

After extracting the negative sequence components, Park Transformation 3.20 is applied in equa-
tion 4.11 with PLL angle of 6. ( 6 = wt)

Vip _ 2 cos(0)  sin(0)| |Vap (4.12)
Vap 3 |—sin(0) cos(0)| |Vap ‘
By subtracting the two equations 4.6 and 4.8, we get

2Ne 7%t = Sig — jSiggoe
Sig — jSigege (4.13)
2
By substituting Sig = V,, +jVg and jSigeoe = Va 90c +35Vps 90 into the equation 4.13, we obtain
the negative sequence components

Ne Ivt =

Vo +3Ve +3Va 900 — Vs 900

Ne vt = :
; (4.14)
Ne—jwt _ Va + VB_QOO + j(Vﬂ — Va_QOO)
2
Where,
_ Vu + Vﬂ_goo
a2
4.15
Vs — Vaigoo ( )
Von="5

After extracting the negative sequence components, Park Transformation 3.20 is applied in equa-
tion 4.15 with negative the PLL angle —0. ( —0 = —wt)

] =3 o) ) [t o

18
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4.2.2 STATCOM Control

Figure 4.2 illustrates the block diagram of the STATCOM control. In this diagram, the positive and
negative sequence voltages are separated and transferred from three phase voltage to their respective
dq rotating frame using the angle from the PLL block, which has PCC voltage as an input and
produce signal # as reference angle that synchronized with phase A of the voltage. The positive
and negative sequence voltage are fed to the positive and negative voltage regulator, respectively. dc
voltage regulator is used to keep the voltage constant across the capacitor. Then the negative sequence
current multiplied with e=72¢* to make the negative sequence current to rotate in the same direction
of the positive sequence current reference in order to sum all the reference currents to be fed to a
single current control. The reason of using single current control is to limit the harmonic content in
the control. For any existing harmonic, if two current controllers are used, they will be amplified by
the two current controllers rather than by only one controller.

At the same time, PCC voltage V,, and STATCOM current Israrcon are transferred as full
signal (i.e. positive and negative sequences) to dq rotating frame to be fed to the current control,
since the control is designed with one current control only. More detailed explanation of the blocks
are described below.

i 'f le Vql
— s
vd Positive Id f | Id f X Current d ma
ABCto DQ P Voltage | '9P-re i contro || patoAsc —»
Positve and Regulator . Tma | mb
Vn—s! negative Vap lqp_ref Priority lap_ref mq
sequence Negative Control 2nd IdT IqT T mc
extraction vdn Voltage | ldn_ref ldn_ref | harmonic | ldn_ref 5
vagn Regulator Ign_ref 2 Ign_ref injection lgn_ref
-20
Udc DC Voltage
Regulator ludc_ref
Vn—»{ AsctoDq | Vd
—»
Vq
> 0 T
Vn—s pL (> -0 6
> -20 T»
I'staTcom —>| ABCtoDQ
—
"
<]

Figure 4.2: Scheme diagram of STATCOM control

4.2.3 Voltage control

Figure 4.3 shows that the voltage regulator is divided into three parts. The first part is the dc
voltage regulator, where the voltage across the capacitor is kept at constant value. The second part
is the positive sequence control, which aims to keep the grid voltage at 1pu at all the time. The last
part negative sequence control, which enhances the voltage across all three phases to be balanced by
reducing the negative sequence voltage in the system. The output signals I .y and I; ,.; are the
result of adding all the signals together, which will be the input of the current control.
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Figure 4.3: The voltage control

e dc voltage regulator: The capacitor is used as dc voltage source for the STAT-
COM. The transformer and the electronic switches causes some losses in the STAT-
COM, which will drain the energy from the capacitor. In order to have decent
operation of the STATCOM, the voltage level of the dc capacitor should be main-
tained at a fixed value. That being said, the STATCOM needs to absorb a small
value of active power from the network. Figure 4.3 illustrates the dc voltage reg-
ulator part, Uge res is the reference voltage of the capacitor, that determined by
the secondary side voltage and the STATCOM size in MVA. The capacitor sizing
will be elaborated more in section 4.2.9. The reference value of dc voltage is com-
pared with the measured value. PI controller is applied to determine the required
amount of active current to maintain the voltage level across the capacitor.

e Positive sequence voltage regulator:

The STATCOM exchange reactive power with the grid to regulate the PCC voltage
to nominal value. vy, s is representing the reference voltage at PCC and its
usually set to equal 1pu. The measured signal Vgp is subtracted from the reference
voltage in order to calculate the error signal. Then, PI control is applied to obtain
reference current Iy, ,.r, as shown in Figure 4.3.

e Negative sequence voltage regulators:

The voltage regulator of the negative sequence is similar to the positive sequence.
However, the negative sequence voltage measured is usually compared with zero
in order to reduce negative sequence components from the system. Since the
positive sequence rotates at different direction from the negative sequence, the
reference current Iy, ,.r and Iy, ..y of the negative sequence voltage regulators
are multiplied with e 7% to make the negative sequence current rotate in the
same direction as the positive reference current, according to the equation 4.17.
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i+ Jign = (idn_rey +ign_ref).e 9% (4.17)

After the multiplication of the reference current signals, the imaginary part signals
are summed up together and the real part signals are summed up together, as the
control illustrated in Figure 4.3.

Gdn = Gdn_repCoS(20WL) 4 ign repsin(2wt) (4.18)

Tign = Jign refC08(2wt) — Jign pepsin(2wt)
According to the Grid Code in chapter 2.4.1, the negative sequence controller
should not be activated until the negative sequence voltage is exceeding 5% of the
nominal voltage.

The equation below is formulated to substrate 5% of the nominal voltage.

7n_?’nea&"ureal = ‘/;ln_measured + ]‘/qn_measured

Vdn_measured

‘/dn_ref - ‘/dn_measured —0.05 (419)

| Vngmeasured |
‘/qnimeasured

‘/q”,”if = ‘/;Inimeasumed —0.05

| Vn_measured |

Figure 4.4 illustrates the voltage reference control of the negative sequence, which
is derived from equation 4.19.

input  _| N O Vdn?ruetfpek:znce

Vdn measured A
-

input

Vgn_measured Dutput

Vgn_reference

Figure 4.4: Reference voltage controller for negative sequence

4.2.4 Current control

The current control can be obtained by substituting equation 4.5 to 4.3:

di c
LS—Zd = wLSIq ref + Yde Mmq — VUsd

dt - 2

i g (4.20)
Ls?f = *WLsId_ref + %mq — Usq

To simplify the inner current loop, the dq reference current Iy .y and I, .y are decoupled instead
of the I;, measured, as shown in equation 4.20. The decoupling term is existed due to wL, term.
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Iqq rey are feed forward to compute the negative sequence currents to balance the power among the
phases during unbalance operation. By rearrange the equation 4.20 to obtain mg4 and mg:

2 di .
mqg = v (Ud + Ls dtd - WLqu—ref + Usd)
de , (4.21)
2 (g + L5 4 L es + vea)
mg = —\u s, T Whisldg—re Us
T gt ! dt d-ref d

Where uq and u, are the output from PI controller, which has the error signal from subtracting
lig measured from Igq .o as aninput, in the current control. Once the value of u4 and u4 are obtained,
equation 4.21 is resolved to obtain the value of my and my.

Figure 4.5 illustrates that only one inner current loop is used for both positive and negative
sequences, which derived from equation 4.21. This control is consist of PI controller, decoupling term
wL, current reference feedforward as well as grid voltage feedforward, which contain both sequences.
The output signals from the voltage regulators of positive and negative sequences summed up together
to become one signal to be used as an input reference current for current control. Figure 4.6 illustrates
the total Iy, r.s reference current of the positive and negative voltage regulators compared with
Laq measured- In order to differentiate between both sequences, the negative sequence quantities are
defined as second harmonic in Iiq rey signal, unlike the positive sequence quantities which defined as
dc offset of I, ey signal. Since, the control is implemented in continuous time domain, the switching
harmonic can be seen in measured current (I4g measured), which should be disappear in the sampled
waveforms. B

lg_ref

Id_ref

Figure 4.5: The decoupled current control
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Figure 4.6: (A) Ig measured and reference signals (B) I, measured and reference signals

4.2.5 Sinusoidal Pulse Width Modulation

Figure 4.2 illustrates dq reference signals, m4 and my, are transferred to three phase reference signals,
Mq, My and m,. to be used in PWM technique.

Mg cos(wt) —sin(wt) "
my | = |cos(wt — 2F)  —sin(wt — 2F) [md} (4.22)
mMe cos(wt + ZF)  —sin(wt + ZF) 4

In PWM, the modulation reference signals are compared with carrier triangular signal of unity
amplitude. Then, the output signal is controlling the IGBTs on the VSC to generate pulses. For
instance, The output voltage at phase a is illustrated in Figure (4.7). When, the modulation reference
signal is greater than the triangular signal, the phase voltage is equal to % and equal to %, when
the reference signal lesser than triangular signal.

i W 14 4‘ 41 }4 4 4 4 4

Figure 4.7: PWM waveform[11]
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4.2.6 Priority control

Since the STATCOM contribution to the system is limited due to size of the device and rating of the
valve, a priority control is used to limit the output current. During large disturbances, the priority
control will be activated to limit the output current of converter to its nominal value. The output
current will be distributed between the positive and negative sequences current depending the priority
control strategy. If the first priority is set for the positive sequence, it will compensate for negative
sequence if there is any spare capacity in the converter. Moreover, the converter rating is usually
based on the positive sequence current. On the other hand, if the first priority is set for negative
sequence, it will compensate negative sequence to full capacity. Then, the controller will compensate
for positive sequence if there is any spare capacity lift.

Figure 4.8 illustrates that the priority control has the reference current Iyge ref, lap ref, Lan rey
and I, ref @s an input signals, which are regulated by the voltage regulator controls. These current
references are converted from dq rotating frame to abc frame using Clarke and Park transformation.
Figure 4.9 shows that the maximum value of the reference current, I, ref, Iy ref and I ,f, is going
to be the input to the priority control, which is subtracted from the priority control limit 1pu (i.e.
the maximum output current by the STATCOM).

By looking at Figure 4.9, the input of the integrator will be a value between 0 and 1 during a
normal operation, which is below the maximum limit of the STATCOM. If the integrator, which is
limited between 0 and 2, has positive input, then the integrator will be saturated at 2 after certain
time constant. The output value of the integrator will be passed to K through the hard limiter,
which has limits between 0 and 1. Then, the value of K5 is obtained by subtracting the output of
the hard limiter from the output of the integrator. During an over load operation, the input of the
integrator will be negative value, which means the output of the integrator will decrease to a value
between 0 and 2. As a result, as shown in Figure 4.8, the reference currents Igp ref, Ian rey and
Iyn rey are limited by using the output signals of the priority control in the main control. However,
the_signals, K; and K>, will not be used in limiting ly4c rey as the dc current reference has always
the first priority to keep voltage constant across the capacitor.

I -
Udc | Priority control

|
|

| lap

|

|

|

|

|

|

|

|

|

| |
| |
| |
Vap :Kl :
| |
| |
|

|

| |
| |
|

|

|

|

|

|

|
|
|
|
l K2

Figure 4.8: Voltage regulators, priority control inputs and feedback points
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|a_ref—> 1 T
Ib_ref—>» Max | ’ = » K 1
lc_ref—| st ‘
— [oH
[ 0] K2

Figure 4.9: Priority control

In this project, three priority control strategies have been considered:

e Strategy I: Only positive sequence control. The converter capacity is dedicated to compensate
for positive sequence only.

e Strategy II: Only negative sequence control. The converter capacity is dedicated to compensate
for negative sequence only.

e Strategy III: Positive and negative sequence controls with ratio of 0.5 each. During large un-
symmetrical disturbance, the converter will compensate for 50% of the positive sequence and
50% of the negative sequence. The total current compensated must not exceed the converter
limit. The current reference of both sequences will have k; as feedback.

4.2.7 Transformer Configuration

In the STATCOM modeling, star-star (YY) transformer is used to step down the voltage at the
converter side, that can be handled by low voltage switches. Figure 4.10a illustrate the YY transformer
connection with the STATCOM. However, star-delta (YA) transformer is usually used in STATCOM
to prevent the zero sequence component from the network to be transmitted into the STATCOM as
well as the primary side of the transformer is required to be grounded, as shown in Figure 4.10b.

a a

A A
s s

N n S N 3

= =
s ps
b c &

B c B b

b
C C
(a) YY transformer (b) YA transformer

Figure 4.10: Transformer configuration

In YY transformer,

Ny
Vo=="Vs
p N2
R\ (4.23)
n= N,
VA = nVa
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In YA transformer,

VA = nVab
Vab = Va - Vb
Vp = Vo 20—V, £ — 120 (4.24)

Vp = V3V, /30
Va = nV3V, 230

As result, the YA transformer introduces +30° phase shift between the STATCOM and gird
voltages. In case of positive sequence, the primary voltage(star configuration) lead the secondary
voltage(A configuration) by 30°, as illustrated in Figure 4.11. The primary voltage lag the secondary
voltage in the negative sequence. STATCOM control need to consider and compensate for the phase

shift.

b

Figure 4.11: Phasor diagram of YA transformer

In order to compensate for the phase shift in the control, all the quantities measured from the
primary side of the transformer, including the PLL, are shifted by 30° to be in phase with quantities
on the secondary side. The shift of primary voltage is applied in af frame.

After using Clark Transformation 3.18, The three phase voltage v,, v, and v, are converter to v,
and vg. Then, they multiplied with e?% to phase shift the voltage by 30°, as shown in the equation
below.

jz
Va sh = Vo€ 6

,ﬂ (4.25)
Vg sh = vge’ T
Then, using the inverse of Clarke Transformation to transfer v, sp and vg sp back to three phase
system va_sn, Vb sh and Ve sh tO be used in PLL as well as extracting the positive and negative
sequence signals from the shifted voltage, as illustrated in Figure 4.12.

Vv Va Va_sh Va_sh
a ABC . ABC . 6
Vb To e'® To Vb—Sh PLL [—>
Vv o o c_sh
€ B Vg Vg sh B
— Pos & Neg
saparation

Figure 4.12: Phase shift implementation
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4.2.8 Second Harmonic on the DC voltage

As mentioned in section 3.3.2, the instantaneous power at the ac side equals the dc side. During
any unbalance disturbance, the oscillation of second harmonic can easily be seen on the dc voltage
measurement, according to the equation 3.10. As result, the current reference out of dc voltage
regulator will contain the second harmonic oscillation. Due to the dq to abc transformation, the
second harmonic in the dq frame will appear as third harmonic on abc vector frame, if the dc voltage
control generates a second harmonic in the g-axis current reference. So, the second harmonic must be
damped out from the signal of the dc voltage measurement. Table 4.1 shows the dc voltage as well as
I74e the reference current signal of dc voltage regulator with and without second harmonic filter, as
illustrated in Figure 4.13.

Without 2,4 harmonic filter (pu)

With 2,4 harmonic filter (pu)

Udc

24.421073

3721073

Iudc

24.621073

3.29710~%

Table 4.1: second harmonic magnitude in the STATCOM control

—VU, with filter
-.—.- U without filter
de

2.95 3 3.05 3.1 3.15 32 3.25
(a)
0.1 —
0.05 - .
—_ A AN U AN S R SN S S S S 0N
S AWM AN AW AWANANAWAN AN AWAWANAWANAW AWAWAWAWANAW
E*u 0 VAR vany VARV VARVERY S \‘»,’ T YRy \\,/ NN U/ r\_/‘l (VIR YERY \\j’
=005 —
o1l — iy with filter B
et without filter
-0.15 = [ 1 1 1 1 |
295 3 3.05 3.1 3.15 32 3.25
(b)
Time [s]

Figure 4.13: (A) dc voltage (B) Iy 4. reference current of de voltage regulator, with and without filter

4.2.9 STATCOM parameters

The STATCOM, with 2 level VSC, is reated at 200MV A to connected to the grid via transformer of
Yd configuration. The voltage at the primary side is 345kV and at the secondary side is 32.5kV.

e Phase reactor sizing:

The size of the phase reactor is calculated using ohm law and inductive reac-
tance equation to calculate to the reactance. The voltage drop of 10% across the
inductance need to considered.
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2
I Viee . XL
SSTATC’OM_rating 27Tf

(4.26)

Where,

Visee stand for the secondary voltage,

SsTATCOM rating Stand for STATCOM rated apparent power,
f stand for the system frequency, which is 60H z,

X, stand for inductive reactance, that equal to 0.1pu

L strand for inductance,

By solving the equation 4.26,
L~ 14mH (4.27)

e dc capacitor sizing:

To size the capacitor, the voltage drop across the phase reactor as well as the
transformer, which is 10% each, need to be considered. The STATCOM should
increase the voltage at PCC to 1.05pu. So, the STATCOM output voltage should
be 1.25pu.

Udc
2

‘/e * ‘/base =m (428)

Where V., = 1.25pu, Viygse = 32.5\/%{‘/ and m=1

By rearranging the equation 4.28 to solve for Uy,

2 Ul
1.25 32-5\@ -1 (4.20)
Uye ~ 6KV

By applying the capacitor energy equation with time constant of 10ms

lou?
2 de = 10ms (4.30)
SSTATC’OMﬁrating
Then, solve for C
sC6Tk? 10
200M (4.31)
C ~ 982uF

In the STATCOM model, two capacitor are used in series with size of 1784 F
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Chapter 5

Result and Analysis

In this Chapter, the STATCOM control model is analyzed by introducing three types of unsymmetrical
disturbances, such as SLG fault, DLG fault and DL fault. These disturbances are applied to the grid
with and without STATCOM for different priority control strategy, only positive sequence control
strategy, only negative sequence control strategy and positive and negative sequence control strategy
with an equal ratio. The system voltage drop is analyzed along with STATCOM current and the
SCC contribution. Furthermore, the transformer, which links the STATCOM to the grid, has been
considered directly grounded and grounded with high impedance (ungrounded).

The investigation of the SCC contribution and the priority control strategy has been conducted
on two different networks, the parameters are shown in Table 5.1. The same STATCOM size is used
on both networks, the parameters are presented on Table 5.2. Figure 5.1 illustrates the simulation set
up of the STATCOM as well as the fault location in power grid.

Table 5.1: Grids parameters

Weak Grid | Strong Grid
Short Circuit Capacity | 400 MVA 1000 MVA
Voltage 345 kV 345 kV
Frequency 60 Hz 60 Hz
X/R ratio 7 7
Resistance 42.08 16.83 Q
Inductance 781.4 mH 312.6 mH

Table 5.2: STATCOM parameters

STATCOM
Size 200 MVA
Primary voltage 345 kV
Secondary voltage 32.5 kV
Maximum current 1 pu
Configuration Yd
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Figure 5.1: Schematic diagram of the simulation set up

During the examination of the grid, five types of scenarios have been considered for all cases:

5.1

First Scenario: Grid without STATCOM, which called "Grid Only".

Second Scenario: Grid with transformer connected but without STATCOM, which called "Un-
grounded Transformer" in cases 1, 3 and 5, and "Grounded Transformer" in cases 2, 4 and
6.

Third Scenario: STATCOM with only positive sequence control strategy, which called "Only
Positive".

Forth Scenario: STATCOM with only negative sequence control strategy, which called "Only
Negative".

Fifth Scenario: STATCOM with positive and negative sequences control strategy with an equal
ratio of 0.5 each, which called "Both".

Weak Network

The network has been examined when the system voltage drop to 50% of the nominal voltage and
when the system voltage goes to zero. If the weak network experience unsymmetrical disturbance with

fault

impedance of 52.08 + 7294.612, the voltage of the faulted line will drop to 50% of its nominal

voltage. If solid ground fault occurs in the system, the faulted line voltage will drop to zero. During
the disturbances, the voltage level on the healthy lines will experience either increase or decrease
in the voltage level depending on the STATCOM priority control strategy. The transformer, which
connect the STATCOM to the network, has been grounded with high impedance (ungrounded) and
directly grounding to examine its impact to the SCC. During the examination of the system, it has
been noticed that the transformer will contribute the SCC if it directly grounded or grounded with
low impedance.
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5.1.1 Case Study 1: Ungrounded Transformer

In Case 1, 50% voltage drop is introduced to weak system while the primary side of the transformer
is ungrounded.

Single line to ground fault

There is no significant differences between grid only and grid with ungrounded transformer in term of
voltage drop, and positive and negative voltage, since the transformer is ungrounded, as shown Table
5.3 and Table 5.4.

Table 5.3: Case 1 - The primary peak voltage and current during SLG fault

Pre - Fault During - Fault

Scenario Peak Voltage (kV) Peak Voltage (kV) Peak Current (kA)

A B C A B C A B C

Grid Only 263.5 | 263.5 | 263.5 | 131.8 | 263.5 | 263.5 - - -

Ungrounded Transformer | 262.1 | 262.1 | 262.1 | 131.3 | 262.3 | 262.2 - - -
Only Positive 265.9 | 265.9 | 265.9 | 159.9 | 318.5 | 316.9 | 0.19 | 0.19 | 0.19
Only Negative 264.5 | 264.5 | 264.5 | 155.6 | 246.2 | 242.5 | 0.15 | 0.16 | 0.15
Both 264.5 | 264.5 | 264.5 | 183.0 | 299.2 | 298.8 | 0.35 | 0.20 | 0.15

Table 5.4: Case 1 - Voltage and current magnitude during SLG fault

During- Fault
Scenario Positive sequence | Negative sequence Zero sequence
Vp (pu) | Ip (pu) | Vn (pu) | In (pu) | Vzero (pu) | Izero (pu)
Grid Only 0.83 - 0.17 - 0.11 -
Ungrounded Transformer 0.83 - 0.17 - 0.11 -
Only Positive 1.00 0.62 0.20 0.011 0.13 -
Only Negative 0.80 0.01 0.02 0.4884 0.13 -
Both 0.98 0.62 0.05 0.4953 0.18 -

The first set of analysis investigated the impact of SLG fault on STATCOM with only positive
sequence control. The STATCOM immediately responds to the disturbance by injecting capacitive
current to the grid. Thus, an over-voltage occurs in the healthy lines, as shown in Figure 5.2. In the
mean time, the magnitude of positive voltage increased to the referenced value 1pu. Moreover, the
magnitude of negative voltage increased compared to negative voltage of grid without compensation
device, as illustrated in Table 5.4.
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Figure 5.2: (A)Voltage (B)Current, 50% voltage drop (SLG Fault) during STATCOM with only
positive sequence control while transformer is ungrounded

When the control strategy is set to compensate for only negative sequence, the STATCOM began
to inject an inductive current during unsymmetrical disturbance. Due to the strategy of the negative
sequence control, which increases the voltage of the faulted line and reduces the voltage of the healthy
lines in order to balance the system, as shown in Figure 5.3. Thus, the magnitude of positive voltage
(0.8pu) slightly decreased compared to grid without STATCOM compensation (0.83pu). On the other
hand, the magnitude of negative voltage in the system is reduced, as shown in Table 5.4.

Voltage (kV)

Current (kA)

Time [s]

Figure 5.3: (A)Voltage (B)Current, 50% voltage drop (SLG Fault) during STATCOM with only
negative sequence control while transformer is ungrounded
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Figure 5.4 illustrates the instantaneous voltage and current, when the strategy of the STATCOM
is set to compensate for positive and negative sequence with ratio of 1 : 1 and not to exceed the
maximum current of the device. As shown in Table 5.3 the peak current of the faulted phase is higher
than the healthy phases, which means more reactive current injected to faulted line. The magnitude
of the positive voltage increases while the negative voltage is reduced, as shown in Table 5.4.
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Figure 5.4: (A)Voltage (B)Current, 50% voltage drop (SLG Fault) during STATCOM with both

positive and negative control while transformer is ungrounded

Because the type of the fault is SLG fault as well as the primary side of the transformer is
ungrounded, the presence of zero sequence voltage can be noticed, check Table 5.4, which causes a
small phase shift of instantaneous voltage during the fault.

For more simulation results check Appendix A.1.1

Double line to ground fault

In terms of positive voltage drop, DLG fault experiences voltage drop of 0.67pu compared to SLG
fault, which experiences voltage drop of 0.83pu, as illustrated in Table 5.5. Despite the big impact on
the positive sequence voltage, the magnitude of negative voltage has almost the same value compared
to SLG fault, which increased up to 0.17pu, as highlighted in Table 5.6.

Table 5.5: Case 1 - The primary peak voltage and current during DLG fault

Pre - Fault During - Fault

Scenario Peak Voltage (kV) Peak Voltage (kV) Peak Current (kA)

A B C A B C A B C

Grid Only 263.5 | 263.5 | 263.5 | 263.5 | 131.8 | 131.8 | - - -

Ungrounded Transformer | 262.1 | 262.1 | 262.1 | 262.3 | 131.4 | 131.4 - - -
Only Positive 265.9 | 265.9 | 265.9 | 352.4 | 177.6 | 175.6 | 0.31 | 0.31 | 0.31
Only Negative 264.5 | 264.5 | 264.5 | 199.8 | 151.7 | 147.2 | 0.21 | 0.20 | 0.22
Both 264.5 | 264.5 | 264.5 | 252.9 | 1704 | 1574 | 0.04 | 0.27 | 0.26
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Table 5.6: Case 1 - Voltage and current magnitude during DLG fault

During- Fault
Scenario Positive sequence | Negative sequence Zero sequence
Vp (pu) | Ip (pu) | Vn (pu) | In (pu) | Vzero (pu) | Izero (pu)
Grid Only 0.67 - 0.17 - 0.11 -
Ungrounded Transformer 0.66 - 0.17 - 0.11 -
Only Positive 0.89 1.00 0.23 0.01 0.15 -
Only Negative 0.62 0.04 0.03 0.67 0.08 -
Both 0.73 0.44 0.08 0.54 0.11 -

Figure 5.5 illustrates the impact on the instantaneous voltage and the instantaneous reactive
current injected to support the grid. During this strategy, it is clear that this strategy cause an
over-voltage to the healthy line.
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Figure 5.5: (A)Voltage (B)Current, 50% voltage drop (DLG Fault) during STATCOM with only
positive sequence control while transformer is ungrounded

Figure 5.6 illustrates the STATCOM response to unsymmetrical DLG fault during only negative
sequence control. Although the magnitude of negative sequence voltage is 0.17pu, which is smellier
to SLG fault, the peak value of the instantaneous current injected from the STATCOM is higher,
as shown in Table 5.5. As expected, the magnitude of positive voltage decrease to 0.62pu and the
negative voltage value is reduced 0.03, as illustrated in Table 5.6.
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Figure 5.6: (A)Voltage (B)Current, 50% voltage drop (DLG Fault) during STATCOM with only
negative sequence control while transformer is ungrounded

The third priority control strategy is to compensate for both sequences with an equal ratio of 0.5
each. Figure 5.7 shows the STATCOM injecting more reactive current to the faulted lines compared
to the healthy line, as highlighted in Table 5.5. The STATCOM injects a positive sequence capacitive
current to compensate for positive voltage and a negative sequence inductive current to compensate

for negative voltage. Table 5.6 shows the current injected from the STATCOM to the grid are divided
between both sequences.

300
200

Voltage (kV)

Current (kA)

1.95 2 2.05 2.1 2.15

Time [s]

Figure 5.7: (A)Voltage (B)Current, 50% voltage drop (DLG Fault) during STATCOM with both
positive and negative control while transformer is ungrounded
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As shown in Table 5.6, the zero sequence voltage is reduced as the STATCOM try to compensate
for only negative sequence components.
For more simulation results check Appendix A.1.2

Double line fault

Table 5.7 shows the primary peak voltage and current during DL fault. The positive voltage drop is
not strong in DL fault (0.75pu) compared to DLG fault (0.67pu). However, DL fault has more impact
on the magnitude of negative voltage with 0.25pu, as can be seen in Table 5.8.

Table 5.7: Case 1 - The primary peak voltage and current during DL fault

Pre - Fault During - Fault

Scenario Peak Voltage (kV) Peak Voltage (kV) Peak Current (kA)

A B C A B C A B C

Grid Only 263.5 | 263.5 | 263.5 | 263.5 | 174.1 | 174.5 - - -

Ungrounded Transformer | 262.1 | 262.1 | 262.1 | 262.1 | 173.4 | 173.8 - - -
Only Positive 265.9 | 265.9 | 265.9 | 351.3 | 233.3 | 229.7 | 0.30 | 0.31 | 0.30
Only Negative 264.5 | 264.5 | 264.5 | 182.0 | 178.9 | 168.4 | 0.27 | 0.25 | 0.28
Both 264.5 | 264.5 | 264.5 | 253.3 | 208.0 | 186.8 | 0.04 | 0.27 | 0.26

Table 5.8: Case 1 - Voltage and current magnitude during DL fault

During- Fault
Scenario Positive sequence | Negative sequence Zero sequence
Vp (pu) | Ip (pu) | Vn (pu) | In (pu) | Vzero (pu) | Izero (pu)
Grid Only 0.75 - 0.25 - - -
Ungrounded Transformer 0.75 - 0.25 - - -
Only Positive 1.00 1.00 0.33 0.02 - -
Only Negative 0.67 0.05 0.03 0.86 - -
Both 0.81 0.44 0.15 0.54 - -

The STATCOM behavior during different control strategies is similar for SLG fault and DLG fault.
Unlike grounded faults, DL fault has no impact on zero sequence components. Because, there is no
path for zero sequence circulation in the network.

For more simulation results check Appendix A.1.3

5.1.2 Case Study 2: Grounded Transformer

In Case 2, 50% voltage drop is introduced to a weak system while the primary side of the transformer
is directly grounded.

The general behaviour of the STATCOM during all three control strategies is almost similar for
all cases in terms of compensation for positive and/or negative sequence voltage by injecting either
positive and /or negative reactive current to support the grid, as shown in the Tables below.

Unlike the first case, the zero sequence current has been noticed on grounded fault due to the
grounding of the primary side of transformer, as shown in Table 5.10 for SLG fault and Table 5.12 for
DLG fault. Thus, the primary current is shifted during the fault, as shown in Figure 5.8. However,
the zero sequence current has no impact the DL fault, since there is no ground path during this type
of fault.

36



5.1. WEAK NETWORK CHAPTER 5. RESULT AND ANALYSIS

300

100

Voltage (kV)
(=)

S
¥}

o

Current (kA)

o

s
S

0.95 1 1.05 1.1 115
(b)

Time [s]

Figure 5.8: (A)Voltage (B)Current, 50% voltage drop (SLG Fault) during STATCOM with only
positive sequence control while transformer directly grounded

For simulation results check appendix A.2.

Single line to ground fault

Table 5.9: Case 2 - The primary peak voltage and current during SLG fault

Pre - Fault During - Fault

Scenario Peak Voltage (kV) Peak Voltage (kV) | Peak Current (kA)

A B C A B C A B C

Grid Only 263.5 | 263.5 | 263.5 | 131.8 | 263.5 | 263.5 - - -

Grounded Transformer | 262.1 | 262.1 | 262.1 | 152.6 | 244.8 | 242.7 - - -
Only Positive 265.9 | 265.9 | 265.9 | 189.4 | 307.6 | 303.3 | 0.40 | 0.18 | 0.23
Only Negative 264.5 | 264.5 | 264.5 | 184.8 | 212.3 | 203.2 | 0.36 | 0.17 | 0.20
Both 264.5 | 264.5 | 264.5 | 208.7 | 245.1 | 261.8 | 0.52 | 0.06 | 0.03

Table 5.10: Case 2 - Voltage and current magnitude during SLG fault

During- Fault
Scenario Positive sequence | Negative sequence Zero sequence
Vp (pu) | Ip (pu) | Vn (pu) | In (pu) | Vzero (pu) | Izero (pu)

Grid Only 0.83 - 0.17 - 0.11 -
Grounded Transformer 0.80 - 0.19 - 0.02 0.30
Only Positive 1.00 0.72 0.24 0.01 0.03 0.38
Only Negative 0.76 0.01 0.03 0.60 0.03 0.37
Both 0.91 0.49 0.08 0.56 0.03 0.41
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Double line to ground fault

Table 5.11: Case 2 - The primary peak voltage and current during DLG fault

Pre - Fault During - Fault

Scenario Peak Voltage (kV) Peak Voltage (kV) Peak Current (kA)

A B C A B C A B C

Grid Only 263.5 | 263.5 | 263.5 | 263.5 | 131.8 | 131.8 - - -

Grounded Transformer | 262.1 | 262.1 | 262.1 | 226.1 | 145.0 | 146.2 - - -
Only Positive 265.9 | 265.9 | 265.9 | 286.4 | 194.9 | 196.4 | 0.09 | 0.49 | 0.44
Only Negative 264.5 | 264.5 | 264.5 | 176.5 | 156.0 | 1484 | 0.29 | 0.17 | 0.12
Both 264.5 | 264.5 | 264.5 | 213.3 | 181.4 | 172.8 | 0.18 | 0.33 | 0.33

Table 5.12: Case 2 - Voltage and current magnitude during DLG fault

During- Fault
Scenario Positive sequence | Negative sequence Zero sequence
Vp (pu) | Ip (pu) | Vn (pu) | In (pu) | Vzero (pu) | Izero (pu)

Grid Only 0.67 - 0.17 - 0.11 -
Grounded Transformer 0.63 - 0.13 - 0.03 0.36
Only Positive 0.86 1.00 0.19 0.01 0.03 0.48
Only Negative 0.60 0.04 0.04 0.48 0.02 0.30
Both 0.73 0.53 0.04 0.53 0.03 0.36

Double line fault

The DL fault in case study 2 has the exact same result as in case study 1. This is due to the fact
that fault is not grounded, which mean it does not matter if the transformer is grounded with high
impedance or directly grounded, as illustrated in Table 5.13 and 5.14.

For the simulation results check appendix A.2.3.

Table 5.13: Case 2 - The primary peak voltage and current during DL fault

Pre - Fault During - Fault

Scenario Peak Voltage (kV) Peak Voltage (kV) | Peak Current (kA)

A B C A B C A B C

Grid Only 263.5 | 263.5 | 263.5 | 263.5 | 174.1 | 174.5 - - -

Grounded Transformer | 262.1 | 262.1 | 262.1 | 262.1 | 173.4 | 173.8 - - -
Only Positive 265.9 | 265.9 | 265.9 | 352.3 | 233.3 | 230.7 | 0.30 | 0.31 | 0.30
Only Negative 264.5 | 264.5 | 264.5 | 183.3 | 180.7 | 170.8 | 0.27 | 0.25 | 0.28
Both 264.5 | 264.5 | 264.5 | 2564.3 | 209.2 | 188.2 | 0.04 | 0.27 | 0.26
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Table 5.14: Case 2 - Voltage and current magnitude during DL fault

During- Fault
Scenario Positive sequence | Negative sequence Zero sequence
Vp (pu) | Ip (pu) | Vn (pu) | In (pu) | Vzero (pu) | Izero (pu)
Grid Only 0.75 - 0.25 - - -
Grounded Transformer 0.75 - 0.25 - - -
Only Positive 1.00 0.98 0.33 0.02 - -
Only Negative 0.67 0.05 0.03 0.86 - -
Both 0.81 0.44 0.15 0.55 - -

5.1.3 Case Study 3: Ungrounded Transformer

In Case 3, solid line to ground fault is applied to a weak system while the primary side of the
transformer is ungrounded.

The general behaviour of the STATCOM during all three control strategies is almost similar for
all cases in term of compensation for positive and/or negative sequence voltage by injecting either
positive and/or negative reactive current to support the grid.

Tables 5.16, 5.18 and 5.20 shows a high value of positive sequence current during only negative
sequence control strategy, due to the STATCOM model has a lot of losses which cause the dc capacitor
energy to drain very quickly. As result, the dc voltage regulator send signal to the STATCOM control
to absorb some positive current to keep the dc voltage constant. Another reason, the PLL is not fast
enough to lock to the pre fault value, which may be reflected on the synchronization between the grid
and the STATCOM.

For simulation results check appendix A.3.

Single line to ground fault

Table 5.15: Case 3 - The primary peak voltage and current during SLG fault

Pre - Fault During - Fault

Scenario Peak Voltage (kV) Peak Voltage (kV) | Peak Current (kA)

A B C A B C A B C

Grid Only 263.5 | 263.5 | 263.5 | 0 | 263.8 | 263.8 - - -

Ungrounded Transformer | 262.1 | 262.1 | 262.1 | 0 | 262.3 | 262.2 - - -
Only Positive 265.9 | 265.9 | 265.9 | 0 | 353.8 | 356.5 | 0.31 | 0.31 | 0.31
Only Negative 264.5 | 264.5 | 264.5 | 0 | 207.6 | 2554 | 0.33 | 0.36 | 0.26
Both 264.5 | 264.5 | 2645 | 0 | 265.2 | 297.3 | 0.33 | 0.17 | 0.17

Table 5.16: Case 3 - Voltage and current magnitude during SLG fault

During- Fault
Scenario Positive sequence | Negative sequence Zero sequence
Vp (pu) | Ip (pu) | Vo (pu) | In (pu) | Vzero (pu) | Izero (pu)
Grid Only 0.67 - 0.33 - 0.22 -
Ungrounded Transformer 0.66 - 0.33 - 0.22 -
Only Positive 0.90 1.00 0.45 0.02 0.30 -
Only Negative 0.55 0.18 0.12 0.99 0.30 -
Both 0.71 0.48 0.26 0.59 0.30 -
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Double line to ground fault

Table 5.17: Case 3 - The primary peak voltage and current during DLG fault

Pre - Fault During - Fault

Scenario Peak Voltage (kV) Peak Voltage (kV) | Peak Current (kA)

A B C A B C A B C

Grid Only 263.5 | 263.5 | 263.5 | 263.5 | 0.0 | 0.0 - - -

Ungrounded Transformer | 262.1 | 262.1 | 262.1 | 262.5 | 0.0 | 0.0 - - -
Only Positive 265.9 | 265.9 | 265.9 | 35634 | 0.0 | 0.0 | 0.31 | 0.33 | 0.30
Only Negative 264.5 | 264.5 | 264.5 | 1926 | 0.0 | 0.0 | 0.24 | 0.20 | 0.31
Both 264.5 | 264.5 | 264.5 | 256.3 | 0.0 | 0.0 | 0.04 | 0.25 | 0.28

Table 5.18: Case 3 - Voltage and current magnitude during DLG fault

During- Fault
Scenario Positive sequence | Negative sequence Zero sequence
Vp (pu) | Ip (pu) | Vn (pu) | In (pu) | Vzero (pu) | Izero (pu)
Grid Only 0.33 - 0.33 - 0.22 -
Ungrounded Transformer 0.33 - 0.33 - 0.22 -
Only Positive 0.45 1.00 0.45 0.05 0.30 -
Only Negative 0.24 0.21 0.24 0.45 0.16 -
Both 0.32 0.46 0.32 0.53 0.21 -

Double line fault

Table 5.19: Case 3 - The primary peak voltage and current during DL fault

Pre - Fault During - Fault

Scenario Peak Voltage (kV) Peak Voltage (kV) | Peak Current (kA)

A B C A B C A B C

Grid Only 263.5 | 263.5 | 263.5 | 263.5 | 131.9 | 131.9 - - -

Ungrounded Transformer | 262.1 | 262.1 | 262.1 | 262.1 | 131.0 | 130.8 - - -
Only Positive 265.9 | 265.9 | 265.9 | 347.3 | 173.7 | 173.7 | 0.30 | 0.33 | 0.30
Only Negative 264.5 | 264.5 | 264.5 | 191.9 | 96.0 96.0 | 0.24 | 0.21 | 0.31
Both 264.5 | 264.5 | 264.5 | 254.3 | 127.1 | 127.1 | 0.04 | 0.26 | 0.28

Table 5.20: Case 3 - Voltage and current magnitude during DL fault

During- Fault
Scenario Positive sequence | Negative sequence Zero sequence
Vp (pu) | Ip (pu) | Vn (pu) | In (pu) | Vzero (pu) | Izero (pu)
Grid Only 0.50 - 0.50 - - -
Ungrounded Transformer 0.50 - 0.50 - - -
Only Positive 0.65 1.00 0.65 0.06 - -
Only Negative 0.37 0.20 0.37 0.79 - -
Both 0.48 0.45 0.48 0.53 - -
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5.1.4 Case Study 4: Grounded Transformer

In Case 4, solid line to ground fault is introduced to a weak system while the primary side of the
transformer is directly grounded.

The general behaviour of the STATCOM during all three control strategies is almost similar for
all cases in term of compensation for positive and/or negative sequence voltage by injecting either
positive and/or negative reactive current to support the grid. This case has bigger impact on the dc
voltage capacitor during DLG fault compared with case 3 due to the directly grounded transformer
with positive current absorbed of 0.31pu in case 4 and 0.21pu in case 3.

For simulation results check appendix A.4

Single line to ground fault

Table 5.21: Case 4 - The primary peak voltage and current during SLG fault

Pre - Fault During - Fault

Scenario Peak Voltage (kV) Peak Voltage (kV) | Peak Current (kA)

A B C A B C A B C

Grid Only 263.5 | 263.5 | 263.5 | 0.0 | 263.8 | 263.8 - - -

Grounded Transformer | 262.1 | 262.1 | 262.1 | 0.0 | 231.6 | 226.3 - - -
Only Positive 265.9 | 265.9 | 265.9 | 0.0 | 312.8 | 305.6 | 0.76 | 0.36 | 0.45
Only Negative 264.5 | 264.5 | 264.5 | 0.0 | 152.6 | 160.2 | 0.78 | 0.43 | 0.38
Both 264.5 | 264.5 | 264.5 | 0.0 | 221.3 | 222.0 | 0.80 | 0.31 | 0.30

Table 5.22: Case 4 - Voltage and current magnitude during SLG fault

During- Fault
Scenario Positive sequence | Negative sequence Zero sequence
Vp (pu) | Ip (pu) | Vn (pu) | In (pu) | Vzero (pu) | Izero (pu)

Grid Only 0.67 - 0.33 - 0.22 -
Grounded Transformer 0.54 - 0.46 - 0.05 0.72
Only Positive 0.72 1.00 0.62 0.04 0.07 0.96
Only Negative 0.39 0.20 0.28 1.00 0.07 0.97
Both 0.53 0.50 0.42 0.59 0.07 0.98

Double line to ground fault

Table 5.23: Case 4 - The primary peak voltage and current during DLG fault

Pre - Fault During - Fault

Scenario Peak Voltage (kV) | Peak Voltage (kV) | Peak Current (kA)

A B C A B C A B C

Grid Only 263.5 | 263.5 | 263.5 | 263.5 | 0.0 | 0.0 - - -

Grounded Transformer | 262.1 | 262.1 | 262.1 | 98.9 | 0.0 | 0.0 - - -
Only Positive 265.9 | 265.9 | 265.9 | 130.8 | 0.0 | 0.0 | 0.44 | 0.99 | 0.62
Only Negative 264.5 | 264.5 | 2645 | 748 | 00| 0.0 | 0.63 | 0.46 | 0.30
Both 264.5 | 264.5 | 264.5 | 96.4 | 0.0 | 0.0 | 0.57 | 0.66 | 0.50
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Table 5.24: Case 4 - Voltage and current magnitude during DLG fault

During- Fault
Scenario Positive sequence | Negative sequence Zero sequence
Vp (pu) | Ip (pu) | Vn (pu) | In (pu) | Vzero (pu) | Izero (pu)

Grid Only 0.33 - 0.33 - 0.22 -
Grounded Transformer 0.12 - 0.12 - 0.08 1.17
Only Positive 0.17 1.00 0.17 0.04 0.11 1.56
Only Negative 0.09 0.31 0.09 0.70 0.06 0.88
Both 0.12 0.48 0.12 0.50 0.08 1.12

Double line fault

Table 5.25: Case 4 - The primary peak voltage and current during DL fault

Pre - Fault During - Fault

Scenario Peak Voltage (kV) Peak Voltage (kV) | Peak Current (kA)

A B C A B C A B C

Grid Only 263.5 | 263.5 | 263.5 | 263.5 | 131.9 | 131.9 - - -

Grounded Transformer | 262.1 | 262.1 | 262.1 | 262.1 | 131.1 | 131.1 - - -
Only Positive 265.9 | 265.9 | 265.9 | 347.3 | 173.7 | 173.7 | 0.30 | 0.33 | 0.30
Only Negative 264.5 | 264.5 | 264.5 | 192.1 | 96.0 96.0 | 0.24 | 0.21 | 0.31
Both 264.5 | 264.5 | 264.5 | 254.3 | 127.1 | 127.1 | 0.04 | 0.26 | 0.28

Table 5.26: Case 4 - Voltage and current magnitude during DL fault

During- Fault
Scenario Positive sequence | Negative sequence Zero sequence
Vp (pu) | Ip (pu) | Vn (pu) | In (pu) | Vzero (pu) | Izero (pu)
Grid Only 0.50 - 0.50 - - -
Grounded Transformer 0.50 - 0.50 - - -
Only Positive 0.66 1.00 0.66 0.06 - -
Only Negative 0.37 0.20 0.37 0.79 - -
Both 0.48 0.45 0.48 0.53 - -

5.2 Strong Network

Strong network cases has been add as comparison to weak grid in case 3 and 4. The STATCOM
behavior during all three control strategies is exactly similar for all cases in terms of compensation for
positive and/or negative sequence voltage by injecting either positive and/or negative reactive current
to support the grid. However, the impact was not severe compared to case 3 and 4 in weak grid, which
is expected.

5.2.1 Case Study 5: Ungrounded Transformer

In Case 5, solid line to ground fault is applied to a strong system while the primary side of the
transformer grounded with high impedance.
For simulation results check appendix B.1
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Single line to ground fault

Table 5.27: Case 5 - The primary peak voltage and current during SLG fault

Pre - Fault During - Fault

Scenario Peak Voltage (kV) Peak Voltage (kV) | Peak Current (kA)

A B C A B C A B C

Grid Only 263.0 | 263.0 | 263.0 | 0.0 | 263.0 | 263.0 - - -

Ungrounded Transformer | 263.0 | 263.0 | 263.0 | 0.0 | 263.0 | 263.0 - - -
Only Positive 270.0 | 270.0 | 270.0 | 0.0 | 303.0 | 304.0 | 0.31 | 0.30 | 0.31
Only Negative 270.0 | 270.0 | 270.0 | 0.0 | 235.0 | 260.0 | 0.32 | 0.26 | 0.33
Both 270.0 | 270.0 | 270.0 | 0.0 | 264.0 | 274.0 | 0.33 | 0.16 | 0.16

Table 5.28: Case 5 - Voltage and current magnitude during SLG fault

During- Fault
Scenario Positive sequence | Negative sequence Zero sequence
Vp (pu) | Ip (pu) | Vn (pu) | In (pu) | Vzero (pu) | Izero (pu)
Grid Only 0.67 - 0.33 - 0.22 -
Ungrounded Transformer 0.67 - 0.33 - 0.22 -
Only Positive 0.75 0.99 0.38 0.03 0.25 -
Only Negative 0.62 0.15 0.25 0.97 0.25 -
Both 0.69 0.47 0.31 0.58 0.25 -

Double line to ground fault

Table 5.29: Case 5 -The primary peak voltage and current during DLG fault

Pre - Fault During - Fault

Scenario Peak Voltage (kV) | Peak Voltage (kV) | Peak Current (kA)

A B C A B C A B C

Grid Only 263.0 | 263.0 | 263.0 | 263.0 | 0.0 | 0.0 - - -

Ungrounded Transformer | 263.0 | 263.0 | 263.0 | 263.0 | 0.0 | 0.0 - - -
Only Positive 270.0 | 270.0 | 270.0 | 305.0 | 0.0 | 0.0 | 0.31 | 0.31 | 0.31
Only Negative 270.0 | 270.0 | 270.0 | 240.0 | 0.0 | 0.0 | 0.24 | 0.18 | 0.30
Both 270.0 | 270.0 | 270.0 | 266.0 | 0.0 | 0.0 | 0.04 | 0.25 | 0.27

Table 5.30: Case 5 - Voltage and current magnitude during DLG fault

During- Fault
Scenario Positive sequence | Negative sequence Zero sequence
Vp (pu) | Ip (pu) | Vn (pu) | In (pu) | Vzero (pu) | Izero (pu)
Grid Only 0.33 - 0.33 - 0.22 -
Ungrounded Transformer 0.33 - 0.33 - 0.22 -
Only Positive 0.38 0.99 0.38 0.05 0.25 -
Only Negative 0.30 0.21 0.30 0.78 0.20 -
Both 0.33 0.45 0.33 0.53 0.22 -
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Double line fault

Table 5.31: Case 5 - The primary peak voltage and current during DL fault

Pre - Fault During - Fault

Scenario Peak Voltage (kV) Peak Voltage (kV) Peak Current (kA)

A B C A B C A B C

Grid Only 263.0 | 263.0 | 263.0 | 263.0 | 131.6 | 131.6 - - -

Ungrounded Transformer | 263.0 | 263.0 | 263.0 | 263.0 | 131.5 | 131.5 - - -
Only Positive 270.0 | 270.0 | 270.0 | 300.0 | 150.0 | 150.0 | 0.31 | 0.31 | 0.30
Only Negative 270.0 | 270.0 | 270.0 | 234.5 | 117.3 | 117.3 | 0.24 | 0.20 | 0.29
Both 270.0 | 270.0 | 270.0 | 258.4 | 129.2 | 129.2 | 0.04 | 0.25 | 0.27

Table 5.32: Case 5 - Voltage and current magnitude during DL fault

During- Fault
Scenario Positive sequence | Negative sequence Zero sequence
Vp (pu) | Ip (pu) | Vn (pu) | In (pu) | Vzero (pu) | Izero (pu)
Grid Only 0.50 - 0.50 - - -
Ungrounded Transformer 0.50 - 0.50 - - -
Only Positive 0.57 0.99 0.57 0.05 - -
Only Negative 0.44 0.20 0.44 0.78 - -
Both 0.50 0.45 0.50 0.53 - -

5.2.2 Case Study 6: Grounded Transformer

In Case 6, solid line to ground fault is introduced to a strong system while the primary side of the
transformer grounded with high impedance.
For simulation results check appendix B.2

Single line to ground fault

Table 5.33: Case 6 - The primary peak voltage and current during SLG fault

Pre - Fault During - Fault

Scenario Peak Voltage (kV) Peak Voltage (kV) | Peak Current (kA)

A B C A B C A B C

Grid Only 263.0 | 263.0 | 263.0 | 0.0 | 263.0 | 263.0 - - -

Grounded Transformer | 263.0 | 263.0 | 263.0 | 0.0 | 238.3 | 231.2 - - -
Only Positive 270.0 | 270.0 | 270.0 | 0.0 | 270.7 | 264.3 | 1.03 | 0.59 | 0.66
Only Negative 270.0 | 270.0 | 270.0 | 0.0 | 207.2 | 207.2 | 1.02 | 0.66 | 0.59
Both 270.0 | 270.0 | 270.0 | 0.0 | 233.8 | 233.8 | 1.05 | 0.56 | 0.56
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Table 5.34: Case 6 - Voltage and current magnitude during SLG fault

During- Fault
Scenario Positive sequence | Negative sequence Zero sequence
Vp (pu) | Ip (pu) | Vn (pu) | In (pu) | Vzero (pu) | Izero (pu)

Grid Only 0.67 - 0.33 - 0.22 -
Grounded Transformer 0.57 - 0.43 - 0.09 1.34
Only Positive 0.65 0.99 0.49 0.03 0.11 1.52
Only Negative 0.50 0.18 0.35 0.98 0.11 1.51
Both 0.58 0.49 0.41 0.58 0.11 1.53

Double line to ground fault

Table 5.35: Case 6 - The primary peak voltage and current during DLG fault

Pre - Fault During - Fault

Scenario Peak Voltage (kV) Peak Voltage (kV) | Peak Current (kA)

A B C A B C A B C

Grid Only 263.0 | 263.0 | 263.0 | 263.0 | 0.0 | 0.0 - - -

Grounded Transformer | 263.0 | 263.0 | 263.0 | 158.3 | 0.0 | 0.0 - - -
Only Positive 270.0 | 270.0 | 270.0 | 180.5 | 0.0 | 0.0 | 0.70 | 1.24 | 1.14
Only Negative 270.0 | 270.0 | 270.0 | 1424 | 0.0 | 0.0 | 1.03 | 0.81 | 0.60
Both 270.0 | 270.0 | 270.0 | 156.0 | 0.0 | 0.0 | 0.90 | 0.98 | 0.81

Table 5.36: Case 6 - Voltage and current magnitude during DLG fault

During- Fault
Scenario Positive sequence | Negative sequence Zero sequence
Vp (pu) | Ip (pu) | Vn (pu) | In (pu) | Vzero (pu) | Izero (pu)

Grid Only 0.33 - 0.33 - 0.22 -
Grounded Transformer 0.20 - 0.20 - 0.13 1.87
Only Positive 0.23 0.99 0.23 0.05 0.15 2.13
Only Negative 0.18 0.25 0.18 0.75 0.12 1.68
Both 0.20 0.46 0.20 0.52 0.13 1.84

Double line fault

Table 5.37: Case 6 - The primary peak voltage and current during DL fault

Pre - Fault During - Fault

Scenario Peak Voltage (kV) Peak Voltage (kV) Peak Current (kA)

A B C A B C A B C

Grid Ounly 263.0 | 263.0 | 263.0 | 263.0 | 131.6 | 131.6 - - -

Grounded Transformer | 263.0 | 263.0 | 263.0 | 263.0 | 131.5 | 131.5 - - -
Only Positive 270.0 | 270.0 | 270.0 | 300.0 | 150.0 | 150.0 | 0.31 | 0.33 | 0.30
Only Negative 270.0 | 270.0 | 270.0 | 234.5 | 117.3 | 117.3 | 0.24 | 0.21 | 0.30
Both 270.0 | 270.0 | 270.0 | 258.4 | 129.2 | 129.2 | 0.04 | 0.26 | 0.29
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Table 5.38: Case 6 - Voltage and current magnitude during DL fault

During- Fault
Scenario Positive sequence | Negative sequence Zero sequence
Vp (pu) | Ip (pu) | Vn (pu) | In (pu) | Vzero (pu) | Izero (pu)
Grid Only 0.50 - 0.50 - - -
Grounded Transformer 0.50 - 0.50 - - -
Only Positive 0.56 0.99 0.56 0.05 - -
Only Negative 0.44 0.21 0.44 0.78 - -
Both 0.50 0.45 0.50 0.53 - -

5.3 Short Circuit Current Contribution

The SCC is very low in a grid with a large penetration of RES, which may effect the voltage stability
and the reliability of the grid. So, an examination has been conducted on STATCOM to investigate
its ability of injecting SCC with different strategy control to enhance the reliability of the grid. Table
5.39 illustrates the total SCC of the grid in first case with STATCOM using different strategy and
without STATCOM during different fault conditions.

During different fault conditions, the STATCOM always increases the SCC across the faulted
lines. However, the level of SCC contribution differs with different control strategies, fault types
and the grounding of the transformer. Only positive sequence control strategy has the highest SCC
contribution of (0.45kA) during DLG fault. On the other hand, only negative sequence control strategy
has the lowest SCC contribution during all types of faults. However, STATCOM with priority control
strategy set to compensate for positive and negative sequences with equal ratio of 0.5 has the highest
SCC contribution of (0.46kA) during SLG fault. In DL fault, the STATCOM produces almost the
same amount of SCC during all different control strategy.

Table 5.39: Case 1: Total short circuit current. 50% voltage drop with transformer grounded with
high impedance

Case 1: Iscc_rms (kA)

Scenario Single line to ground | Double line to ground Double line

A | B C A| B C Al B C
Grid Only 0.33 | - - - 10.33 0.33 - 10.29 | 0.29
Ungrounded Transformer | 0.33 | - - -1 0.33 0.33 -1 0.29 | 0.29
Only Positive 0.41 | - - - | 0.45 0.45 - 10.39 | 0.39
Only Negative 0.39 | - - - 10.38 0.37 - 10.38 1 0.38
Both 0.46 | - - - 1043 0.40 - 1039 | 0.38

Evidently, the transformer contributes to the Short circuit current while its directly grounded or
grounded via low impedance, as highlighted in Table 5.40 for weak grid as well as Table 5.41 for strong
grid. Interestingly, the STATCOM with only negative sequence control strategy does not contribute
to the Short circuit current compared to grid with transformer, that means the SCC contribution
during this strategy comes from the transformer, as illustrated in Tables 5.40 and 5.41. It can be
notices that the STATCOM injecting the maximum fault current, which can be delivered during the
fault.
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Table 5.40: Case 4: Total short circuit current in weak grid. Solid line to ground fault with directly
grounded transformer

Case 4: Iscc_rms (kA)

Seenario Single line to ground | Double line to ground Double line

A | B C A| B C Al B C
Grid Only 0.67 | - - - | 0.67 0.67 - | 0.58 | 0.58
Grounded Transformer | 0.93 | - - - 1094 0.96 - 1 0.58 | 0.58
Only Positive 1.24 | - - - | 1.27 1.17 - 1078 | 0.78
Only Negative 1.25 | - - - 1 0.95 0.89 - 1074 0.74
Both 1.26 | - - - | 1.07 1.03 - 1077 | 0.77

Table 5.41: Case 6: Total short circuit current in strong grid. Solid line to ground fault with directly
grounded transformer

Case 6: Iscc_rms (kA)

Scenario Single line to ground | Double line to ground Double line

A | B C Al B C A| B C
Grid Only 1.67 | - - - | 1.67 1.67 - | 1.45 | 1.45
Grounded Transformer | 2.15 | - - - | 2.06 2.12 - | 145 | 1.45
Only Positive 245 | - - - 1235 2.40 - | 1.65 | 1.65
Only Negative 243 | - - - | 212 2.06 - | 1.60 | 1.60
Both 2.46 | - - - | 2.22 2.20 - 1163 | 1.63

For SCC contribution for the rest of cases check appendix C
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5.4 Conclusion

The amount of SCC contributed from STATCOM depends on three variable: 1) the STATCOM control
strategy; 2) they type of fault; 3) the transformer grounding. Using only positive sequence control
strategy will lead to increasing the voltage across the healthy line, which may lead to overvoltage
protection relay to disconnect the line. On the other hand, only negative sequence control is a good
strategy, if the transformer is ungrounded. Because, it does not have the overvoltage issue compared
to only positive control strategy. However, The best STATCOM control strategy is to compensate
for both sequences with an equal ratio of 0.5. This control strategy could not increase the magnitude
of the positive voltage to 1pu during 50% voltage drop compared with only positive sequence control
strategy. However, it manage to increase the voltage across the faulted line only as well as contributing
to the SCC in all the cases, unlike only negative sequence control strategy while the transformer is
directly grounded.
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Chapter 6

Discussion

This chapter a general overview of the environmental and ethical aspects of the thesis.

6.1 Environmental aspects

The need of power increases as the growth of population increase, which has negative impact on
the environment by releasing greenhouse gases from burning gases, coal and oil in the power plant.
The earth temperature will increase, which have negative impact on every creatures on the planet, if
people continue producing energy using conventional power plants. In order to reduce the greenhouse
gases, engineers have been developing and improving the RES to cover the electricity demand in a
way its harmless to the environment in the last three decades. As the renewable energy penetration
increases in the electrical system, it raise new technical problems. Moreover, it reduce the reliability
of protection devices during the disturbance on the system. As result, all the protection devices need
to be replace with more advanced devices to sense any disturbance in the system, which mean there
will be a lot of junks of useless devices thrown away. These methods of generating energy have impact
the strength and stability of the electrical system.

STATCOM device, which is a part of FACTS family devices, has been develop to improve the
system strength and reliability. Furthermore, helping the old protection devices to sense if there is
any disturbance in the system by injecting SCC during the fault. By integrating STATCOM device
with LVRT function to producing current during the fault in the weak grid, the strength and reliability
of the electrical system increases as well as no need to replace the old protection devices.

6.2 Ethical aspects

As the development of the STATCOM improved by adding LVRT, more RES will be penetrated to
the system, which is great things to reduce greenhouse gases. However, it has indirect impact to the
wildlife by cutting down the trees to build more renewable energy plants. Even though STATCOM
device is relatively small in size compared to other FACTS devices, it take land close to the perfect
point of connection. If the premises of the station is not well closed animal my jump over the fence
and get electrocuted to death.

The work place environment, form the ethical point of view, need to be suitable for those who
operate and maintain the station. All the hazard places and equipment need to be labelled in clear
sign. During the maintains of the equipment, the place should be locked up with safety prior to keep
other employee out of the danger zone. Furthermore, the worker need to be trained in how to evacuate
the station in case of fire. The root of the nearest exit door clearly labelled and easy to follow.

Since the station need to be connected to the main control room via satellite or internet, it need to
be well protected form any cyber attack, which could have an impact on the whole network system.
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Chapter 7

Conclusions and Future Work

This chapter summarizes conclusions and give some suggestions for further work

7.1 Conclusions

This paper present a development of STATCOM control strategy to enhance the RES to meet the
requirements of the grid code. These requirements on RES has been reviewed in UK , Denmark
and Germany. Furthermore, the LVRT and SCC contribution during disturbance has been explained
with details. During the development of STATCOM control, the separation of the positive and
negative sequence components has been successfully accomplished to investigate the unsymmetrical
disturbance in the grid. The power grid has been examined with STATCOM, while applying different
control strategy, and without STATCOM during different type of fault conditions.

During only positive sequence control strategy, the STATCOM has improved the positive voltage
in all cases and increased the negative voltage. The downside of using this strategy is that the voltage
across the healthy line increases from 15% to 35% of nominal value. On the other hand, only negative
sequence control strategy has been reduced the value of the negative voltage in the system, which
decrease the positive voltage in the system as well. Finally, positive and negative sequence control
strategy, with an equal ratio of 0.5 each, has increases the positive voltage and reduce the negative
voltage the same time. This strategy does not cause an over-voltage across the healthy lines, like only
positive sequence control, and does not decrease the voltage, like only negative sequence control.

In term of SCC contribution, the level of contribution depends on three factors: 1) The type of
fault as well as fault impedance; 2) Transformer grounding; 3) STATCOM control strategy. Only
positive sequence control strategy and both sequences control strategy have proven that they can
contribute to the SCC in all cases. On the other hand, only negative sequence control strategy does
not contribute to the SCC in the cases where the transformer is directly grounded. During both
sequence control strategy.

To conclude, positive and negative sequences control strategy is the best strategy in term of
improving the three phase voltage as well as SCC contribution to the power grid.
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7.2 Future Work

e The examination has been done in STATCOM with two level converter. So, STATCOM with
multilevel converter may be used to test the concept of short circuit current contribution and
LVRT strategy to investigate the performance of the control.

e Performing a sensitivity analysis of control and component parameters to get more a generalized
conclusion.

e The STATCOM model need to be tested in grid with renewable energy resources.

e In this thesis, positive and negative sequence control strategy has been used with an equal ratio
of 0.5 each. The STATCOM model should be tested with different compensation ratio of positive
and negative to find the optimal ratio during the disturbance.

e Add control strategy to detect the type of fault and decide to switch in the transformer grounding
depend on the need of short circuit current in the system which need to be analyzed in advanced.

e Further study in the thermal limitation of the STATCOM valve during the disturbance.
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Appendix A

Weak Network

Appendix A tables is the result of examining a weak network of 400 MVA. The network has experience
50% voltage drops with fault impedance of 52.08 + j294.6Q2 as well as Solid line to ground fault.
During the examination, the transformer, which link the STATCOM to the network, has been directly
grounded and grounded with high impedance to observe the impact of the transformer to the network.

i

Figure A.1: Voltage, 50% voltage drop (SLG Fault) grid without STATCOM
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Figure A.2: Voltage, 50% voltage drop (DLG Fault) grid without STATCOM
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APPENDIX A. WEAK NETWORK
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Figure A.5: Voltage, Solid to ground fault (DLG Fault) Grid without STATCOM
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A.1. CASE STUDY 1

APPENDIX A. WEAK NETWORK
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Figure A.6: Voltage, Solid to ground fault (DL Fault) Grid without STATCOM

Case Study 1

Single line to ground fault

m

|

|

hilih

il

y’

i)

i)

|

<

I
1.05

L
0.95 1 .05
Time [s]

|

Figure A.T7: Voltage, 50% voltage drop (SLG Fault) Grid with ungrounded transformer
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negative sequence control while transformer is ungrounded
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positive and negative control while transformer is ungrounded
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A.2. CASE STUDY
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A.3. CASE STUDY 3 APPENDIX A. WEAK NETWORK

A.3 Case Study 3
A.3.1 Single line to ground fault
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Figure A.32: (A)Voltage (B)Current, Solid to ground fault (SLG Fault) during STATCOM with only
positive sequence control while transformer is ungrounded
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A.3. CASE STUDY
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Figure A.33: (A)Voltage (B)Current, Solid to ground fault (SLG Fault) during STATCOM with only

positive and negative control while transformer is ungrounded



A.3. CASE STUDY 3

APPENDIX A. WEAK NETWORK

A.3.2 Double line to ground fault
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Figure A.35: Voltage, Solid to ground fault (DLG Fault) Grid with ungrounded transformer
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Figure A.36: (A)Voltage (B)Current, Solid to ground fault (DLG Fault) during STATCOM with only
positive sequence control while transformer is ungrounded
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Figure A.37: (A)Voltage (B)Current, Solid to ground fault (DLG Fault) during STATCOM with only
negative sequence control while transformer is ungrounded
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Figure A.38: (A)Voltage (B)Current, Solid to ground fault (DLG Fault) during STATCOM with both
positive and negative control while transformer is ungrounded
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A.3.3 Double line fault
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Figure A.39: Voltage, Solid to ground fault (DL Fault) Grid with ungrounded transformer
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Figure A.40: (A)Voltage (B)Current, Solid to ground fault (DL Fault) STATCOM with only positive
sequence control while transformer is ungrounded
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Figure A.41: (A)Voltage (B)Current, Solid to ground fault (DL Fault) during STATCOM with only
negative sequence control while transformer is ungrounded
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Figure A.42: (A)Voltage (B)Current, Solid to ground fault (DL Fault) during STATCOM with both
positive and negative control while transformer is ungrounded
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A.4 Case Study 4

A.4.1 Single line to ground fault
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Figure A.43: Voltage, Solid to ground fault (SLG Fault) Grid with directly grounded transformer
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Figure A.44: (A)Voltage (B)Current, Solid to ground fault (SLG Fault) during STATCOM with only

positive sequence control while transformer is directly grounded
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Figure A.45: (A)Voltage (B)Current, Solid to ground fault (SLG Fault) during STATCOM with only
negative sequence control while transformer is directly grounded
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Figure A.46: (A)Voltage (B)Current, Solid to ground fault (SLG Fault) during STATCOM with both
positive and negative control while transformer is directly grounded
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A.4. CASE STUDY 4

APPENDIX A. WEAK NETWORK

A.4.2 Double line to ground fault
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Figure A.47: Voltage, Solid to ground fault (DLG Fault) Grid with directly grounded transformer
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Figure A.48: (A)Voltage (B)Current, Solid to ground fault (DLG Fault) during STATCOM with only
positive sequence control while transformer is directly grounded
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Figure A.49: (A)Voltage (B)Current, Solid to ground fault (DLG Fault) during STATCOM with only
negative sequence control while transformer is directly grounded
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Figure A.50: (A)Voltage (B)Current, Solid to ground fault (DLG Fault) during STATCOM with both
positive and negative control while transformer is directly grounded
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A.4.3 Double line fault
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Figure A.51: Voltage, Solid to ground fault (DL Fault) Grid with directly grounded transformer
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Figure A.52: (A)Voltage (B)Current, Solid to ground fault (DL Fault) STATCOM with only positive
sequence control while transformer is directly grounded
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Figure A.53: (A)Voltage (B)Current, Solid to ground fault (DL Fault) during STATCOM with only
negative sequence control while transformer is directly grounded
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Figure A.54: (A)Voltage (B)Current, Solid to ground fault (DL Fault) during STATCOM with both
positive and negative control while transformer is directly grounded
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Appendix B

Strong Network

Appendix B tables is the result of examining a weak network of 1000 MVA. The network has experience
Solid line to ground fault. During the examination, the transformer, which link the STATCOM to
the network, has been directly grounded and grounded with high impedance to observe the impact of
the transformer to the network.
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Figure B.2: Voltage, Solid to ground fault (DLG Fault) Grid without STATCOM
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Figure B.3: Voltage, Solid to ground fault (DL Fault) Grid without STATCOM
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B.1 Case Study 5

B.1.1 Single line to ground fault
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gure B.5: (A)Voltage (B)Current, Solid to ground fault (SLG Fault) during STATCOM with only

positive sequence control



B.1. CASE STUDY
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Figure B.6: (A)Voltage (B)Current, Solid to ground fault (SLG Fault) during STATCOM with only




B.1.

CASE STUDY 5
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B.1.2 Double line to ground fault
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Figure B.8: Voltage, Solid to ground fault (DLG Fault) Grid with ungrounded transformer
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Figure B.9: (A)Voltage (B)Current, Solid to ground fault (DLG Fault) during STATCOM with only
positive sequence control while transformer is ungrounded
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Figure B.10: (A)Voltage (B)Current, Solid to ground fault (DLG Fault) during STATCOM with only
negative sequence control while transformer is ungrounded
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Figure B.11: (A)Voltage (B)Current, Solid to ground fault (DLG Fault) during STATCOM with both
positive and negative control while transformer is ungrounded
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B.1.
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Figure B.12: Voltage, Solid to ground fault (DL Fault) Grid with ungrounded transformer
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Figure B.13: (A)Voltage (B)Current, Solid to ground fault (DL Fault) STATCOM with only positive
sequence control while transformer is ungrounded

87



B.1. CASE STUDY 5 APPENDIX B. STRONG NETWORK

Voltage (kV)

e 1N
o ES

Current (kA)
(=)

-0.2

2.95 3 3.05 3.1 3.15
(b)
Time [s]

Figure B.14: (A)Voltage (B)Current, Solid to ground fault (DL Fault) during STATCOM with only
negative sequence control while transformer is ungrounded
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Figure B.15: (A)Voltage (B)Current, Solid to ground fault (DL Fault) during STATCOM with both
positive and negative control while transformer is ungrounded
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B.2 Case Study 6

B.2.1 Single line to ground fault
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Figure B.16: Voltage, Solid to ground fault (SLG Fault) Grid with directly grounded transformer
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Figure B.17: (A)Voltage (B)Current, Solid to ground fault (SLG Fault) during STATCOM with only
positive sequence control while transformer is directly grounded
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Figure B.18: (A)Voltage (B)Current, Solid to ground fault (SLG Fault) during STATCOM with only
negative sequence control while transformer is directly grounded
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Figure B.19: (A)Voltage (B)Current, Solid to ground fault (SLG Fault) during STATCOM with both
positive and negative control while transformer is directly grounded
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B.2.2 Double line

to ground fault
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Figure B.20: Voltage, Solid to ground fault (DLG Fault) Grid with directly grounded transformer
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Figure B.21: (A)Voltage (B)Current, Solid to ground fault (DLG Fault) during STATCOM with only
positive sequence control while transformer is directly grounded
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Figure B.22: (A)Voltage (B)Current, Solid to ground fault (DLG Fault) during STATCOM with only
negative sequence control while transformer is directly grounded
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Figure B.23: (A)Voltage (B)Current, Solid to ground fault (DLG Fault) during STATCOM with both
positive and negative control while transformer is directly grounded
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B.2.3 Double line fault
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Figure B.24: Voltage, Solid to ground fault (DL Fault) Grid with directly grounded transformer
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Figure B.25: (A)Voltage (B)Current, Solid to ground fault (DL Fault) STATCOM with only positive
sequence control while transformer is directly grounded
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Figure B.26: (A)Voltage (B)Current, Solid to ground fault (DL Fault) during STATCOM with only
negative sequence control while transformer is directly grounded
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Figure B.27: (A)Voltage (B)Current, Solid to ground fault (DL Fault) during STATCOM with both
positive and negative control while transformer is directly grounded
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Appendix C

SCC contribution

C.1 Case Study 1: Ungrounded Transformer

Table C.1: Case 1: Total short circuit current

Case 1: Iscc_rms (kA)

Seenario Single line to ground | Double line to ground Double line

A | B C Al B C A| B C
Grid Only 0.33 | - - - 10.33 0.33 - 10.29 | 0.29
Ungrounded Transformer | 0.33 | - - - | 0.33 0.33 -1 0.29 | 0.29
Only Positive 0.41 | - - - | 045 0.45 - 1039 | 0.39
Only Negative 0.39 | - - -1 0.38 0.37 - 1038 | 0.38
Both 046 | - - - 1043 0.40 - 1039 |0.38

C.2 Case Study 2: Grounded Transformer

Table C.2: Case 2: Total short circuit current

Case 2: Iscc_rms (kA)

Single line to ground

Double line to ground

Double line

Scenario A | B C Al B C Al B | C
Grid Only 0.33 | - - - 10.29 0.29 0.29 | 0.29
Grounded Transformer | 0.39 | - - - | 0.37 0.37 0.29 | 0.29
Only Positive 0.48 | - - - 1 0.50 0.50 0.39 | 0.39
Only Negative 0.47 | - - - 1040 0.38 0.38 | 0.38
Both 0.53 | - - - | 0.46 0.46 0.38 | 0.38
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C.3 Case Study 3: Ungrounded Transformer

Table C.3: Case 3: Total short circuit current

Case 3: Iscc_rms (kA)

Scenario Single line to ground | Double line to ground Double line

A | B C Al B C Al B C
Grid Only 0.67 | - - - | 0.67 0.67 - |1 0.58 | 0.58
Ungrounded Transformer | 0.67 | - - - | 0.67 0.67 - | 0.58 | 0.58
Only Positive 0.89 | - - - 1091 0.89 - 10.78 1 0.78
Only Negative 0.89 | - - - 1081 0.74 - 1074|074
Both 091 | - - -1 0.86 0.80 - | 0.77 | 0.77

C.4 Case Study 4: Grounded Transformer

Table C.4: Case 4: Total short circuit current

Case 4: Iscc_rms (kA)

Scenario Single line to ground | Double line to ground Double line

A | B C Al B C A| B C
Grid Only 0.67 | - - - | 0.67 0.67 - | 0.58 | 0.58
Grounded Transformer | 0.93 | - - - 1094 0.96 - 1 0.58 | 0.58
Only Positive 1.24 | - - - | 1.27 1.17 - 1078 | 0.78
Only Negative 1.25 | - - -1 0.9 0.89 - 10.74 | 0.74
Both 1.26 | - - - | 1.07 1.03 - | 0.77 | 0.77

C.5 Case Study 5: Ungrounded Transformer

Table C.5: Case 5: Total short circuit current

Case 5: Iscc_rms (kA)

Scenario Single line to ground | Double line to ground Double line

A | B C A| B C A| B C
Grid Only 1.67 | - - - | 1.67 1.67 - | 1.45 | 1.45
Ungrounded Transformer | 1.67 | - - - | 1.67 1.67 - | 1.45 | 1.45
Only Positive 1.90 | - - - 1191 1.90 - | 1.65 | 1.65
Only Negative 1.90 | - - - | 1.80 1.72 - | 1.60 | 1.60
Both 1.90 | - - - | 1.86 1.80 - | 1.63 | 1.63
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C.6 Case Study 6: Grounded Transformer

Table C.6: Case 6: Total short circuit current

Case 6: Iscc_rms (kA)

Scenario Single line to ground | Double line to ground Double line

A | B C A| B C Al B C
Grid Only 1.67 | - - - | 1.67 1.67 - | 145 | 1.45
Grounded Transformer | 2.15 | - - - | 2.06 2.12 - | 145 | 1.45
Only Positive 245 | - - - 1235 2.40 - | 1.65 | 1.65
Only Negative 243 | - - -1 212 2.06 - | 1.60 | 1.60
Both 2.46 | - - - | 2.22 2.20 - | 1.63 | 1.63
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