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Abstract
High Voltage Direct Current (HVDC) transmission systems continue to be an excellent
asset in modern power systems, mainly for their ability to overcome the problems of AC
transmission, such as the interconnection of asynchronous grids, stability of long
transmission lines, and use of long cables for power transmission.
In the past 20 years, Voltage Source Converter (VSC)-HVDC transmission systems were
developed and installed in many projects, thereby adding more operational benefits to DC
transmission option, such as high controllability, ability to supply weak networks, and
reduced converter reactive power demand. Nevertheless, VSC-HVDC transmission suffers
from the disadvantages of high losses and cost.
In this research, a hybrid HVDC employing a Line Commutated Converter (LCC) as
rectifier and a VSC as inverter is used to supply a passive network through a DC cable. The
hybrid system is best suited for unidirectional power transmission scenarios, such as power
transmission to islands and remote load centers, where the construction of new transmission
lines is prohibitively expensive. Control modes for the rectifier and inverter are selected and
implemented using Proportional Integral (PI) controllers. Special control schemes are
developed for abnormal operating conditions such as starting at light load and recovering
from AC network faults. The system performance under steady state and transient conditions
is investigated by EMTP-RV simulations. The results show the feasibility of the hybrid
system.
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Chapter 1
Introduction
1.1 Background
The power transmission to islands and remote load centers has been an ongoing concern
for power system operators around the world. In many countries, power utilities have been
required to deliver electrical power to islands from the power grid on the mainland. As
environmental awareness continues to grow worldwide, the public opposition to the
construction of new transmission lines and generating stations persists. The difficulty of
granting approvals for the construction of new generation and transmission facilities has
spurred power utilities to investigate alternative ways to increase the power transmission
capability of existing lines, as well as to use submarine cables to transmit power to islands
instead of building new generating stations.
Power transmission to islands by AC cables has been implemented with limited success.
The capacitance of AC cables represents a problem since a charging current has to flow in
the cable in addition to the load current. The flow of charging current has to be taken into
account when determining the cable current rating. Thus, the cable is de-rated and the actual
allowable current is significantly reduced below the rated cable current, causing inefficient
utilization of the cable rating [1, 11]. Moreover, the charging current causes the total power
losses in the cable to rise, thus the transmission efficiency is reduced. Although modern
Cross-Linked Poly Ethylene (XLPE) insulated cables are characterized by a relatively low
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capacitance as compared to oil filled cables, the practical limit for a XLPE insulated
submarine AC cable is in range of 100 km. The maximum cable length quickly reduces as
the voltage level is increased [1-4].
High Voltage DC (HVDC) transmission is a power transmission option that was
considered since 1950s [41]. DC transmission represented a solution to the most onerous
problems in power transmission, namely the exchange of power between asynchronous grids,
the reduction of losses in bulk power, long distance transmission, and submarine power
transmission through cables [5, 18, 24]. The use of long submarine DC cables is not
prohibitive since the cable capacitance is charged only once when the cable is energized.
Thus, it is possible to utilize the full rating of the cable since the charging current is
negligibly small. The advantages of HVDC transmission over its HVAC counterpart have
been described in [5, 6, 7, 8, 18, 24]. The suitability of HVDC for long submarine cable
transmission has been described in [7, 12, 18]. The introduction of VSC-HVDC with its
outstanding operational characteristics further bolstered the adoption of DC option for
submarine power transmission. The ability to supply weak and passive networks,
independent control of active and reactive power, and immunity against commutation failure
are the most salient operational characteristics of VSC-HVDC [9-10]. VSC-HVDC is
perfectly suited for use with cables since the voltage polarity remains the same for both
directions of power flow over the tie [13-14]. The widespread use of VSC-HVDC is
nevertheless restricted as a result of high converter losses, high converter device cost [20]
and high dielectric stress on equipment insulation [9, 16]. The low rating of VSC devices
also limits the VSC-HVDC system rating to the range of hundreds of megawatts. Maximum
power and voltage ratings of up to 1200 MW and ±320 kV were reported in [15-17].
2
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1.2 Review of Related Literature
The principle of operation of a 2-level VSC based HVDC employing sinusoidal Pulse
Width Modulation (PWM) has been covered thoroughly in [4, 9, 13, 19, 29]. The 2-level
VSC topology is preferred for its simple structure, control strategy [19], small DC capacitor
size, and small footprint [21]. Multilevel VSC topologies employing Neutral Point Clamping
(NPC) and Flying Capacitor Configuration were covered in [21, 22]. Multilevel converters
allow using higher DC voltages and reducing the harmonic content of the output AC voltage,
however their shortcomings are complex structure and control strategies, unequal device
duties, and larger footprint [21, 22]. Research on the PWM techniques to reduce switching
losses has been made in [23].
The modeling and control of VSC-HVDC in light of vector control theory have been
covered in [25-29]. The outer loop PI controllers generate setpoints for the inner loop current
controllers that are used to control the VSC [25, 27, 29]. There are different control
objectives for the outer loop controllers, these include: DC voltage control, active power
control, frequency control, AC voltage control, and reactive power control [25]. The active
power balance is achieved by controlling DC voltage at one end and controlling active power
at the other end [25, 28]. Static Synchronous Compensator (STATCOM) operation of each
VSC at both ends of the DC link could be implemented for the purpose of reactive power
compensation in the connected AC networks. STATCOM operation is possible even when
the active power transferred is zero [28]. The use of vector control strategy allows
independent control of either active and reactive power, or active power and AC voltage [25].
The control strategies for a VSC-HVDC system supplying a passive load were discussed in
[30-34]. The adoption of AC voltage control for the converter station supplying a dead
3
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network was emphasized in [30-32]. Hybrid HVDC systems were investigated in [35-38].
The suitability of the hybrid system in supplying weak and passive networks was emphasized
in [36, 37]. The immunity of the hybrid system to the stability problems that are often
encountered in conventional HVDC transmission is emphasized in [37]. In [36], the hybrid
system was used to supply an active network, the control strategy adopted DC voltage
control and DC current control for rectifier and inverter stations, respectively. In [37],
mathematical modeling of the hybrid system was developed; the normal operation of the
hybrid link was also validated by simulation results.

1.3 Summary
This chapter presents an overview of the role of HVDC transmission in supplying islands
by subsea cables. The advantages of HVDC transmission over its AC counterpart are
mentioned and explained. The advantages of VSC-HVDC transmission over its conventional
counterpart are also enumerated. A review of related literature for technical papers on VSCHVDC transmission control and operation is made. An overview of technical papers on the
concept of hybrid HVDC transmission system is finally presented. It could be concluded that
a hybrid HVDC transmission system would allow utilizing the benefits of VSC-HVDC at the
receiving end network while having a conventional Line Commutated Converter (LCC) at
the sending end. This helps reducing the cost and losses of the transmission system.

4
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HVDC Transmission
2.1 Introduction
HVDC transmission technology is used to transmit DC electrical power over DC
transmission lines or cables. AC power is converted to DC power at a rectifier station at
the sending-end of the DC link, and the DC power is converted back to AC power at the
inverter station at the receiving-end of the DC link. HVAC transmission is characterized
by major advantages, namely the ease of alteration of voltage levels by transformers and
the feasibility of meshed grids due the availability of AC circuit breakers. For these
reasons, HVAC was overwhelmingly adopted for power transmission. Nevertheless,
HVDC transmission is characterized by a number of operational benefits to the
interconnected power systems. The key advantages of HVDC transmission are [40, 42]:
•

Capability to interconnect asynchronous grids: since AC power is converted to
DC power, the DC link acts as a buffer zone that provides isolation between
two systems. Therefore a DC link could interconnect two power systems
having different frequencies or having the same frequency but being
asynchronous. This advantage makes the HVDC transmission the only
feasible option for interconnecting asynchronous AC systems.

•

Elimination of technical limits of line length: the power flow over a DC line is
fully controllable by system controls at the converter stations. Thus, no
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stability constraints exist for a HVDC line and the maximum power flow is
determined by the rating of converters and the thermal rating of conductors.
This advantage makes the HVDC transmission an ideal option for bulk power
transmission over long distances, since stability constraints often limit the
maximum possible length of HVAC lines.
•

Reduction of power losses: for large amounts of power (typically above 1000
MW) and long transmission distances (typically above 500 km), the power
losses in HVDC line are less than those in a comparable HVAC line. This is
due to the absence of reactive power flow over HVDC lines, unlike HVAC
lines where the flow of a reactive component of current leads to an increase in
the total losses in conductors. Slight improvements in transmission efficiency
lead to significant savings in case of a bulk amount of power being
transmitted, therefore the use of HVDC transmission is justified in case of
bulk power transmission over a long distance.

HVDC converters were initially of the Line Commutated Converter (LCC) type.
These converters rely on the connected AC network for the commutation process in the
converters. The converters initially employed mercury arc rectifiers as switching devices.
The first commissioned HVDC project, in 1954, was a cable link between the island of
Gotland and the Swedish mainland. The system was rated at ±100 kV, 20 MW. The
development in high power solid state switches allowed thyristors to replace mercury arc
rectifiers in the converters. The first HVDC project that was fully based on thyristors was
commissioned in 1972 at Eel River in NB, Canada. The highest rated HVDC system was
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commissioned in stages from 1984-1987 in Brazil; the system is rated at ± 600 kV, 6300
MW [39]. Now, the next level of transmission is planned at ± 800 kV in China [41].
Despite its operational benefits, the conventional HVDC transmission suffers from a
number of drawbacks caused mainly by the reliance of converter commutation on the
connected network voltage. These drawbacks mainly include: large consumption of
reactive power, inability to supply weak networks, and large harmonic filters
requirement.
A novel technology for HVDC transmission based on self-commutated converters
(SCCs) was introduced in the early 1990s. The technology employed Voltage Source
Converters (VSC) topology instead of the Current Source Converters (CSC) topology
that was adopted for LCC. The novel technology was made possible by the development
of high power self commutated devices, namely IGBTs and GTO thyristors. The VSC
originally came from motor drive applications, where a DC voltage is processed by
ON/OFF controlled power switches to produce Variable Voltage, Variable Frequency
(VVVF) AC voltage to control the motor speed. PWM control of VSC using high
frequency switching (1-2 kHz) of converter valves produces an AC voltage whose
dominant harmonics are equal to multiples of the switching frequency (in range of kHz).
The elimination of higher order harmonics, in range of kHz, becomes less problematic as
the size and rating of harmonic filters are reduced. Since a VSC is fully controlled, the
converter has little or no requirements of reactive power compensation. Therefore, the
space requirement for a VSC converter station is less than that for a comparable LCC
converter station. This feature reduces the footprint of converter stations and leads to
significant cost reductions.
7
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2.2 Configurations of HVDC Transmission
The commonly used HVDC configurations are the monopolar, bipolar, and back-toback configurations. A brief description of each configuration is given below.

2.2.1 Monopolar
The monopolar configuration uses one conductor between both converters while the
return path is through ground or sea. It is used with relatively low power ratings and in
contingency conditions with bipolar systems.

Figure 2.1 Monopolar HVDC configuration

2.2.2 Bipolar
The bipolar configuration is the most widely used one in HVDC transmission. Two
converters are used at each end of the link and the midpoint between the converters is
grounded. Thus, the upper converter operates with a positive DC voltage with respect to
ground, while the lower converter operates with a negative DC voltage with respect to
ground. Ground path is used by both converters and the DC currents flow in opposite
directions in the ground. Therefore the net ground DC current is very small and it has
little effect on the neighboring metallic structures.

8
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Figure 2.2 Bipolar HVDC configuration

2.2.3 Back-to-Back
Back to back configuration is used to interconnect two neighboring AC systems, with
both rectifier and inverter located at one station. This configuration is mostly used to tie
asynchronous systems.

2.3 Conventional HVDC Transmission
2.3.1 Converter Station
A Converter station is the most important element of a HVDC transmission system. A
HVDC system includes at least two converter stations. The sending-end station operates
in rectifier mode to perform AC/DC conversion, while the receiving-end station operates
in inverter mode to perform DC/AC conversion. In addition to converters, a converter
station also includes other equipment necessary for the control and protection of HVDC
system. These mainly include: transformers, AC filters, DC filters, DC reactor, control
and protection system, and converter cooling system. A brief description of the converter

9
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station components is given below. The layout of a typical converter station is shown in
Fig. 2.3.

Figure 2.3 Layout of converter station

The components of the converter station are detailed as follows [40, 42, 45]:
•

Converter
A converter performs AC/DC conversion at the sending-end (rectifier) station and
DC/AC conversion at the receiving-end (inverter) station. The basic building
block of the converter is the 6-pulse thryistor bridge shown in Fig. 2.4. A
converter is connected to the AC system by a transformer that alters the AC
system voltage to a value suitable for the converter. A 12-pulse converter is built
by connecting two six pulse bridges in series. A special transformer configuration
is used for a 12-pulse converter, in which the upper and lower windings at the
converter side are connected in Y and ∆ connections, respectively. The converter
side voltage of the lower transformer is displaced by 30o from the voltage of the
upper transformer. The use of a 12-pulse converter has the benefit of reducing the
size and cost of harmonic filters by increasing the order of dominant harmonics.
10
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Figure 2.4 6-pulse thyristor bridge

•

Converter Transformer
Transformers are used to connect the converters to the AC system. They alter the
AC voltage level to a value suitable for the power converter and the DC voltage
rating. Transformers also contribute to the commutation reactance and provide
isolation between the converters and the connected AC system. The converter
transformer is represented by the series inductance in Fig. 2.4.

•

AC Side Harmonic Filters
The operation of the converter to perform AC/DC and DC/AC conversion
generates harmonics whose frequencies depend on the converter configuration.
The dominant current harmonics on the AC side of a 12-pulse converter are
typically 11th, 13th, 23rd, and 25th harmonics. AC filters are installed at the AC
system side of the converter transformer, they are used to limit the magnitude of
current harmonics and reduce the Total Harmonic Distortion (THD) to an
acceptable value to the AC system.

11
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The converters also consume reactive power which is supplied partly by the AC
harmonic filters; the rest of the reactive power requirement could be supplied by
capacitor banks.
•

DC Side Filters
The DC output voltage of the converter contains even harmonics of the order 6n.
These harmonics need to be removed by means of harmonic filters on the DC side
to avoid causing telephone interference, especially in case of overhead lines [18,
40]. DC filters are smaller in size than their AC counterparts. A typical DC filter
is a High Pass Damped (HPD) filter tuned at a frequency equal to the number of
pulse of the converter.

•

DC Reactor
A DC reactor is used at the DC side of the converter to smooth DC voltage ripples
and reduce current transients during contingencies. The reactor also helps
protecting the converter valves from voltage surges coming from the DC line
[18].

2.3.2 Transmission Medium
The transmission medium could be an overhead line or cable. An overhead line is the
option of choice in case of power transmission over long distances. The Right of Way
(RoW) of a HVDC line is less than that of a HVAC line for same amount of power being
transmitted, since a DC line has 2 conductors only while an AC line has a minimum of 3
conductors. The cost per unit length for a HVDC also tends to be lower than that of
HVAC for distances above 500 km since DC transmission uses two conductors only.
12
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Underground cables are used when it is not feasible to use overhead lines due to
environmental or safety concerns.

2.4 VSC-HVDC Transmission
2.4.1 Self Commutated Converters
The VSC-HVDC transmission was originally developed from motor drives
applications [4]. Modern day motor drives employ Self-Commutated Converters (SCCs)
with fully controlled power electronic switches that are capable of high frequency
switching. The principle of operation of SCCs is fundamentally different from that of
LCC used in conventional HVDC. The key difference between both types of converters is
the current commutation from one converter switch to another. Since converter switches
in a SCC are fully controlled (i.e. ON/OFF controlled), the switch turn off is made by a
control signal given to the switch, while another switch in a different limb is turned on by
a control signal to carry on the current (and hence the name, self commutated converter)
[45]. The principle of switch turn off is completely different in a LCC, where the switch
(mostly thyristor) is turned off as its current drops below a certain value (known as the
holding current) as a result of the device becoming reverse biased due to the change in
source polarity (and hence the name, line commutated converter) [45]. As a result of its
reliance on line commutation, conventional HVDC is only suitable for use in relatively
strong networks with high Short Circuit Levels. An indication of network strength is
given by the Short Circuit Ratio (SCR), which is the ratio of Short Circuit Level (SCL),
in MVA, to the rated DC power, in MW. The use of conventional HVDC is not
restrictive in networks with SCR greater than 3. For networks having a SCR between 2
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and 3, the installation of additional reactive power compensation devices is necessary
[42, 43]. In contrast to conventional HVDC, VSC-HVDC is fully controllable in terms of
converter commutation. Thus it is possible to use VSCs in weak networks with low
SCLs, and even in dead networks with zero SCLs [44].
The converter topology used in SCCs is the VSC, where the converter operation is
based on the presence of a fixed input DC voltage that is processed by the converter
switches to produce an AC voltage output. IGBTs and GTO thyristors are the most
widely used devices in VSCs. The devices are connected in series to build a valve that is
capable of withstanding the total voltage rating of the converter.
Various switching techniques are used to synthesize AC voltage in VSCs. The
switching technique strongly affects both harmonics in the output AC voltage and
switching losses of the converter. The objectives of switching technique development is
to reduce harmonics in the output voltage (and hence reduce the size of harmonic filter),
as well as to reduce the switching losses (and hence reduce the overall power losses).

2.4.2 PWM Techniques
PWM is the most widely adopted VSC switching technique. The method employs, in
its basic form, two waveforms to generate the driving signals of converter switches. The
first is the reference wave which has the fundamental frequency of the voltage to be
generated, and the second is the carrier wave, which has a higher frequency that is
typically within 1-2 kHz. Both waveforms are introduced to a comparator that switches
its output between high and low values, depending on the instantaneous value of both
waveforms. A high comparator output activates the upper valve in a limb, while a low
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output activates the lower valve in the same limb. Thus, the AC output voltage of each
phase varies between positive and negative DC values. The modulation index (MI) is
defined as the ratio of the magnitude of the reference wave to the magnitude of the carrier
wave.
Different types of PWM include Sinusoidal PWM (SPWM), Space Vector PWM
(SVPWM), Optimal PWM, and Selective Harmonic Elimination (SHE) PWM. The
selection of PWM technique mainly depends on the type of application. SPWM is widely
used for VSC-HVDC for its simplicity and ease of implementation.

2.4.3 Components of VSC-HVDC Transmission
•

Converter station
The converter station includes the VSC along with transformers, AC filters, DC
capacitors, and phase reactors. A description of each of these elements is given
below.
(a) Converter
The converter is comprised of fully controlled electronic valves
connected in a bridge configuration. The 2-level VSC configuration is
widely used for its simple design, other configurations include
multilevel diode clamped and flying capacitor converters. Multilevel
converters have the advantages of lower harmonic content and
switching frequency, and consequently lower switching losses.
However they are characterized by an increased complexity in circuit
construction and control method, and consequently they are more
15
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costly than 2-level VSCs. The 2-level and 3-level VSC topologies are
shown in Figs 2.5 and 2.6, respectively.

Figure 2.5 2-level VSC

Figure 2.6 3-level diode clamped VSC

(b) Transformers
Transformers are used to adapt the AC system voltage to a value
suitable for the VSCs. Transformer reactance also contributes to the
total reactance between the converter and AC system, and therefore,
together they help to control the power exchanged between the
converter and the AC system.
(c) AC Filters
A VSC generates an AC voltage waveform that varies between two
values of DC voltage. The voltage waveform includes a fundamental
component as well as higher order harmonics whose frequencies
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depend on the value of switching frequency. The dominant harmonic
frequencies are usually multiples of fs±f, where fs and f are the
switching frequency and fundamental frequency respectively. Passive
filters are installed at the AC bus to remove higher order harmonics
and reduce the THD.
(d) DC Capacitors
The role of DC capacitors is to maintain a constant DC voltage input
to the VSC and provide the voltage support for converter dynamics.
DC capacitors also help in smoothing the DC voltage ripples [32].
•

Transmission Medium
Both overhead lines and cables could be used with VSC-HVDC. However, it is
preferred to use cables. The reason for preference of cables is the topology of
VSC that does not include a means to interrupt a DC fault current that may occur.
When a DC fault takes place, the converter bridge will feed the fault from the AC
network via anti parallel diodes; the absence of a DC reactor will cause very high
currents to flow towards the fault. Since DC CBs are uneconomical to be used, the
fault could only be cleared by tripping the AC CB that feeds the converter itself.
To avoid such a situation, cables are used with VSC-HVDC since they
significantly reduce the risk of a DC fault.
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2.5 VSC Control
2.5.1 VSC Modeling
A VSC produces a PWM voltage that contains a fundamental frequency component
in addition to harmonics. The magnitude of the fundamental frequency voltage of the
converter is controlled by the Modulation Index (MI) which is defined as:
 



(2.1)



Where Areference is the amplitude of the reference waveform, and Acarrier is the
amplitude of the carrier waveform.
The VSC is modeled as a voltage source with variable magnitude and phase. The
vector diagram of converter voltage and system voltage is shown in Fig. 2.7. Vcon refers
to the rms value of the fundamental component of converter voltage, while Vs refers to
the RMS value of system voltage. The active power flow between a VSC and an AC
system is determined by the value of angle δ, while the reactive power flow is determined
by the value of Vcon. In the vector diagram in Fig. 2.7, the VSC operates in inverter mode
and the active power flows from the VSC to the AC system. Since the magnitude of
converter voltage is greater than that of the system voltage, the reactive power flow is
from the VSC to the AC system. The operating modes of VSC are shown in Fig. 2.8.

Figure 2.7 Vector diagram of converter voltage (Vcon) and system voltage (Vs)
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Figure 2.8 Operating modes of VSC

Considering the VSC in Fig. 2.9, the voltage equation could be written as follows:


      



 

(2.2)



The active and reactive power exchanged between the VSC and the AC system could
be expressed as follows (neglecting the power losses in Rs):


| | | |



| | | |





sin 
cos  

(2.3)
| |

(2.4)



Where P is the active power, Q is the reactive power, and Xs is the transfer reactance
between the converter and the system. From the above equations, it shows that real and
reactive powers are controlled by Vcon, VS, and δ.
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Figure 2.9 VSC connected to an AC system

2.5.2 VSC Control Strategies
The control objectives of a VSC mainly depend on the AC system to which the VSC
is connected. The controlled parameters are regulated using two degrees of freedom
(controlling parameters) at each converter station; the first is the magnitude of converter
voltage (Vcon) while the second is the phase angle (δ) between converter voltage and AC
system voltage. The classification of control objectives at converter stations is given as
follows [32]:
•

Supply to a passive network without local generation
Sending-end: DC voltage control and AC voltage control
Receiving-end: AC voltage control and frequency control

•

Interconnection of two or more active networks
Sending-end: DC voltage control and AC voltage control
Receiving-end: Real power control and AC voltage control
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Direct control of VSC directly regulates the controlling parameters to achieve the
control objectives. The concept of direct control is shown in Fig. 2.10. The figure shows
both MI and phase angle δ being regulated to achieve control of AC voltage and active
power respectively.

Figure 2.10 Direct control strategy [47]

Vector control adopts vector control theory to regulate direct (d) and quadrature (q)
current components independently. The block diagram of vector control is shown in Fig.
2.11. The currents and voltages are converted from three phase frame to the d-q frame.
Upon conversion from abc frame to d-q frame, the reference axis of d or q component is
synchronized with phase A of three-phase voltage of the connected AC system by means
of a Phase Locked Loop (PLL). Thus, the system voltage is locked to the d or q reference
axis and its full value is either Vsd or Vsq. The phase angle between the converter voltage
and the system voltage is δ, which is calculated from the outputs of inner loop controllers
in Fig. 2.11 according to equation (2.5). On the other hand, the modulation index is also
calculated from the outputs of inner loop controllers according to equation (2.6).
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The controllers’ configuration in Fig. 2.11 assumes that the d-axis is synchronized to
the system voltage, and therefore the outer loop controller, supplying Id ref, could be used
to regulate the DC voltage or active power. On the other hand, the outer loop controller,
supplying Iq ref, could be used to regulate the AC voltage or reactive power. The choice of
controlled variable of the outer loop controller depends on the operating mode of the
VSC as rectifier or inverter, as well as the nature of connected AC system and the
required control objectives to be achieved.

Figure 2.11: Vector control of VSC

2.6 Summary
This chapter presented a detailed description of the components of conventional
HVDC transmission and VSC-HVDC transmission. The PWM switching technique of
VSC was presented and its various types were enumerated. The modeling of VSC and its
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control strategies were also discussed. The operating modes of VSC, as a rectifier and as
an inverter, were presented and discussed. It could be concluded that the VSC’s ability
for independent control of output voltage magnitude and phase angle is an outstanding
feature that enables a wide number of control objectives to be achieved in the connected
AC network.
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The VSC-HVDC transmission is characterized by its independent control of active and
reactive power, ability to supply weak and passive networks, reduction of harmonic filters
size, and suitability for use with DC cables since voltage polarity is always the same.
However, serious drawbacks such as high power losses, high dielectric stress on equipment
insulation, and low device rating restrict the widespread use of VSC-HVDC transmission. A
DC tie with identical VSCs at both ends allows bidirectional power flow. In many cases,
however, the power flow in the DC tie is predominantly unidirectional. Such cases include
power transmission to islands and remote isolated load centers, where the receiving network
is passive and lacks any form of local generation. In this research, a hybrid LCC-VSC HVDC
transmission system supplying a passive load is investigated. The system consists of a LCC
connected to the sending-end AC network, and a VSC connected to the receiving-end
network. The power flow in the system is always unidirectional. The power is exported from
the sending-end AC network via DC tie to the receiving-end passive network. The proposed
system is best suited for power transmission to islands and remote load centers, since the
receiving network is usually weak or even passive.

Chapter 3 Objectives
The main objectives of this thesis are the following:
•

To develop a model for the hybrid HVDC transmission system supplying a passive
load in EMTP-RV simulation environment

•

To select the appropriate control modes for rectifier and inverter terminals in the
hybrid system, in such a way that guarantees the proper operation of the system under
steady state and transient conditions

•

To develop special control schemes that cope with abnormal and transient conditions
such as starting at light load and AC network faults

•

To investigate and study the performance of the hybrid system with the developed
control schemes under steady state and transient conditions using EMTP-RV
simulations
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4.1 Introduction
The implementation of a hybrid HVDC transmission system supplying a passive load was
tested in EMTP-RV simulation environment. The EMTP-RV software is a computer program
for the simulation of electromagnetic, electromechanical, and control system transients in
multiphase electric power systems [46]. The program has readily available blocks for the
system components such as converters, transformers, filter banks, and other circuit elements.
The model building was started by considering each system terminal separately, and then
both terminals were combined together to form the complete system.
The first terminal that was developed in the hybrid system was the inverter (receivingend) terminal. A passive load was connected to the inverter model that was fed by a DC
voltage source. The AC output voltage of the inverter was regulated by a PI controller. A
block diagram of this stage of simulation work is shown in Fig. 4.1.

Chapter 4 Methodology

Figure 4.1 Preliminary inverter terminal circuit

The rectifier terminal was developed after the completion of inverter terminal build up.
The preliminary rectifier model consists of a 12-pulse rectifier fed by an AC 3-phase source
through impedance, which represents the sending-end network. The DC terminal of the
rectifier was connected to a DC voltage source which represents the receiving-end terminal.
The DC voltage of the rectifier was also regulated by a PI controller. The block diagram of
this preliminary rectifier terminal circuit is shown in Fig. 4.2.

Figure 4.2 Preliminary rectifier terminal circuit
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Each terminal of the system was first handled separately from the other. In the inverter
terminal, the work focused on the regulation of load voltage, investigation on the effects of
load change and load shedding, and the system response in case of faults on the AC side of
the inverter. The work on the rectifier terminal focused on the regulation of DC voltage. The
block diagram of the system in EMTP-RV is shown in Fig. 4.3.

Figure 4.3 Combined system (rectifier, inverter and DC cable) in EMTP-RV

4.2 Modeling of Rectifier
4.2.1 Power Circuit
The rectifier terminal is a 12-pulse thryistor based converter. The converter is connected
to the AC network through two converter transformers. The upper transformer has a Y/Y
connection and the converter side voltage is in phase with the high voltage side. The lower
transformer has a Y/∆ connection and the converter side voltage lags the high voltage side by
30o. The converter transformer steps down the voltage level of the AC system to a lower
level that is suitable for the converter and also provides effective isolation between the
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network side and the converter. The block diagram of the rectifier connection to the AC
network is shown in Fig. 4.4.

Figure 4.4: Rectifier connection to the AC network

The 12-pulse rectifier consists of two 6-pulse rectifier bridges connected in series. The
bridges are fed from the Y/Y/∆ transformer that introduces a phase shift of 30o between the
upper converter and lower converter voltages. Since the basic rectifier building block in
EMTP-RV is the 6-pulse bridge, the 12-pulse rectifier was implemented in EMTP-RV by
connecting two 6-pulse bridges in series.
The block diagram of the rectifier connection to the AC network is shown in Fig. 4.5.
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Figure 4.5: 12-pulse rectifier in EMTP-RV

4.2.2 Control Circuit
Each 6-pulse bridge receives the firing signals from a 6-pulse firing unit. Firing units are
available in EMTP-RV for both 6-pulse and 12-pulse bridges. The firing units use the
Equidistant Pulse Control (EPC) principle [43]. The firing pulse width is 1 ms which is split
into two pulses by means of pulse doubling technique. Pulse doubling is used in order to
ensure thyristor turn-on. The firing delay is calculated with respect to reference phase voltage
signals that are fed to the firing unit through Phase Locked Loops (PLLs) [43]. The PLL
synchronizes the firing pulses with respect to the fundamental component in the voltage
waveform and therefore possible errors in zero crossing detection, due to harmonic content in
the voltage waveform, are avoided. The block diagram of the rectifier control system in
EMTP-RV is shown in Fig. 4.6.
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Figure 4.6 Rectifier control system in EMTP-RV

The DC voltage setpoint was fixed at 10.1 kV, which was taken as the base value in the
rectifier control system. The measured value of DC voltage is fed back and divided by the
base DC voltage value to be converted to pu value. The selection of controller gains was
based on trial and error method with the objective of reducing the magnitude of DC
overvoltage below 1.2 pu, and achieving a settling time for the system within 0.1-0.2 s. Thus,
a series of simulation runs were conducted in order to optimize the controller gains by
observing the system response. This resulted in selecting a proportional gain of 0.003 and an
integral gain was set at 0.3.

4.3 Modeling of Inverter
4.3.1 Power Circuit
The receiving-end consists of the inverter, converter transformer, and load. The inverter
is a 2-level VSC. The converter’s fully controlled power devices were modeled in EMTP-RV
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by controlled switches. A controlled switch in EMTP-RV is switched on or off upon the
activation or de-activation of a control signal. R-C snubber circuits were used in parallel with
the controlled switches.
The converter transformer connects the inverter to the load bus. This transformer steps up
the converter output voltage to the voltage level of the load and provides isolation between
the inverter and load sides. The voltage rating of the transformer on the inverter side was
selected so as to guarantee that the insulation level could withstand the output voltage of the
inverter. In a practical situation, however, a special design of the transformer is needed to
avoid the breakdown of the insulation as a result of voltage stresses caused by fast converter
switching.

4.3.2 Control Circuit
The inverter control circuit consisted of the following components:
•

AC voltage controller

•

PWM unit

The AC voltage controller is of a fixed gain PI type. The controller gains were selected
based on trial and error method, with the objective of reducing the magnitude of AC
overvoltage below 1.1 pu, and achieving a fast system starting, with settling time of 0.1-0.2 s.
The value of the proportional gain was set at 0.45 while the value of the integral gain was set
at 60. The AC voltage setpoint was set to 1 pu, which corresponds to 33 kV (line voltage) at
the load bus. The three-phase voltage measurement signal was converted to pu value by
dividing it by the base voltage first which was, in this case, the peak value of phase voltage.
The pu normalized signal was then introduced to a maximum value selector block, which
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acts similar to an uncontrolled rectifier by converting the three-phase voltage to a DC
voltage. The rectified voltage signal is then introduced to a low-pass filter for the purpose of
smoothing the output voltage and reducing its ripples. The block diagram of the voltage
signal processing is shown in Fig. 4.7. The filter output is finally compared to the AC voltage
setpoint and the error is processed through the AC voltage controller, whose output
represents the modulation index. The feedback voltage signal and the outputs of signal
processing stages are shown in Fig. 4.8. The block diagram of the inverter control system,
including the PWM generator, is shown in Fig. 4.9.

Figure 4.7 Signal processing of measured voltage
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Figure 4.8 Measured voltage and outputs of signal processing stages

Figure 4.9 Inverter control system in EMTP-RV
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The AC voltage controller stage was followed by the PWM generation stage, which has
the function of generating the driving signals to the VSC switches. The PWM generator
block is readily available in EMTP-RV. The carrier frequency was set to 1.5 kHz. The
selection of carrier frequency is a compromise between high switching losses and adequate
higher quality waveform generation. Bipolar switching technique was used in order to
prevent the simultaneous operation of two switches on the same limb. The generation of
fundamental frequency reference signals for PWM was made using signal generators. The
generation of the carrier signal was made using a combination of a signal generator and an
integrator. The block diagram of PWM generator is shown in Fig. 4.10. The waveforms of
carrier and reference, and driving signals to converter valves of phase A are shown in Fig.
4.11.

Figure 4.10 PWM generator in EMTP-RV
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Figure 4.11 Carrier and reference waveforms and driving signals to converter valves

4.4 Modeling of DC Cable
The DC cable was modeled as a series of T-sections with resistance (R), inductance (L),
and capacitance (C) components. The cable model has 4 T-sections; each series arm in a
section consists of R-L elements. The value of R is 0.54 Ω and the value of L is 2.072 mH.
The value of capacitance per section is 2 µF. The cable model in EMTP-RV is shown in Fig.
4.12.
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Figure 4.12 DC cable model in EMTP-RV

4.5 Modeling of Load
The load was modeled as fixed-impedance R-L branches. The receiving end network load
was set at 2.4 MVA, 0.8 pf lagging. The load was split into 10 portions that are switched as
required. The use of switched branches for load modeling was intended to replicate the
situations of load changes. The block diagram of load model in EMTP-RV is shown in Fig.
4.13.
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Figure 4.13 Load model in EMTP-RV

4.6 Summary
This chapter presented the modeling of hybrid HVDC system components in EMTP-RV.
The implementation of system components in the simulation tool was presented. A
description of the power and control circuits was made for the rectifier and inverter
terminals. The implementation of signal processing in control circuits was also developed
and presented. Finally, the models of DC cable and receiving-end passive load were
presented.
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5.1 Introduction
The 2-terminal hybrid HVDC system consists of rectifier and inverter stations at the
Sending-end (SE) and Receiving-end (RE) of the DC link respectively. The rectifier is a 12pulse thyristor based LCC, while the inverter is a 2-level VSC. The Single Line Diagram
(SLD) of the two-terminal system is shown in Fig. 5.1.

Figure 5.1 SLD of two-terminal hybrid HVDC system

The system was used to supply the passive network at the RE of the DC link. A 33 kV,
2.4 MVA, 0.8 p.f. lagging load was connected to the RE network. The system specifications
are given in the Table 5.1.
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Table 5.1 Two-terminal hybrid system specifications

SE AC network

Rated voltage: 33 kV, SCL: 500 MVA

SE AC filters

Tuned filters: 11th and 13th harmonic
filters, 0.45 MVAR each
HPD filter: 12th harmonic, 0.15 MVAR

Converter transformers T1 and T2

33/4.5 kV, 3 MVA

Rectifier

12-pulse LCC rated at 6 MW

DC inductor

250 mH, 300 A

DC filter

HPD filter: 12th harmonic, 0.45 MVAR

DC cable

Rated voltage: 12 kV, operating voltage:
10 kV, length:10 km

Reservoir capacitor

100 µF, 12 kV

VSC

2-level topology, 3 MVA

Converter transformer T3

7.1/51 kV, 5 MVA

RE AC filters

HPD filter: 25th harmonic, 0.5 MVAR
Capacitor bank: 0.6 MVAR

Load

33 kV, 2.4 MVA, 0.8 p.f. lagging
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The V-I characteristics of the DC system are presented in Table 5.2. It is worth
mentioning that these values correspond to the normal operating conditions, in which the
system is operated in closed loop control mode. For system loads less than 0.4 pu, the system
is switched to open loop control mode as explained in section 5.3.1. The base value for the
system load is the rated load power of 1.92 MW.
Table 5.2 V-I characteristics of the DC system

DC voltage (kV)

9.5

9.5

9.6

9.7

9.85

10

10.1

DC current (A)

280

260

240

220

200

185

165

System load (pu)

1

0.9

0.8

0.7

0.6

0.5

0.4

5.2 Control System
The control strategy adopted is DC voltage control at the rectifier station and AC voltage
control at the inverter station. The reason for this selection is to create a fixed voltage, fixed
frequency supply for the passive network at the RE, while the DC link voltage is regulated by
means of firing angle control at the rectifier station. The controllers used were of PI type as
they are capable of eliminating the steady state error and achieving a satisfactory transient
performance.

5.2.1 Rectifier Control System
The block diagram of the rectifier control system is shown in Fig. 5.2. As DC voltage
control was adopted, the controlled parameter was the DC voltage while the controlling
parameter was the firing angle of the rectifier bridge. In order to guarantee the existence of
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sufficient forward voltage across the thyristor valve at the instant of firing, the the minimum
firing angle was set to 5o, which is a typical standard practice in the design of rectifier
controller. Although the system operation involves the converter being operated as a rectifier
only, the maximum limit of the firing angle was set to 120o. This was intended to allow the
firing angle increase during transients upon the DC voltage setpoint reduction, as explained
in section 5.3.2. The voltage level of transformers T1 and T2 was selected in such a way to
obtain a steady state firing angle of 15-20o at full load; this was intended to avoid excessive
reactive power consumption by the rectifier.

Figure 5.2 Rectifier control system

The inputs of bridge firing unit are: synchronizing reference signals, firing pulse width,
firing angle, and blocking signal. The outputs of the firing unit are the firing pulses given to
thyristors in the bridge configuration. The firing pulse width was fixed at 1 ms.
Synchronizing reference signals represented phase voltage waveforms at the HV side of the
converter transformer. The phase voltage waveforms were passed through PLLs to
synchronize the firing pulses to the fundamental frequency voltage. The line voltage signals
were then synthesized inside the firing unit from the PLLs outputs. The firing angle input to
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the bridge was given from the DC voltage controller. The block diagram of the bridge firing
unit is shown in Fig. 5.3.

Figure 5.3 6-pulse bridge firing unit

5.2.2 Inverter Control System
The block diagram of inverter control system is shown in Fig. 5.4. As AC voltage control
was adopted, the controlled parameter was the AC voltage, while the controlling parameter
was the Modulation Index (MI). The minimum limit value of MI was set to 0.5, while the
maximum limit was set to 1 so as to guarantee the operation in linear modulation region.

Figure 5.4 Inverter control system

5.3 Special Control Schemes
Special control schemes were developed to cope with transient and abnormal operating
conditions such as light load starting and AC faults in RE network.
43

Chapter 5 Test System

5.3.1 Light Load Starting Scheme
Light load starting proved to be problematic to the rectifier control system. Upon system
starting at loads of less than 0.4 pu, a DC voltage collapse occurs and the system fails to start.
The DC voltage collapse upon system starting at loads less than 0.4 pu is shown in Fig. 5.5.
The DC voltage collapse is due to the DC voltage controller gains being inappropriate for
system operation at light load.

Figure 5.5 DC voltage collapse upon light load starting

In order to cope with light load starting condition, a starting scheme was developed. The
scheme is shown in Fig. 5.6. The scheme makes use of another operating mode of the hybrid
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system, in which the rectifier is operated at a fixed value of firing angle (i.e. open loop
control for the rectifier control system). The principle of operation of the scheme is based on
the detection of the DC voltage controller saturation which occurs in case of voltage collapse.
The sequence of operation for the starting scheme is explained as follows:
•

Upon system starting at light load, a DC voltage collapse occurs, resulting in the
saturation of DC voltage controller as well as the AC voltage controller at the
inverter terminal.

•

As a result of DC voltage collapse, the output voltage of the inverter is zero. This
condition is detected by means of output voltage measurement at the inverter
terminal. Then, the value of setpoint given to the AC voltage controller is reduced
in order to reduce the level of saturation of the controller. In other words, the rate
of rise of the modulation index above its upper limit is reduced by reducing the
setpoint given to the controller.

•

The saturation of the DC voltage controller is detected by a control circuit at the
rectifier terminal. This control circuit deactivates the DC voltage controller and
the rectifier is operated in fixed firing angle control mode. Upon switching to
open loop control, a DC voltage starts to build up after the initial voltage collapse.
As the DC voltage starts to build up, an output AC voltage starts to appear at the
inverter terminal and the zero voltage condition is no longer present. The AC
voltage setpoint is then ramped from its reduced value up to unity in the same
fashion as in starting. In other words, a new starting is made but with the rectifier
being operated in fixed firing angle mode.
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Figure 5.6 Light load starting scheme
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5.3.2 Fault Handling Schemes
System faults at the RE network are considered among the most onerous transient
disturbances that could be experienced by the transmission system. The duty of fault clearing
is undertaken by CBs at the RE network, therefore the main issues of concern in system
performance are the magnitudes of overvoltages at AC and DC sides during post-fault period,
and the recovery time taken by the system to restore the nominal voltage and power at the RE
load bus.
The AC fault handling scheme 1 is shown in Fig. 5.7. The scheme was designed with the
objective of reducing the period of sustained overvoltage that takes place at the load bus
upon fault clearing. This was obtained by maintaining the pre-fault value of voltage feedback
during the fault to stabilize the controller output and prevent the saturation of its output. The
scheme operation does not require any form of communication between rectifier and inverter
terminals as both the measured signal and the control action are local to the inverter terminal
and the RE network.

Fig. 5.7 AC fault handling scheme 1

47

Chapter 5 Test System
The AC fault handling scheme 2 is shown in Fig. 5.8. The principle of operation for this
scheme is based on the reduction of controllers’ setpoints during fault period in order to
reduce the post-fault overvoltage magnitude at DC and AC sides of the inverter, and to
reduce the recovery time taken by the system to restore the normal voltage at the load bus.
The reduction of AC voltage controller setpoint results in a lower rate of rise of MI during
the fault period. Thus, the MI saturates for a brief period only upon fault clearing, resulting in
a faster restoration of normal voltage at the bus. The reduction of DC voltage controller
setpoint results in reduced magnitudes of overvoltages at DC and AC sides of the inverter.
Since the scheme applies changes at both rectifier and inverter controllers, it is necessary to
have a communication channel between both terminals in order for the scheme to be used.

Fig. 5.8 AC fault handling scheme 2
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5.3.3 Overcurrent Protection Scheme
Overcurrent protection aims at preventing the inverter valves damage by excessive
current that results from overload or short circuits. Since valve current depends on the
inverter total power output (MVA), it was necessary to keep the output MVA of the inverter
below its rated value. In case of a passive network, however, the demand varies over time
according to the connected load; therefore it is not practical to employ a secondary current
controller since the current order is unknown and depends upon the load. Consequently, the
overcurrent protection was made by voltage reduction in case of overloads, which in turn
results in a reduction in the load current and the total MVA output of the inverter.
The block diagram of overcurrent protection scheme is shown in Fig. 5.9. The average
valve RMS current is compared to the threshold value, which is typically the rated current of
the valve. Upon detection of an overcurrent condition, a signal is generated for AC voltage
setpoint reduction after a time delay of Tdelay, which depends on the current rating of the
valves and the efficiency of the cooling system.

Figure 5.9 Overcurrent protection scheme

5.3.4 Oscillatory Mode Damping Scheme
The principle of operation for the oscillatory mode damping scheme depends on the
inspection of magnitudes and frequencies of oscillations that are present in the control signal
49

Chapter 5 Test System
of interest. In this case, it was chosen to apply the scheme to the firing angle signal, which is
the output of the DC voltage controller.
The control signal typically has small oscillations around the steady state value in normal
operation. During disturbances, however, the magnitude of oscillations increases as the
system is transferred from one operating condition to another. The oscillations finally damp
out as the system reaches its new steady state condition. Since both the magnitude and
frequency of oscillations change during the disturbance, this change could be used to detect
oscillatory modes of the system, in which a sustained oscillation occurs and persists without
being attenuated by the system damping. The sustained oscillation condition typically occurs
as a result of the system damping being too low; this could be handled by the alteration of
controller gains to suit the new operating conditions.
The scheme operation was based on the detection of oscillations with frequencies less
than or equal to 33 Hz in the firing angle signal. The threshold value of 33 Hz represents the
upper limit of the range of frequencies that are characteristic to the sustained oscillations
mode of the system. These frequencies vary between 24-33 Hz and they appear in the outputs
of controllers when a large disturbance is experienced by the system, when the controller
gains are not suitable for the post-disturbance operating conditions. The scheme operation is
described as follows:
•

The average value of the firing angle signal was calculated by an average
calculator at a frequency of 20 Hz. This average value, being calculated at a
relatively low frequency, is compared to the actual firing angle signal in order to
detect the presence of large oscillations in the firing angle.
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•

Upon the occurrence of a disturbance causing the presence of sustained
oscillations, the absolute value of the difference between the average and
instantaneous values of the firing angle is increased and exceeds the narrow band
of the firing angle fluctuation in steady state, selected at ±2o.

•

This will trigger the operation of a time period calculator, which calculates the
period of each half-cycle of the oscillations in the firing angle.

•

The periods of oscillations are compared to the threshold value of 33 Hz. Upon
the detection of frequencies less than or equal to this value, a timer starts to count
the total time for the presence of these oscillations.

•

Once the total cumulative time for the presence of oscillations exceeds a threshold
value of 0.05 s, a control signal is generated to re-tune the DC voltage controller
gains. In this case, the proportional and integral gains are changed to 0.001 and
0.2 respectively. These new values of gains were found to yield a good system
performance with no oscillations in case of light load operation.

The block diagram of oscillatory mode damping scheme is shown in Fig. 5.10.

Figure 5.10 Block diagram of oscillatory mode damping scheme

5.4 Summary
In this chapter, the hybrid system specifications were presented. The control modes for
the rectifier and inverter were selected; the control systems for rectifier and inverter were
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presented and explained. In normal operating conditions, the selection of AC voltage control
for the inverter terminal was necessary in order to provide a stable voltage source for the
passive network at the receiving end, while the DC voltage was regulated by the DC voltage
controller at the rectifier end. In order to handle abnormal and transient operating conditions,
special control schemes were developed in order to maintain the stable operation of the
hybrid system. This was achieved by providing a ride-through capability for the controllers,
or by switching the system to another control mode which is suitable for the operating
condition. The system performance under the selected control modes and the developed
control schemes was tested and validated by EMTP-RV simulations presented in the chapter
that follows.
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6.1 System Starting
6.1.1 Starting at Full Load
The control objectives at system starting mainly included smooth starting by reducing
the magnitude of overvoltage that occurs on both the DC side and the AC side, and fast
starting by reducing the time taken by the system to attain steady state condition. The
magnitude of overvoltage on DC side was limited to 1.15 pu as shown in Fig. 6.1 (a), while
the magnitude of overvoltage on AC side (at the load bus) was limited to 1.16 pu as shown in
Fig. 6.1 (e). The DC current experiences oscillations in the first 5 cycles and reaches its
steady state value, after the charging of cable capacitance is ended, within 0.15 s as shown in
Fig. 6.1 (b). The load power reaches its steady state value within 0.15 s as shown in Fig. 6.1
(d). The firing delay experiences large oscillations in the first 5 cycles and reaches its steady
state value within 0.2-0.3 s as shown in Fig. 6.1 (c). It is also noticed that the starting scheme
discussed in chapter 5 was not used in this case of starting at full load. The modulation index
value is fixed at its lower limit of 0.5 for the first 3 cycles and reaches its steady state value
within 0.2 s as shown in Fig. 6.1 (f).
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Figure 6.1 System starting at full load

The setpoints of DC voltage and AC voltage controllers are shown in Fig. 6.2. In order to
achieve a smooth starting, the setpoint signal is given as a ramp reaching unity rather than a
step at unity. The setpoint ramp times for DC voltage and AC voltage are 2 and 4 cycles
respectively. An increased ramp slope would accelerate the voltage buildup but the
magnitude of overvoltages will also increase. Although a faster starting could have been
achieved by increasing the ramp slope of reference signals to the controllers, it was decided
to limit the magnitude of overvoltages below 1.2 pu at the expense of a slight delay in
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settling time. This was verified by simulation results, but due to brevity, the results are not
included.

Figure 6.2 DC voltage and AC voltage controllers’ setpoints

6.1.2 Starting at Light Load
Light load starting condition was handled using the starting scheme developed in section
5.3.1. The scheme achieves a re-starting of the rectifier after a DC voltage collapse caused by
poorly tuned DC voltage controller gains. Since the controller is of fixed gain type, it is not
possible to change the gains, and therefore it is necessary to operate the rectifier in fixed
firing angle mode (open loop control mode) in order to restart the system. A sensitivity case
involving a system starting at a load of 0.3 pu was conducted to test the performance of light
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load starting scheme. The initial DC voltage collapse, shown in Fig. 6.3 (a), occurs within 5
cycles upon system starting. The operation of light load starting scheme then comes into
effect after an intentional time delay of 0.1 s from the instant of voltage collapse. As the
rectifier operation is switched into fixed firing angle control mode, at a firing angle of 40o,
the DC voltage starts to build up after its collapse and settles at its new value of 0.8 pu within
5-6 cycles. The DC current is also settled within 5 cycles as shown in Fig. 6.3 (b). The load
voltage settles within 6 cycles as shown in Fig. 6.3 (d). However, the load voltage
experiences a sustained overvoltage that reaches 1.1 pu as a result of AC voltage controller
saturation. This overvoltage remains present for 0.6 s after the restarting instant and causes
an increase in the power received by the load which reaches 0.35 pu, as shown in Fig. 6.3 (c).
It is worth mentioning that the system operation at full load is also possible with the rectifier
being operated at fixed firing angle mode.
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Fig. 6.3 System starting at a load of 0.3 pu

The control action of light load starting scheme is shown in Fig. 6.4. As the DC voltage
controller saturates, a control circuit switches rectifier control to fixed firing angle mode after
0.1 s of controller saturation, as shown in Fig. 6.4 (a). The control action of the scheme at the
inverter terminal is to reduce the AC voltage setpoint to 0.2 pu, as shown in Fig. 6.4 (c). This
reduction in AC voltage setpoint helps reducing the level of saturation of AC voltage
controller as shown in Fig. 6.4 (d) by decreasing the ramp slope of controller output. The
controller output then starts to decrease as a result of DC voltage buildup and returns to its
normal range of modulation index at 0.8 s of simulation time as shown in Fig. 6.4 (b). It is
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worth mentioning that the rectifier is operated at such a high value of firing angle (40o) since
the DC voltage build-up could not take place at lower values of fixed firing angle. This is due
to the AC voltage controller gains being poorly tuned for the light load condition.

Fig. 6.4 Firing angle, modulation index, AC voltage setpoint, and AC voltage controller output

6.2 Load Disturbance
6.2.1 Negative Step Change
The effect of load disturbance on the system performance was one of the key issues
investigated in the simulation study of the hybrid system. A sensitivity case involving a
negative 0.2 pu step change is applied at 1 s of simulation time. The DC voltage experiences
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some oscillations and settles within 4 cycles as shown in Fig. 6.5 (a). The load voltage
experiences oscillations that settle within 5 cycles as shown in Fig. 6.5 (e). The DC current
settles at the final value of 250 A within 5 cycles as shown in Fig. 6.5 (b). The load power
tracks the step change and settles at the final value of 0.8 pu within 10 cycles as shown in
Fig. 6.5 (d). The firing angle reaches its final value of 18o within 7 cycles as shown in Fig.
6.5 (c). The modulation index reaches its final value of 0.8 within 6 cycles as shown in Fig.
6.5 (f).

Figure 6.5 0.2 pu negative step change in load power
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6.2.2 Positive Step Change
The simulation results for a sensitivity case of 0.2 pu positive step change in load are
shown in Fig. 6.6. A step change is applied at 0.95 s of simulation time. The DC voltage
experiences a momentary dip and settles within 5 cycles as shown in Fig. 6.6 (a). The load
voltage also experiences a momentary dip and settles within 3 cycles as shown in Fig. 6.6 (e).
The DC current reaches its final value of 280 A within 4 cycles as shown in Fig. 6.6 (b). The
load power tracks the step change and settles at its final value of 1 pu within 8 cycles as
shown in Fig. 6.6 (d). The value of firing angle oscillates and reaches its final value of 17o
within 9 cycles as shown in Fig. 6.6 (c). The modulation index reaches its final value of 0.81
within 10 cycles as shown in Fig. 6.6 (f). As far as the settling time of load power is
concerned, the system response for a positive load disturbance (8 cycles) is less oscillatory
than that for a negative step change (10 cycles).
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Figure 6.6 0.2 pu positive step change in load power

6.3 Three Phase Fault at Receiving-end Network
A three phase fault at the receiving-end network is the most severe transient disturbance
that could occur in the system. The fault impedance was kept low at 10 Ohms in order to
investigate the effects of such a severe fault on the performance of the controllers and the
system in general. The fault handling schemes developed in section 5.3.2 were used to cope
with the fault condition with the objective of reducing the magnitudes of overvoltages and
the system recovery time. The simulation results for each of the developed schemes is
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presented and analyzed and a performance comparison is made based on overvoltage
magnitude and recovery time criteria.

6.3.1 Fault Handling by Scheme 1
Fig. 6.7 shows the simulation results for a three phase fault handled by scheme 1. The
fault is applied at 1.2 s of simulation time and sustains for 0.1 s which is the approximate
time taken by a high-speed circuit breaker to clear the fault. The recovery time of DC and AC
voltages is measured from the instant of fault clearing at which the fault is removed from the
system. The DC voltage experiences a severe dip that reduces its value to 0.2 pu as shown in
Fig. 6.7 (a). Upon fault clearing, the magnitude of DC overvoltage reaches 2.4 pu. The
recovery time for DC voltage is 10 cycles. The depressed load voltage reaches 0.1 pu as
shown in Fig. 6.7 (e). Upon fault clearing, the magnitude of overvoltage at the load bus
reaches 3.1 pu. The recovery time for load voltage is 11 cycles. The DC current increases and
reaches a value of 900 A as a result of the power being dissipated in the fault, as shown in
Fig. 6.7 (b). Upon fault clearing, the DC current is restored to its normal value within 4
cycles. The load power drops to zero during fault as shown in Fig. 6.7 (d). Upon fault
clearing, the load power experiences a surge, due to the overvoltage at the load bus, and is
quickly restored to its value within 10 cycles. The firing angle drops to its lowest limit of 5o
as a result of the abrupt decrease in DC voltage, and therefore the DC voltage controller
output saturates. Upon fault clearing, the value of firing angle remains fixed at 5o as a result
of controller saturation. The firing angle is restored to its normal range within 0.44 s from the
instant of fault clearing. The operation of fault handling scheme 1 is explained through the
modulation index in Fig. 6.7 (f). The scheme prevents AC voltage controller output
saturation by maintaining the pre-fault value of voltage feedback during the fault. Although a
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slight increase in modulation index is made during the fault, due to the difference between
the AC voltage setpoint and the instantaneous value of the AC voltage immediately prior to
the fault, however the controller output saturation is prevented. Upon fault clearing, the
modulation index experiences an abrupt drop reaching its low limit due to the DC
overvoltage that takes place immediately after the fault clearing. It is also noticed that the
post-fault value of modulation index is less than its pre-fault value. This is explained in light
of the post-fault values of firing angle and DC voltage, since the DC voltage experiences a
post-fault rise due to saturation of DC voltage controller and the low value of the firing
angle. Thus, the post-fault value of the modulation index is expected to be higher for the
same magnitude of output AC voltage.
In addition to the large values of post-fault overvoltages, the scheme causes the DC voltage
saturation for a period of 0.37 s after fault clearing. This extended saturation of controller
output would trigger the operation of the light load starting scheme that was used in section
6.1.2. In order to avoid this interference of control schemes, it is necessary to adjust the
operation of the light load starting scheme in such a way that the scheme does not operate in
fault situations. This would add, however, more complexity to the scheme operation.
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Figure 6.7 Three-phase fault handled by scheme 1

6.3.2 Fault Handled by Scheme 2
Fig. 6.8 shows the simulation results in case of a 3-phase fault handled by scheme 2. The
fault is applied at 0.6 s of simulation time. The DC voltage is reduced to a value of 0.2 pu by
means of the fault handling scheme as shown in Fig. 6.8 (a). Upon fault clearing, the DC
voltage experiences a momentary rise to its rated value followed directly by an abrupt drop to
its value during the fault. These rapid changes in DC voltage are due to the DC cable
capacitance being recharged upon fault clearing and the restoration of the DC voltage
setpoint to its normal value. The DC voltage recovers within 10 cycles. The depressed load
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voltage during the fault reaches 0.1 pu as shown in Fig. 6.8 (e). Upon fault clearing, the
magnitude of overvoltage at the load bus reaches 1.63 pu. The recovery time for load voltage
is 10 cycles. Upon fault occurrence, the DC current initially experiences a drop and reaches a
value of 40 A, as shown in Fig. 6.8 (b), due to the cable capacitance being discharged. The
drop in DC current is then followed by a rise that reaches 550 A due to the power being
dissipated in the fault. Upon fault clearing, The DC current is restored to its normal value
within 10 cycles. The load power drops to zero during the fault as shown in Fig. 6.8 (e).
Upon fault clearing, the load power experiences a surge that reaches 1.4 pu due to the
overvoltage at the load bus, and settles within 12 cycle. The firing angle experiences a surge
upon fault occurrence, as shown in Fig. 6.8 (c), due to the reduction in DC voltage setpoint
by the fault handling scheme. Upon fault clearing, the firing angle experiences some
oscillations and settles at its final value of 16o within 9 cycles. The effect of fault handling
scheme 2 is explained through the modulation index in Fig. 6.8 (f). Upon fault occurrence,
the reduced AC voltage setpoint results in an abrupt drop of the modulation index to its low
limit. Since the voltage at the load bus is less than the reduced setpoint of 0.2 pu, the
modulation index starts to rise during the fault until it reaches its high limit and the AC
voltage controller saturates. The scheme, however, prevents a faster saturation of the AC
voltage controller output and consequently a longer period of sustained overvoltage at the
load bus after fault clearing. This is proven by the fast restoration of modulation index to its
normal value within 9-10 cycles.
The use of fault handling scheme 2 reduces the magnitudes of post-fault overvoltages and
prevents saturation of controllers. Moreover, the firing angle response shows no extended
period of controller saturation at its low limit. Therefore it is not prohibitive to run fault
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handling scheme 2 and the light load starting scheme together. In other words, the
simultaneous operation of fault handling scheme 2 and light load starting scheme does not
require a special adjustment of either of the schemes for the purpose of coordination. On the
other hand, the use of fault handling scheme 1 requires the adjustment of light load starting
scheme, as shown in section 6.3.1. Therefore, it is strongly recommended to use fault
handling scheme 2 and not fault handling scheme 1 for AC network fault handling.

Figure 6.8 Three-phase fault handled by scheme 2

The setpoints of DC and AC voltage controllers are shown in Fig. 6.9. The principle of
operation of fault handling scheme 2 is based on the reduction of controllers’ setpoints during
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the fault in order to avoid excessive controller output saturation and to reduce the magnitude
of post-fault overvoltages. The ramp slope of AC voltage setpoint is made less than that of
DC voltage setpoint in order to reduce the magnitude of post-fault overvoltage at the load bus
and to allow the recovery of DC voltage before full AC voltage is applied at the load bus.

Figure 6.9 DC and AC voltage controllers setpoints using scheme 2

6.4 Inverter Overcurrent Protection
6.4.1 Overload Protection
The overcurrent protection scheme was tested by a sensitivity case of an overload of 30%
in magnitude that lasts for 1 second. The RMS current measurement shown in Fig. 6.10 (a)
was used to detect the overcurrent condition, which was defined as the average valves’
current being higher than 200 A for 0.4 s. The overload flag was then set to high as shown in
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Fig. 6.10 (d). The scheme acted by reducing the AC voltage setpoint to 0.88 pu as shown in
Fig. 6.10 (c). Fig. 6.10 (b) shows the effect of the scheme operation, which results in limiting
the inverter output to its rated value after a short overload during the time delay period. This
time delay is used to prevent the scheme operation in case of transients and momentary
overloads. The length of time delay depends upon the current rating of inverter valves, as
well as the efficiency of the cooling system used for heat removal from the valves.
Upon the end of overload period, the inverter MVA output, shown in Fig. 6.10 (b), is used
to reset the overload flag and control action of overload scheme by restoring the AC voltage
setpoint to its normal value of 1 pu after a time delay of 0.12 s as shown in Fig. 6.10 (d) and
6.10 (c), respectively. The valve current is kept below the limit of 200 A as shown in Fig.
6.10 (a).
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Figure 6.10 Overcurrent protection scheme operation

The impact of AC voltage setpoint reduction on DC voltage is an oscillation that settles
within 4-5 cycles, as shown in Fig. 6.11 (a). The modulation index also experiences some
oscillations that settle within 4 cycles as shown in Fig. 6.11 (b). The oscillations in load
power settle within 6-7 cycles as shown in Fig. 6.11 (c). The load voltage tracks the change
in setpoint within 7 cycles as shown in Fig. 6.11 (d).
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Figure 6.11 Impact of overcurrent protection on system performance

6.4.2 Short Circuit Performance of Fault Handling Schemes
The objectives of fault handling schemes are mainly to reduce the magnitude of post-fault
overvoltages and the voltage recovery time. Moreover, the magnitude of short circuit current
flowing through the valves is another criterion for assessing the performance of fault
handling schemes. In case of short circuits, the currents in inverter valves are different from
each other due to possible differences in fault impedance and short circuit current path. Thus,
it was necessary to find the current in each individual valve in the inverter.
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The RMS valve currents in case of 3-phase fault handled by fault handling scheme 1 are
shown in Fig. 6.12. The transient (short-time) current carrying capability of the inverter
valves shall not be less than the highest RMS current reached during the fault for a period
greater than or equal to the fault clearing time (taking the design for the worst case scenario).
Thus, the short-time rating of inverter valves using scheme 1 shall not be less than 950 A for
0.1 s. The ratio of the highest short circuit current to rated valve current is therefore 4.25.

Figure 6.12 Short circuit currents in inverter valves upon the use of fault scheme 1

The RMS valve currents in case of a 3-phase fault handled by fault handling scheme 2 are
shown in Fig. 6.13. Based on the short-time rating definition mentioned above, the short-time
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rating of the inverter valves shall not be less than 600 A for 0.1 s. Thus, the ratio of highest
short circuit current to rated valve current is 3. It shows that the short-time rating of the
valves using fault handling scheme 2 is less than that when using scheme 1. Thus, the short
circuit current criterion also favors the use of fault handling scheme 2.

Figure 6.13 Short circuit currents in inverter valves upon the use of fault handling scheme 2

6.5 Oscillatory Mode Damping
The oscillatory mode damping scheme developed in section 5.3.4 was used to handle a
load shedding situation in which 50% of the load is suddenly disconnected from the system
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at 1 s of simulation time. This large load disturbance triggered an oscillatory mode in which
sustained oscillations exist in the firing angle. Consequently, the oscillations were reflected
on the DC voltage and modulation index and the system was trapped into a state of sustained
oscillations that cannot be damped. The oscillatory mode damping scheme then intervenes to
adjust the DC voltage controller gains and restore the system to its normal operation.
The first stage in the scheme operation is made by subtracting the average value of firing
angle from its instantaneous value, shown in Fig. 6.14 (a). The absolute value of this
subtraction, shown in Fig. 6.14 (b), represents the deviation of the instantaneous signal value
from its average value. This deviation, when exceeding 2o, is used to generate the pulses
shown in Fig. 6.14 (c). The width of each individual pulse is then measured as shown in Fig.
6.14 (d). The width of each individual pulse is indicative of the frequency of oscillation that
takes place in the firing angle.
The load disturbance, applied at 1 s of simulation time, results in a series of un-damped
oscillations that appear in the firing angle, as shown in Fig. 6.14 (a). Although the magnitude
of oscillations appears to be diminishing at 1.45 s, however it quickly grows again and it
could be noticed that the system has entered a state of un-damped oscillations. The frequency
of these oscillations is compared to the threshold value of 33 Hz by the half-cycle width
measurement in Fig. 6.14 (d). A half cycle width of 0.015 s or more will result in a
cumulative off-delay timer to count (the half cycle width of 0.015 s corresponds to the half
cycle width of 33 Hz oscillation). When the timer counts 0.05 s elapsed with these
oscillations being present, a control signal is generated to change proportional and integral
gains of DC voltage controller to 0.001 and 0.2 as shown in Fig. 6.14 (a) and (b) respectively.
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Figure 6.14 Oscillatory mode damping scheme operation

The effect of the oscillatory mode damping scheme on the system performance is shown
in Fig. 6.15. As the DC voltage controller gains are changed at 1.8 s of simulation time, the
firing angle experiences a drop and settles at its new steady state value of 22 within 0.2 s, as
shown in Fig. 6.15 (a). After experiencing oscillations for about 1 s after the initial
disturbance, the DC voltage settles at its new steady state value of 0.98 pu within 0.3 s as
shown in Fig. 6.15 (b). The modulation index settles at a new lower value of 0.78, as shown
in Fig. 6.15 (c), as a result of the increase of the DC voltage. The oscillations in load power
are damped out within 0.3 s of the change in DC voltage controller gains as shown in Fig.
6.15 (d). The overall effect of the scheme operation on the system is the attenuation of the
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oscillatory mode that arose as a result of the large load disturbance applied at 1 s. The
scheme succeeded in damping out oscillations in DC voltage and restored its value within the
allowable voltage regulation limit of ±5%.

Figure 6.15 Effect of oscillatory damping scheme on the system performance

6.6 Summary
In this chapter, the system performance was investigated in both steady state and transient
operating conditions. The system response to small signal disturbances, such as load changes,
was presented and analyzed. The system performance in transient conditions under the
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developed control schemes was presented and discussed. The main concluding point of the
chapter is that the use of fault handling scheme 2 achieves a better response in terms of
overvoltages magnitudes, system recovery time, and short circuit current in inverter valves.
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Conclusions and Future Work
7.1 Conclusions
The thesis presents a hybrid HVDC transmission system that has a LCC at its sendingend and a VSC at its receiving-end. The VSC supplies a passive network at the receivingend. Therefore the receiving-end load relies solely on the VSC. Consequently, the VSC had
to be operated in AC voltage control mode, while the LCC was operated in DC voltage
control mode.
Fixed-gain PI controllers are used to regulate the controlling parameters at the rectifier
and inverter terminals. The firing angle is regulated by the DC voltage controller at the
rectifier terminal, while the modulation index is regulated by the AC voltage controller at the
inverter terminal. Since the receiving-end network is passive, direct control of VSC is used
and the controlling variable is the modulation index only. The use of direct control is justified
in this particular case of power supply to a passive network since direct control is simple and
cheap, and since there is neither a requirement of independent control of active and reactive
power, nor a requirement of power reversal between both ends of the DC tie.
Although fixed gain controllers with properly-tuned gains provide a satisfactory system
performance and appropriate response to load changes, their main disadvantage is their
inability to handle the system upon significant changes in operating conditions. In other
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words, the PI controller gains become inappropriate to provide a satisfactory system
performance upon large changes in load or AC fault situations.
Since PI controllers are unable to handle abnormal conditions, such as starting at light
load, and transient conditions, such as an AC fault at the receiving-end network; special
control schemes are developed in order to handle these conditions. The objective of these
control schemes is to maintain a stable system operation during abnormal conditions and to
allow the system to ride through the disturbances and recover quickly. The schemes operate
either by intervening with the normal control mode to achieve the desired control objective,
or by switching the system to a different control mode. The second developed fault handling
scheme is the option of choice as it reduces the magnitude of post-fault overvoltage to 1.63
pu with a voltage recovery time of 10 cycles, and as it does not interfere with light load
starting scheme. This fault handling scheme, however, requires establishing a communication
channel between rectifier and inverter terminals.
The hybrid HVDC system is applicable to a wide number of existing HVDC installations
where the power flow over the DC link is predominantly unidirectional. An ideal application
of the hybrid system is found where the receiving-end network is passive, since a VSC does
not need an active voltage source to commutate against. This makes the hybrid system a
perfect choice for power supply to islands and remote communities where there is no
connection to the utility grid.
The major contributions of this thesis are the following:
1. The development of a simulation model for the hybrid HVDC system in
EMTP-RV simulation environment.
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2. The development of two fault controllers to handle 3-phase faults that
may occur in the receiving-end network.
3. The development of a control scheme to enable system starting and
operation at light load conditions.
4. The development of an oscillation damping scheme to handle large load
disturbances.

7.2 Future Work
The following aspects remain to be investigated in the future work of this project:
1. Use of advanced control strategies (fuzzy logic or adaptive control) in
rectifier and inverter controllers: this may be able to improve the system
performance and its dynamic response to various disturbances. It may also
eliminate the need for the communication link between rectifier and
inverter terminals.
2. Extension of the system into a multi-terminal one: this is done by adding a
second inverter terminal supplying an active network. An important aspect
of this future research is to investigate the performance of vector control at
the inverter terminal supplying the active network.
3. Diversification of load models used at the receiving-end terminal: an
important load type to be used in this future research is the induction
motor load. This is expected to improve the results and give a better
insight on the performance of the hybrid system, as the load would
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become a combination of fixed-impedance and dynamic loads, which is
the situation found in real world power system loads.
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Appendix A
Load Impedance Calculations
The inverter load at the receiving end network was rated at 2.4 MVA, which is equivalent
to 80% of the inverter rating. The load is fed at 33 kV with a power factor (pf) of 0.8 lagging.
In order to determine the load impedance, the load current was calculated using the above
load data.
The full load current is calculated by equation (A.1):
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The active and reactive power of the load are found by equations A.3 and A.5:
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From A1.2 and A1.4 and assuming a balanced 3-phase load, the resistive part of the load
impedance is calculated using A1.7 as follows:
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Similarly, the inductive part of the load impedance is calculated using A.9 from A.2 and
A.6 as follows:

   
  ( 

(A.9)
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 0.72 +

(A.11)

Assuming that the load is split into n switchable branches of equal impedances, the
branch impedance is calculated using A.12 as follows:
, 





(A.12)



Substituting -  10 in A.12, the resistive and inductive parts of branch impedance are
given by A.13 and A.14 as follows:
  3630 '

(A.13)

(  7.22 +

(A.14)
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Appendix B
Harmonic Filters Calculations
Harmonic filters were used at rectifier and inverter terminals in order to remove the
dominant harmonics in bus voltage. The following is the Matlab M-code that was used to
calculate the values of resistance, inductance, and capacitance for each tuned harmonic filter.
% Low pass filter design program
% Filter connection is wye
% Fundamental frequency = 60 Hz
Q=input('Please enter the filter rating (MVA)');
V=input('Please enter the system voltage (kV line to line)');
n=input('Please enter the harmonic order');
quality=input('Please enter the quality factor');
f=60;
omega=2*pi*f;
C=Q/(omega*(V^2))
L=1/(C*(n*omega)^2)
R=(omega*L)/quality

The following is the Matlab M-code that was used to calculate the values of resistance,
inductance, and capacitance for the high pass damped filter used at the inverter terminal.
% High Pass (HP) Damped Filter design program
% Filter connection is wye
% frequency = 60 Hz
Q=input('Please enter the filter rating (MVA)');
V=input('Please enter the system voltage (kV line to line)');
n=input('Please enter the harmonic order');
quality=input('Please enter the quality factor');
f=60;
omega=2*pi*f;
C=Q/(omega*(V^2))
L=1/(C*(n*omega)^2)
R=quality*omega*L

90

