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Abstract 

  

Voltage Source Converter (VSC) applications include but are not limited to HVDC, 

Flexible AC Transmission System (FACTS) devices such as STATCOM, SSSC, UPFC and 

Wind generators and active filters. The VSC based HVDC system is a feasible option for 

bulk power transmission over long or short distances and the grid integration of renewable 

energy sources in existing transmission and distribution systems. 

The main requirement in a power transmission system is the precise control of active and 

reactive power flow to maintain the system voltage stability. The VSC operating with the 

specified vector control strategy can perform independent control of active/reactive power at 

both ends. This ability of VSC makes it suitable for connection to weak AC networks or even 

dead networks i.e. without local voltage sources. For power reversal, the DC voltage polarity 

remains the same for VSC based transmission system and the power transfer depends only on 

the direction of the DC current. This is advantageous when compared to the conventional 

Current Source Converter (CSC) based HVDC system. Furthermore, in case of VSC, the 

reactive power flow can be bi-directional depending on the AC network operating conditions. 

In this thesis, a 3-phase, 2-level, 6-switch VSC connected to an active but weak AC 

system at both ends of the HVDC link is developed using EMTP-RV. The VSC-HVDC 

transmission system model is developed using both direct control and vector control 

techniques. The direct control method is an approximate method in which the active power, 

AC voltages at both ends of HVDC link and DC link voltage are controlled directly by using 

PI-controllers. In vector control method, closed loop feed-forward control system is used to 

control the active power, reactive power at both ends and DC voltage. 



 v 

By comparing the simulation results, it is concluded that the vector control method is 

superior to the direct control because of the removal of the coupling between control 

variables to achieve the independent control of active and reactive powers at both ends of the 

HVDC link. 
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Chapter 1 

Introduction 

1.1 Background 

The continuous increase in global power demand has fuelled the R & D of new 

technologies for bulk power transmission with improved reliability and controllability [1-

11]. High Voltage Direct Current (HVDC) technology has been in operation for more 

than 50 years and has been gaining in importance within the existing power grids due to 

its advantages compared to conventional AC transmission [1-5]. The Line Commutated 

Converter (LCC) based HVDC system is a mature technology which is primarily used for 

bulk power transmission over long distances but it has certain constraints such as the 

requirement of fairly strong AC networks to which it is connected and reactive power 

demand requirement by the converters.  

The Voltage Source Converter (VSC) based HVDC system is a relatively new 

technology for low and medium power transmission which can be connected to weak or 

even passive AC networks and is capable of supplying or absorbing reactive power 

according to the system operating conditions [6-11]. The converter which uses the 

voltage parameters as an input of it is called VSC. The main switching component of the 

VSC is a high-power high-frequency static switch (GTO, IGBT or MOSFET). The high-

power high-frequency static switches, which were previously used for motor drives and 

other similar applications, found applications in the HVDC system due to advances in 

semi-conductor manufacturing technology, DC transmission and converter control 
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strategies [1, 8]. Capability of these switches to turn ON and turn OFF at any desired 

instance makes it a very attractive technology for various power system applications. A 

constant DC voltage is required for operation of VSC which generates an AC output 

voltage of controlled magnitude, phase angle and frequency without presence of any 

rotating machines. Consequently VSC is also known as a synchronous machine without 

any inertia. VSC-HVDC may be used to supply passive loads without local generation 

and can connect islanded loads or even passive AC systems [13].  

It is also possible to use VSC-HVDC to construct a DC grid with multiple converters. 

The concept of multi terminal DC grid can be used for power supply to city centers [9]. 

With further developments for increasing the current and voltage capability of the 

converter switches and DC cables, the possibility of augmented use of VSC based HVDC 

system is very high. At present VSC-HVDC is used up to the 400 MW power level, but 

there are strong possibilities for raising this limit [9, 36]. The limitations associated with 

thyristor valve technology regarding the active and reactive power control are easily 

overcome by VSC-HVDC technology. Possible applications of VSC-HVDC exist feeding 

of weak AC systems, feeding to a passive network, or the grid integration of renewable 

energy sources like wind farms and solar farms. Remote power transmission makes VSC-

HVDC technology superior than its counterpart Current Source Converter (CSC) based 

HVDC technology [1, 2, 3, 4, 5, 9, 10, 11].   
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1.2 Related literature review 

Detailed information about the development of HVDC transmission system 

technologies is presented in [1, 2, 7, 8]. Economical, technical and environmental 

considerations of the AC and DC power flow are detailed in [7, 8]. A comparison 

between VSC-HVDC and CSC-HVDC systems regarding the capital cost, capitalized 

losses, DC capacitor size, commutation inductances and the footprint of the converter 

station has been discussed in [3]. The analysis of the power increase that can be achieved 

on an existing distribution network when a 3-phase link is substituted by a DC link is 

provided in [7].  

At present, the total installed capacity of HVDC systems around the world is 

approximately 60 GW and it is increasing at a very high rate [1]. Reference [5] explained 

the experiences starting from research stage to the commercial implementation of VSC-

HVDC technology pioneered by a leading electrical manufacturing company. Theoretical 

derivations and simulation results have been given to prove the advantages of VSC-

HVDC for power transmission and operation with neighboring AC networks.  Detailed 

explanations regarding independent control of reactive power as an important feature for 

voltage control and network operation in connection with system recovery after 

disturbances is also provided.  

Different topologies of VSC have been studied in [2, 3]. Two-level is the simplest 

converter configuration and has been used in many practical applications.  Many multi-

level converter topologies have been developed and studied regarding operational 

improvement of VSC performance [2, 3, 6]. The operating principle of diode clamped, 
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flying capacitor and cascaded-inverters with separate DC source converter are explained 

in [6].  

Reference [4] focused on the advantages related to VSC in FACTS (Flexible AC 

Transmission Systems) and HVDC applications. VSC applications like STATCOM 

(Static Synchronous Compensator), SSSC (Static Synchronous Series Compensator), 

UPFC (Unified Power Flow Controller) and Back-to-Back DC links have been provided 

in [4]. Reference [8] has focused on power system reliability issues by adding new 

HVDC transmission system in to existing synchronized AC network. Information about 

the viability and advantages of implementing VSC-HVDC for city center load feeding 

has been provided in [9, 10]. The discussion regarding the technical viability of VSC 

HVDC for bulk transmission of power in a meshed grid is provided in [10]. 

Detailed information about operation and performance of VSC-HVDC system 

requires knowledge of the control system design and mathematical modeling which has 

been provided in [13-34]. Reference [13] has approximated the VSC-HVDC transmission 

system with an equivalent model where the AC side is represented as a controlled voltage 

source and DC side is represented as a controlled current source. Steady-state model for 

the VSC-HVDC system and design of its controllers has been discussed in [14]. The VSC 

model is represented as a 2-input and 2-output non linear control device and used voltage 

control strategy. The dynamic and transient model of VSC-HVDC system has been 

provided in [15]. The control techniques of VSC-HVDC can implement either direct or 

indirect current control strategy. The indirect current control has a simple structure and 

gives better static performance but its dynamic performance and system transition 

characteristics are not ideal. Reference [15] has implemented the direct current control 
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strategy and dual closed loop structure consisting of current feedback and voltage feed 

forward in the inner current control loop which can track the reference current quickly. 

Outer loop controller is a power regulator which combines the inverse steady state model 

with PI controller which can control active and reactive power separately. Reference [16] 

has used state-space average method to derive the non-linear VSC-HVDC system. By 

using non-linear transformation and power balance, linear model of back-to-back VSC-

HVDC system is developed. The VSC-HVDC model in an equivalent continuous-time 

state-space model in synchronous dq reference frame is presented in [17] & [18]. Active 

power controller is designed based on the multi-input multi-output control scheme. To 

reduce the response time of the PI controller, a derivative term is introduced which can 

add an early correction signal to the system. Reference [19] used a PSCAD/EMTDC 

simulation package based electromagnetic transient simulation of Back-to-Back VSC 

based transmission scheme. Two-level, 6-switch converter topology is used at both the 

ends and vector control strategy is applied for convertor controllers. DC link voltage and 

the reactive power are controlled at the sending end side while active and reactive power 

is controlled at the receiving end side in this model. The coupling between the d and q 

current components is studied and removed using the decoupled controller configuration 

with the vector control. The simulation results of a 2-level 6-switch VSC based 

transmission system which is connected to a passive load at the receiving end has been 

provided in [20]. The simplex optimization algorithm was applied to optimize the gains 

of the different controllers at both the ends. The benefits of vector control strategy are 

established which provides a better performance compared to direct control. Reference 

[21] has presented the detailed control model of VSC-HVDC where AC voltage and 
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reactive power control strategy with active power and DC voltage control is explained in 

detail. Active power reversal is also explained with the effect on other parameters like 

DC voltage and reactive power at both ends. A mathematical model for the VSC in 

synchronous reference frame for investigating VSC-HVDC for transferring wind 

generated power through a long distance line has been given in [22]. Tuning of PI 

controllers is critical for system operation and performance so three different tuning 

techniques are discussed and analytical expressions are derived for calculating the 

parameters of the current and voltage controllers in [22].  

Line commutated converter based HVDC system needs a reversal of voltage polarity 

during the reversal of power flow [23]. The conventional system cannot operate at a fixed 

DC voltage level for both rectifier and inverter modes whereas a multi terminal system 

requires the unipolar DC voltage during all the conditions.  VSC-HVDC does not require 

reversal of voltage polarity for changing the direction of power flow and is also capable 

of independent active and reactive power control. Reference [23] has discussed a multi-

terminal VSC-HVDC system proposed for integration of deep sea wind farms and 

offshore oil and gas platforms. Proposed system was able to secure power to passive 

loads during loss of DC voltage regulating VSC-HVDC terminal without the use of 

communications between terminals.  

Reference [24] has focused on the dynamic mathematical model for rectifier and 

inverter side controllers of VSC-HVDC. Reference [25] has provided the model for the 

PWM-VSC controlled power transfer. The control loop of DC voltage controller and 

current controller is developed which has the second order characteristic equations.  
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A model of VSC based transmission system that can be used for a wide range of 

stability studies and controller design with MATLAB is presented in [26]. The converter 

model is non linear in nature, but it is linearized by assuming very small deviations 

around the steady-state values. Detailed study of Phase Locked Loop (PLL) gains has 

been provided to investigate the influence on the system stability which shows that 

increased gains of the PLL reduce the system stability.  

Modeling and control design of VSC-HVDC using 12-pulse 3-level converter is 

presented in [27] where active power controller is designed using Proportional-Integral-

Derivative (PID) controller. Eigenvalue analysis is done to study the damping of rectifier 

and inverter operation of the converter. In reference [32], the VSC-HVDC system is 

realized using 12- pulse converter with fundamental frequency switching for the static 

switches.  

The idea of the voltage and current control techniques in PWM based rectifiers and 

detailed analysis of different current control techniques has been provided in [35]. 

Synchronous Proportional-Integral (PI) current controller (CC), resonant current 

controller and artificial neutral network based current controller are presented and 

comparison is done regarding the requirements. At present a synchronous frame PI 

current controller has become the standard solution for current regulation of AC 

machines and PWM rectifiers due to its various advantages. PI-current controller can be 

equipped with a decoupling network which eliminates the negative impact and improves 

the PI controller overall performance. 

Embedding the VSC-HVDC in meshed AC networks will open up the possibilities to 

improve the power grid reliability and efficiency [29]. The multilevel VSCs provide 
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noteworthy advantages with respect to the system performance and harmonic impacts. 

Application of VSC-HVDC using modular multilevel converter technology has been 

studied in [38]. Reference [39] has focused on the asynchronous back-to-back connection 

of VSC based system in which the converters can operate as a STATCOM during zero 

active power transfer between two connecting AC networks. References [36, 39, 40, 41] 

have discussed the VSC-HVDC technology for various power system applications. In 

[36], the possibility for 1000 MW power transfer with 300 kV DC voltage is explained 

using VSC-HVDC simulation model and results. References [41, 43] have discussed the 

benefits of power system stability improvement which can be achieved by VSC-HVDC 

transmission system. A mathematical model of an HVDC-VSC transmission system is 

developed and its harmonic performance is investigated for steady-state operating 

conditions in [42].  
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1.3 Scope of the project 

The main scope of this project is to build a VSC-HVDC transmission system model 

and study its operational performance using the EMTP-RV software package (Appendix 

D). The control system for both rectifier and inverter stations is to be designed using both 

direct and vector control methods. Design of controllers and optimization of gains at both 

converter stations according to transmission of active and reactive power flow in either 

direction is also part of the scope. Detailed studies will be done regarding independent 

control of active/reactive power at sending and receiving ends which can be achieved 

using vector control strategy.  

The operational performance of the complete system is to be studied with regard to 

the active and reactive power variation on sending and receiving ends, DC voltage 

control, harmonics reduction and short time overload capacity. The performance under 

symmetrical and asymmetrical faults is also to be studied.  

By using the high frequency switching of the converter valves, the low order 

harmonics are reduced and the harmonic filters’ size can be reduced. The size of the filter 

and the effect of it on the system are to be studied. The relationship of control variables 

(modulation index and angle delta) with controlled variables (active power, reactive 

power/voltage and DC voltage) is also to be studied.  
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1.4 Objective of the thesis 

The main objective of this thesis is to evaluate the potential use of VSC-HVDC 

transmission system connecting relatively weak AC networks. The assessment of 

operational performance of VSC-HVDC with respect to independent control and bi-

directional flow of active and reactive power will also be done.  

The major objectives of the work reported in this thesis are: 

1. To study the VSC, and its operating principle.  

2. To study the HVDC transmission system based on VSC.  

3. To evaluate two different control methods (i.e. direct and vector control method) 

and provide a detailed comparison and study the effect of controller gains on 

system performance.  

4. To develop an EMTP-RV simulation model for the VSC-HVDC transmission 

system (with its rectifier and inverter controllers) and ensure the desired active 

and reactive power flow on both sides of the HVDC link.  

5. To study the operational performance of proposed VSC-HVDC system regarding 

the steady-state and dynamic operation, the converter losses, harmonic levels in 

the AC and DC systems.  

6. To study the performance under different fault scenarios at various locations in 

VSC-HVDC system and to study the system stability in case of small and large 

signal system disturbances on both AC and DC sides.     
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1.5 Outline of the chapters 

The thesis is laid out as follows:  

The introduction to the project is presented in chapter 1. The scope and the main 

objectives of this project are also presented in chapter 1.  

Chapter 2 provides an introduction to the operating principles and topologies of VSC.  

A single line diagram of the proposed VSC-HVDC system is provided with detailed 

explanation of each element associated with the system.  

Chapter 3 discusses the control strategies for VSC-HVDC. Direct and vector control 

methods are discussed and a detailed mathematical presentation is given for the vector 

control method.  

Chapter 4 presents the methodology for the VSC-HVDC system modeled in EMTP-

RV. A system description and different parameters of converters, harmonic filters, 

transformers and DC network are presented. The direct and vector control systems 

explained in chapter 3 are modeled in this chapter.   

Chapter 5 provides the simulation results of the proposed system. The steady-state 

and dynamic operating conditions (i.e. step changes in active power, reactive power/AC 

voltages at both ends and DC voltage; active and reactive power reversal) are established 

and operational performance and stability of the system is studied.  

The response of the VSC-HVDC system to faults is presented in chapter 6. 

Symmetrical and asymmetrical faults at various locations in the system are created and 

the operational performance of the system is studied.  
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Chapter 7 presents the conclusions and closing remarks. The recommendations for the 

future work to extend this research are suggested.  

 

1.6 Summary 

This chapter provides the back ground of this thesis and related literature review. The 

scope and objectives of this thesis are provided here. The outline of the thesis is also 

provided in this chapter.  
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Chapter 2 

VSC-HVDC System 

2.1 Introduction 

The existing power transmission networks in most developed countries are heavily 

loaded which has created the risk of system instability and power quality deterioration. 

Furthermore, these countries have the problem of obtaining right of ways and face 

environmental issues for the construction of new transmission lines. The necessity for a 

new technology by which increased power transmission can be achieved using the 

existing network infrastructure is clear. As explained in chapter 1, the VSC-HVDC 

transmission system can take the place of this technology to solve the problem to some 

extent. The VSC-HVDC system is a relatively new technology which comprises the high-

power high-frequency semi-conductor switches (i.e. IGBTs and GTOs). These devices 

incorporated with anti-parallel diodes makes one complete unit. Several units are 

connected in series to build a valve to get the required voltage level and to increase the 

redundancy in the converter. The control of these switches is done by using PWM (Pulse 

Width Modulation) techniques by which it is possible to control the magnitude and phase 

angle of the generated fundamental (60 Hz) voltage component. This high controllability 

of VSC results in a wide range of power system applications like VSC-HVDC, Static 

Synchronous Compensator (STATCOM), Static Synchronous Series Compensator 

(SSSC), Unified Power Flow Controller (UPFC), Interline Power Flow Controller (IPFC) 

and active filters. In addition to bulk power transmission, strategically located VSC-
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HVDC system in an existing AC power system network augments the network stability 

and reliability during disturbances and contingencies.  

 

2.2 VSC-HVDC system 
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Figure 2.1:   Single Line Diagram of VSC-HVDC System 

 

 

Figure 2.1 shows the single-line diagram of a VSC-HVDC system which 

interconnects two AC networks of same operating frequency for power transmission and 

stability improvement during contingencies. The system consists of different equipments, 

such as shunt connected RLC-filters, interfacing transformers, VSCs and their control 

systems, DC overhead or underground cables and DC capacitors. The following sub-

sections provide explanations regarding the function of each apparatus comprising the 

VSC-HVDC.  
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2.2.1 AC shunt RLC-filters 

Switching of high-power high-frequency switches generates harmonics in the 

converter output voltages and currents. The order of harmonics generated is directly 

related to the PWM switching frequency of the semi-conductor switches.  

Single- or double-tuned Low-pass and High-pass damped RLC filters are connected 

to suppress these harmonics. The frequency modulation index is defined as mf which is 

defined as the ratio of the switching frequency of the converter to the fundamental 

frequency of the AC voltage. In case of 3-phase VSC, the harmonics in the line to line 

voltages are present. The odd harmonics exist as sidebands, centered around the mf and 

its multiples where mf is odd. The value of mf is chosen such that it should be an odd 

integer to eliminate the even harmonics; also, if it is a multiple of 3, then most of the 

triplen harmonics are cancelled out in the line-to-line voltage.  

2.2.2 Converter Transformer 

A converter transformer interfaces the VSC AC terminals to AC network with 

suitable voltage level at both sides. It provides electrical isolation and operates as a filter 

between converter and AC networks and provides the appropriate AC voltage level to 

optimize the available converter valve voltage rating. Configuration and rating of the 

transformer can be decided from the total system power rating, converter topology and 

specified requirements.   

2.2.3 Voltage Source Converter 

The VSC is the main building block of the VSC-HVDC system. The number of 

switches employed depends on the operating characteristic and voltage level required. 
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The series connected IGBT switches, connected with anti parallel diodes, make up a 

valve. Two valves are connected in series to make up the converter leg for one phase. 

VSC can operate as a rectifier or an inverter at either end depending on the current flow 

direction. Two converters can be connected as a back-to-back system to connect two 

different AC grids, DC transmission line or overhead cables for bulk power transmission 

or underground cables for connection of offshore oil rigs, islands or off-shore wind 

farms. The 6-switch converter comprises a group of six valves. Different types of PWM 

techniques are used to operate and control the converter switches. Typical IGBT has 

rating of 6.5 kV and 2.4 kA. The voltage across the IGBT switch in the ON state is 

typically in the range of 1 to 3 V which creates the ON state losses. The switching losses 

are the second major loss mechanism and are due to fact that, during the turn ON and turn 

OFF transition, current is still flowing while voltage is present across the device. In order 

to minimize the switching losses, the maximum switching frequency needs to be 

carefully considered. VSC is equipped with the RC snubbers and series R-L elements to 

reduce the dv/dt & di/dt stresses on the switches during ON/OFF transitions.  

2.2.4 DC transmission 

The DC system can be in the form of a transmission line, with underground or 

overhead cables. The overhead cables can be used with a moderate size of towers. The 

extruded polymer cable is a newly developed technique in which the insulation is highly 

resistant to the DC voltage.  

The DC transmission system adopted here is a bi-polar transmission system in which 

the power can flow in both the overhead poles and ground is used as a return path in case 

of monopolar operation.  In case of failure or preplanned maintenance of one pole, 
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reduced power can still be transmitted using the other pole.  Two smoothing inductors are 

connected on DC transmission system to reduce the ripples in the DC current.  

2.2.5 DC capacitors  

As shown in Fig.2.1, two series connected DC capacitors of same size are employed 

across the DC terminals of converter with grounded midpoint. The size of the capacitor 

depends on the required DC voltage level and the acceptable DC ripple.   

The DC voltage should be adequate for the generation of sinusoidal voltages on AC 

side of the converter. For the system to operate in the linear range of the PWM, the DC 

voltage should be 1.634 times the value of root mean square (RMS) AC voltage. 

The PWM switching of high-power high-frequency switches generates the harmonics 

in the DC current flowing in the transmission line. This generates the harmonics in the 

DC voltage which is strongly related to the converter AC voltage. By evaluation of the 

magnitude of ripple and the switching frequency of the semiconductor switches, the DC 

side capacitor ratings can be finalized.   

The value of DC capacitor CDC used here can be small which may result in a faster 

converter response. The energy stored in the capacitor is released during transients which 

will help to stabilize the power flow on the DC transmission system. The DC capacitor 

size is characterized with a time constant τ, which can be defined as the ratio between the 

energy stored in the capacitor at the rated DC voltage VDC and the apparent power rating 

of the converter SC:  

                        (2.1)       
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The time constant is equal to the time needed to charge the capacitor from zero to 

rated voltage VDC if the converter is supplied with a constant active power equal to SC. 

The time constant τ can be selected to be small to satisfy ripple and transient over 

voltages requirement on the DC voltage. A relatively small time constant allows fast 

control of active power and reactive power.  

 

2.3 Topologies of the VSC 

VSC can be divided into topologies according to the number of levels for converter 

output AC voltage; either two-level or multi-level. These are explained in following sub-

sections.  

2.3.1 Two-level voltage source converter 
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Figure 2.2:   2-Level, 6-Switch, 3-phase Converter Topology 

 

 

A two-level bridge is the simplest circuit configuration that can be used to construct a 

3-phase VSC. It has been widely used in many applications for a range of power levels. 
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As shown in Fig. 2.2, the converter can generate DC voltage waveform of only two 

values, ±Vdc/2, where Vdc is the total DC voltage. Relatively simple power and control 

circuitry, small DC capacitor size, small foot print environmentally and same semi 

conductor duty ratio, are some of the advantages related to a two-level VSC.  

2.3.2 Multi-level voltage source converter 

Converters topologies with more than 2-level voltages are known as multilevel 

converters. In this type of VSC, the output AC voltage waveform has different level 

according to the construction of the VSC. The main requirement for multilevel converter 

is to synthesize a sinusoidal voltage from several voltage levels which are obtained from 

the DC side capacitor voltages.  Multilevel VSCs are divided into different types 

according to their application. The multilevel VSC found various applications in power 

systems due to its high power density, excellent performance and high reliability. Various 

multi-level topologies are explained next.  

2.3.2.1 Neutral point diode clamped VSC 

Neutral point diode clamped VSC topology is shown in Fig. 2.3. As shown, this 

topology uses clamping diodes to limit the dynamic and static over voltages of switching 

devices. The clamping diodes are connected to the centre point of the DC bus capacitor. 

The advantages of this topology include reasonable small size of the DC capacitors, 

small foot print environmentally and good quality AC output waveform. An n-level 

diode-clamp converter typically consists of (n-1) capacitors on the DC bus and produces 

n-levels of the converter output AC voltage. With a higher number of levels, harmonics 

generation is very low which can even avoid the need for filters in some cases. The 
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disadvantages are related to voltage balancing across the DC capacitors, uneven loss 

distribution between devices and excessive clamping diodes necessity in higher levels. 
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Figure 2.3:   3-Level, NPC-Converter Topology 

  

2.3.2.2 Flying capacitor VSC 

Figure 2.4 shows the 3-level flying-capacitor type VSC topology.  This topology uses 

capacitors instead of diodes in the diode-clamped topology. For a n-level converter, (n-1) 

numbers of DC capacitors at DC bus and (n-1) x (n-2)/2 number of auxiliary capacitors 

per phase leg are required. These capacitors are known as floating capacitors. 

The AC waveform synthesized by this topology is better than the diode-clamped 

topology.  The advantages of this topology are the extra ride through capabilities during 

power outage and severe disturbances due to large number of storage capacitors, switch 

combination redundancy for balancing different voltage levels and avoidance of 

harmonic filters in higher level applications. The requirement of an excessive number of 
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storage capacitors on DC side and across the semi-conductor switches in higher number 

of levels makes this topology very expensive. The converter control system is complex 

and switching losses are higher compared to diode clamped topology. 
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Figure 2.4:   3-Level, Flying Capacitor Converter Topology 

    

2.3.2.3 ANPC (Actively Neutral Point Clamped) converter 

Figure 2.5 shows the 3-level ANPC converter topology in which the clamping diodes 

are replaced by semi-conductor switches. The disadvantage of uneven loss distribution 

across various devices in the neutral point diode clamped converter topology is mitigated 

by this newly developed topology.    
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Figure 2.5:   3-Level, Actively Neutral Point Clamped Converter Topology 

 

2.3.2.4 Cascaded H-bridge converter  

This VSC topology (Fig. 2.6) is a cascaded structure consists of full bridge inverter 

units connected in series.  

Vdc/4
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Figure 2.6:   5-Level, Cascaded H-bridge Converter Topology 
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Each unit is fed by a separate DC capacitor and no other circuit to balance the voltage 

matching of the switching devices is necessary. There is no need to add the clamping 

diodes or voltage balancing capacitors in this topology which results in a relatively 

simple construction.  Main drawback of this topology is the requirement of several 

independent DC power supplies.  

2.3.3 Multi-pulse topologies 

In a 6-switch converter, the commutation of current takes place six times per cycle. In 

case of 12-switch converter, two six-switch converters are connected in series to form a 

twelve-switch converter topology. By using the 6-switch converter, the additional multi-

switch topologies in multiples of six can be created to form the required pulse-level. The 

24-switch and 48-pulse converters are implemented in some research papers for 

application as a STATCOM in power system. The main purpose of using these topologies 

is to reduce the voltage and current harmonics in the system. As the number of switches 

increases the harmonic distortion in the system decreases proportionally. 
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2.4 PWM for VSC  

PWM is the most accepted switching technique in which the comparison between a 

fundamental frequency modulating waveform and a fixed carrier frequency triangular 

waveform generates the firing pulses for VSC. The magnitude and phase angle of the 

generated fundamental frequency component of the converter output AC voltage can be 

controlled by varying the magnitude and phase angle of the modulating waveform. In this 

technique, the converter output AC voltage contains harmonic frequency components in 

addition to fundamental frequency component located around the multiples of the 

triangular waveform carrier frequency. 

2.4.1 Sinusoidal PWM 

The PWM technique used for switching of the semiconductor devices of converter 

decides the frequency and nature of the converter output AC voltage so to get the 

sinusoidal waveform as an output, sinusoidal PWM technique is used.  The sinusoidal 

modulating waveform of 60 Hz system frequency is compared with a high frequency 

triangular waveform to generate the pulse width modulated firing pulses for converter. 

Two different SPWM methods can be implemented to get the required output.  

(a) Bi-polar SPWM 

In case of bi-polar sinusoidal PWM method, a single fundamental frequency 

modulating waveform per phase is compared with the high frequency triangular 

waveform. The output voltage switches between –Vdc/2 and +Vdc/2 voltage levels where 

Vdc is the total DC voltage. It is the reason why this type of switching is called a bi-polar 

PWM switching. As shown in Fig. 2.7, during comparison, when the sinusoidal 
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waveform is greater than the triangular waveform, the PWM trigger signal is high; 

otherwise at lower level.    

 

Figure 2.7:   Comparison between Sinusoidal and Triangular waveform and PWM Signals 

 

(b) Uni-polar SPWM 

In case of uni-polar sinusoidal PWM technique, two same phase fundamental 

frequency modulating waveforms with opposite polarity are compared with the high 

switching frequency triangular waveforms.  The output voltage switches between +Vdc/2 

and zero or between zero and –Vdc/2. For this reason, this type of PWM scheme is called 

a PWM with a uni-polar voltage switching.  
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2.5 VSC-HVDC Operation 

The VSC-HVDC operation can be explained by considering its operating principle, 

four-quadrant operation in PQ-diagram and capability to operate in either rectifier or 

inverter modes. 

2.5.1 Operating principle of VSC-HVDC 

The VSC-HVDC operating principle can be explained from the SLD shown in Fig. 

2.8, where two AC networks are connected by a VSC-HVDC transmission system. 
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Figure 2.8:   Single Line Diagram for VSC-HVDC Operating Principle 

 

 

The converter transformer connecting AC network and converter can be modeled as 

an equivalent series resistance and reactance. The transformer resistance is very small 

compared to the transformer reactance so it can be neglected in power calculations. The 

phase shift between both sides’ voltages due to transformer reactance is responsible for 

active power flow. At sending end, the voltage VS1 at AC bus is considered as a reference 

so the converter output AC voltage VC1 has phase shift δ1 with respect to the bus voltage 

VS1. The magnitude and phase angle of converter output AC voltage VC1 is controlled by 
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the VSC control system. The active and reactive power flow between the AC system and 

the converter depends on the magnitude of the voltages at both sides of the transformer, 

the transformer reactance  and the phase angle δ1 between them. The active and 

reactive power flow between AC bus and converter AC terminals can be expressed as 

follows: 

The active power at sending end and receiving end is given by, 

                                  (2.1) 

The reactive power at sending end and receiving end is given by, 

                     (2.2) 

The amplitude, phase angle and frequency of fundamental component of converter 

output AC voltage VC1 and VC2 can be controlled using the SPWM technique. If the 

voltage at the DC side of the converter is VDC which is assumed to be constant then the 

fundamental frequency component of converter output AC voltage can be derived from 

the following equation: 

                                                                      (2.3)                                   

Where VDC is the voltage on DC side, ω is the angular frequency, Mi is modulation 

index and δ is the phase angle between the converter output AC voltage and the AC bus 

voltage.  

Mi can be defined as the ratio of peak value of voltage of modulating waveform 

(fundamental frequency sinusoidal waveform) to the peak value of voltage of carrier 

waveform (switching frequency triangular waveform). From Eqn. 2.3, it is seen that the 
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fundamental component of converter voltage depends on the variables Mi, angle δ and 

frequency which are independently controlled by VSC controllers. The active and 

reactive power can be controlled by controlling the phase angle δ and the amplitude of 

the fundamental frequency component of converter AC output voltage VC respectively. 

In a VSC-HVDC, the polarity of DC voltage is constant so the power reversal is done 

by current reversal in the DC link. The current in DC link flows from higher to lower DC 

voltage level. For stable VSC operation and flow of active power, the DC link voltage is 

maintained at a desired reference value by using a feedback control loop. The power flow 

to and from the AC source can be controlled according to the DC link voltage 

requirements. The voltage VDC is measured and controlled in such manner that the DC 

current flow can be in either direction depending on the requirement of active power flow 

direction.  

2.5.2 Four quadrant operation of VSC 

Active power flow direction for rectifier or inverter operation and reactive power 

flow direction for inductive or capacitive operating mode of VSC can be explained by a 

PQ-circle diagram shown in the Fig. 2.9. The diagram explains the ability of VSC to 

operate in all four quadrants of PQ-circle and to achieve the independent control of active 

and reactive power. The direction of current flow and hence active power flow decides 

the rectifier or inverter operation of converter.  

In the first quadrant both the active and reactive power are positive which means that 

the converter injects both powers to AC system which shows the capacitive mode of 

inverter operation. The converter output AC voltage magnitude is higher than AC bus 

voltage and leads AC bus voltage by an angle δ.  
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In the second quadrant, the active power is negative and the reactive power is positive 

which explains the capacitive mode of rectifier operation. In this case, the converter 

output AC voltage amplitude is higher than AC bus voltage but it lags the AC bus voltage 

by an angle δ.  
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Figure 2.9:   P-Q Circle Diagram for VSC Operation 

 

Both the powers in the third quadrant are negative which means converter absorbs 

both powers from the AC system which explains the inductive mode of rectifier 

operation. In this case, the AC bus voltage magnitude is higher than the converter output 

AC voltage and it leads by an angle δ. 

In the fourth quadrant, the active power is positive and the reactive power is negative 

which explains the inductive mode of inverter operation. Here the converter output AC 

voltage leads the AC bus voltage but its magnitude is less than the AC bus voltage. 
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According to the converter MVA capacity and system requirements, converter can 

operate in any mode (i.e. capacitive or inductive) of rectifier or inverter operation. 

2.5.3 Rectifier- Inverter operation of VSC  
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Figure 2.10:   VSC Operation as Rectifier or Inverter 

 

 

The rectifier or inverter operation of VSC can be explained by considering Fig. 2.10.  

AC bus voltage VS can be taken as a reference and VC is the converter AC output voltage 

with phase shift δ. The converter transformer can be represented by an equivalent 

resistance RT and reactance XT.  Two capacitors of same rating 2Cdc are connected in 

series across the DC terminals of the converter. The direction of current flow decides the 

operation of VSC as a rectifier or inverter. 

As shown in Fig 2.11, the AC system voltage VS leads the converter AC output 

voltage VC by an angle δ. The active power flows from the AC system to the converter so 

the converter operates as a rectifier. As shown in figure, ΔV is the voltage drop across the 

transformer impedance which is controlled in order to control the angle δ. In the rectifier 

mode of operation, the current Idc is considered positive and the capacitor CDC is 
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discharged through the DC transmission system. The error signal demands the control 

circuit for more power from the AC supply. The control circuit thereby generating the 

appropriate PWM signals for the switching devices and accordingly, more current flows 

from the AC to DC side and the capacitor voltage recovers its predefined value. 
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Figure 2.11:   VSC Operation as a Rectifier 

 

 

 As shown in Fig 2.12, the AC system voltage VS lags the converter AC output 

voltage by an angle δ. In this case, the active power flows from the converter to AC 

system so the converter operates as an inverter. In the inverter mode of operation, Idc 

becomes negative and the capacitor CDC is overcharged. The error signal demands the 

controls to discharge the capacitor CDC and return power to the AC system. The PWM 

can control both the active power and reactive power independently. Thus, this type of 

converter can be used for power factor correction also in addition to power transmission.  
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Figure 2.12:   VSC Operation as an Inverter 

 

Depending on the control strategy, VSC can be operated as either inverter or rectifier; 

therefore it is often referred to as a converter. Two such converters are often cascaded to 

control the power flow between two AC networks. The first converter converts AC 

voltage to variable DC link voltage and the second converter converts the DC voltage to 

variable AC voltage with fixed or variable frequency.  

2.6 Summary 

In this chapter, the VSC-HVDC system construction, its principle of operation and 

operational function of each component is explained in detail. The different topologies of 

VSC and PWM techniques are explained. The principle of operation for the VSC-HVDC 

is explained regarding the active and reactive power flow. PQ-circle diagrams are 

explained regarding the rectifier/inverter operation and capacitive or inductive mode of 

operation.   
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Chapter 3 

Control of VSC-HVDC System 

3.1 Introduction 

VSC-HVDC transmission system has flexibility in terms of controlled quantities 

offering two degrees of freedom at each end to provide stable and robust control. As 

described in section 2.5, VSC-HVDC system has advantage of independent control of 

active and reactive power. The direction of active power flow can be changed without 

changing the DC voltage polarity. The reactive power can be controlled independently at 

either converter station by controlling converter AC output voltage.  

Although both current and voltage control schemes are possible, current control is 

generally preferred for its excellent dynamic characteristics and inherent over-current 

limitation capabilities. When current control is used, the rectifier input current and 

inverter output currents are measured and compared with reference signals; the current 

errors are used as inputs to the PWM modulator, which then provides the required 

switching signals. The requirements for the control system to operate the VSC-HVDC 

system are: 

 It must be capable of controlling the desired active power in either direction.  

 The reactive power of system must be controlled independently at both ends.  

 The DC voltage must be maintained at desired level for power transfer. 
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The control modes are chosen according to the application and requirement of the 

given power system. The rectifier and inverter controllers take the control of any two of 

above mentioned four control strategies according to the system requirements and 

operating conditions. VSC1 controllers operate on active power and reactive power 

control whereas VSC2 controllers deal with DC voltage and reactive power control (Fig. 

3.1).  
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Control
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Control
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AC System
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Figure 3.1:   VSC-HVDC Control System 

 

3.2 Direct control method 

Direct control method is a simple method for the control of VSC-HVDC. The angle δ 

and modulation index Mi are controlled directly by using PI controllers. The measured 

values are compared with the reference values and the resultant errors are fed to the PI-

controllers. The output of which is used as either modulation index or angle delta.  The 

modeling of direct control system is provided in section 4.5.3. Though this method is not 

used in practical applications, it is useful in comparative studies of operation and 

performance of VSC-HVDC.    
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3.3 Vector control method 

The P and Q controlled quantities of VSC-HVDC are coupled to each other such that 

any change in one quantity strongly affects the other. The vector control method removes 

the coupling between these quantities to ensure the independent control of each quantity. 

The vector control strategy consists of a cascade control system with faster inner 

controllers. The vector controller is accomplished by additional outer current controller 

which provides the reference values for inner controller. The outer controllers include 

active power controller, reactive power controller, AC voltage controller, DC voltage 

controller or frequency controller where the implementation of particular control strategy 

depends on the application and operating conditions of VSC-HVDC system. It is not 

possible to implement all the control strategies at the same time and requires an extensive 

system operation and performance studies for implementation of particular control 

method.  

For feeding the passive system at receiving end without any local voltage source, it is 

necessary to control the frequency and AC voltage whereas the active power and reactive 

power control is required in active AC system. However, since the active power flow into 

the DC link must be balanced, the DC voltage controller is necessary in any case to 

achieve active power balance. On the DC side, the active power input to the DC link must 

equal the active power output from the DC link plus the losses in the DC link. Any 

difference would result in a change in the DC voltage.  

In order to understand the vector control technique of the VSC-HVDC transmission 

system, the mathematical model for VSC-HVDC system needs to be derived. The vector 
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control strategy can be derived from the mathematical modeling of the system shown in 

Fig. 3.2.   
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Figure 3.2:   Vector Control System of VSC-HVDC System 

  

The AC filters connected to the VSC-HVDC system behave as pure capacitors at 

fundamental frequencies. Hence in the mathematical model presented here, the filter 

resistances and inductances can be neglected. From the single line diagram (Fig. 3.2), the 

voltage across the transformer, the current to the filter and the voltage across the source 

impedance can be obtained in three phase instantaneous form as follows: 

The voltage across the source impedance is 

                               (3.1)    

The current through the filters is 

                                         (3.2)                                 

The voltage across the transformer is 
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                                             (3.3)  

From (3.1), (3.2) and (3.3), the following differential equations can be derived: 

                          (3.4)                                   

                        (3.5)                                                                

                         (3.6)                                                 

 

By using Clark’s transformation matrix (Appendix C), quantities from ABC-frame can be 

converted to αβ-reference frame as follows,  

                                             (3.7)                                                             

Where γ=2π/3.  

Equations (3.4), (3.5) and (3.6) can be converted in to αβ frame as follows: 

                                      (3.8)                       

                                                                  (3.9)                                

                        (3.10)                               

By using the transformation angle Ө derived from a phase-locked loop (PLL), the above 

equations are further transferred to the synchronously rotating dq-reference frame, using 

Park’s transformation, as follows: 
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                                                                   (3.11)                     

                             (3.12)              

                                   (3.13)           

                              (3.14)                      

 

The AC filter voltage, the current through the transformer and the AC side voltage of 

VSC can be expressed as: 

                           (3.15)                          

                                                  (3.16)                          

                            (3.17)                         

 

From equation (3.17), the dq-current component through the transformer can be given as, 

                                      (3.18)                                              

                                           (3.19)                                                    

 

 Equations (3.18) and (3.19) present the relationship between input reference current and 

the converter output AC voltage in dq-reference frame.      
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3.4 Limitations 

The VSC-HVDC link with its semi-conductor switches has a limited overload 

capacity. Large transient currents due to system disturbances can stress or damage the 

converter valves. Therefore, a current limit must be implemented in the control system. 

Moreover, since the maximum voltage amplitude out of the VSC is limited by the VSC 

voltage capability, the produced reference voltage from the vector controller must be 

appropriately limited.  The current limit Ilim is compared with the current magnitude 

computed from the active and reactive reference currents. When the current limit is 

exceeded, both the active and reactive reference currents have to be limited. The choice 

of how to limit both reference currents will depend on the application. For instance, if the 

converter is connected to a strong system, the active component of the reference current 

will be given priority, when the current limit is exceeded, to produce more active power. 

The produced active power is estimated from the equation 

                                                                      (3.20)        

If the converter is connected to a weak system or used to supply a bulk industrial user 

(or island), the VSC will give priority to the reactive component of the reference current 

to maintain the AC voltage when the current limit is exceeded. The remaining capacity is 

then available for active power production. The produced reactive and active power may 

be estimated from the following equations: 

 ,                                                    (3.21)                                                                                                  

Where,  is the pre-set maximum reactive reference current. 
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3.5 Outer controller 

The outer controller consists of the DC voltage controller, active power controller and 

reactive power controller. The proposed simulation model consists of active power and 

reactive power controllers at VSC1 and DC voltage and reactive power controllers at 

VSC2.  The outer controller creates the reference values of the dq-current components for 

inner current controllers. The outer controller gains are smaller when compared to the 

inner controller to ensure the stability of the complete system.   

3.5.1 DC voltage controller 

As shown in the Fig. 3.2, the instantaneous active and reactive powers in dq-reference 

frame at the AC side of the VSC and the power PDC   transmitted on the DC side of the 

VSC are expressed as: 

                         (3.22)                                                                      

                                             (3.23)                                   

                                                                                                        (3.24)                                               

Where, is the current flowing in the DC terminals of the VSC.  

During steady state operation, the dq-components of voltages are constant at the rated 

values. Therefore, the voltage  is rated voltage VS and is zero. By considering the 

above assumptions, the active and reactive powers are expressed as follows: 

                                                                                  (3.25)              
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If the losses in the converter trasformer and converter are neglected, the power at the AC 

and DC sides can be considered equal, i.e. 

                                   (3.26) 

Hence,                                                                                     

                                                                                                              (3.27)                                                                                             

The current in the DC line of the VSC is given as: 

                                                                  (3.28)                                      

                                                              

Any imbalance between the AC and DC powers leads to a change in voltage at the DC 

link capacitors, which is given as: 

                                           (3.29)  

Where, is the current in the DC terminals of the VSC,   is the total DC side 

capacitance, VDC is the DC voltage across the capacitor and IDC is the DC current flowing 

through the transmission line. The value of DC current from equation (3.28) can be used 

in equation (3.26), i.e. 

                                                      (3.30)                                                                 

                             

                                                                                                (3.31) 

               

From equation (3.30), the value of the reference current id 
*

 is derived as follows: 
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                                                                                      (3.32)                                         

    

The d-component of the current derived in the equation (3.32) gives the reference current 

for the inner current controller for DC voltage control. 

3.5.2  Active power controller 

The active current reference is obtained from equation (3.25)  

                (3.33)                                                                                        

Where, Pref   is the reference active power.  For accurate control of the active power, a 

combination of a feedback loop and an open loop is used. 

                                                               (3.34)                             

Where, Kp1 and Ki1 are the proportional and integral gains respectively of the active 

power controller.  

3.5.3  Reactive power controller 

A reactive power controller similar to the active power controller is obtained from 

equation (3.25) as: 

                                                                    (3.35)                                                                                        

Where, Qref is reference reactive power. Again, same method is used to combine a 

feedback loop with an open loop,  

                                                              (3.36)                           
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Where, Kp2 and Ki2 are the proportional and integral gains respectively of the reactive 

power controller. 

Fig. 3.3 shows active and reactive power control system for VSC1.  The control block of 

PLL is shown from which the synchronization angle Ө is derived and fed to the ABC to 

dq block.  
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Figure 3.3:   Active and Reactive Power Control System 
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3.6 Summary 

This chapter deals with the control system of VSC-HVDC transmission system. Two 

different control systems, direct control and vector control are explained. The VSC-

HVDC mathematical model is provided in this chapter. Block diagram of active power 

and reactive power control systems in vector control technique is also provided here.  
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Chapter 4 

Methodology 

4.1 Introduction 

For simulation of the provided VSC-HVDC system, it is necessary to model each and 

every component in a realistic manner which can then provide a clearer understanding of 

the actual system behaviour.  The different components of the system are modeled in 

EMTP-RV package. The parameters of voltage sources, filters, transformers, DC 

capacitors and overhead DC cables are provided. The complete model of the VSC-HVDC 

transmission system can be divided in the following different blocks which are connected 

to each other.  

 

4.2 Power system modeling  

The power system components such as transformers, filters, VSC, DC capacitors and 

DC overhead cables are integrated in VSC-HVDC model (Fig. 2.1). The necessary 

calculations to convert the system data and equipment ratings to per unit (pu) values are 

provided in Appendix A. The simulated measuring instruments of the software package 

are calibrated using these per unit calculations to measure system values. 
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4.2.1 Modeling of weak AC networks 

Two, 230 kV (RMS L-L), 100 MVA weak AC networks with Short circuit ratio 

(SCR) of 3 are connected through a VSC-HVDC link. A source impedance of 176.05 Ω 

is connected at both ends to present the SCR of 3. The weak AC systems presented here 

are balanced 3-phase sources at a fixed frequency of 60 Hz.  

4.2.2 Modeling of converter transformer 

Converter transformer reactance works as a necessary element for power transfer 

between AC and DC systems. The transformer configuration used here is a star ground-

star (Yg-Y) which avoids the phase shifting between primary and secondary voltages. 

The rating of the converter transformer is 115 MVA, 230 kV primary voltage and 49 kV 

secondary voltage (230/49 kV), 60 Hz. The rated DC voltage of ± 40 kV is chosen for 

VSC-HVDC which results in the 49 kV (RMS L-L) as a converter transformer secondary 

voltage.  The rated per unit resistance is Rpu= 0.00375 pu and the reactance is Xpu= 0.12 

pu. The resistance of transformer is very small compared to reactance so it is neglected in 

power calculations.  

The transformer is operating in the linear range and operation under saturation is not 

considered. The aforementioned configuration is shown in Fig. 4.1 where three single 

phase units are connected in star configuration at primary and secondary sides.  
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Figure 4.1:   Converter Transformer Model 

 

4.2.3 Modeling of AC shunt RLC-Filters 

The order of harmonics generated by the switching action of the semiconductor 

devices of converter depends on the switching frequency and configuration of the 

converter. The single-tuned low-pass and high-pass damped RLC filters are connected in 

parallel at appropriate location(s) in AC system to mitigate the harmonics. The low-pass 

filters are modeled as a series connected RLC branch and high-pass damped filters are 

modeled by parallel combination of resistance and inductance connected in series with 

the capacitor.  
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Figure 4.2:   EMTP-RV Filter Modeling and Frequency Scan graph 
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The 4
th

, 5
th

, 7
th

 and 8
th

 harmonic frequency low-pass tuned filters and 6
th

 and 17
th

 

harmonic frequency high-pass damped filters are connected in parallel to make a single 

filter unit (Fig. 4.2).  The rating of any particular harmonic frequency filter is decided 

using the value of that particular (voltage and current) harmonic content. The frequency 

scan graph for the filter is also provided in Fig. 4.2, which shows the least impedance for 

the particular harmonic frequency component. In case of VSC-HVDC system, the 

reactive power compensation is less important due to the capability of VSC to operate as 

a reactive power compensator which results in smaller size of the capacitor required for 

the filters. As explained earlier, the harmonics in VSC-HVDC are multiples of the 

switching frequency of the semiconductor valves so the high-pass damped filters are 

required to eliminate these harmonics. The necessary calculations for the filter design are 

provided in APPENDIX-B. The filters of 70 MVAR in total are connected at high 

voltage side of the transformer and the individual filter ratings are provided in Table 4.1. 

The MATLAB code for filter RLC-parameters calculations and values of RLC-

parameters are provided in Appendix B.   

 

Table 4-1 Filter Ratings 

Filters at VSC1 Filters at VSC2 

Harmonic Order       Rating (MVAR)  Harmonic Order Rating (MVAR) 
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4.3 Converter Modeling (Rectifier and Inverter)   

The converters are most important components of VSC-HVDC system since they 

convert AC voltage into DC voltage and vice versa. The converters are composed of 

number of devices such as semi conductor switches, diodes, RC snubbers and resistances 

and inductances.  

4.3.1 Converter topology modeling  

The 3-phase, 2-level, and 6-switch VSC topology is implemented for this model. The 

output voltage of the converter can have only two levels; –VDC/2 and + VDC /2 where VDC 

is the total DC voltage between two DC poles. The modeling of high-power high-

frequency switching device is done by using an ideal controlled switch. This semi-

conductor switch connected with anti-parallel diode make one unit. In actual installation, 

there are several units connected in series to get the required voltage level. In this 

simulation model, only one unit is used to study the operational performance of the 

converter. The voltage pulses generated by SPWM technique in control system are the 

firing signals for these switches. 

The units are connected in the order of predetermined firing sequence. The units 1 

and 4 are connected to phase A, units 3 and 6 are connected to phase B and units 2 and 5 

are connected to phase C. As shown in Fig. 4.3, the firing of the switches in the same 

phase is complementary to prevent the risk of the short circuit across the DC terminals of 

the converter. Therefore, a finite blanking time of a few nano-seconds is added to each 

firing signal to achieve some degree of protection. In ideal case, it is considered that all 

the switches are ideal without any kind of time delay so no blanking time is added to the 
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firing signals generated in this simulation. RL-snubbers are connected in DC terminals to 

provide di/dt limitation for the converters. 

 

 

Figure 4.3:   Converter Model in EMTP-RV 

    

4.3.2 IGBT-Diode module modeling 

The IGBT-Diode unit is modeled as shown in Fig.4.4 where the controlled switch is 

represented by an ideal switch. The diode is also considered as an ideal element so on-

state losses and switching losses are neglected. The anti-parallel diode operates in the 

complementary manner with the IGBT which makes the converter a bi-directional 

operating device. As explained earlier in section 2.5.1, the converter can operate in all 

four quadrants of V-I plane so the direction of current flow must be bi-directional. The 

diode connected in series with IGBT switch serves the purpose of protection due to IGBT 

switch being a unidirectional device where the current cannot flow in opposite direction. 
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Each unit is equipped with a RC snubber connected across the switch and the diode in 

order to reduce the rate of change of voltage (dv/dt) during the switching of the semi 

conductor devices. The switching frequency of converter is 1440 Hz which results in 24 

ON-OFF operations per cycle.  

 

 

Figure 4.4:   IGBT Valve Modeling 
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switching frequency. During the switching action, the rate of change of voltage and 

current is very high which can expose the device to failure so the RC snubber circuit in 

parallel with semiconductor device is employed for protection. The optimized RC 

snubbers reduce the stress on the switching devices by limiting the voltage stresses at turn 

ON and turn OFF. The series resistance and inductors also reduce the rate of change of 

current stresses (di/dt) in the semiconductor devices. The rating of the RC snubber is 

estimated from the system parameters like voltage and current rating of the devices and 

the total amount of power loss through the valve.  

 

4.4 DC capacitors and transmission system modeling 

DC capacitors are connected across the DC terminals of the VSC to maintain the DC 

voltage required for the dynamics of the system. The PWM switching of converter 

creates the harmonics in the current flowing in DC transmission system. This current 

generates ripple in the DC voltage; magnitude of which depends on the DC capacitor size 

and converter switching frequency.  The rating of capacitor is decided according to the 

DC voltage level and the rating of VSC. Two capacitors of 400 µF are connected in 

cascade form with the common terminal grounded. An identical DC capacitor is used at 

both ends of the DC system.  

The DC system can be in the form of overhead transmission line, underground DC 

cables or overhead DC cables. DC transmission line is modeled in the same way as an 

AC transmission line. The bi-polar transmission system is implemented here with a 

grounded midpoint providing the return path during monopolar operation. The power can 
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still be transmitted by one pole in case of failure or scheduled maintenance of other pole 

in actual systems. The model presented here is based on the overhead DC cables of 75 

km length; divided into three T-sections of 25 km on each pole (Fig 4.5). 

  

 

Figure 4.5:   DC Transmission System Modeling 

 

The resistance, inductance and capacitance of the DC cable are calculated from the 

data collected for the per unit length of cable. The DC system used here is a bi-polar 

transmission system so two identical cables are considered for positive and negative 

poles. The RLC-parameters per unit length are provided in Table 4-2.   

 

Table 4-2 DC Cable RLC-Parameters 

Parameters Values per km Total Value 

Resistance RDC 0.013 Ω/ km 1 Ω 

Inductance LDC  0.16 mH/ km 12 mH 

Capacitance CDC -- 100 µF 
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4.5 Control system modeling 

The controller comprises of measurement devices by which various parameters are 

measured including voltage, current, active power, reactive power, voltage phase shift, 

power factor angle, DC voltage and DC current at both ends of the DC system. The 

filtering devices are implemented to reduce the noise and small disturbances in the 

signals coming from the power system to alleviate the risk of malfunctioning of the 

control system in the event of faults, disturbances or transients. As mentioned in chapter 

3, four different controllers, two at each end of VSC-HVDC link are implemented. The 

various control system blocks are explained in following sub-sections.   

4.5.1 Carrier frequency generation  

 

 

Figure 4.6:   Carrier Frequency Generation Block 

 

Fig. 4.6 explains the generation of the triangular waveform. The square wave 

representing the converter switching frequency of 1440 Hz is integrated to get a 

triangular waveform. The resultant triangular waveform is then biased to get the 

symmetric positive and negative values of ± 1 per unit.  

Carrier Frequency (1440 Hz) triangular wavefroms

step

 

rc rv

 ++

-

c
1.035

 

c
 

0

1

 

2

 1440



Chapter 4 Methodology 

 57 

4.5.2 Sinusoidal pulse width modulation (SPWM)  

 As explained in section 2.4, bi-polar SPWM method is implemented in this model. 

The modulation index Mi is defined as, 

                                                          (4.2)  

Where, is peak amplitude of the fundamental frequency modulating waveform 

and is the peak amplitude of the switching frequency triangular waveform.  

The VSC output AC voltage should be sinusoidal with controlled magnitude, phase 

angle and frequency. The sinusoidal modulating waveform at 60 Hz frequency is 

multiplied with the modulation index Mi which results in changed amplitude according to 

the value of modulation index. This resultant waveform is compared with the 1440 Hz 

frequency triangular waveform to generate the firing pulses for the converter (Fig. 4.7). 

The frequency of triangular waveform establishes the converter switching frequency 

which is kept constant. Three, 120 degree phase shifted waveforms (a, b and c in Fig 4.7) 

are compared with triangular waveform to get three 120 degree phase shifted firing 

pulses for 3-phase legs of the converter. Each firing pulse is then extrapolated into two 

complementary firing pulses to operate two switches in the same phase leg.   
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Figure 4.7:   SPWM Block  
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of these sinusoidal waveforms generated by sine wave generator. The resultant 

waveforms are then multiplied by modulation index and compared with triangular 

waveforms. 

 

Figure 4.8:   Angle delta block 

 

4.5.3.2 VSC1 active power control  
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Figure 4.9:   Active power control block for direct control method 
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4.5.3.3 VSC1 AC filter bus voltage control 

AC voltage measured at the filter bus of VSC1 is converted into per unit which is then 

compared with the reference value; the resultant error is then fed to PI-controller (Fig. 

4.10). The output of this controller is a modulation index which is used as a multiplier for 

the sinusoidal waveforms (sin0, sin1, sin2) as shown in Fig. 4.8. 

 

 

Figure 4.10:   AC voltage control block at VSC1 for direct control 
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Figure 4.11:   DC voltage control block at VSC2 for direct control 
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Figure 4.12:   AC voltage control at VSC2 for direct control 

Angle Delta

DC Link Voltage controller

PI controller

Kp

Ki

out_ini

u

out

c  

1

0

 +-

+

Vdc_ref_inv

?s

++

-  

c
1.65

 

c
10.75

 

Vdc_inv

AC Bus voltage controller

Modulation Index

PI controller

Kp

Ki

out_ini

u

out

c  

0.89

step

 +-

+

V_ref_inv

?s

++

-  

c
10.5

 

c
0.25

 

V_bus_i



Chapter 4 Methodology 

 62 

The sinusoidal waveforms coming out of delta block are multiplied by modulation 

index to control the amplitude of the sine waveforms which are then compared with the 

triangular waveforms. Figure 4.13 shows the direct control system (rectifier controller 

and inverter controller) modeled in previous sections using EMTP-RV.  

 

Figure 4.13:   Direct control system for VSC-HVDC 
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4.5.4 Vector control system modeling 

According to the mathematical model of VSC-HVDC and vector control technique 

provided in chapter 3, EMTP-RV blocks are developed and explained in this sub-section. 

On the sending end, active and reactive power between filter bus and VSC1 are controlled 

whereas on receiving end, DC voltage at VSC2 and reactive power flow between filter 

bus and VSC2 are controlled.  

4.5.4.1 Modulation Index and Angle delta Block 

The modulation index Mi and the angle δ are calculated from the mathematical 

representation of the controller output voltage components Vcd and Vcq in synchronously 

rotating reference frame. The voltage (Vdc_rec and Vdc_inv) on the DC side of the 

converter is measured and converted to per unit value. The angle δ is added to the phase 

angle of the control voltages generated locally by the sinusoidal waveform generator. 

Equation (4.1) shows the mathematical representation of modulation index Mi and angle 

δ,  

            (4.1) 

The aforementioned quantities are realized by using the control block shown in Fig. 

4.14 where three sinusoidal modulating waveforms (sina, sinb, sinc) are generated for 3-

phase SPWM.    
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Figure 4.14:   Modulation Index and Angle Delta Block  

                              

4.5.4.2 Active power control at VSC1 

The active power control block consists of outer (Fig. 4.15) and inner current (Fig. 

4.16) control loops.  

 

Figure 4.15:   Outer current controller loop for active power control block 
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Active power reference (P_ref_rec) is compared with the measured active power 

(P_rec) of the AC system and the resultant error (error_p_rec) is passed through a PI-

controller. As explained in sub-section 3.5.2, the d-component of current controls the 

active power flow in the system so the output of the PI controller is a reference current 

(Id_reference). This reference current is compared with the d-component of actual AC 

system current (Id_rec) and the generated error gives the voltage (error_vd_rec) after 

passing through PI-controller. According to the vector control strategy explained in 

chapter 3, this voltage is compared with system voltage (vd_rec) and cross coupling term 

to get the required controller output. The output of inner current control loop is a voltage 

component Vd_out_rec.  

  

 

Figure 4.16:   Inner current controller loop for active power control block 
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4.5.4.3 Reactive power control at VSC1 

The reactive power controller consists of outer (Fig 4.17) and inner current control 

loops (Fig 4.18). As explained in the sub-section 3.5.3, the q-component of the current 

controls the reactive power flow in the system. In the outer current control loop, reactive 

power reference (Q_ref_rec) is compared with the measured reactive power (Q_rec). The 

error is than passed through the PI-controller which gives output in the form of reference 

current (Iq_reference) for inner current control loop. This reference current is compared 

with the q-component of actual AC system current (Iq_rec) and the generated error gives 

the voltage (error_vq_rec) after passing through PI-controller. According to the vector 

control strategy explained in chapter 3, this voltage is compared with system voltage 

(vq_rec) and cross coupling term to get the required controller output. The output of inner 

current control loop is a voltage component Vq_out_rec.  

 

 

Figure 4.17:   Outer current controller loop for reactive power control block 
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Figure 4.18:   Inner current controller loop for reactive power control block 
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current (Id_reference). 

 

Figure 4.19:   Outer current controller for DC voltage control system 
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This reference current is compared to the actual d-current component (id_inv) of the 

AC system in inner current control loop (Fig 4.20). The output is in the form of voltage 

which is then compared to d-component of system voltage (vd_inv) and cross-coupling 

term to get the output in the form of voltage (vd_out_inv). 

 

 

Figure 4.20:   Inner current controller for DC voltage control system 
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Figure 4.21:   Inner current controller loop for reactive power control block 

 

 

Figure 4.22:   Outer current controller loop for reactive power control block 
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component of the current controls the reactive power flow in the system so it is used as a 

reference current for the inner current controller and compared with q-component of 

measure AC current (iq_inv). The error (error_iq_inv) gives voltage after passing through 

PI-controller. This voltage is then compared to the q-component of voltage (vq_inv) and 

cross coupling term to get the controller output voltage (vq_out_inv).  

4.5.5 PI-Controller Gains 

The PI-controller gains for all four controllers are provided in Table 4-3. From the 

table it is evident that the gains of the inner current controllers are higher than outer 

current controller to ensure the stability of the system. Proportional gain KP helps to reach 

the reference value quickly whereas the integral gain KI ensures zero steady state error.  

 

Table 4-3 VSC-HVDC PI-controller gains  

 

Controllers 

Outer current controller 

gains 

Inner current controller 

gains 

  

KP KI KP KI 

Active power (VSC1) 0.15 10 5 75 

Reactive power (VSC1) 0.1 10 2 50 

DC voltage (VSC2) 1 25 3 35 

Reactive power (VSC2) 0.25 20 2 25 

 

Figure 5.23 shows the power system modeling of proposed VSC-HVDC simulation 

model in EMTP-RV. Figure 5.24 shows the rectifier control block and Fig 5.25 shows the 

inverter control block of proposed VSC-HVDC system model with vector control 

strategy. 
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Figure 4.23:   VSC-HVDC model created using EMTP-RV software package 
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Figure 4.24:   Rectifier Control Block of Proposed VSC-HVDC model 
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Figure 4.25:   Inverter control block for proposed VSC-HVDC model 
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4.6 Summary 

In this chapter, all the components of the VSC-HVDC system have been explained 

regarding required rating and the modeling technique adopted. Modeling of AC and DC 

Power system, transformers, AC filters, IGBT-diode unit and VSC is done here. Two 

control methods; direct control and vector control method are explained and detailed 

modeling of control blocks is provided. For vector control technique, inner and outer 

current control loops for all four controllers are modeled and proportional and integral 

gains of PI-controllers for all controllers are also provided in this chapter. The VSC-

HVDC system model developed in EMTP-RV software package is provided here.  

   



 

 75 

Chapter 5 

Simulation Results and Analysis 

5.1 Introduction 

This chapter focuses on the VSC-HVDC performance assessment during steady state 

and dynamic state; step changes in active power, reactive power/AC voltage and DC 

voltage, and active and reactive power flow reversals using the EMTP-RV simulation 

model. The simulation results with direct control and vector control techniques are 

provided and comparison is done regarding independent control of quantities (Active 

power, reactive power/AC voltage). Table 5-1 presents the system parameters and ratings 

of the VSC-HVDC system. Since the control systems of the VSC-HVDC use high 

frequency (1440 Hz) sinusoidal PWM method, the VSC-HVDC model is simulated with 

a time step of 5 µs. By using a small time step, it is possible to observe the system 

response comprehensively during system start-up, step changes and fault applications. 

However, this does slow down the simulation process and generates a huge amount of 

data for signal processing purposes.   

Table 5-1:   Parameters of VSC-HVDC Simulation Model 

Parameters Rating 

System Power Level 100 MVA 

Frequency 60 Hz 

Converter Transformer Primary voltage 230 kV 

Converter Transformer Secondary voltage 49 kV 

DC Voltage ± 40 kV 

Switching Frequency of PWM 1440 Hz 

Source Impedance (Inductance) 176.1 Ω (467 mH) 

DC Cable Length 75 km 

AC Filter Rating 70 MVAR 
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5.2 Steady state operation-Direct control method 

The steady-state operational performance of the VSC-HVDC system with direct 

control scheme is investigated by considering various operating conditions and reference 

values of the system quantities. 

5.2.1 Case study-1 

Case study-1 presents the operation of VSC-HVDC system in an active power flow 

state with constant AC and DC voltages. The active power of 1 pu flows from VSC1 to 

VSC2 (Fig. 5.1a) whereas the filter bus AC voltages at both ends (Fig. 5.1b & 5.1c) of the 

system and the DC voltage are maintained constant at 1 pu (Fig. 5.1d).  

 

Figure 5.1:   Steady-state operation of VSC-HVDC with direct control method (a) 1 pu active power 

flow from VSC1 to VSC2 (b) 1 pu AC bus voltage at VSC1 filter bus (c) 1 pu AC bus voltage at VSC2 

filter bus (d) 1 pu DC link voltage  
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It is evident that system attains all the reference values within the time of 1 s. There 

are some transients seen in active power, AC voltages and DC voltage during the system 

start-up which decays within 0.4 s.  

5.2.2 Case-study-2 

Figure 5.2a shows the scenario of 1 pu active power flow from VSC2 to VSC1 with 

filter bus AC voltages at either end (Fig. 5.2b & 5.2c) and DC voltage (Fig. 5.2d) 

maintained at 1 pu. Again, it is seen that the system operates with same stability as in the 

previous case which proves the ability of VSC-HVDC to operate in bi-directional power 

flow mode. Active power reaches the reference value within 1 s.  

 

Figure 5.2:   Steady-state operation of VSC-HVDC with direct control method (a) 1 pu active power 

flow from VSC2 to VSC1 (b) 1 pu AC bus voltage at VSC1 filter bus (c) 1 pu AC bus voltage at VSC2 

filter bus (d) 1 pu DC link voltage 
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The DC voltage has nearly 50 % overshoot before reaching the reference value and the 

filter bus AC voltages at VSC1 and VSC2 track the reference value within 1s.  

 

5.3 Step changes-Direct control method 

In this case, step changes in active power, DC voltage and AC voltages are 

implemented in all four VSC-HVDC controllers. Two of these disturbances are applied at 

the converter VSC1 which controls (a) the active power between AC system and DC 

transmission system and (b) AC voltage at VSC1 filter bus and the other two disturbances 

are applied at the VSC2 which controls (c) the DC voltage and (d) AC voltage at VSC2 

filter bus.  By applying steps in all four controllers at different times, VSC-HVDC 

system’s capability of recovery after disturbances is studied. 

As shown in Fig. 5.3a, initially active power of 0.5 pu flows from VSC2 to VSC1.  A 

negative step of 25% is applied at 1.5 s for duration of 0.5 s in active power controller at 

VSC1. First, the active power follows the reference value with little overshoot and 

settling time of 0.15 s. Second, it can be seen that the change in active power affects the 

AC voltages on both AC systems by creating some transients when the step is applied 

and a clear effect in the DC voltage is also observable. 

Next, in Fig. 5.3b, initially AC voltage at VSC1 filter bus is at 1 pu. A negative step of 

10% is applied at 2.5 s for duration of 0.5 s in the AC voltage at VSC1 filter bus.  It can 

be seen that the change in AC voltage affects neither the active power on same side nor 

the AC voltage on other side of the VSC-HVDC system and DC link voltage.  



Chapter 5 Simulation Results and Analysis 

 79 

In Fig. 5.3c, initially AC voltage at VSC2 filter bus is at 1 pu. At 3.5 s negative step of 

10% is applied for 0.5 s in the AC voltage at VSC2 filter bus. The step in AC voltage at 

VSC2 affects neither the active power and AC voltage at VSC1 nor the DC voltage at 

VSC2.  

In Fig.5.3d, initially the DC voltage is maintained constant at 1 pu which is followed 

by a negative step of 10% applied at 4.5 s for 0.5 s in DC voltage controller at VSC2.  

First, the transition is observed to be rapid, well controlled with overshoot of about 10% 

and settling time of 0.5 s.  Second, it can be seen that the change in DC voltage affects 

the AC voltages on both sides of the VSC-HVDC system. The active power at VSC1 gets 

some disturbance due to step in DC voltage controller at VSC2. 

 

Figure 5.3:   Dynamic-state operation of VSC-HVDC with direct control method (a) 0.5 pu active 

power flow from VSC2 to VSC1 (b) 1 pu AC bus voltage at VSC1 filter bus (c) 1 pu AC bus voltage at 

VSC2 filter bus (d) 1 pu DC link voltage 
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Sequence of events: 

Time Action 

1.5-2 sec 25 % negative step in active power which flows from VSC2 to VSC1 

2.5-3 sec 10 % negative step in reactive power flowing from AC system to VSC1 

3.5-4 sec 10 % negative step in reactive power flowing from VSC1 to AC system 

4.5-5 sec 10 % negative step in DC link voltage 

 

 

5.4 Active power flow reversal-Direct control method 

In Fig. 5.4a, the initial reference value of the power flow is at +0.5 pu in the direction 

from VSC2 (rectifier mode) to VSC1 (inverter mode). At 1.5 s, the reference value is 

reversed from +0.5 pu to -0.5 pu. It can be seen that the active power follows the 

reference rapidly without any oscillation and reaches the new reference of -0.5 pu within 

0.4 s. During this power reversal, some transients are observed in AC voltages at both 

ends as shown in Fig. 5.4b and Fig. 5.4c and DC voltage has large overshoot of nearly 40 

% which stabilizes within 0.5 s.  

In Fig. 5.4b, initially the AC voltage at VSC1 filter bus is at 1 pu. At 2.5 s, the 

reference value is changed to 0.9 pu. The AC voltage follows the reference value quickly 

and stabilizes within 0.25 s without any kind of oscillations. It is observed that this 

change does not create any effect on active power at VSC1 or AC voltage and DC voltage 

at VSC2.  

In Fig. 5.4c, initially the VSC2 filter bus AC voltage reference is at 1 pu. At 3.5 s, the 

reference value is changed to 1.1 pu and as seen, the VSC2 filter bus AC voltage follows 

the reference value within 0.2 s without any transients.  
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Next, Fig. 5.4d shows the variation of DC voltage throughout the process of changes 

applied to other controllers in the system as shown in Fig 5.4a, 5.4b and 5.4c. During 

active power flow direction change, there is a overshoot of 35 % in the value of DC 

voltage. The change in AC voltage at both ends does not have any effect on DC voltage.  

 

Figure 5.4:   Steady-state operation of VSC-HVDC with direct control method (a) Initially 0.5 pu 

active power flow from VSC2 to VSC1 (b) Initially 1 pu AC bus voltage at VSC1 filter bus (c) Initially 

1 pu AC bus voltage at VSC2 filter bus (d) DC link voltage is maintained constant at 1 pu  

 

Sequence of events: 

Time Action 

1.5 sec Active power flow direction changes from +0.5 pu to -0.5 pu 

2.5 sec Filter bus voltage (VSC1) value changes from 1 pu to 0.9 pu 

3 sec Filter bus voltage (VSC2) value changes from 1 pu to 1.1 pu 

 DC voltage is maintained constant at 1 pu 
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5.5 Steady state operation -vector control method   

The steady-state operational performance assessment of the VSC-HVDC system 

comprises of vector control technique is investigated by considering various operating 

conditions and reference values of system quantities. The system modeled here is bi-

directional so active power and reactive powers can flow in both directions according to 

the system requirements and operating conditions.  

5.5.1 Case study-1 

Case study-1 presents the operation of VSC-HVDC system in an active power flow 

state only. The active power of 0.45 pu flows from VSC2 to VSC1 (Fig 5.5a) whereas the 

reactive power flow at both ends (Fig 5.5b & 5.5d) of the system is zero and the DC 

voltage is maintained at 1 pu (Fig 5.5c). It is evident that system attains all the reference 

values within the time of 0.4 s. There are some transients seen in active power, reactive 

powers and DC voltage during the system start-up with decays within 0.3 s.  

Active power and DC voltage get the overshoot of nearly 25 % and 50 % respectively 

which may be reduced by further optimizing the gains of PI-controllers. The reactive 

powers at both ends achieve the reference values within 0.4 s after initial negative and 

positive transients along the reference value.    
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Figure 5.5:   Steady-state operation of VSC-HVDC (a) 0.45 pu active power flow from VSC2 to VSC1 

(b) Reactive power of 0 pu at VSC1 (c) DC voltage of 1 pu in DC link (d) Reactive power of 0 pu at 

VSC2  

 

5.5.2   Case study-2 

Figure 5.6a shows the situation of 0.45 pu active power flow from VSC1 to VSC2 with 

zero reactive power flow at either end (Fig 5.6b & 5.6d) and 1 pu DC voltage (Fig 5.6c). 

Again, it is seen that the system operates with same stability as in the previous case 

which proves the ability of VSC-HVDC to operate in bi-directional power flow mode. 

Active power reaches the reference value within 0.4 s without any oscillations   The DC 

voltage has nearly 40 % overshoot before reaching the reference value and the reactive 

powers at VSC1 and VSC2 follow the reference value within 0.2 s. 
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Figure 5.6:   Steady-state operation of VSC-HVDC (a) 0.45 pu active power flow from VSC1 to VSC2 

(b) Reactive power of 0 pu at VSC1 (c) DC voltage of 1 pu in DC link (d) Reactive power of 0 pu at 

VSC2   

 

5.5.3 Case study-3 

This case presents the full load operation of the system with active power flow of 1 

pu from VSC1 to VSC2 (Fig 5.7a) along the HVDC transmission system. At VSC1, the 

reactive power (Fig 5.7b) of 0.65 pu flows from converter to AC system which shows the 

capacitive mode of operation of converter. At VSC2, the reactive power (Fig 5.7d) of 0.45 

pu flows from AC system to converter which shows the inductive mode. The DC voltage 

(Fig 5.7c) remains constant at 1 pu followed by an overshoot of 45 % during system start 

up. The dissimilar amount of reactive power flows in different direction at both ends of 

VSC-HVDC. In this case study, the independent control of reactive power is explained 
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which is of importance when VSC-HVDC supplying the passive networks or connecting 

weak AC networks.  

 

Figure 5.7:   Full load active power flow (a) 1 pu active power flow from VSC1 to VSC2 (b) 0.65 pu 

reactive power flow from VSC1 to AC system (c) DC voltage of 1 pu in DC link (d) 0.45 pu reactive 

power flow from AC system to VSC2 

 

5.5.4 Case study-4  

This case presents the full load operation of the system with active power flow of 1 

pu from VSC2 to VSC1 (Fig 5.8a) along the HVDC transmission system. At VSC1, the 

reactive power (Fig 5.8b) of 0.25 pu flows from converter to AC system. At VSC2, the 

reactive power (Fig 5.8d) of 0.5 pu flows from converter to AC system. The DC voltage 

(Fig 5.8c) attains the reference value of 1 pu with in 0.5 s. This case study explains the 
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converter operation in the inductive mode, where both the converters VSC1 and VSC2 

absorb the reactive power from the system.  

 

Figure 5.8:   Full load active power flow (a) 1 pu active power flow from VSC2 to VSC1 (b) 0.25 pu 

reactive power flow from VSC1 to AC system (c) DC voltage of 1 pu in DC link (d) 0.5 pu reactive 

power flow from VSC2 to AC system 

 

 

5.6 Step changes -vector control method 

In this case, step changes in active power, DC voltage and reactive power are 

implemented in all four VSC-HVDC controllers. Two of these disturbances are applied at 

the converter VSC1 which controls (a) the active power between AC system and DC 

transmission system and (b) reactive power at VSC1. Two of the disturbances are applied 

at the VSC2 which controls (c) the DC voltage and (d) reactive power at VSC2. In this 
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one test, in reality, four separate disturbances are implemented to understand the system’s 

ability to recover during disturbances.  

As shown in Fig. 5.9a, initially active power of 0.5 pu flows from VSC2 to VSC1.  A 

negative step of 25% is applied at 1 s for duration of 0.6 s in active power controller at 

VSC1. First, the transition is observed to be well controlled with little overshoot and 

settling time of 0.35 s. Second, it can be seen that the change in active power does not 

affect the reactive powers on either side of the AC systems though there are some 

transients observed when the step is applied. A noticeable effect in the DC voltage is 

observable and the size of the DC capacitor employed will have an impact on this. 

Next, in Fig. 5.9b, initially reactive power of 0.5 pu flows from AC system to VSC1. 

A negative step of 25% is applied at 2.35 s for duration of 0.6 s in the reactive power 

controller at VSC1.  First, the transition is observed to be well controlled with little 

overshoot and settling time of 0.35 s.  Second, it can be seen that the change in reactive 

power affects neither the active power on same side nor the reactive power on other side 

of the AC system. This clearly demonstrates the independence of the P and Q controllers 

at the VSC1 end. 

In Fig.5.9c, initially the DC voltage is maintained constant at 1 pu which is followed 

by a positive step of 10% applied at 3.7 s for 0.6 s in DC voltage controller at VSC2.  

First, the transition is observed to be rapid, well controlled with overshoot of about 5% 

and settling time of 0.15 s.  Second, it can be seen that the change in DC voltage does 

affect the reactive powers on either side of the AC systems. Naturally, the size of DC 

capacitor will be a significant element in controlling this effect. 
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Next, in Fig. 5.9d, initially 0.5 pu reactive power flows from VSC2 to VSC1, at 5.05 s 

positive step of 25% is applied for 0.6 s in reactive power at VSC2. First, the transition is 

observed to be well controlled with little overshoot and 0.15 s settling time. Second, it 

can be seen that, there are some transients observed when the step is applied. The steps in 

reactive power at both ends do not affect the active power and DC voltage.  

 

Figure 5.9:   Step changes in the active power, reactive power and DC voltage (a) 0.5 pu active power 

flow from VSC2 to VSC1 (b) 0.5 pu reactive power flow from AC system to VSC1 (c) DC voltage of 1 

pu in DC link (d) 0.5 pu reactive power flow from VSC2 to AC system  

 

Sequence of events: 

Time Action 

1-1.6 sec 25 % negative step in active power which flows from VSC2 to VSC1 

2.35-2.95 sec 25 % negative step in reactive power flowing from AC system to VSC1  

3.7-4.3 sec 10 % positive step in DC link voltage 

5.05-5.65 sec 25 % positive step in reactive power flowing from VSC1 to AC system   
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5.7 Active and reactive power reversal -vector control method   

In this case study, the reference values of P and Q controllers are changed so as to 

reverse the active and reactive power whilst keeping DC voltage constant. The behaviors 

of all four controllers are observable in this case.  

In Fig. 5.10a, the initial reference value of the power flow is at +0.5 pu in the 

direction from VSC2 (rectifier mode) to VSC1 (inverter mode). At 1 s, the reference value 

is reversed from +0.5 pu to -0.5 pu. It can be seen that the active power follows the 

reference rapidly without any oscillation and reaches the new reference of -0.5 pu within 

0.4 s. During this power reversal, some transients are observed in reactive power at both 

ends as shown in Fig. 5.10b and Fig. 5.10c and DC voltage has large overshoot of nearly 

40 % which stabilizes within 0.3 second. Due to system parameters it is not feasible to 

reverse the full power instantaneously.  

Fig. 5.10b shows a large change in reactive power at VSC1. Initially the reactive 

power reference is at +0.15 pu which flows from AC system to VSC1. At 2 s, the 

reference value is reversed to -0.15 pu. The direction change in the flow of reactive 

power is stabilized within 0.35 s without any kind of oscillations. It is observed that this 

disturbance does not create any kind of effect on active power or reactive power at VSC2. 

There is virtually little effect on the DC voltage due to this reversal of reactive power. 

In Fig. 5.10c, initially the reactive power reference at VSC2 is at -0.5 pu which flows 

from converter to AC system. At 3 s, the reference value is changed to +0.5 pu and as 

seen in the Fig. 5.10c, the reactive power at VSC2 follows the reference value within 0.2 s 
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without any transients. Some small transients are observed in the DC voltage with no 

effect in active and reactive power at VSC1. 

Next, Fig. 5.10d shows the variation of DC voltage throughout the process of changes 

applied to other controllers in the system as shown in Fig. 5.10a, 5.10b and 5.10c. During 

active power flow direction change, there is a large overshoot of 40 % in the value of DC 

voltage. The sudden change in direction of DC current flow is responsible for this large 

overshoot which may be reduced by optimizing the controller gains further. The change 

in reactive power at both ends does not have much effect on DC voltage though there are 

some transients at the time of the step change. 

 

Figure 5.10:   Active and reactive power reversal (a) Initial active power flow of 0.5 pu from VSC2 to 

VSC1 (b) Initial reactive power of 0.15 pu flow from AC system to VSC1 (c) Initial reactive power of -

0.5 pu flow from VSC2 to AC system (d) DC voltage of 1 pu in DC link 
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Sequence of events: 

Time Action 

1 sec Active power flow direction changes from +0.5 pu to -0.5 pu 

2 sec Reactive power flow (VSC1) direction changes from +0.15 pu to -0.15pu 

3 sec Reactive power flow (VSC2) direction changes from -0.5 pu to +0.5 pu 

 DC voltage is maintained constant at 1 pu 

 

 

5.8 Comparison between direct and vector control technique 

The simulation results for step changes of the VSC-HVDC system with direct control 

technique and vector control technique are shown in Fig. 5.3 and Fig. 5.9 respectively. As 

shown, the step changes are applied in the active power, reactive power /AC voltages and 

DC voltage.  

In Fig. 5.3, it is evident that the step change in active power strongly creates the 

transients in AC voltages at both ends and DC link voltage. Same way, the step in DC 

voltage has created large transients in active power and AC voltages at both ends of the 

VSC-HVDC system.  

In Fig. 5.9, it is seen that the change in active power affects neither the reactive 

powers at either end nor the DC voltage at VSC2. The step in DC voltage has created a 

small transient in reactive power flow at VSC2 whereas there is no effect on the active 

power and reactive power at VSC1.  

In case of direct control method; due to coupling between electrical quantities, change 

in one quantity strongly affects the other quantity. Whereas in case of vector control 
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technique, the coupling is removed so change in one parameter does not create any effect 

on other parameter in the system. This is a major advantage of vector control method 

compared to direct control method. As described earlier, in direct control method, 

modulation index and angle delta are controlled directly whereas in vector control 

technique modulation index and angle delta is derived using de-coupled feed forward 

control loops. By using vector control, the coupling between these electrical quantities is 

removed so change in one quantity does not affect the other quantity.  

 

5.9 Effect of DC capacitance on VSC-HVDC performance 

The DC side capacitors play a vital role on the system performance. The role of DC 

capacitors is described in section 2.2.5.  The charging and discharging of DC capacitors 

according to the current flow and hence the power flow takes place in the DC 

transmission system. The step changes in active power, reactive power and DC voltages 

are applied for different values of DC capacitors.  Figure 5.11 shows the results with the 

two 200µF DC capacitors connected in series across the DC terminals of VSC at both 

ends. It is seen that even though the system operates in stably, the transients in active 

power, reactive powers at both ends and DC voltage are very high which may lead the 

system to instability. 
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Figure 5.11:   Step changes with the DC capacitance of 100µF at each terminal  

 

 As the value of DC capacitor increases, the transients in all four quantities are 

reduced. Fig. 5.12, 5.13 and 5.14 show the simulation results with DC capacitor size of 

200µF, 300µF and 400µF respectively. The transients in 400µF DC capacitance are least 

compared to any other lower size capacitor.  

 

Figure 5.12:   Step changes with the DC capacitance of 200µF at each terminal  
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Figure 5.13:   Step changes with the DC capacitance of 300µF at each terminal 

 

 

Figure 5.14:   Step changes with the DC capacitance of 400µF at each terminal 
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5.10 Summary 

In this chapter, the VSC-HVDC system modeled in chapter 4 is simulated using 

EMTP-RV software package. Two different control techniques; direct and vector control 

are considered for simulation studies. The simulation studies regarding the various 

operating conditions, reference value changes and reversal of active and reactive power 

are carried out and analyzed. The comparison of two control techniques regarding the 

operational performance during step changes is done here. The size of DC capacitor 

affects the system performance, and a comparative study with four capacitor values was 

performed.        
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Chapter 6 

Fault Analysis 

6.1 Introduction 

The VSC-HVDC model developed in EMTP-RV in chapter 4 is studied regarding 

symmetrical and asymmetrical faults on sending and receiving end AC networks and 

fault on DC transmission system. Vector control strategy is implemented during this 

analysis. The different electrical quantities like voltage, current, active power and 

reactive powers at both AC sides and voltage and current in DC link are studied to 

understand the system behavior under the fault conditions. From this analysis, the ability 

of VSC-HVDC system to remain in stability and to decouple two connected AC systems 

is determined.      

 

6.2 Fault analysis at VSC1     

Various symmetrical and asymmetrical faults at the VSC1 converter transformer high 

voltage (HV) filter bus were created. The starting conditions are implemented such as 

active power of 0.45 pu flows from VSC2 to VSC1, the reactive power flow at either end 

is zero and the DC voltage is at 1 pu.  
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6.2.1 Single line to ground (SLG) fault at VSC1 

A SLG fault in phase A is created at 0.75 s for 6 cycles (100 ms) at HV side of VSC1 

converter transformer. Figures 6.1a, b, c and d show the phase A voltage and current 

waveforms at VSC1 and VSC2 AC filter bus respectively. During the fault, phase A 

voltage at VSC1 becomes nearly zero and high amplitude fault current flows with 

oscillations.  

 

Figure 6.1:   SLG fault at VSC1 converter transformer 
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The phase A voltage at VSC2 is stable during this fault which shows no effect of the 

fault on the unfaulted side of the HVDC transmission system. The phase A current on 

VSC2 is stable though it gets some disturbance which stabilizes within 4 cycles. The 

distortion can be seen in DC link voltage and current (Fig. 6.1e & 6.1f) which reflects 

slow response to the fault and follows the reference value within 0.4 s. When the fault is 

removed, the voltage at VSC1 stabilizes within 5 cycles. The fault impedance of 1mH and 

5 Ω is utilized during this fault condition.  

6.2.2 Asymmetrical double line to ground (DLG) fault on AC filter bus 

at VSC1    

A DLG fault in phase A and B is created at 0.75 s for 6 cycles at the VSC1 converter 

transformer HV side. Figures 6.2a, b, c and d show the phase A and B voltage and current 

waveforms at AC filter bus of VSC1 and VSC2 respectively. During the fault, it is seen 

that the phase A and B voltages at VSC1 reach nearly 40 % of their rated value and high 

fault currents flow from phase A and B to ground.  The voltages at VSC2 are stable 

during this fault which shows the ability of VSC-HVDC to decouple systems during fault 

conditions on neighboring AC systems. The currents at VSC2 show some distortion 

which decay within 5 cycles.  The DC link voltage oscillates between 1.1 pu and 0.8 pu 

before returning to the reference value of 1 pu. When the fault is removed, the voltages at 

VSC1 stabilize within 5 cycles. A fault impedance of 1mH and 65 Ω was utilized during 

this fault condition.  
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Figure 6.2:   DLG fault at VSC1 converter transformer 

 

6.2.3 Symmetrical three lines to ground (TLG) fault on AC filter bus at 

VSC1   

A TLG fault was created at 0.75 s for 6 cycles at the VSC1 converter transformer HV 

side. The voltage and current waveforms of all the phases at AC filter bus of VSC1 and 

VSC2 are shown in Fig. 6.3a, b, c and d respectively. It is seen that during the fault, the 

voltages at the VSC1 becomes nearly 60 % of rated value and distorted fault currents flow 

to ground.  The VSC-HVDC operates as a shock absorber during the faults so the 

voltages at VSC2 are stable during this fault. The currents at VSC2 get minor disturbance 
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which decays within 10 cycles. When the fault is removed, the voltages at VSC1 stabilize 

within 8 cycles. DC link voltage (Fig. 6.3e) reaches to 1.1 and 0.85 pu respectively 

during the fault application. DC current (Fig. 6.3f) follows the disturbance with small 

transients and reaches to the original pre-fault value within 0.2 s. The fault impedance of 

1mH and 130 Ω is utilized during this fault situation. 

     

 

Figure 6.3:   TLG fault at VSC1 converter transformer 
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6.3 Fault analysis at VSC2  

Different symmetrical and unsymmetrical faults are produced at VSC2 converter 

transformer HV bus. The active power of 0.45 pu flows from VSC2 to VSC1, reactive 

power flow is zero at either end and DC link voltage is maintained at 1 pu during all the 

fault conditions considered here. 

6.3.1 Single line to ground fault at VSC2 

Single line to ground fault in phase A is created at 0.75 s for 6 cycles at HV side of 

the VSC2 converter transformer. Figures 6.4a and 6.4c show the voltage waveforms at 

AC filter bus of VSC2 and VSC1 respectively. It is seen that during the fault, the voltage 

at the VSC2 becomes nearly 15 % of rated value whereas the AC bus voltage at VSC1 is 

stable during this fault which shows no effect of the fault on the other side of the HVDC 

transmission system. After the fault is removed, the voltage at VSC2 becomes stable 

within 5 cycles. 

The distortion can be seen in DC link voltage and current (Fig. 6.2e & 6.2f) which 

reflects slow response to the fault and follows the reference value within 0.4 s. A fault 

impedance of 1mH and 60 Ω is utilized during this fault situation.   
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Figure 6.4:   SLG fault at VSC2 converter transformer 

 

6.3.2 Asymmetrical double line to ground fault on AC filter bus at VSC2    

Asymmetrical double line to ground fault in phase A and B is created at 0.75 s for 6 

cycles at HV side of the VSC2 converter transformer. Figures 6.5a and 6.5c show the 

voltage waveforms of phase A and B at AC filter bus of VSC2 and VSC1 respectively. It 

is seen that during the fault, the voltages of phase A and B at the VSC2 becomes nearly 70 

% with distortion whereas the voltage VSC1 is stable during this fault. When the fault is 

removed, the voltage at VSC2 becomes stable within 5 cycles. The disturbance is seen in 
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DC current during fault application (Fig 6.5f). The fault impedance of 1mH and 135 Ω is 

utilized during this fault situation.    

 

Figure 6.5:   DLG fault at VSC2 converter transformer 

 

6.3.3 Symmetrical three lines to ground fault on AC filter bus at VSC2     

Symmetrical three lines to ground fault is created at 0.75 s for 6 cycles at HV side of 

the VSC2 converter transformer. Figures 6.6a and 6.6c show the voltage waveforms of all 

the phases at AC filter bus of VSC2 and VSC1 respectively. It is seen that during the fault, 

the voltages at the VSC2 becomes nearly 50 % with distortion. As shown in the figure, 
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the voltage VSC1 is stable during this fault which shows no effect of the fault on the other 

side of the HVDC transmission system. 

When the fault is removed, the voltage at VSC2 becomes stable within 5 cycles. The 

DC link voltage shows the variation from 0.85 pu to 1.15 pu before reaching the 

reference value of 1 pu. The fault impedance of 1mH and 170 Ω is utilized during this 

fault condition.     

 

Figure 6.6:   TLG fault at VSC2 converter transformer 
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6.4 Fault at DC transmission system 

During the fault in DC transmission system, the DC voltage on the faulted terminal 

reduces due to continuous flow of the DC fault current. The DC capacitors also feed this 

fault current which depends on the fault impedance. Since DC breakers are not available 

to interrupt this fault current so the AC breakers on both the AC systems must be opened 

to remove this fault. This process is slow comparatively so the complete system must be 

shut down. The detailed analysis of system behavior during DC fault is out of scope of 

this thesis. 

 

6.5 Summary  

This chapter provides the VSC-HVDC system performance evaluation under different 

symmetrical and asymmetrical faults on VSC1 and VSC2 AC filter bus and DC 

transmission system. The waveforms for electrical quantities like voltage, current, active 

power, reactive power, DC voltage and current are presented and analyzed during 

application of faults to understand the behavior of proposed VSC-HVDC transmission 

system.      
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Chapter 7 

Conclusions and Future work 

7.1 Conclusions 

The development of VSC in last decade generated tremendous research interest in its 

power system applications. The VSC-HVDC uses the IGBTs and SPWM, which makes it 

possible to control the magnitude and phase angle of the converter AC output voltage. 

This flexibility of control allows for a number of advantages of VSC-HVDC. In order to 

fully utilize the capability of the VSC-HVDC, two control algorithms of the VSC-HVDC 

are investigated and the performance is tested under different situations in this thesis. The 

direct control and vector control strategies which control active power, AC 

voltage/reactive power and DC voltage, are presented and evaluated for the VSC-HVDC 

transmission system which connects two weak AC grids. The results for both control 

techniques show that the system response is fast, high quality AC voltages and currents 

can be obtained, and the active and reactive power can be controlled precisely. However, 

the direct control suffers from coupling problems between active/reactive power controls. 
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The major contributions of this thesis are as follows: 

 Development of a detailed model of a 2-level, 3-phase, 6-switch VSC which is 

used to build VSC-HVDC transmission system. The model includes 

representation of valves, snubber circuits, and passive components. 

 Implementation of SPWM technique for generating firing pulses for VSC 

converter. 

 Implementation of direct control and vector control strategies which includes 

design of four different controllers; two controllers at sending end (active power 

and AC voltage/reactive power controller) and two controllers at the receiving 

end (DC voltage and AC voltage/reactive power). 

 Design and implementation of VSC-HVDC transmission system connected to 

weak AC grids in EMTP-RV in order to understand the operational behavior of it 

under steady-state, dynamic and fault operating conditions. 

The simulation results for VSC-HVDC model with direct control strategy show the 

satisfactory operation during steady-state and dynamic conditions. Due to coupling 

between electrical quantities (voltage and currents), changes in one quantity affect the 

other quantity which may lead the system to instability during abnormal conditions (i.e. 

faults and sudden load changes).  

On the other hand, vector control technique implements the feed forward closed loop 

control technique so the coupling between electrical quantities is removed.  This is a 

major advantage of vector control method when compared to direct control method. The 
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vector control strategy is implemented with VSC-HVDC and comprehensive simulation 

results show that 

 The system response is of the order of 0.75 s which is comparatively fast.  

 The active power and reactive powers in both AC systems can be controlled 

independently. 

 During dynamic tests i.e. 25 % negative step in active and reactive power at 

VSC1; 25 % positive step in reactive power and 10 % positive step in DC link 

voltage at VSC2, the system response is fast and well controlled.  

 The active power and reactive power reversal analysis shows the bi-directional 

transfer of power capability of VSC-HVDC without large oscillations. At the 

instant of active power reversal, the DC voltage increases sharply which depends 

on the amount of the active power flow.  

 During asymmetrical faults at VSC1 and VSC2 AC filter buses, DC voltage drops 

and shows some oscillation, the effect on the unfaulted AC side depends on the 

active power flow during the application of the fault.  

 Symmetrical 3-phase faults at both AC sides of HVDC link show the satisfactory 

operation of the system. The fault impedance is comparatively higher than single 

phase and double phase to ground fault.  

 The fault application on positive pole of DC link shows that the power can still be 

transmitted by unfaulted pole of DC link. The DC capacitors play major role 

during faults on DC transmission system and provide the necessary voltages 

during these conditions. 
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  The effect of different DC capacitor sizes on active power, reactive power and 

DC voltage is also studied which shows that as the capacitor size increases, the 

transients in active and reactive power and AC and DC voltages are reduced. The 

cost is the limiting factor for the capacitor size employed in actual installations.    

 

7.2 Future work 

The following topics emanating from this research are considered for future work: 

 Study of proposed VSC-HVDC model during the fault applications at AC and DC 

systems, in case of a unbalanced AC system. 

 Design of VSC-HVDC transmission system using multi-level VSC like Neutral 

point clamped and Flying capacitor topologies.   

 Study of VSC-HVDC and its control systems connected to passive network at 

receiving end. 

 Multi-terminal VSC-HVDC system operation and grid integration of renewable 

energy sources like wind and solar farms. 

 Implementation of active AC filters to VSC-HVDC system.  
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Appendix A 

Per Unit Calculations 

The VSC-HVDC transmission system modeled in this thesis is converted in per unit. The 

following calculations are given for the conversion to per unit. 

 

Sb  = Nominal three phase apparent power of the AC network 

     = 100 MVA 

Vb  = Nominal peak phase voltage of AC network 

     =  where is line-to-line RMS voltage 

  

Vb  = 187.795 kV 

Ib  = Nominal peak phase current 

    =  

    = 355 Amps 

Zb = Base AC impedance 

    =  
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    =529 Ω 

ωb = Base angular frequency 

= 377 rad/sec 

The per unit presentation at the DC side is achieved as follows: 

As, =  and then the power balance is given by, 

  

 

The base value for the DC voltage is chosen as, 

  

  

Then by the power balance equation as above, 

  

  

And  

 = 1410.66 Ω 
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Appendix B 

Filter Design Calculations 

Each individual harmonic component is studied regarding its amplitude and contribution 

to total harmonic distortion in voltage and current.  From this information, filter rating is 

calculated according to the particular harmonic component attenuation and power factor 

improvement in the system. The graph of impedance versus harmonic frequency provides the 

information to choose the quality factor of particular filter branch. The quality factor of 30 is 

considered for design calculations provided here. The low order harmonics which have high 

magnitude are mitigated by low-pass (LP) single tuned filters and high frequency harmonics 

frequency components are attenuated by high-pass (HP) damped filters.  

 

Table B-7-1: Filter ratings at VSC1 

Ratings of the filters connected at HV bus of converter transformer at VSC1 

Type 

 

Harmonics 

Order 

Rating 

(MVAR) 

Resistance 

(Ω) 

Inductance 

(H) 

Capacitance 

(µF) 

LP 4
th

 5 22.05 1.754 0.251 

LP 5
th

 5 14.11 1.122 0.251 

LP 7
th

 5 05.51 0.438 0.251 

LP 8
th

 5 02.91 0.240 0.251 

HP 6
th

 50 14.69 0.094 3.000 

 

 

Table B-7-2: Filter ratings at VSC2 

Ratings of the filters connected at HV bus of converter transformer at VSC2 

Type 

 

Harmonics  

Order 

Rating 

(MVAR) 

Resistance 

(Ω) 

Inductance 

(H) 

Capacitance 

(µF) 

LP 4
th

 5 22.05 1.754 0.251 

LP 5
th

 5 14.11 1.122 0.251 

LP 7
th

 5 05.51 0.438 0.251 

HP 8
th

 5 02.91 0.240 0.251 

HP 6
th

 25 29.39 0.187 1.500 

HP 17
th

 25 03.00 0.022 1.500 
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(1) MATLAB code for calculations of low-pass single frequency tuned filter RLC 

 branches  
 

% Low pass 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= (omega*L)/quality  

 

 

(2) MATLAB code for calculations of high-pass damped filter RLC branches 

  
 

% 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  

 

 

 

 

 

 

 



 

 119 

Appendix C 

ABC-dq Conversions 

 

Figure 7: ABC to dq conversion block modeling in EMTP-RV 

 

Figure C 1 shows the modeling of ABC to dq conversion in EMTP-RV. The introduction 

of reference frames in the analysis of electrical machines has turned out not only to be useful 

in their analysis but also has provided a powerful tool for the implementation of sophisticated 

control techniques. The significant breakthrough in the analysis of three-phase AC machines 

was the development of reference frame theory. Using these techniques, it is possible to 

transform the phase variable machine description to another reference frame. By appropriate 

choice of the reference frame, it is possible to simplify considerably the complexity of the 

mathematical machine model. These techniques are initially developed for the analysis and 

simulation of AC machines; they are now invaluable tools in the digital control. These digital 

control techniques are now extended for control of currents also. Over the years, many 

different reference frames have been proposed for the analysis but the most commonly used 

ones are the stationary reference frame and the rotor reference frame. 
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The 3-phase AC machines are conventionally modeled using phase variable notation. For 

3-phase star connected machine, the phase quantities are not independent variable so the 

vector sum of all 3-phase quantities is zero. As a result of this redundancy in the phase 

variable representation it is possible to transform the system to an equivalent 2-phase 

representation. The transformation from 3-phase to 2-phase quantities is written in matrix 

form as:                                              (C.1) 

Where γ=2π/3 and the  can be any phasor quantity. It is evident that for control of the 

current amplitude this form is more suitable than 3-phase representation. The transformation 

shown in (C.1) is known as Clarke Transformation. The space vector may be viewed in the 

complex plane as shown in Fig C 2. 
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jβ
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A Axis

B Axis

C Axis

γ

 

Figure 8: Phasor diagram for relationship between ABC and αβ 
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In case of AC machine theory, the stator space vectors are complex quantities defined in 

a reference frame whose real axis is fixed to the magnetic axis of the stator winding. The 

corresponding quantities defined for the rotor circuit of a 3-phase AC machine are similarly 

stated in a reference frame fixed to the rotor. In the analysis of electrical machines, it is 

necessary to adopt a common reference frame for both the rotor and the stator. The second 

transformation known as a vector rotation is formulated that rotates space vector quantities 

through a known angle. The space vector in this new reference frame is written in matrix 

form as:   

                                       (C.2) 

Where the angle  the angle by which the vector rotation is done. This transformation is 

called Park’s transformation. The relationship of the real and imaginary components of the 

current space vector in the original stationary two-axis reference frame and the new rotating 

reference frame is shown in the Fig 63.  
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Figure 9: Phasor diagram for relationship between ABC, dq and αβ quantities 

 

From above discussion, it can be said that a balanced 3-phase system in phase variables 

may be transformed to an equivalent 2-axis representation that is independent of the angular 

position by applying a three-phase to two-phase transformation followed by a vector rotation 

by the angular position of the phase quantities.  

The two transformations can be combined in one step using following matrix equation. 

              (C.3) 

Equation C.3 can be used for the conversion of ABC-quantity in to dq-quantity directly. 
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Appendix D 

EMTP-RV: An Overview 

 

EMTP-RV was originally developed by the Bonneville Power Administration (BPA), 

Portland, Oregon. The present version was developed at IREQ, Hydro-Quebec under the 

agreement with the Direct Coordination Group (DCG). This software is widely used in power 

utilities, research institutes and academic institutions for transients simulation studies around 

the world, and is a circuit based power system simulator. This thesis used the software for the 

modeling and study of 2 levels, 6 switches VSC based HVDC transmission system. The 

EMTP-RV is the enhanced computational engine and EMTP Works is its new Graphical 

User Interface (GUI). 

Power system networks can be modeled using EMTP-RV to represent practical systems 

and large numbers of models are available in EMTP-RV for study purpose. These models 

can be used for the steady state and transient state phenomenon simulation in power 

networks. The power network can be modeled using voltage or current sources, machines, 

multiphase circuits, distributed or lumped parameter line models and switches. The simulated 

model can be used to represent a specified power system. There are different subroutines 

available in EMTP-RV that solve the mathematical equations and provide solutions to such 

models. Another advantage of the EMTP-RV is that it can handle very large and complex 

power system networks. Its uses include switching and lighting surge analysis, insulation 

coordination and power electronic applications in power systems. Further information about 

EMTP-RV can be obtained from the website www.emtp.com. 

 

http://www.emtp.com/
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Appendix E 

List of Publications 

 

1. As a part of this research, the following research paper has been accepted by IEEE 

 Electrical Power and Energy Conference (EPEC 2010) at Halifax, Nova Scotia, 

 August 25-27,  2010.  Hiteshkumar Patel and V.K. Sood, “Modeling of Voltage 

 Source Converter based HVDC system in EMTP-RV,”  

 

2. As a part of this research, the following paper is going to be submitted to an 

 International conference. Hiteshkumar Patel and V.K. Sood, “Comparison of direct 

 control and vector control methods for Voltage Source Converter based HVDC 

 transmission system,”   

 

  

 


