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Commutation Failure Prevention for HVDC

Improvement in algorithm for commutation failure prevention in LCC HVDC
OKETCH INNOCENT

Department of Energy and Environment

Chalmers University of Technology

Abstract

Line commutated HVDC systems are widely used due to their high power ratings.
However, one of the disadvantages of such HVDC systems is the high risk of com-
mutation failures when AC disturbances arise. These failures normally develop in
the inverter station. When failed commutation occurs, the LCC HVDC system is
greatly disturbed resulting in loss of power transmission. Moreover, the rapid in-
crease in the direct current during unsuccessful commutation results in additional
stresses on the thyristor valves.

In an attempt to reduce the probability of unsuccessful commutation, a commutation
failure prevention function is added to the HVDC system controls. When an AC
system disturbance is detected, this function is activated with the aim of altering the
firing order at the inverter station. Since the angle contribution from the function
is independent of the minimum inverter extinction angle, this approach possesses
limitations under certain AC faults.

In this thesis, a commutation failure prevention function based on voltage-time area
contribution was designed and implemented. Simulation results show that both the
proposed and existing functions are equally ineffective in mitigating the first commu-
tation failures when three phase faults are applied. However, the proposed function
is more effective in mitigating the first commutation failure when single phase faults
are applied compared to the existing function. In 17% of the investigated cases,
improvements were registered when the proposed function was utilised. Moreover,
in 25% of the cases when three phase faults were applied, the proposed function
reduced the occurrence of multi-valve commutation failures.

Keywords: LCC HVDC transmission systems, commutation failure prevention, AC
faults
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1

Introduction

High Voltage Direct Current (HVDC) systems are widely used in long-distance elec-
tric power transmission networks. This is attributable to their advantages such
as bulk power transmission with lower energy loss, interconnection of asynchronous
networks, and the controllability of HVDC systems, which enhance network stability
with varying load dynamics [1].

Each HVDC station consists of more than a converter for rectifying or inverting
electric current. In order to obtain technically and economically optimum trans-
mission, the voltage is transformed to a suitable level by a transformer. Moreover,
there must be filters on the AC side to smoothen the current from the HVDC valves
and reactive power compensation on the AC lines. The converter valve consists of a
large number of thyristors connected in series to withstand the high voltage levels
utilised in HVDC systems.

For successful switching of a thyristor valve, the internal stored charges should be
removed such that the valve can establish forward voltage blocking capability [2].
Otherwise, the preceding valve will re-conduct when it is forward biased, conse-
quently interrupting the current commutation process and increasing the chances of
a commutation failure.

Commutation failure can be defined as an adverse dynamic event that occurs when
a converter valve that is supposed to turn off, continues to conduct without trans-
ferring its current to the next valve in the firing sequence. Its occurrence causes
temporary interruption of transmitted power and stresses the converter equipment
[3]. Furthermore, it can result in significant direct current increase and thus lead to
additional heating of converter valves, consequently shortening their lifespan [4].

1.1 Background

System faults on the AC networks connected to a line-commutated HVDC system
with thyristor based technology result in voltage disturbances in the form of voltage
magnitude reduction and/or phase shift. If the disturbance is severe enough, the
power transmission is interrupted by a so called commutation failure. When a
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commutation failure occurs, the normal sequence of rectifying and/or inverting is

disturbed.

In an HVDC system dynamic performance study, where the control system is opti-
mized for a certain system, one of the tasks is to adjust a function called Commu-
tation Failure prevention (CFPrev). This function detects disturbances in the AC
network and feeds into other parts of the control system so that the probability of a
commutation failure occurring is reduced. This method has shown good mitigation
capabilities for single phase AC faults, as well as for repeated commutation failures
resulting from three phase faults.

Currently, the CFPrev function consists of two different parts: The predictor (CF-
Pred) that is always active and outputs a signal when the risk of commutation failure
is increased and the detector (CFDet) that acts when a commutation failure has al-
ready occurred. On detection of AC faults, CFPrev will give an angle contribution
to one of the control blocks resulting in earlier firing, consequently increasing the
commutation margin and mitigating commutation failure or further commutation
failures. CFPrev also sends the angle contribution to another control block to get a
reduction in the maximum limit of the firing angle. This is done to allow for earlier
firing of the next valve in the firing sequence.

The existing CFPrev outputs an angle contribution which is independent of the min-
imum extinction angle allowed. This poses a challenge because under certain fault
cases, the angle contribution is limited and thus insufficient to mitigate commutation
failures.

1.2 Aim

This thesis aims at designing and implementing a new CFPrev function based on a
voltage-time area contribution instead of an angle contribution as is the case with
the existing function. CFPrev based on angle contribution is largely independent
of the extinction angle at which the inverter is operating. Furthermore, this thesis
seeks to evaluate the performance improvements of the proposed CFPrev function.

1.3 Thesis Structure

This thesis report comprises seven chapters. The first chapter provides the back-
ground and aim of the research. In chapter 2, HVDC basics such as its configurations
and technology are discussed. The current commutation process is also presented in
this chapter. HVDC control is discussed in chapter 3 while the causes and mitigation
of commutation failure are described in chapter 4.
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Chapter 5 delves into the commutation failure detection and prevention functions.
The methodology of the research and the simulation model utilised in this work are
described. The simulation results are presented in chapter 6. The conclusions drawn
from the thesis work as well as recommendations for future work are presented in
the final chapter.
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HVDC Basics

In this chapter, important theoretical aspects relating to HVDC basics such as
HVDC technology, configurations and Line Commutated Converters (LCC) are dis-
cussed.

2.1 HVDC Technology

A typical line commutated converter HVDC system consists of at least one con-
verter station at the sending and receiving ends and the transmission medium. The
converter stations at each end are similar and contain converters, converter trans-
formers, harmonic filters, shunt capacitors and DC smoothing reactors.

Converter Station

The main component of the converter station is the converter which consists of
thyristor valves. The converter is responsible for power conversion either from AC
to DC (rectifier) or DC to AC (inverter) depending on what is desired. Each thyristor
valve consists of a certain number of series-connected thyristors so as to attain the
required voltage level. The thyristor valves are either arranged into six pulse or
twelve pulse groups. The switching of the valves is ordered by the converter control
system; all communication between the control and each valve is usually achieved
through fibre optics [5].

The converter transformers; steps down the AC voltage of the connected AC system
to be supplied to the DC system at the rectifier end [6]. On the inverter end, they
step up the AC voltage before it’s fed into the receiving AC network. Basically, the
transformers adjust the supply’s AC voltage level to the required DC voltage level of
the HVDC system. These transformers also provide galvanic isolation between the
AC and DC systems. The converter transformers largely contribute to the commu-
tation reactance due to their sizeable leakage reactance. Usually, the transformers
are of single phase three winding type connected in a wye-wye-delta configuration
[5]. A combination of single phase two winding transformers connected in a wye-wye
and wye-delta configuration can be used as well. However, the use of three phase
transformers is limited by the power requirements, cost, weight and the requirement
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of a spare transformer.

The converter operation generates harmonic voltages and currents on both the AC
and DC sides. These harmonics contribute to losses and lead to additional heating
within the converters. On the AC side of a k-pulse converter, current and voltage
harmonics of the nk + 1 (n=1,2,3,...) are generated. AC filters are installed to
absorb these harmonic components, thus limiting the amount of harmonics and re-
ducing the voltage distortion in the network [5]. High pass filters are used as AC
filters [6]. On the DC side of a k-pulse converter, the order of DC harmonics is nk
(n=1,2,3,...). DC filters reduce the harmonics flowing out into the dc line. DC
filters are not required in pure cable transmission or back-to-back HVDC schemes.
However, it is essential to install them where overhead lines form part of the trans-
mission system to aid in the reduction of telecommunication interference [5].

In steady state operation, line commutated converters consume reactive power dur-
ing the power conversion process. The shunt capacitors and/or other reactive power
sources are installed at the converter AC bus to supply the reactive power required
to maintain the converter AC bus voltage. To achieve suitable reactive power com-
pensation, the shunt capacitors are normally subdivided and switched by circuit
breakers as the power conversion level varies. Some or all of the shunt capacitors
are normally configured as AC harmonic filters [5][6].

The DC reactor contributes to the smoothing of the DC current by reducing the
direct current ripples, thus reducing the harmonic voltage in the DC line and pre-
venting the extinction of the direct current at low power levels. The smoothing
reactors also protect the converter valves by limiting the fast rise of current flow-
ing through the converter during commutation failures [6]. Moreover, they enable
the limitation of the crest current during a short-circuit fault on the DC line. It
should be noted that the inductance of the converter transformer also contributes
significantly to these functions.

Transmission medium

Cables, overhead lines or a combination of the two form the transmission medium
between two or more converter stations. The cables are either underground or un-
dersea depending on the particular DC link route. Electrode connections are utilised
for back-to-back systems. Most of existing HVDC systems use the ground return in
normal operating conditions (monopolar systems) or in emergency conditions (bipo-
lar systems). However, due to environmental and safety concerns, the utilisation of
ground return is becoming increasingly discouraged and the use of the more expen-
sive metallic return is greatly encouraged, in particular for monopolar systems.
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2.2 HVDC Configurations

HVDC transmission systems can be configured in many ways to suit operational
requirements. They are either point to point systems or HVDC multi-terminal
systems. Point to point HVDC systems are either monopolar or bipolar.

ZS

Six Pulse group

V4

¥

o
-]

Six Pulse group

19

&

@%

12 Pulse group

Figure 2.1: HVDC transmission modes (a) Monopolar ground return (b) Monopolar

metallic return and (c) Bipolar connection configuration.
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Monopolar HVDC systems

Monopolar systems consist of one pole at each converter station and utilise a single
high voltage conductor and a return path. The return path is either through the
ground /sea or a dedicated metallic return conductor as shown in Fig. 2.1a and 2.1b
respectively. This configuration is widely used when the power is transferred through
underground or undersea cables. However, the cable installation costs largely influ-
ence the decision. Where the ground resistance is too high, monopolar systems with
metallic return path are preferred to those with earth return [6]. Moreover, in recent
schemes, the use of earth return is becoming less common because of environmental
concerns associated with it.

Bipolar HVDC systems

Bipolar systems consist of two series-connected poles at each converter station, one of
positive polarity and the other negative polarity, with their neutral points grounded.
This is the most preferred configuration because of its large power transfer capa-
bility compared to the monopolar system. Fig. 2.1c shows a simplified single-line
diagram of a two-terminal bipolar HVDC transmission system. During steady state
operation, the same current flows through each pole, hence no current flows through
the ground. When one of the poles in a converter station malfunctions or is out
of service, the other pole can still transmit power with the ground as the return.
Reverse power flow can be achieved and controlled by altering the polarities of the
two poles at both converter stations [6].

Back to Back systems

In back-to-back systems, both the rectifier and inverter are located at the same site.
This is the simplest configuration and a special case of HVDC transmission systems
where no DC transmission link is required [7]. In general, back-to-back systems are
used to interconnect two asynchronous AC systems.

Multi-terminal systems

These are HVDC systems that consist of three or more converter stations; at least
one rectifier and one inverter station is required. Its architecture, communication
network between the converter stations and control systems are more complex in
comparison to the point to point systems [6].

2.3 Line Commutated Converters

Various HVDC schemes employ line commutated thyristor valve converters. In a
line commutated converter, the process of current commutation is facilitated by the
connected AC system voltage. The Graetz bridge is the basic unit for HVDC line
commutated converters. It consists of six thyristors assembled in form of three phase

8
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legs. Each phase leg contains two thyristors, the center points are connected to a
three phase power supply. This three phase full-wave bridge circuit is shown in Fig.
2.2.

Ld Id
T A >
Ua
e L
VAALS
Ub Ud
VA \.AITA.J
Uc
N L
\ACAF
N2

Figure 2.2: The basic three phase six pulse converter

In Fig. 2.2. 1 to 6 are the thyristor valves, L is the total commutation inductance
per phase seen by the valves, U, . are the source voltages of the AC network, U and
I; are the DC voltage and direct current respectively. Ly is a large DC inductance
to ensure that the ripples in the direct current are significantly reduced.

Consider that valve 1 is fired during an interval when it is forward biased (its anode
voltage is positive with respect to the cathode) such that it is conducting current.
An alternating line voltage U,, appears across valve 3. When Uy, is in its negative
cycle, valve 3 experiences a negative voltage across it (reverse biased) and cannot
conduct current even when a firing pulse is provided. Once the line voltage switches
to its positive cycle, valve 3 is forward biased. If valve 3 is fired during this interval,
it will conduct current and consequently, valve 1 experiences a negative voltage
across its terminals.

Through the consecutive firing of incoming thyristor valves while the line voltage
across their terminals are of appropriate polarity, each thyristor can be successfully
commutated. The incoming thyristor valves causes the application of a line volt-
age to the outgoing valve which reverse biases the outgoing valve. The term line
commutated converter arises because an alternating line voltage is required to serve
as the commutating voltage, and should have a polarity that will reverse bias the
outgoing thyristor valve.

The thyristor valves do not turn on at the point in the AC cycle at which they
become forward biased. Subsequent to being forward biased, a thyristor valve must
receive a firing pulse before it starts to conduct. The duration between receiving
the forward voltage and start of conduction is usually expressed in angular measure
and is referred to as firing or delay angle.
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Theoretically, the delay angle ranges from 0° to 180°. When the delay angle lies
between 0° to 90°, the converter is said to be operating in the rectifier mode. On
the other hand, when the delay angle lies between 90° to 180, the converter is said
to be operating in inverter mode. However, in practice, the minimum delay angle is
about 5° for rectifier operation and the inverter operation range is from 110° to 165°.
The adjustable delay angle enables the control of the converter’s voltage conversion
ratio.

In rectifier mode, the direct current flows from the positive polarity of the DC
circuit, this facilitates conversion from AC to DC. Conversely, in inverter mode, the
direct current flows from the negative polarity of the DC circuit therefore facilitating
conversion from DC to AC [2]. An HVDC system basically consists of two twelve
pulse groups with each group comprising two Graetz bridges. One group operates
in rectifier mode with the other operating in inverter mode.

2.4 Commutation Process

The switching of current conduction from one of the thyristor valves to another in
the same row of a converter bridge is referred to as commutation. Fig. 2.2 showing a
basic six pulse converter is utilised to describe the commutation process. The direct
current, I; is assumed to be constant during the commutation interval.

Since the current through an inductance cannot change instantaneously, the commu-
tation process takes a certain time. The inductance is due to the reactive converter
transformer and the AC grid reactance. This duration of commutation is referred to
as overlap time or angle of overlap, it is measured in degrees or radians and denoted
by 1 [8]. In order to change a current through an inductor, a voltage needs to be
applied over the inductor.

Consider a case when valves 1 and 2 are conducting and the direct current is to be
commutated from valve 1 to valve 3 in the top row of Fig. 2.2. The commutation can
take place as long as the voltage difference U, - U, is positive, this voltage difference
is referred to as commutating voltage. The commutating voltage is the voltage,
which at constant direct current would have occurred across the thyristor valve, if
the valve had not been fired [8]. The commutating voltage can also be described as
the reverse voltage across the thyristor terminals that serves to turn off the thyristor.
During the commutation process, the converter bridge can be represented with an
equivalent circuit shown in Fig. 2.3. Valves 1 and 3 are both conducting in the top
row while valve 2 in the bottom row continues to conduct as before.

The commutating voltage drives a commutating current ¢ through valve 1 and 3, this
commutation current will increase thereby increasing the current flowing through
valve 3 while decreasing the current through valve 1.

10
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Ld

@ Id

Figure 2.3: Equivalent circuit for the commutation process

The commutation process is complete when the commutation current has increased
and is equal to the direct current /,;. This is illustrated in Fig. 2.4, where Uy, is the
commutation voltage, i is the commutation current, ¢; and 73 are the currents flowing
through valve 1 and valve 3 respectively and area A is the inverter commutation
margin.

In the rectifier, valve 3 is fired at a; and the commutation of current from valve 1
to valve 3 takes p;. The remaining area, i, is more than sufficient for successful
commutation therefore commutation failures rarely occur in the rectifier. In the
inverter, valve 3 is fired at o and the commutation of current from valve 1 to valve
3 takes pu. The remaining voltage-time area A (commutation area) can be greatly
reduced in the event of disturbances in the AC network.

ULL“ Uha
i
A
/ =
Rectifier Inverter
I dc“ :
i i i P
1 3 1 P
I, L3
m - ; = ot
— 1 € 1w - .
3 o ‘ W —»ie v 1
le — o — e—— [} _
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Figure 2.4: Commutation process and angle relationships

11



2. HVDC Basics

Fig. 2.4. shows the delay angle («), which corresponds to the time when valve 3
is fired after the commutation voltage has turned positive. Mu (u) is the overlap
angle, the angle corresponding to the time when both valves 1 and 3 are conducting.
Gamma () is extinction angle or commutation margin, the angle corresponding to
the time between when valve 1 is extinguished and when the commutation volt-
age goes through its zero crossing. During steady state operation, the relationship
between these angles is expressed as follows:

a+ p+ v = 180° (2.1)

A reverse voltage needs to be applied across a thyristor valve for a certain duration.
This is required to remove the charges stored during the conduction process such
that the valve can withstand a voltage in the forward direction [9]. This negative
voltage is applied during the time corresponding to v, the commutation margin.
Moreover, the extinction angle also provides an additional margin to ensure success-
ful commutation when small disturbances occur during normal operation [9].

Considering inverter operation, the expressions for the commutating current and the
overlap angle can be derived. The commutating voltage is given by either (2.2) or
(2.3).

Uy =2 Upp sin (wt) (2.2)
ds
= 2wl = 2.
U =20 L G0 (2:3)

Substituting (2.2) into (2.3), rearranging and then integrating during the commu-
tation or overlap duration as shown in (2.4) results in the commutating current, i,
expression and is given in (2.5).

/aaﬂb\/i Uy sin (wt) d(wt) = /Oi 2w L di, (2.4)

; :\/§ULL
2wl

[cos (o) — cos (v + )] (2.5)

The shape of the commutating current (see Fig. 2.4), which gives the time it takes
for the current in the succeeding valve to increase is obtained from (2.5) where o + p
is replaced by wt. From (2.5), it is clear that the overlap angle depends on the direct
current, the AC voltage, the converter transformer inductance, the firing angle and
the AC system frequency.

12



3

HVDC Control

The possibility of setting the DC voltage across the converter valve by varying the
firing angle forms the basic control concept of an HVDC transmission system. In
order for the inverter valves to conduct, the rectifier must set up a higher voltage
than the inverter. The power delivered to the DC circuit from the rectifier is given
by (3.1) where P is the power,I; the direct current and Uy is the DC voltage
across the rectifier.

Pdl = Udl X Id (31)

The direct current is dependent on the voltage difference between the rectifier and
inverter and the DC line resistance Ry. It is given by (3.2) where Uy is the DC
voltage across the inverter.

(Ua — Ug2)

[, =
d R,

(3.2)

Since the DC line resistance is usually relatively small, (3.2) indicates that the direct
current is very sensitive to converter voltage variations. A change in the DC voltage
in either converter station leads to large variations in the direct current and therefore
large variations in the DC power [10].

By establishing a direct current feedback loop in one of the converter stations, usu-
ally the rectifier, while making the other station (inverter) control the DC voltage, a
basic HVDC control system is obtained. Through the current feedback loop in the
rectifier, the DC voltage difference (Uy — Uye) is automatically kept at such a level
that a preset direct current can be delivered to the inverter. The current control
can be performed by any of the converter stations. However, it should be noted that
the current is always controlled by one converter while the voltage is determined by
the other [11].
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3. HVDC Control

3.1 Basic control characteristics

The relationship between the direct current and direct voltage across the converter
is very pivotal in understanding how the two converter stations co-operate to control
the power flow on the DC line [12]. The rectifier voltage-current characteristic is
given by (3.3) while the inverter voltage-current characteristic is given by (3.5).

Uz'o
Ug = Ugipcosa — (dun + dpn) dioN

Iy (3.3)
AN

where Uy is the average direct voltage, Uy, is the ideal no-load direct voltage, Ugion
is the nominal no-load direct voltage, « is the rectifier firing/delay angle, I, is the
average direct current, Iy is the nominal direct current, d,y and d, are the nominal
reactive and resistive direct voltage drop in per unit referred to Uy;,n respectively.

As can be seen from (3.3), three variables, Uy,, o and I; determine the level of
the direct voltage U, across the converter. Uy, is proportional to the AC bus
voltage and for this discussion, this voltage is assumed to be constant. The term
(den + dry) de—J"VN is constant and directly proportional to the converter transformer
impedance.

Iq 1 Ugio
doy — = — cos o — cos(a + 3.4
Wi = | (@ + ) 3.40)

By variable substitution and making use of (2.1) and (3.4), (3.3) can be converted
to (3.5) which gives a form suitable for the representation of the inverter voltage-
current characteristic.

U 70
Us = — [Ugiocosy — (dgny — drn) diol

. 1] (3.5)

where 7 is the inverter extinction angle. The negative sign on the right hand side of
(3.5) means that the inverter region appears in the fourth quadrant of the voltage-
current characteristic if the rectifier region is in the first quadrant as can be seen in
Fig. 3.1.

The red curve in Fig. 3.1, shows the rectifier static voltage-current characteristic.
The maximum value of Uy is achieved when « is at its minimum value and no current
is flowing through the DC line (I, is zero).

Operating with a constant minimum « gives a voltage-current characteristic which
starts at point a where U; = Uy, c0S aumin , and is represented by a negative slope
line a — b for increasing I;. The slope of the line a — b is determined by the rectifier
transformer. As the current through the DC line increases to its preset value/current
order, we move along the section a — b of the characteristic.

Reaching point b signifies that the direct current is now equal to the preset value.
The vertical line in the characteristic represents operating with a constant I; and
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3. HVDC Control

variable o. This is the normal operation mode of the rectifier, where it controls the
direct current by changing a to cope with the voltage requirements on the DC side
[12]. The position of the vertical line b — ¢ — d is determined by the current order.

Us
A
2 a— 0f‘min
\b
Rectifier
region [Constant
current
- > 1,
Inverter
region
J—____________,___— e
————————— d Y~ Yiin

Figure 3.1: Static voltage-current characteristic of a converter.

As « is increased from «,,;,, we move along the section b — ¢, the DC voltage also
decreases because of its relation to a. At point ¢ when U, is zero, « is around 90
degrees and no power is transmitted.

Further increase of a beyond 90 degrees moves the converter from the rectifier region
into the inverter region. The inverter characteristic is represented by the blue curve
in Fig. 3.1.

Section ¢ — d represents operation with a constant current but with o varying from
around 90 degrees (point ¢) t0 Quuq, (point d). At point d, a reaches the maximum
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3. HVDC Control

permitted value, nqe. This uue. value is determined by the minimum allowed
extinction angle,v,,:n, and the existing overlap angle,pu.

When the current through the converter is increased, o must decrease and as a result
the overlap angle must increase so as to keep Uy constant (see (3.3)). Increasing the
direct current means moving along line d — e of the voltage-current characteristic,
where the extinction angle is kept constant at v,,,;,. The characteristica—b—c—d—e
is the basic form of the voltage-current characteristics for an HVDC converter for
both rectifier and inverter operation.

3.2 Co-operation between rectifier and inverter

In an HVDC transmission system, all converters are equipped with a basic feedback
loop current controller. Therefore, any of the converters can control the direct
current flowing in the system [10]. The general criteria for the converter to operate
either as rectifier or inverter is, that the converter with the highest direct current
order will operate as rectifier and the other will operate as an inverter [11].

It should be noted that the sign of the voltage of the characteristics shown in Fig. 3.1
is defined such that the voltage is positive when the cathode side of the valve bridge
is positive. However, when discussing co-operation between the rectifier and the
inverter, the DC voltage sign definition refers to the DC line. The DC line voltage is
positive when the rectifier voltage is positive. Therefore, when the second converter
is in inverter mode, its DC voltage will also be positive and its characteristic will be
in the first quadrant [12]. In reverse power operation, the DC voltage will become
negative in both converters.

Since it is possible to operate both the converters as rectifier or inverter, it is desired
to have their combined voltage-current characteristics in the same diagram and
quadrant. If the current order in the inverter, Ip;, is set a lower than that of the
rectifier, Iog, and Uy, cOS Vi in the inverter is slightly lower than Uy, cos a;p, in
the rectifier, then a combined characteristic for both converters is obtained. This
combined characteristic is shown in Fig. 3.2 where the blue curve is the inverter
characteristic while the red curve is the rectifier characteristic.

As shown in Fig. 3.2, the unique operation point A is obtained at the intersection of
the rectifier and inverter characteristics. At point A, the rectifier controls the cur-
rent while the inverter determines the voltage through constant extinction angle,y,
control. This is preferred because it results in the lowest reactive power consumption
at the inverter [13].
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Figure 3.2: Combined static voltage-current characteristic for inverter and rectifier.

The difference between rectifier and inverter current orders, normally around 10% of
the nominal current, is referred to as the current margin and is denoted by Alp in
Fig. 3.2 [12]. The current margin is required to ensure that the rectifier is controlling
the current while the inverter controls the voltage. In practice, both the rectifier
and inverter are given equal current orders, but the current margin is subtracted in
the inverter current control system. Therefore, the effective inverter current order
is lower than that in the rectifier.

Given that the feedback loop current controller seeks to establish the ordered current,
the controller in the inverter will increase the inverter firing angle, «, so as to lower
the direct current on the DC line (see (3.5)) As the inverter increases «;, its extinction
angle, ~, reduces. The inverter will increase o until it reaches to its maximum
allowed value (minimum -y). At this point, the inverter will output its maximum
DC voltage and the HVDC system will be operating at point A as shown in Fig. 3.2.

In the event that the voltage in the inverter AC grid is reduced, the Uy, cOS Vinin
and consequently, the inverter DC voltage are reduced as shown by the dotted blue
line in Fig. 3.3a, with a new minimum extinction angle, 7'. In order to counter this
event, the rectifier, which is controlling the current, will react by increasing its firing
angle, «, so as to maintain the direct current at the desired level. Therefore, the
operating point will shift from point A to point B as the rectifier’s firing angle is
increased as illustrated in Fig. 3.3a.
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Figure 3.3: Slight AC voltage reduction in the (a) Inverter network (b) Rectifier
network.

However, If a voltage reduction occurs in the rectifier AC grid, the rectifier DC
voltage drops as shown by the dotted red line in Fig. 3.3b, with a new minimum
firing angle, «'. The rectifier direct current will also decrease, the inverter will
respond to the decrease in direct current by increasing v, so as to reduce the inverter
DC voltage. The inverter control system will increase v until the direct current is
equal to the inverter current order, Ip;. Therefore, the inverter takes over the
current control and the operation point shifts from point A to point C as shown in
Fig. 3.3b.

3.2.1 Improved voltage-current Characteristic

The DC voltage from an inverter is given by (3.6). From this equation it can be
seen that when the inverter is operating with a constant extinction angle,y, the DC
voltage, Uy, will decrease proportionally as the direct current, I, is increased. This
means that the inverter acts as a negative resistance when operating at constant
extinction angle.

Uio
Ui = Ugiocosy — (dony — dpn) [d NI (3.6)
AN

This negative resistance creates an undesired situation for the feedback current loop
and can result into stability issues especially when the inverter AC network has a
high impedance. Therefore, the weaker the AC network is, the more unstable the
system will be [10].

An improvement to the combined static voltage-current characteristic for the con-
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verters shown in Fig. 3.2 is represented in Fig. 3.4. This modification of the inverter
voltage-current characteristic is often applied in HVDC systems to improve the sta-
bility of the feedback loop current controller. This improvement, usually referred to
as the positive slope, is represented in Fig. 3.4 as the section between a and b.

The positive slope mitigates the stability issues arising from the inverter acting as
a negative resistance since it enables operation at a new point D. Along the section
a-b, the inverter operates with a constant § where it’s expressed as § = ~v + pu.
Therefore, the rectifier current order can be increased without causing the inverter
DC voltage to decrease. At point b, the end of the positive slope, the inverter then
moves to constant extinction angle operation.

Moreover, the positive slope was originally introduced in HVDC control systems to
ensure that the nearly parallel characteristics of the rectifier, a,,;,, and inverter,
Ymin, do not coincide when there is an unfavourable combination of rectifier and
inverter AC voltages.

Uqg
A

élﬂl
I01 IOR ’Id

Figure 3.4: Improved combined static voltage-current characteristic
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3.3 Converter control system

In this section the basic converter control system required to operate an HVDC
transmission is described. The converter control systems are designed and tuned to
ensure that the following requirements are achieved[14] [15]:

» No steady state error in the ordered current.
o Fast response of the control system to any AC or DC system disturbance.

o Fast reduction of over voltages and short circuit currents across and through
the converter valves respectively.

o Stable system operation whenever transients occur on either the AC networks
or the DC link.

o Minimise the occurrence of standing commutation failures during faults and
ensure prompt restart of the HVDC system without the development of com-
mutation failure.

e Operation with minimum reactive power consumption.

A block diagram showing the basic converter control system is shown in Fig. 3.5.
The functions shown in the block diagram are essentially the same for both the
rectifier and the inverter. To differentiate between the rectifier and the inverter
operation, both stations are given equal current orders, but the current margin,
Al,, is subtracted in the inverter to make the effective current order in that station
lower than in the rectifier as can be seen in Fig. 3.4 [11].

Y\
U | AN
To second converter ZS
converter
N i
v
OMU Je—
d
P
_0)
APB
Udmes

Figure 3.5: The basic converter control system
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The system is primarily made up of a feedback (closed) loop direct current con-
troller and an outer open loop direct current controller. The closed loop controller
comprises of the Current Control Amplifier (CCA) and the Converter Firing Con-
trol unit (CFC), which generates the valve control pulses. The CFC also contains
functions used to determine the maximum and minimum firing angle limits. The
outside loop consists of the Voltage Dependent Current Order Limiter (VDCOL).

Both the converter stations have master control units. However, only one master
control unit is activated while the other remains inactive during normal operation of
the transmission system [12]. The station with the active master control is referred
to as the lead station while the other is referred to as the trail station.

A power order, P,, is received by the power control unit (PC) from the HVDC
master control. The power order can be received from either of the two converter
stations or from a dispatch control center. If the power order is set in one of the
stations, this station is referred as the master station and the other is thus a slave
station. The additional power order, AP,, if required for power modulation, may
be generated in either of the two converter stations [12].

The power control unit then utilises the power order and the measured DC voltage,
Udmes, to generate a current order, I,,. This current order is then sent to the
VDCOL. This unit reduces the current order as the DC voltage decreases to maintain
stability during transient disturbances. The generated current order is also sent to
the other converter station via a communication link.

The VDCOL unit gives out a voltage dependent current order, I,, which is then
compared with the measured direct current, I4,,.s, from the current measurement
unit (CMU). The obtained current error is sent to the current control amplifier.
The CCA then outputs an ordered firing angle, «,, depending on the magnitude of
the current error. The «, from the CCA then forms the input to the CFC which
generates firing pulses for the converter valves.

The internal phase controlled oscillator of the CFC compares the new a, with the
existing firing angle and makes necessary adjustments to the firing angle. Therefore,
the current order error will be greatly reduced and possibly zero during steady state
operating conditions. Consequently, a closed loop current control is formed [10].

3.3.1 Voltage dependent current order limiter

The purpose of the voltage dependent current order limiter is to prevent power
instabilities during and after disturbances in the AC network. In addition, it’s
used to achieve fast and controlled recovery while suppressing the probability of
consecutive commutation failures after the clearance of the AC or DC disturbance
[6][10]. To aid the AC system in recovering from faults, the reactive power consumed
by the converters should be limited. The VDCOL makes this possible by reducing
the transmitted direct current when operating DC voltage is reduced [11].
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The VDCOL characteristic is shown in Fig. 3.6. A minimum limit of the current
order, I,,;, is required to prevent converter operation with a current so low that the
valves extinguish it during their conduction interval. Usually, I, is set at 10% of
the rated current. The characteristic also includes a maximum limit, /4., Which
is normally set at the expected current order.

During normal operation, the DC voltage, Uy, is higher than the voltage, Ugnign,
which is the voltage at the break point A. Ugpgp is normally set at 70% of the rated
voltage [11]. Suppose that U, drops below Ugpign, the maximum limit of the current
order will start to decrease along the section A-B. This will reduce the output current
order, I,, from the VDCOL if the input exceeds the maximum current order limit.

A

Io
0 max|
Io lim f
o min : .
T ow Uﬁ high U:

Figure 3.6: VDCOL characteristics

If the direct voltage continues to decrease and point B (where Uy is equal to Ugey ) is
reached, the reduction of the current order maximum limit stops and the maximum
current order limit is held at Ijm,. Ioum is usually set at 30% of the rated current
[10].

When the actual current order is below the maximum limit of the current order
(somewhere along section A-B), the reduction of the current order will start at a
value of U, that is lower than Ugpign, depending on when the maximum current
order limit reaches the actual current order. Such a scenario may result in voltage
instability when the inverter AC network is very weak. In order to mitigate this,
the VDCOL is designed with the capability to keep Ugpign at the same level for all
current orders between [, and I, as shown by the dotted red line in Fig. 3.6.
In this case, the slope of the maximum current order between the Uy, and the
Udnign, Will be reduced for current orders lower than the Iy,qq-
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3.3.2 Converter Firing Control

The converter firing control block consists of various functions. However, only the
Area Minimum and Constant Beta functions (that are essential for this thesis) are
briefly described in this section.

Area Minimum (AMIN)

Within the AMIN function, the present commutation area, Rem— Area, is calculated
and compared with to a minimum allowed reference level, Amin — ref — final.
Fig. 3.7 shows a simplified block diagram of this function.

_CFPrev - Contribution

LAmin - Ref Z Amin - ref - final . Amin-Fir-Ord
D - Amin ‘ °
Rem - Area
_Ucom U
<+ g —><
Sin-Sigma

SIN

Angle from ZC cos Cos-Sigma
B ]

>

Figure 3.7: Area minimum (AMIN) function

The angle from the previous zero crossing of the commutating voltage, Angle fromZC,
as well as the commutating voltage magnitude at the firing instant, Ucom, are
utilised to predict the remaining commutation area, Rem — Area. If Rem — Area
is below the minimum allowed reference level, a firing signal, Amin — Fir — Ord, is
sent to the valves. This is done to prevent the occurrence of commutation failures.

The Dynamic Area minimum, D — Amin, signal is used to compensate for a transient
decrease of the direct current by increasing the Amin—ref — final. It also increases
the Amin — ref — final where a fast increasing current response is required within
the HVDC system. This is necessary to ensure sufficient commutation area during
small disturbances in the inverter AC network [10]. When the D — Amin value is
non-zero, it is added to the preset Amin-Ref value to increase the Amin—ref— final.

When AC faults are detected, the CFPrev-Contribution, which is an output from
the CFPrev function described in section 5.2, is added to the preset Amin-Ref value
to increase the Amin — ref — final. This is done to prevent commutation failures.
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In the event that a commutation failure has already occurred, the commutation area
for the next valve in the firing sequence is increased to avoid further commutation
failures.

Constant Beta

The constant beta function is primarily used to realise the improved voltage-current
characteristic discussed in section 3.2.1. Fig. 3.8 is of a block diagram showing part
of the Constant Beta function.

180 deg

_Beta

Alpha - Max - Lim
Z p .

lwllv!

CFPrev - Contribution |

__Alpha - Min - Inv - Ref

Z Alpha - Min - Lim |

N —————————————— |

Figure 3.8: Constant beta function

When no output is received from the CFPrev function, the Beta angle is subtracted
from 180° to obtain the maximum alpha limit, Alpha — Max — Lim. However, when
the CFPrev function is activated, CFPrev-Contribution is then subtracted from 180°
to obtain an even lower Alpha — Max — Lim.

The CFPrev-Contribution is also compared to a constant angle, in this case 20°. The
minimum value is subtracted from the minimum inverter alpha reference, Alpha —
Min — Inv — Ref, to obtain the the minimum alpha limit, Alpha — Min — Lim.

24



4

Commutation Failure

Commutation failure is an adverse dynamic event that occurs when a converter
valve that is supposed to turn off continues to conduct. Hence, the current is
not transferred to the next valve in the firing sequence. Its occurrence causes a
temporary interruption of transmitted power and stresses the converter equipment
[3]. Furthermore, it can result in significant direct current increase and thus lead to
additional heating of the converter valves. Consequently, shortening their lifespan
[4]. Most commutation failures are caused by voltage disturbances due to AC system
faults and they can never be completely avoided [16].

For successful switching of thyristor valves, it’s required that the internal stored
charges produced during a forward conduction interval must be removed before the
valve can establish forward voltage blocking capability [2]. Otherwise, the valve will
start to re-conduct even without being fired resulting in an unwanted short-circuit,
then a commutation failure may be initiated [4].

When the current in the outgoing valve reaches zero, the valve needs to be deionised.
A certain voltage-time area is required for deionisation of the thyristor to remove
internal charges built up during conduction. In the unfortunate event that the
remaining voltage-time area under the commutation voltage at the end of the overlap
is not enough for deionisation, the thyristor will not be able to achieve forward
blocking. This remaining voltage-time area after commutation is analogous to the
extinction angle, +.

As mentioned earlier, the commutation process can proceed as long as the commu-
tation voltage is positive. When the converter is operating in rectifier mode, ~ is
large enough. Therefore, the risk for commutation failures in the rectifier is very
low. However, there is a high risk that during inverter operation, the remaining
voltage-time area after commutation is too small. Therefore, various disturbances
in the connected AC system can greatly affect the normal commutation process re-
sulting into single or multiple commutation failures. Increasing the nominal value of
~ during normal inverter operation increases the margin for successful commutation.
However, it is desired to keep v as low as possible to minimise valve losses and costs

[9].

Moreover, maintaining a large voltage-time area can be challenging since it means
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a lower voltage output coupled with a higher current. This condition results into
increased converter reactive power consumption. The desire to strike a balance
between keeping an adequate voltage-time area and the reactive power consumption
imposes considerable constraints on the control system [17].

Consider a commutation of current from valve 1 to 3 in figure 2.2. Assuming that
after the firing of valve 3 a disturbance occurs in the system which reduces the
remaining voltage-time area for valve 1 so that no forward blocking capability is
achieved for valve 1. This disturbance affects the normal commutation process and
as a result the current through valve 1 increases as the current in valve 3 decreases
to zero again; this is commutation failure. The next scheduled commutation is from
valve 2 to 4. When valve 4 is fired, a point is reached where valves 1 and 4 are
conducting simultaneously and the converter bridge is short circuited on the DC
side. The occurrence of a commutation failure leads to a zero voltage across the
faulty bridge. Consequently no active power can be transmitted by the converter
bridge.
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Figure 4.1: Valve currents during successful commutation
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Figure 4.2: Valve currents during a failed commutation
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4.1 Causes of Commutation Failure

Commutation failures in HVDC systems mainly occur as a consequence of voltage
dips due to AC system faults or switching actions close to the inverter station.
Since the AC voltage dips result in both voltage magnitude reduction and phase-
angle shift, they may affect the commutation process leading to commutation failures
[14].

Basically the occurrence of three events before or during the commutation process
could culminate into commutation failures. These events are:

o A decrease in the commutating voltage.
o An sudden increase in the direct current.
e A hardware malfunctioning in the firing control.

Disturbances in the commutating voltage is the most common of all three events,
it is attributable to symmetrical and unsymmetrical faults in the connected AC
systems and can never be completely avoided [9]. During normal inverter operation,
the nominal firing or delay angle is carefully chosen such that a sufficient extinction
angle is obtained to avoid commutation failures. However, when there is a sudden
change in the system conditions before or during the commutation process, the
remaining voltage-time area maybe insufficient for successful commutation.

The symmetrical three phase faults result in a balanced reduction of all phase voltage
magnitudes. It however, does not distort the phase angles. The occurrence of these
faults leads to a reduction in the AC system voltage as well as a temporary increase
of direct current at the inverter station.

Furthermore, unsymmetrical faults which are the most common occurring faults
in power systems result in distortions of the resulting commutating voltage. These
faults lead to phase angle shifts in addition to a reduction of the commutating voltage
magnitude. Moreover, the voltage shape of the commutating voltage is distorted and
usually results into a non-sinusoidal commutating voltage. The disturbances in the
commutating voltage can also be introduced due to switching operations such as
transformer energising in, or close to the inverter station [9].

The second event whose occurrence could lead to commutation failure is a sudden
increase in the inverter station direct current. This event is usually due to system
faults, but could also be caused by very rapid control system action [9]. An increase
in the direct current will increase the time needed for commutating the current.
Assuming the firing angle remains unchanged, the extinction angle decreases in
accordance with (2.1). In order to guarantee that the remaining voltage-time area is
sufficient for successful commutation, the firing angle is adjusted to the new direct
current level.
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Finally, an internal malfunction of the converter firing control system or an action
of the protection function could lead to commutation failure. Failure of the CFC
would mean no firing pulse for the next valve in the firing sequence resulting into
commutation failure.

4.2 Mitigation of Commutation Failure

Commutation failure occurs if the remaining voltage-time area after a firing is in-
sufficient. Some of the common ways of decreasing the risk of commutation failure
are described below.

Operation with a large commutation margin, -, such that disturbances do not result
into commutation failures. In order to decrease the risk of commutation failures,
the steady state commutation margin is increased. The larger this margin, the more
severe the disturbances can be without commutation failures. However, operation
with a higher commutation margin gives a higher cost of equipment and higher losses

[9].

Furthermore, commutation failure can be avoided by temporarily increasing the
commutation margin just before a planned switching action. This will mitigate
against commutation failures associated with scheduled switching. After the sched-
uled switching, the commutation margin is restored to its steady state value.

Measures such as installation of DC reactors with large inductance can be taken to
decrease the rate of change in direct current during the disturbances and/or system
faults. The large inductance ensures that the sudden increase of the current due
to faults occurs at a relatively slow rate allowing for the commutation process to
be completed successfully. If the current increase is ordered by the control system,
commutation failures can be avoided by appropriately adjusting the control response.

Commutation failures resulting due to internal failure or malfunction of the HVDC
control system, can be avoided by designing high reliability control systems and
providing backup systems [9]. Usually a combination of the above measures is
employed to reduce the risk of commutation failures in HVDC systems.

4.3 Recovery from Commutation Failure

As stated earlier, an AC system fault on the inverter AC network may result into
undesired voltage drops as well as phase shifts. The magnitude of the voltage drop
largely depends on the proximity of the fault to the inverter bus. The nearer the
fault is to the inverter bus, the larger the voltage drop [8]. The start of failed
commutation depends on the phase shift and voltage drop magnitude.
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Any single phase to ground fault that causes the inverter AC voltage to drop to
approximately 80% or below of its pre-fault value will most likely lead to the start
of failed commutation. However, if the fault does not result into a voltage drop of
below 90% in any of the phases then there is a chance that no commutation failure
will occur [9]. The likelihood of commutation failure for comparable balanced three
phase faults is less. This is attributable to the absence of commutating voltage phase
shifts.

Modern HVDC systems through their control systems have the ability to successfully
recover after the first few failed commutations. Having recovered, they are capable of
providing reduced power injection at the low AC voltages before the fault is cleared
[9]. As the systems attempt to recover prior to fault clearing, the direct current and
DC voltage may have oscillations due to the unbalanced AC voltages.

Furthermore, when the AC fault is very close to the inverter bus such that the voltage
drops to near zero, then the chances of recover prior to fault clearing are greatly
reduced. In this case, no power injection is possible unless the fault is cleared. The
HVDC control and protection schemes influence the system’s recovery capabilities.

In some HVDC systems, the AC voltage level is monitored and the valve firing
signals blocked when the voltage drops below are certain level. The valve firing
signals are only unblocked when the voltage recovers and returns to a desired level.
Some other systems do not utilise the blocking of the valve firing signals, instead
they employ a mechanism to reduce power injection at reduced voltage levels [9].

The Voltage Dependent Current Limit (VDCL) is one such mechanism. This func-
tion may be triggered during repeated commutation failures to safeguard the con-
verter valves and improve the HVDC system’s performance during recovery after
failed commutation [6].
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Commutation Failure Detection

and Prevention

The methodology adopted and the simulations performed for the thesis project are
described in this chapter. Firstly, a base simulation model of an HVDC system
was modified to suit the objectives of the thesis project. The functionality of the
modified model was checked and all issues discovered resolved.

The thesis project was then subdivided into the following key tasks;

Analysis of the existing commutation failure prevention (CFPrev) function
with special emphasis on the triggering and the operation of the function.

Execution of a dynamic performance study to determine which of system dis-
turbances and/or faults return poor results with the existing CFPrev function.

Development and implementation of an improved CFPrev function based on
area contribution instead of angle contribution.

Execution of a similar dynamic performance study to check for any improve-
ments or deterioration in the CFPrev performance.

Testing of the proposed CFPrev function for different AC network Short Cir-
cuit Ratios (SCR).

Optimisation of the proposed CFPrev function.

All the above tasks were performed so as to facilitate the successful completion of
the thesis project.
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5.1 Simulation Model

A bipolar HVDC configuration PSCAD model shown in Fig. 5.1 was used for this
thesis. The simulation model consists of two converter stations with each converter
station is composed of two poles. One station was operated in rectifier mode while
the other station was operated in inverter mode. Each pole was made up of two
series connected six pulse bridges, forming a twelve pulse converter bridge.

AC filters, smoothing reactors and shunt capacitors are connected to each pole, and
the filters were tuned to suppress the AC harmonics. The two converter stations
are connected to each other through an overhead DC transmission line with a DC
resistance of 0.05(2/Km. FEach converter station was connected to a different AC
network. The AC networks were modeled in PSCAD using three phase voltage
sources behind an impedance.

—I |— ¥

& R B gl

Figure 5.1: The simulation model setup

As is shown in Fig. 5.1, the rectifier AC network was modeled by a voltage source, E;
behind an impedance Z;; while the inverter AC network was modeled by a Voltage
source, I, behind an impedance Z,. BB; and BB, represent the rectifier and
inverter AC bus-bars respectively.
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The simulation model parameter settings for both rectifier and inverter stations are
given in Table. 5.1.

Table 5.1: Simulation model parameter settings.

Parameter [Unit] Rectifier | Inverter
AC system frequency [Hz] 50 50
AC system Voltage [p.u.] 1.06 1.03
Rated power [p.u.] 1 1
Rated current [p.u.] 1 1
Nominal firing angle [deg] 15 -
Minimum firing angle [deg] 5 110
Nominal extinction angle [deg] - 17
Minimum valve extinction time [s] 445 445
Nominal reactive DC voltage drop [p.u.] 0.07 0.07
Nominal resistive DC voltage drop [p.u.] | 0.00209 | 0.00209

5.1.1 AC Network Model

In order to investigate the influence of the AC network short circuit capacity on the
operation of the CFPrev function, four AC networks of different short circuit ratios
were studied. The AC network short circuit capacities were varied by changing the
AC grid impedance. SCR can be calculated as,

SCR = f;p (5.1)

, where S, is network short circuit power and P, is the nominal power of the
converter station. The AC networks were modeled with SCR of 3, 4, 5 and 7. For
this thesis project, networks with SCRs between 5 and 7 were considered as a strong
network while the network with the SCR of 3 was treated as a weak network. The
impedance settings for the SCRs studied are shown in Table. 5.2.

Table 5.2: Impedance values for different SCRs.

SCR | Z, [pu] | Zy [pu]| Impedance angle [deg]
3 0.00033 0.00033 83.15
) 0.00020 0.00020 83.15
7 0.00014 0.00014 83.15
10 0.00010 0.00010 83.15
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5.1.2 AC system disturbances

Since majority of commutation failures occur as a result of voltage dips caused by
AC faults, different AC system faults were initiated. This was done to study the
failed commutations that could occur as well as to investigate the performance of
the existing and proposed CFPrev functions. Moreover, it provided the basis for
comparing the two functions.

Single phase to ground faults (the most commonly occurring AC faults) and three
phase to ground faults (the most severe AC faults) were applied on the inverter AC
network at point F' in Fig. 5.1. Prior to fault initiation, a steady state operating
point was determined and the pre-fault AC voltage noted. The faults were applied
for a duration of 100ms. The fault impedance was tuned such that a desired re-
maining AC voltage during the application of the fault is achieved. The remaining
voltage was defined as a percentage of the pre-fault voltage. Faults with remaining
voltage ranging from 92% to 80% (the faults resulted in a 8% to 20% reduction in
the pre-fault voltage) were applied.

5.2 Existing CFPrev Function

The existing commutation failure prevention (CFPrev) function consists of two dif-
ferent parts: The predictor that acts when the risk of commutation failure is in-
creased and the detector that acts when a commutation failure has already occurred
with the objective of preventing further commutation failures.

With the detection of AC faults and/or commutation failure, the existing CFPrev
function outputs an angle contribution. This angle contribution is then used to
increase the Amin-ref-final (see Fig. 3.7) and results in an earlier firing, preventing
a commutation failure from occurring or further commutation failures if one has
already occurred. The angle contribution is also sent to Constant Beta function to
cause a reduction in the maximum and minimum alpha limitations (see Fig. 3.8).

Commutation Failure Prediction (CFPred)

In order to prevent commutation failures due to AC faults as well as other system
disturbances that result into reduced AC voltages, this function is used. The func-
tion comprises of two parallel parts namely zero sequence detection and alpha-beta
detection.

The first part is based on zero-sequence detection to identify the occurrence of
asymmetrical (unbalanced) faults whereas the second part is based on af transfor-
mation of the AC voltages with the aim of detecting the occurrence of symmetrical
(balanced) faults.
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The detection principles are based on the fact that for asymmetrical faults, the
sum of the three AC voltages will differ from zero whereas for symmetrical faults,
the output vector from the abc to af8 transformation will be smaller in magnitude
compared to the output vector during normal operation conditions. The block
diagram in Fig. 5.2. shows the CFPred function design.

5 Uo [/ Z-dfi-abs § 7 det
: g

Z - diff - level

CFPrev - INC - gamma
i"«x }—.

Z - iff - gain

nsform

/ U - alpha
—l
1 >t Alpha - beta - sum

Alpha - beta - diff

oo |5

U-beta
Alpha - beta - level

Alpha - beta - gain

Figure 5.2: Commutation failure prediction function (CFPred)

U, is obtained simply by summing up the three phase instantaneous voltages as in
(5.2).

u,=U, +U, +U. (5.2)

The absolute value of U,, Z — dif f — abs is obtained and sent to the max-hold
block. The max-hold function is used to convert the sinusoidal wave shape into a
DC quantity. The max-hold block is designed such that it stores the maximum value
it detects and keeps it for a certain time, if no larger value is detected. The delay
time is determined by the value of ;. The output from the max-hold block is then
multiplied by the Z — dif f — gain to obtain Z — dif f — out.

If absolute value of U, is greater than a predefined level (Z — dif f — level), the
signal Z —det is activated. This signal turns on the switch consequently transmitting
Z —dif f —out to the max block. In the event that no contribution is received at the
max block from the af part, Z — dif f — out then represents the angle contribution
that will be subtracted from the final firing angle to prevent commutation failure.

The second part of CFPred is based on abc to af transformation to detect sym-
metrical and three phase faults. The transformation from abc to o3 enables the use
of one rotating vector to represent the three phase instantaneous voltages. The use
of one rotating vector simplifies the analysis of the AC voltages since one degree of
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freedom is eliminated [2]. Moreover, the transformation makes it straightforward
to identify transients and other AC system disturbances. The expressions of U,
(U-alpha) and Ug(U-beta) used in CFPred function are given by (5.3) and (5.4)

respectively.

U, = §Ua - ;(Ub A (5.3)
Us :\/3§<Ub - U.) (5.4)

U, and Up correspond to the projection of the vector U,z on the a3 plane. The
transformation of symmetrical three phase quantities gives a rotating vector in the
af3 plane. The quantity alpha — beta — sum in Fig. 5.2. is calculated by (5.5), which
equals the magnitude of the rotating vector.

|Uagl =4/U2 + Uj (5.5)

Alpha — beta — sum will give a DC value when the three phases of the AC inverter
bus voltage are symmetrical [2]. The alpha—beta— sum is subtracted from a filtered
alpha — beta — sum to give the alpha — beta — di f f value. The filtered value acts as
the pre-fault voltage and the filter time constant is determined by the time setting

T.

The alpha-beta-diff value in Fig. 5.2 then forms an input to the max-hold function.
The max-hold function is used on the alpha — beta — dif f although this is assumed
to be a DC value during a balanced three phase fault. This is so because the
alpha — beta — dif f has transient oscillations immediately after fault initiation.
Furthermore, during an unbalanced fault, alpha — beta — di f f is an oscillating value
due to the presence of a negative sequence component. Therefore, the max-hold is
necessary in order to transform it into a DC quantity. The output from the max-hold
block is multiplied by the alpha — beta — gain to give alpha — beta — out.

During normal operation, the alpha — beta — dif f value is approximately zero.
However, when a disturbance occurs in the AC system, it will be non-zero. The
non-zero value indicates that an AC voltage dip has occurred at the inverter bus.
The obtained alpha—beta—dif f value is compared with the pre-determined alpha—
beta — level. If the alpha — beta — di f f value is greater than or equal to the alpha —
beta — level, the signal alpha — beta — det is activated and it turns on the switch.
With the switch turned on, alpha — beta — out is then sent to the max block. In the
event that there is no contribution from the zero sequence part, alpha — beta — out
represents the angle contribution that will be subtracted from the final firing angle
to prevent commutation failure.

Despite the fact that the two parts of CFPred detect different fault conditions, both
could be activated at the same time. When this happens, the max block compares
the Z —dif f —out and alpha — beta — out values. It then outputs C'F' Prev—INC —
gamma, the larger of the two values which then gives the final output of the entire
control function. The C'F Prev — INC — gamma value will be subtracted from the
final inverter firing angle. This results in advancing the firing instant and leaving a
margin sufficient enough for successful commutation.
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Commutation failure Detection (CFDET)

The commutation failure detection acts when the predictor has failed to prevent
a commutation failure. A commutation failure is detected by comparing the DC
with the AC current on the valve side of the transformer. If a commutation failure
occurs, the current on the DC side will increase and the current on the AC side will
decrease. This function is set up and designed basing on a six-pulse bridge as shown
in Fig. 5.3.

The valve currents flowing through the six-pulse bridge connected to the wye wind-
ing of the converter transformer are monitored and compared. The valve currents
flowing through the six-pulse bridge connected to the delta winding of the converter
transformer are also monitored and compared. Max — IVY in Fig. 5.3 is the maxi-
mum valve current obtained from the wye group while Max — I'V D is the maximum
valve current from the delta group.

IDNC

A B
] [ 1 INC - gamma
CF - ref TI_';‘_IT L’L‘j
CF - gamma - ref l CF - INC - gamma
MAX - VY
MAX - IVD

Figure 5.3: Commutation failure detection function

Maxz—1VY and max— IV D are subtracted from the nominal direct current, I DNC'
to give current errors. The current errors are then compared with CF-ref, a pre-
defined error level, in a hysteresis block. If the conditions in the upper hysteresis
block (see Fig. 5.3) are satisfied, a comm — fail — Y signal is outputted signifying
a commutation failure in the wye group. If the conditions in the lower hysteresis
block (see Fig. 5.3) are satisfied, a comm — fail — D signal is outputted signifying
a commutation failure in the delta group.

Since only one of comm — fail —Y or comm — fail — D is required to indicate
commutation failure, the two signals are sent through to an OR block. The output
from the OR block is sent to a delay on block, A. In this block the output remains
low for a given time after the input has gone high. The output from the delay on
block is sent to a delay off block, B. In this block the output remains high for
a given time after the input has gone low. When the output from the delay off
block, INC' — gamma, is high, the switch in Fig. 5.3 is turned on and the value
CF — gamma — ref is transmitted as the output (CF — INC — gamma) of the
commutation failure detection function.

When a commutation failure is detected in one bridge, CF — INC — gamma (a
contribution from CFDet) is added to the extinction angle before the next firing to
prevent any commutation failures in the next bridge.
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The outputs from the commutation failure prediction and detection functions are
combined to give the final output from the commutation failure prevention func-
tion. Fig. 5.4 shows combination of the two values. When the prediction function
(CFPred) is activated, the value CF Prev — INC — gamma is non-zero conversely
when the detection function (CFDet) is activated, the value CF — INC — gamma
is also non-zero.

CFPrev— INC — gamma together with CF — INC' — gamma are angular values
in radians and form the inputs to the max block where they are compared and the
larger of the two forms the output of the block.

CF - max

CFPrev - INC - gamma

CFPrev - Contribution

CF - INC - gamma
_j

Figure 5.4: Commutation failure prevention function

The output from the max block is kept within zero and C'F' — max, these limits
are necessary to maintain the stability of the CFPrev function. Without the limits,
the activation and operation of the commutation failure prevention function could
lead to further commutation failures instead of preventing them. The output from
the limit block is passed through a filter to obtain the final output, C'F'Prev —
contribution, from the commutation failure prevention function.

CF Prev — contribution then forms an input to both the Constant Beta and Area
Minimum control blocks. In the Constant Beta control block it is used to lower
the maximum firing angle limit to allow for earlier firing of the converter valves.
While in the Area Minimum block it is used increase the minimum voltage-time
area, below which emergency firing would normally be activated.
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5.3 Proposed CFPrev function

The idea was to design and implement a CFPrev function based a voltage-time
area contribution instead of an angular contribution as is the case with the existing
function. Fig. 5.5 shows the proposed changes to the existing CFPrev function to
facilitate the design of an area contribution based function.

Z - det

[y ]

Alpha - beta - det L

INC - gamma

El Amin - ref - CF

Amin - ref - rad Amin - out

CF - gamma - ref

Amin - ref - gain

Figure 5.5: Proposed changes to the CFPrev function

No changes were made to the existing prediction and detection functions. The
angular value Amin —ref —rad, which is the minimum value the extinction angle is
allowed to reach before emergency firing is activated, is converted into an area value
Amin — ref. This area is then multiplied by a variable gain, Amin — ref — gain,
to give Amin — out.

The signals Z —det and alpha —beta— det (see Fig. 5.2) from the prediction function
as well as the signal INC' — gamma (see Fig. 5.3) from the detection function are
used to activate the switch. Once the switch is activated, Amin — out is transmitted
through to give the value C'F' — gamma — re f, which is used in the CFDet function.
Amin — out is also added to the Amin — ref to give the Amin —ref — CF.

Amin — ref — C'F then forms the input to the area-min control block where it’s
used to increase the minimum voltage-time area, below which emergency firing would
normally be activated. C'F' — gamma — ref is transmitted through a filter and limit
block before it’s sent to the Constant Beta control block.

The optimisation of the proposed CFPrev function is done by studying the per-
formance of the function when the HVDC system is subjected to different fault
conditions. This was done while varying the fault initiation time, fault duration
and the inverter AC network short circuit ratio. For all cases, the value of the
Amin — ref — gain required to prevent the occurrence of a commutation failure or
further commutation failures was noted.
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Results and Discussions

This chapter contains results from the simulations performed using the PSCAD
simulation model described in section 5.1.

Firstly, the simulation model of the HVDC system was given controls containing
the existing CFPrev function. The AC network parameters were tuned to give the
desired network SCR. For a given simulation case, the same SCR was used for both
the rectifier and inverter AC networks.

Next, the steady state operation point of the system was established and a snap-
shot taken and saved. This snapshot was taken after 10s (simulation time within
PSCAD). A series of single phase to ground faults and three phase to ground faults
were then applied to the inverter AC system. The faults resulted in a 8% to 20%
reduction in the pre-fault voltage.

During the fault simulation the start-up method within PSCAD was set to start
from the earlier obtained steady state snapshot. Generally, the faults were initiated
after 100ms unless stated otherwise.

Secondly, the simulation model was given controls containing the proposed CFPrev
function. All the other control parameters were kept constant. The procedure
described in the above paragraphs was then repeated. During the simulations the
parameter, Amin-ref-gain (see Fig. 5.5), was varied to check the performance of the
proposed CFPrev function.

In sections 6.1 and 6.2, the value of Amin-ref-gain (see Fig. 5.5) for the proposed
CFPrev function was kept constant at 0.8 for all simulated fault cases. This was
done to ensure that the conditions remained the same to provide an equal basis for
comparison of the results.

41



6. Results and Discussions

Table. 6.1. contains the description of the variables presented in the results.

Table 6.1: Variables presented in the results

Variable [Unit]

|

Description

UAC_S1 1 [p.u] Phase 1 rectifier network AC voltage
UAC_S1 2 [p.u] Phase 2 rectifier network AC voltage
UAC_S1 3 [p.u] Phase 3 rectifier network AC voltage
UAC _S2 1 [p.u] Phase 1 inverter network AC voltage
UAC_S2_2 [p.u] Phase 2 inverter network AC voltage
UAC_S2_3 [p.u] Phase 3 inverter network AC voltage
Id_S1 [p.u/] Rectifier direct current

Tord S1 [p.u.] Rectifier direct current order

Id_S2 [p.u] Inverter direct current

Tord S2 [p.u.] Inverter direct current order

Ud_S1 [p.u] Rectifier DC voltage

Ud_S2 [p.u] Inverter DC voltage

Pd S1 [p.u/] Rectifier DC power order

Pdc_S1 [p.u] Rectifier DC power

Pd_S2 [p.u/] Inverter DC power order

Pdc_S2 [p.u] Inverter DC power

Alpha_Meas_S1 [deg]

Rectifier measured firing angle

Alpha_ Ord_S1 [deg]

Rectifier ordered firing angle

Alpha_ Meas_S2 [deg]

Inverter measured firing angle

Alpha_ Ord_ S2 [deg]

Inverter ordered firing angle

Gamma_ S2 [deg]

Inverter extinction angle

Overlap_S2 [deg]

Inverter overlap angle

D_ Valve_Voltage [p.u.]

Inverter Delta group valve voltage

Y_Valve_ Voltage [p.u.]

Inverter Wye group valve voltage

Alpha_ Beta_ diff [deg]

Value of the inverter AC voltage dip

Z_diff _abs [deg]

Magnitude of the inverter zero sequence voltage

Amin_ CFPrev [radians]

Output from the CFPrev function
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6.1 AC Faults

The simulation results obtained when single phase to ground and three phase to
ground faults were applied are presented in this section. The figures shown fall into
three general categories.

6.1.1 Strong Network

The results presented in this section were obtained from simulations where both the
rectifier and inverter AC networks were tuned to have SCRs of 5.

6.1.1.1 Single phase to ground faults

A single phase to ground fault with a remaining voltage of about 84% was applied
on the inverter side. The obtained results from the rectifier side with the existing
CFPrev function are presented in Fig. 6.1. The figure consists of five sub-figures.
The first illustrates the three phase AC network voltages in per unit, the second
contains the direct current (Id) and the current order (Iord). The third sub-figure
shows the Dc voltage (Ud) while the fourth contains the DC power order (Pd) and
the measured DC power (Pdc). Finally, the fifth sub-figure shows the measured
firing angle (Alpha_Meas) and the ordered firing angle (Alpha_ Ord).

The occurrence of this fault leads to the distortion of the AC voltages on the rectifier
side which consequently results into the rectifier DC voltage drop. Due to the fault
current in the AC network, the direct current, Id starts to increase.

The rectifier responds to the reduction in the DC voltage by increasing its firing
angle. This action is expected since the rectifier is controlling the direct current and
it seeks to keep the direct current constant. The increase in the firing angle is seen
in Fig. 6.1 where both the (Alpha_Meas) and the (Alpha_ Ord) start to rise.

As the DC voltage continues to drop, it reaches a level at which the VDCOL function
discussed in section 3.3.1 is activated. When the VDCOL function is activated, it
starts to lower the current order, Iord so as to minimise the DC power transmitted
during the fault. The DC voltage reaches the lower setting of the VDCOL, at this
point, the function maintains the current order at a constant value. The system then
starts to recover, (Alpha_ Meas) and angle (Alpha_ Ord) begin to decrease and the
DC voltage begins to rise.

Although the fault has not yet been cleared, the system recovery starts. The fault is
eventually cleared at 0.2s and the system recovery continues successfully. At about
0.3s, the DC voltage and power are both restored to their pre-fault values. The
behaviour of the main circuit parameters in the rectifier station was similar for all
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The obtained results from the inverter side with the existing CFPrev are presented in
Fig. 6.2. In addition to the five sub-figures described in section 6.1.1.1, the inverter
figures have a sixth sub-figure showing the extinction (Gamma) and overlap angles.
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Figure 6.2: Single phase to ground fault with 84% remaining voltage, existing CF-
Prev function, Inverter.

The main circuit parameters, the firing, extinction and overlap/commutation angles
from the inverter station are presented in Fig. 6.2. When the single phase fault is
applied at 0.1s, the AC voltages are distorted in phase and reduced in magnitude.
This consequently results into reduced DC voltage. Due to the occurrence of the
fault, the alternating current on the inverter side increases hence the inverter direct
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current also increases. Since the overlap angle is directly proportional to the direct
current, it also starts to increase.

In order to maintain the system DC voltage, the inverter control system responds
to the fault by decreasing the extinction angle. This action makes the inverter
very susceptible to commutation failures. As the overlap angle increases and the
extinction angle decreases, the firing angle also decreases so as to keep the angle
balance (see (2.1)). The VDCOL then activates and the recovery is initiated. As
the direct current decreases, the overlap angle also decreases.

Fig. 6.3. contains four sub-figures. The first showing the delta group valve voltages
(D__valve_voltage) and the wye group (Y_ valve voltage) valve voltages. The sec-
ond contains the value of the inverter AC voltage dip (Alpha_ Beta_ Diff) while the
third contains the magnitude of the inverter zero sequence voltage (Z_diff abs).
The final sub-figure shows the output from the CFPrev function (Amin CFPrev)
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Figure 6.3: Single phase to ground fault with 84% remaining voltage, existing CF-
Prev function, Inverter.

The delta group and wye group valve voltages as well as the alpha_beta_ diff and
z_ diff, used to detect the occurrence of faults, are shown in Fig. 6.3. Also, shown
in this figure is the CFPrev function output. After the fault inception, the wye
group valve voltage drops to zero signaling the occurrence of commutation failure
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within this valve group. The existing CFPrev function acted however, it was unable
to mitigate this particular commutation failure. After a few cycles, the wye group
valves were able to re-establish commutation and the system started to recover
before the fault was cleared. When the fault was cleared, the system continued to
recover and reached steady state at about 320ms.
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Proposed CFPrev Function

When a single phase to ground fault with a remaining voltage of approximately 84%
was applied, with the proposed CFPrev function in place, no failed commutations
occurred. The AC voltages in Fig. 6.4 show a slight drop in magnitude but no
phase distortion. The direct current experiences a small increase for about 50ms
and returns to approximately its pre-fault value. The DC voltages drops slightly
and is oscillatory in nature throughout the fault duration. This is attributable to the
resonance developed in the system as a consequence of the single phase to ground

fault.
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Figure 6.4: Single phase to ground fault with 84% remaining voltage, proposed

CFPrev function, Rectifier.
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6. Results and Discussions

The DC power largely follows a similar trend as the DC voltage while the firing
angle increases such that the rectifier is able to maintain a constant current order.
It should be noted that the VDCOL function is not activated for this case because
the DC voltage does not drop below the set level.
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Figure 6.5: Single phase to ground fault with 84% remaining voltage, proposed
CFPrev function, Inverter.

The AC voltage, direct current, DC voltage and DC power shown in Fig. 6.5 on the
inverter side behave in a similar way as those on the rectifier side shown in Fig. 6.4.
The inverter responds to the decrease in voltage by lowering the firing angle so as
to raise the extinction angle.
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Figure 6.6: Single phase to ground fault with 84% remaining voltage, proposed
CFPrev function, Inverter.

In Fig. 6.6, it’s clear that the proposed CFPrev acted and was able to mitigate
the commutation failure that occurred while the existing CFPrev was utilised. The
absence of failed commutation is confirmed since no valve group voltage drops to
zero after fault inception. In Fig. 6.3, it can be seen that CFPrev is active for
less than 100ms while in Fig. 6.6, CFPrev is active for approximately 150ms. The
proposed CFPrev was able to prevent failed commutation due to its longer active
time. The fault was cleared after 200ms and the system returned to steady state at
about 300ms.
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6. Results and Discussions

6.1.1.2 Three phase to ground faults

Existing CFPrev Function

When a three phase to ground fault with a remaining voltage of about 85% was
applied to the inverter AC network, commutation failure was observed. In this case,
the fault was initiated at 102ms and applied for 100ms.
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Figure 6.7: Three phase to ground fault with 85% remaining voltage, existing CF-
Prev function, Inverter.

In Fig. 6.7, it can be seen that the inverter direct current rapidly increased to about
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6. Results and Discussions

2 p.u. It then dropped to 0 p.u. at about 150ms. Consequently, the DC power also
dropped to zero. The inverter rectifier angle also dropped to zero further signifying
that successful commutation has failed to occur.

Fig. 6.8 shows that the delta group valve voltage collapsed to zero indicating that
the commutation failure occurred in this valve group. The inverter zero sequence
voltage is zero throughout the fault duration. This is expected since a symmetrical
three phase to ground fault has been applied. It then becomes non-zero after the
fault has been cleared due to the voltage imbalance that exists immediately after
the fault is cleared.
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Figure 6.8: Three phase to ground fault with 85% remaining voltage, existing CF-
Prev function, Inverter.

Moreover, it is evident that the CFPrev function activated and provided an output.
However, it was unable to prevent the commutation failure. The system was able
to recover and return to steady state at about 320ms.
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Proposed CFPrev Function

The same fault as described in section 6.1.1.2 was applied however, in this case
the proposed CFPrev function was utilised. The obtained results are presented in
Fig. 6.9. The direct current increased to sightly above 2 p.u. then dropped to 0 p.u.
The overlap angle also decreased to zero indicating the occurrence of a commutation
failure.
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Figure 6.9: Three phase to ground fault with 85% remaining voltage, proposed
CFPrev function, Inverter.
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Fig. 6.10 shows that the delta group valve voltage collapsed to zero indicating that
the commutation failure occurred in this valve group. The proposed CFPrev is
activated twice, initially its activated when the Alpha_Beta_Diff value exceeded
the preset threshold. Then it was also activated when the Z diff value exceeded its
preset threshold.
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Figure 6.10: Three phase to ground fault with 85% remaining voltage, proposed
CFPrev function, Inverter.

Despite being activated twice, the Proposed CFPrev is not able to guarantee suc-

cessful commutation. The system recovered and returned to steady state at about
400ms.
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6. Results and Discussions

6.1.2 Weak Network

The results presented under this section were obtained from simulations where both
the rectifier and inverter AC grids were tuned to have SCRs of 3.

6.1.2.1 Single phase to ground faults

Existing CFPrev Function
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Figure 6.11: Single phase to ground fault with 87% remaining voltage, existing
CFPrev function, Inverter
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A single phase to ground fault with a remaining voltage of about 87% was applied
on the inverter side. The obtained results are presented in Fig. 6.11. It can be seen
that commutation failure occurred since the overlap angle dropped to zero.

Fig. 6.12, shows that wye group valve voltage collapsed to zero indicating that the
failed commutation occurred in this valve group. The CFPrev function activated

but was not able to prevent commutation failure.
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6. Results and Discussions

Proposed CFPrev Function

When a single phase to ground fault with a remaining voltage of about 87% was
applied, no commutation failure was observed. Fig. 6.13, shows that the direct
current slowly increased to about 1.3 p.u., then it later dropped to about 0.7 p.u.
before returning to 1 p.u. at about 350ms. The DC voltage dropped to about 0.75
p.u. as a result of the fault, it later recovered and returned to 1 p.u.
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Figure 6.13: Single phase to ground fault with 87% remaining voltage, proposed
CFPrev function, Inverter.

The extinction angle was slightly increased, this can be attributed to the actions of
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6. Results and Discussions

the CFPrev function. The overlap angle dropped but it did not drop to reach zero.

Fig. 6.14 shows the proposed CFPrev function was activated and it was in position
to facilitate successful commutation.
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6.1.2.2 Three phase to ground faults

Existing CFPrev Function

When a three phase to ground fault with a remaining voltage of about 90% was
applied to the inverter AC network, commutation failure was observed. In this case,
the fault was initiated at 102ms and applied for 100ms with the existing CFPrev
utilised. The simulation results are shown in Fig. 6.15 and Fig. 6.16.
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The direct current rapidly increased to above 2 p.u. then dropped to 0 p.u. The
DC power as well as the overlap angle also collapsed to 0 p.u.

In Fig. 6.16, it can be seen that both the delta and wye valve group voltages collapsed
to 0 p.u. The occurrence of commutation failure in the delta valve group may have

led to the failed commutation in the wye valve group.

Much as the CFPrev function was activated, it was unable to prevent commutation
failures in any of the valve groups. The system was able to recover and return to

steady state operation after the fault was cleared.
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6. Results and Discussions

Proposed CFPrev Function

When the same three phase to ground fault was applied but with the proposed
CFPrev activated, no failed commutation was observed. The simulation results are
shown in Fig. 6.17 and Fig. 6.18. The direct current slowly rises to about 1.4 p.u.
then drops to about 0.6 p.u. it eventually rises to and stabilises at 1 p.u. The DC
voltage decreases to approximately 0.6 p.u. while the DC power drops to 0.5 p.u.
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Figure 6.17: Three phase to ground fault with 90% remaining voltage, proposed

CFPrev function, Inverter.

The overlap angle drops to about 10 degrees then slowly rises to approximately 20
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degrees as the system recovers.

Fig. 6.18 shows no valve voltage collapse to 0 p.u. in either of the valve groups. The
Proposed CFPrev function was activated and it was in position to prevent failed
commutation.
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6.2 Point of wave scan

Due to the sinusoidal nature of the AC voltages, it was of interest to study the
performance of the proposed CFPrev function in relation to the fault initiation
time. Simulations were carried for different fault initiations times, that is to say, the
faults were initiated at different points along the AC voltage sine wave. Ten fault
initiation times ranged from 100ms to 118ms (covering one complete cycle) with a
time step of 2ms.

6.2.1 Strong Network

6.2.1.1 Single phase to ground faults

Single phase to ground faults with remaining voltages on the faulted phase ranging
from 85% to 80% were applied to the inverter AC network with a SCR of 5 (strong
network). The simulation results obtained were analysed and tabulated in Table. 6.2.

The yellow cells represent simulation cases where no failed commutation was ob-
served. The green cells represent simulation cases where failed commutation oc-
curred when the existing CFPrev was activated but no failed commutation occurred
with the proposed CFPrev. The red cells signify the occurrence of commutation
failure while both the existing and proposed CFPrev functions are activated. The
green cells show the improvements made in commutation failure prevention during
single phase to ground faults when the proposed CFPrev is utilised.

Table 6.2: Improvements in commutation failure prevention during single phase
faults, strong network.

Remaining Fault Initiation Time [ms]

Voltage [%] | 100 | 102 | 104 | 106 | 108 | 110 | 112 | 114 | 116 | 118
85
84
83
82
81
80

No commutation failure

Commutation failure with existing CFPrev

Commutation failure with both existing and proposed CFPrev

As can be seen in Table. 6.2, improvements are realised when the proposed CFPrev is
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utilised. For time instants such as 100ms, 102ms, 110ms, 112ms, 116ms and 118ms,
the inverter valves experience no failed commutation when the proposed CFPrev
is used as opposed to the existing CFPrev. This is so because the drop in voltage
magnitude occurs before the start of commutation and the proposed CFPrev is able
to sufficiently increase the extinction angle.

However, for 104ms, 106ms, 108ms and 114ms the proposed CFPrev function returns
no improvements compared to the existing CFPrev. Both functions are unable to
prevent failed commutation. This was because the drop in voltage occurred after
the commutation on the next valve in the firing sequence had already began. In
such cases the CFPrev cannot prevent failed commutation.

6.2.1.2 Three phase to ground faults

Three phase to ground faults with remaining voltages on all the three phases ranging
from 92% to 83% were applied to the inverter AC network with a SCR of 5. The
simulation results obtained were analysed and tabulated in Table. 6.3.

It can be seen that no improvements are realised when the proposed CFPrev function
is used as opposed to the existing CFPrev function. When a three phase to ground
fault is applied, all the voltages are affected. Due to this, the chances of having
a voltage drop after the commutation in the next valve in the firing sequence has
started are largely increased.

Table 6.3: Improvements in commutation failure prevention during three phase
faults, strong network.

Remaining Fault Initiation Time [ms]

Voltage [%] | 100 | 102 | 104 | 106 | 108 | 110 | 112 | 114 | 116 | 118
92
90
88
86
85
83

No commutation failure

Commutation failure with existing CFPrev

Commutation failure with both existing and proposed CFPrev
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Multi-valve failures

Since the proposed CFPrev did not yield any improvements when three phase to
ground faults were applied, its performance is investigated further with regard to
multi-valve commutation failures. If for a given fault case, failed commutation
occurred in more than one valve, this was considered as a multi-valve commutation
failure. The results from this analysis are tabulated in Table. 6.4.

The yellow cells represent fault cases where no multi-valve commutation failures
occurred. The red cells represent fault cases where multi-valve commutation failures
occurred despite of the activation of both the existing and the proposed CFPrev
functions. The green cells represent fault cases where multi-valve commutation
failures occurred when the existing CFPrev was utilised but no multi-valve failed
commutation was observed with the activation of the proposed CFPrev function.

Table 6.4: Improvements in multi-valve commutation failure prevention during three
phase faults, strong network.

Remaining Fault Initiation Time [ms]

Voltage [%] | 100 | 102 | 104 | 106 | 108 | 110 | 112 | 114 | 116 118

92
90
88
86
85
83

No multi-valve commutation failure

Multi-valve commutation failure with existing CFPrev

Multi-valve commutation failure with existing and proposed CFPrev

From Table. 6.4, it is clear that the proposed CFPrev is quite effective in reducing
the occurrence of multi-valve commutation failures. When the proposed CFPrev
is activated, multi-valve commutation failures generally start to occur when the
remaining voltage is approximately 88%. However, when the existing CFPrev is
activated, multi-valve commutation failures start to occur with a remaining voltage

of about 92%.
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6.2.2 Weak Network

6.2.2.1 Single phase to ground faults

Single phase to ground faults with remaining voltages on the faulted phase ranging
from 90% to 81% were applied to the inverter AC network with a SCR, of 3 (weak
network). The simulation results obtained were analysed and tabulated in Table. 6.5.
The green cells represent fault cases where improvements were observed with the
proposed CFPrev activated. Improvements were observed only for certain time
instances such as 100ms, 106ms and 116ms.

Notice that for the 100ms with a remaining voltage of 85%, a failed commutation
occurred irrespective of the activation of both the existing and proposed CFPrev
functions. For a similar fault case in Table. 6.2, no failed commutation was observed.
This is attributable to the different SCRs of the AC networks.

Table 6.5: Improvements in commutation failure prevention during single phase
faults, weak network.

Remaining Fault Initiation Time [ms]

Voltage [%] | 100 | 102 | 104 | 106 | 108 | 110 | 112 | 114 | 116 | 118
90
89
87
85
83
81

No commutation failure
Commutation failure with existing CFPrev

Commutation failure with both existing and proposed CFPrev

Table. 6.5 also shows that when the remaining voltage drops to about 81% of the
pre-fault voltage, commutation failures cannot be avoided even with the proposed
CFPrev function. With a weak network, the improvements attained from the use of
the proposed CFPrev function are fewer compared to those with a strong network
(see Table. 6.2).
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6. Results and Discussions

6.2.2.2 Three phase to ground faults

Three phase to ground faults with remaining voltages on all the three phases ranging
from 92% to 83% were applied to the inverter AC network with a SCR of 3 (weak
network). The simulation results obtained were analysed and tabulated in Table. 6.6.

It can be seen that only one improvement (when the fault is initiated at 102ms with
a remaining voltage of 90%) was realised when the proposed CFPrev function is
used as opposed to the existing CFPrev function. The performance of the proposed
CFPrev is quite similar to that shown in Table. 6.3.

Table 6.6: Improvements in commutation failure prevention during three phase
faults, weak network.

Remaining Fault Initiation Time [ms]
Voltage [%]

No commutation failure

Commutation failure with existing CFPrev

Commutation failure with both existing and proposed CFPrev
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6. Results and Discussions

Multi-valve failures

The results from the analysis of multi-valve commutation failures are shown in Ta-
ble. 6.7. It is important to note that, the improvements in commutation failure

prevention are lower compared to the results obtained for the strong network in
Table. 6.4.

Table 6.7: Improvements in multi-valve commutation failure prevention during three
phase faults, weak network.

Remaining Fault Initiation Time [ms]
Voltage [%]
92

No multi-valve commutation failure
Multi-valve commutation failure with existing CFPrev

Multi-valve commutation failure with existing and proposed CFPrev
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6. Results and Discussions

6.3 Comparison of different SCRs

For this section the value of Amin-ref-gain was varied from 0 to 2 for different
SCRs. This was done to investigate the relationship between the Amin-ref-gain
value required to prevent commutation failure and the SCR. Single phase to ground
faults with a remaining voltage of approximately 82% of the pre-fault voltage where
applied to the inverter AC network.

Both the rectifier and inverter AC network SCRs were varied from 3, 4, 5, 7 and
10. When the network SCR was 10 no failed commutation occurred however, with a
SCR of 3 commutation failure prevention was not possible. At each SCR, a different
minimum value of Amin-ref-gain was required to prevent the occurrence of failed
commutation.

Amin-ref-gain

0.5

o 1 1 1 1 1 1 1 1
3 35 4 45 5 55 6 65 7
SCR

Figure 6.19: Relationship between Amin-ref-gain and SCR

It was discovered that the stronger networks required a smaller value of Amin-
ref-gain to prevent the occurrence of commutation failure compared to the weak
network.
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Conclusions

The main aim of designing and implementing a CFPrev function based on a Voltage
time area contribution has been achieved. The new CFPrev function was designed
by introducing subtle changes to the existing CFPrev function. It has been shown
through simulations that the proposed CFPrev functions has advantages over the
existing function.

The proposed function was effective in mitigating the first commutation failure when
single phase faults with remaining voltages ranging from 85% to 82% were applied
to the strong inverter AC grid. However, less success was registered when the
single phase to ground faults were applied to weak inverter AC grids. This can be
attributed to the large increase in the inverter’s reactive power consumption when
the inverter extinction angle is increased.

Furthermore, when three phase to ground faults with remaining voltages ranging
from 92% to 83% were applied to strong inverter AC grids, the proposed CFPrev
function was unable to mitigate the commutation failures. Its actions were rather
similar to those of the existing CFPrev. This was because the functions increased
the extinction angle while the commutation of current had already started. This
chain of events rendered both CFPrev functions ineffective. When the same three
phase to ground faults were applied to weak inverter AC grids, the proposed CFPrev
function was able to mitigate at least one commutation failure.

Since the proposed CFPrev was limited in mitigating the initial commutation failures
after the initiation of three phase faults, further investigations with regard to multi-
valve commutation failure were carried out. The proposed CFPrev greatly reduced
the occurrence of multi-valve failed commutation with both strong and weak inverter

AC grids.

The functionality of the proposed CFPrev was checked for different AC grid SCRs.
It was discovered that the stronger the AC grid was, the more likely the function
was to mitigate commutation failures. While applying single phase to ground faults
with a remaining voltage of 82%, The Amin-ref-gain of the function was varied from
0 to 2 for different SCRs. It was noted that AC grids with SCRs greater than or
equal to 5 required Amin-ref-gain of 0.25 or less to mitigate the first commutation
failure. The weaker AC grids required Amin-ref-gain greater than 1.4.
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7. Conclusions

When Amin-ref-gain is increased beyond 2, the CFPrev function becomes disad-
vantageous to the HVDC system. These results are presented in Appendix 1. It
leads to further commutation failures instead of mitigating them. It also affects the
recovery of the system after the fault has been successfully cleared.

Commutation failures begin to occur when the AC voltage of weak grids is reduced
by 8% - 10%. This is because the low SCR of the weak inverter AC grid increases
the commutation reactance on the inverter side, resulting in a larger overlap angle.
Consequently, lowering the extinction angle of the inverter. This makes the inverter
valves more prone to commutation failures.

In conclusion, the simulation results show that the proposed CFPrev function is
17% more effective in mitigating commutation failures when single phase faults were
applied in comparison to the existing function. Furthermore, the results show that
in 25% of the simulated cases when three phase faults were initiated, the proposed
function reduced the occurrence of multi-valve failures. Moreover, proper tuning of
the Amin-ref-gain is essential to ensure that the activation proposed function does
not lead to commutation failures and poor system recovery.

7.1 Future Work

The performance of the proposed CFPrev function when single phase and three
phase faults occurred was investigated. However, the effects of AC voltage phase
shift and rapid increase of direct current were not studied. These two could present
an interesting area to evaluate in future work.

The effect of having a cable within the HVDC transmission link instead of only
an overhead link presents another opportunity for future work. Furthermore, the
effectiveness of the proposed function in mitigating commutation failures for different
inverter extinction angles can also be studied.
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Appendix 1

Single phase to ground fault with a remaining voltage of 85%
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Figure A.1: Existing CFPrev function, inverter
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Figure A.2: Existing CFPrev function, Inverter.
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Figure A.4: Proposed CFPrev function, Amin-ref-gain = 0.5, Inverter.
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Figure A.6: Proposed CFPrev function, Amin-ref-gain = 2, Inverter.
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