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ABSTRACT

High voltage direct current (HVDC) is one of the technologies in electrical

transmission system. It is established as an alternative to AC transmission system.

The main purpose ofthis project is to model and simulate the HVDC system by using

software. The scope of this project is to cover the concepts about transmission

system,specifically HVDC. In fact, familiarization with softwaresuch as ATP will be

covered too as it will assist in the modeling and simulation stage. The systematic

approaches such as research, modeling, simulation, validation and troubleshooting in

accomplishing this project are discussed in the chapter of methodology. Assessments

on several softwares were conducted in order to identify the best software in studying

the behavior of HVDC system. Besides that, data taken from real HVDC project,

which is EGAT/TNB HVDC Interconnection Project, will be discussed too.

Comparison between the simulated results and the real data were carried out in order

to validate the findings from the simulation. Based on the evaluation made on the

relevant software, it is found that ATP is the best software to be utilized in this

project. Subsequently, simulations were conducted by using ATP and desired

waveforms were obtained since they managed to resemble the real data and consistent

with the theoretical concept.
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CHAPTER 1

INTRODUCTION

1.1 Background of Study

The main purpose of the transmission system is to carry bulk quantities of electrical

energy to or between convenient points. At these points, the electrical energy may be

subdivided for eventual delivery to one or more distribution systems. The voltage of

transmission line is usually determined by economics. Higher voltages are generally

desirable since smaller, less expensive conductor may be used. In fact, high voltage

transmission often permits transmitting large block of power more economically than

lower voltage transmission.

HVDC transmission uses a lighter and cheaper construction, with one or two

conductors instead of three, but requires complex and expensive terminal

arrangements. However, where power is to be transmitted over long distances, either

overhead or with cables, or when a connection is required between systems operating

at different frequency, HVDC may well become economic. This has led to the

installation worldwide of a number of HVDC links operating at powers of gigawatts.

A typical HVDC system is shown in Figure 1.

AC POWER
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STEP UP

TRANSFORMER ~0~
3 PHASE

RECTIFIER

DC POWER
TRANSMISSION

LINE

3 PHASE

INVERTER -#-
CONVERTER

TRANSFORMER

Figure 1 : HVDC power transmission system [1]
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HVDC is an application of the power electronics and due to the economic and

technical aspects; this technology has started to be developed. Generally HVDC has

its own terminal design, basic configuration and equipment in order to establish the

transmission system. In fact, it is predicted that in future HVDC will be improved by

using advanced technology such as multiterminal configuration, Gate Turn Off

(GTO) devices, forced commutation converters and control electronics.

1.2 Problem Statement

Modeling refers to the process of generating a model as a conceptual representation

of some systems. The usual approach to model development is to characterize the

system, make some assumptions about how it works and translatethese into equations

and a simulation program. Pertaining to the modeling of HVDC, which has a very

complex system, its whole system must be characterized and divided into small

chunks so that the modeling task can be executed easier. In fact, the most crucial part

that plays major role in HVDC transmission system must be identified and modeled

first because at least it can represent important part of the performance of the HVDC

system.

Subsequently, a computer simulation will take place in completing the modeling task.

The computer simulation is an attempt to model a real-life or hypothetical situation

on a computer so that it can be studied to see how the system works. Simulation has

become a useful part of modeling in engineering in order to gain insight into the

operation ofthose systems. Usually, certain software is used to carry out simulation.

To perform the simulation of HVDC transmission system, the most suitable computer

software needs to be identified. This is because in the study of engineering, there are

many engineering software available in the market that can be used for simulation

purpose. However, among these software, there are only few software that are

specially designed to study the behaviors of power transmission especially HVDC

transmission system. Thus, the selection of right software is essential in order to

obtain the best result from the simulation.



1.3 Objectives and Scope ofStudy

The objectives of this project are:

• To study the HVDC system concepts and its application in power system.

• To model and perform simulation on HVDC system.

• To compare the obtained simulation results with the existing available data.

The scope of study will cover several aspects. Firstly, it is to cover the concepts of

transmission system and HVDC itself. Complete understanding about the system is

vital before the next stage can take place. Software will be used to carry out modeling

and simulation of the system. Thus, knowledge about the software needs to be

developed. After thorough investigation has been made, Alternative Transient

Program (ATP) is chosen as the best software to undertake the role in the modeling

and simulation of the HVDC transmission system.



CHAPTER 2

LITERATURE REVIEW

2.1 HVDC Power Transmission System

2.L1 Introduction

HVDC transmission systems have been developed worldwide. In fact, there is boost

in utilization of the technology in 1970s and 1980s. The trend is shown in Figure 2.

The economic and technical benefits are the two reasons that have been identified

which contribute towards the phenomenon [2].

t955 1965 1975 19B5 1995

Figure 2 : Increased in utility interest in HVDC transmission. [2]

HVDC transmission is described as economical due to some reasons. Firstly, HVDC

is better than AC for overhead line especially when the transmission distance is

500km or more. This is because the lower cost of the DC transmission lines offset the

high cost of the converter terminals. In term of cables, its break-even distance is

30km. This is because higher voltage AC cables require excessive capacitive charging

current. Although intermediate costly shunt reactor can be applied to compensate the

underground cables, it is not practical for submarine cables. Since DC cables do not



have capacitive charging currents, no shunt compensation is needed. A more detailed

cost comparison of 3000MWtransmission systembetweenDC and AC alternatives is

shown in Appendix A [3].

Apart from that, HVDC canprovide technical and performance characteristics which

do not posses by AC such as asynchronous interconnection between two large AC

systems, control of power flow and power modulationcontrol. This is because in AC,

it is technically difficult and impossible to connect two independent controlled power

systems, which on the otherhand can be catered by asynchronous HVDC tie. In fact,

interconnection of power systems with different nominal frequency can be done in

HVDC [2].

2J*2 Terminal Design and System Configuration

2.1.2.1 Terminal Design

Rectifier is a terminal that converts AC to DC while inverter is a terminal that

converts DC to AC. In HVDC, these two terminals are referred as converter. The

converter terminals consist of the following components:

• converter (valve) and its controls,

• converter transformers,

• reactors,

• filters,

• reactive power supplies and

• protective, monitoring, measuring, communications and auxiliaryequipments.

Major elements of bipolar transmission system are shown in Figure 3. The system

indicates the arrangement with the sending end at point of generation; the receiving

end connected to AC system via bipolar DC line and ground return is used as a spare

conductor. An example of HVDC converter station design is depicted in Appendix B

[3]. Six pulses Converter Bridge are used to convert the power from AC to DC and

DC to AC. The six pulses converter is depicted in Figure 4.
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Each element in the six pulses converter represents an optimized number of solid-

state thyristors connected in series, and sometimes in parallel, to form a solid-state

valve. The DC output voltage of a 6-pulse bridge contains even voltage harmonics of

order 6, 12, 18. . , 6n, while the valve side AC current contains odd current

harmonics, 5, 7, 11, 13. . . 6n ± 1. Unless these harmonic voltages are filtered, they

will flow into the AC system and the DC line, and can cause voltage distortion and

telephone interference.

A 12-pulse converter consists of two 6-pulse bridges in series. The two are identical

except that the AC supply voltages of the two are shifted in phase by 30°. This is

usually accomplished by supplying one bridge with a wye-wye transformer and the

other with a wye-deltaconnection as shown in Figure 5. As a result of this 30° phase

shift, certain harmomcs are canceled out, thus leaving even voltage harmonics on the

DC side of the converter of order 12, 24, 36,..., 12n, and odd current harmonics on

the AC side of the converter of order 11, 13, 23, 25,..., 12n ± 1. This reduction in

filter requirements is a major reason why almost all modern solid-state HVDC

systems operate as 12-pulse only.

Figure 5 •The pulse converter consists of two 6-pulse bridges in series. [2]



2,1.2.2 System Configurations

In HVDC transmission, ground return can be used as a conductor if current flowing

through ground is not objectionable. That is, each separately insulated transmission

conductor, together with the ground-return path, would form a separate electric

circuit. When ground current is objectionable, a dedicated metallic return is used

instead. Utilizing this fundamental principle, the following basic transmission

configurations can be considered:

• Back-to-back interconnectionf4,5*

This is the simplest configuration in which the two converters are located on the same

site. Therefore in this case, it does not require any transmission line or cable between

the converter bridges. The two units are identical and each can be used on the

rectification or inversion modes as ordered by the system control. Figure 6 shows the

configuration of back=to*back interconnection.

-2SI3Z

Figure 6 : Back-to-back interconnection [5]

Monopolar Arrangement[2, ]

In this configuration, which is shown in Figure 7, a single conductor line is used to

connect between the two converter stations. In fact, earth or the sea is utihzed as the

return conductor which requiring two electrodes capable of carrying the full current.

Monopolar transmission is often used in systems of comparatively low power rating,

primarily with cable transmission.

1 !

i

^J n.

1 ' 1
^ i

Figure 7 : Direct current monopolar transmission arrangements [2]



• Bipolar Arrangement[ *

It is the most common configuration. As shown in Figure 8, actually bipolar

arrangement is the combination of two monopolarsystems, one at positive and one at

negative polarity with respect to ground.

s

-ft.

s

Figure 8 : Direct current bipolar transmission [2]

Other types ofconfigurations are depicted in Appendix C [3].

2.1.3 Equipment Characteristic.

2.1.3.1 HVDC Valve (converter)

The main requirements of HVDC valve in power transmission are:

• Low voltage drop during conduction

• Ability to withstand high negative and positive voltage without breaking down

• Controllable firing instant

• Overcurrent ability to withstand internal and external faults

Converter station has used thyristor that consists of the silicon semiconductor wafer

encapsulated in a disc-type porcelain package. The major power loss in a thyristor

occurs due to "spreading" phenomena. That is, when the thyristor first turns on, only

a small portion of its junction area conducts. The area of conduction spreads with

time until maximum conduction area is reached. This minor power loss is due to

leakage currents from the impressed voltage on the thyristor.[2,4]



There are several combinations of valve insulation and cooling mediums [2], which

are listed as follows:

• air for both insulation and cooling

• oil for both insulation and cooling

• air for insulation and water, oil, Freon, etc., for cooling

• SF6 for insulation and oil, Freon, etc., for cooling

2.1.3.2 Converter Controller

The main objectives ofan HVDC control system are:

• to control a system quantity such as DC line current, transmitted power, or

frequency of eitherof the two connected ac networks with sufficient accuracy

and speed of response

• to ensure stable converter operation in presence ofsmall system disturbances

• to fulfill the above objectivesat minimumreactivepower consumption

In HVDC transmission, because of the rather small value of line resistance, the direct

current will vary rapidly and drastically with small changes in the direct voltage

difference between terminals. The widely accepted method for the control of the

voltage difference is to change the ratio between direct voltage and alternating

voltage by gridcontrol, that is, change of the converter firing anglea.

To minimizethe amount of reactive power consumed, it is usual to operate either the

rectifier on minimum firing angle a, or the inverter on minimum margin of

commutation y. A smaller firing angle would give less demand for reactive power,

but also would limit the ability to rapidly increase the rectifier voltage by decreasing

the firing angle. As the inverter establishes the direct voltage, the suitable firing angle

range for the rectifiermay be obtainedby tap-changer control in the rectifier. [2]

2.1.3.3 Converter Transformer

Converter transformers [2, 6] are the link between the AC and DC systems. They

provide a natural barrier between AC and DC systems, preventing DC voltage and

current from reaching the AC system. Through their closely matched impedances, a

result of careful design and construction, they:

• reduce non-characteristic harmonics

• reduce AC phase imbalance, thus simplifying system regulation

10



• limit short-circuits currents to tolerable levels for the solid-state converter

valve

2.1.3.4 Smoothing Reactor

A smoothing reactor [2,4] is placed in series withDC converters to smooth DCripple

current and reduce current transients during system contingencies. It serves a

secondary purpose of protecting the converter valves from voltage surges coming

from the DC line.

2.1.3.5 Transductor

• DC Current Transductor

For an HVDC power system, measurements of directcurrentare required as an input

to the converter controller, and for metering and instrumentation. The DC current

transductor (DCCT) measures the directcurrent andprovides a signal in the form of a

direct voltage proportional to the direct current. The DCCT also provides isolation

between the HVDC line, where the current is measured, and the control system

ground.

• DC Potential Transductor

As previously mentioned, measurements of DC line voltage are required as an input

to the converter controller and for metering and instrumentation ofan HVDC system.

The DC potential transductor (DCPT) measures DC line voltage with isolation

between the power system and control system ground. The DCFT consists of the

following main components:

• current limiting precision resistor

• auxiliary unit

• transductor cores

• distribution and sensor box [2]

2.1.3.6 Arresters

The main purpose of surge arrester is to protect valve from reverse overvoltage.

A gapless metal oxide surge arrester connected across the valve does the protection.

The surge arrester constitutes the primary protection of the valve against overvoltage

ofexternalorigin. The arrester has to withstandcontinuousoperationwhile subjected

11



to the valve OFF state voltage, including the periodic switching transients which

happening every cycle. The arrester provides a protective level typically around 70%

higher than the peak of thenormal operating voltage ofthevalve. [4]

2.1.3.7 AC Filters

The filters that are connected to the same AC busbar as the converter transformers

have two main functions, which are to absorb harmonic currents and to provide

reactive power. In order to have separate maintenance and to restrict the voltage step

at switching, it is normal to splitfilters to several banks. [7]

2.2 Basic Conversion Principle

The mechanism to achieve instantaneous matching of the AC and DC voltage levels

must be considered first in the process of static power conversion, given the limited

number of phases and switching devices, which are economically feasible. By

referring to Figure 9a, theoretically infinite current level transient will occur. This is

dueto the absence of theenergy storing elements on either sideand in the presence of

a constant DC voltage. In fact, the time variation of the AC voltage waveforms and

any voltage supply deviations from the nominal level will contribute to the same

phenomenon.

Therefore in order to absorb the continuous voltage mismatch between the two sides,

series impedance must be included in thescheme. The switching devices will transfer

instantaneous direct voltage to the AC system according to the transformer

connection and ratio if such impedance is exclusively located on the AC side, as

depicted in Figure 9b. Thus, the circuit configuration is basically a voltage converter,

with possibility to altering the DC current by thyristor control.

Pulse of constant direct current will flow through the switching devices into the

transformer secondary windings by placing a large smoothing reactor on the DC side,

as indicated in Figure 9c. These current pulses are then transferred to the primary

side according to transformer connection and ratio; thus the result is basically a

current converter with the possibility of adjusting the direct voltage by the thyristor

control.

12



Due to the impossibility of recovering from the arc back disturbances, the usage of

the voltage converter was rejected in mercury arc-converter. In fact, it is

uneconomical in terms of reactive power compensation to apply the voltage converter

withthyristor scheme. This is because it requires large series of impedance andrapid

changes in the supply voltage canbe accommodated within narrow limits. Therefore,

the currentconversion principle is generallyaccepted as the basis of HVDC converter

design. [4]

Vac

rvYVs

Vac fYVY*|

Vac

yj

(a)

4 A

\M

(b)

-YYY^

-
Mjo

,

Vd

(c)

Figure 9 :AC/DC voltage matching: (a) unmatched circuit, (b) circuit for
voltage conversion, (c) circuit for current conversion [4]
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2.3 Phase Controlled Converter
[8|

Controlled rectifier circuits will use silicon-controlled rectifier (SCR), or called

"unidirectional thyristor", instead of the diode. Half-wave uncontrolled and controlled

rectifiers are shown in Figure 10 and 11 respectively:

m

H

Figure 10 : Half waveuncontrolled rectifier

Figure 11 : Half wave uncontrolled rectifier

Unlike in diode rectifier circuits, in controlled circuits the power may flow from the

load side (DC side) to the source side (AC side) under some control condition. Such

circuits are also known as phase-controlled converters. The source of control stems

from the fact that the gate signal can be applied to any time in the period during

which the anode-cathode voltage is positive. Negative direction of power flow is

known as inversion and the circuits are known as controlled inverter circuits.

2.3J Basic Phase Control Concepts

Block diagram for representations for single and three phase SCR controlledcircuits

are depictedin Figure 12. One or more SCRs and possiblydiodes are used in building

the SCR circuit block. The SCRs are turned on by using externally applied gating

signal, which is regulated by the control circuit. This means that the average output

voltage can be controlled.

14



Figure 12 : Blockdiagram representation forphasecontrolled converter,
(a) Single-phase, (b) Three- phase

Gatetrigger signal as shown in Figure 13 is used in activating the SCRs. The time, ti,

is known as the firing time or the delay time. Firing angle or the delay angle, which

is denoted by a, is usually applied to represent this instant. The equation of the firing

angle is shown as follow:
a = G)t

©is the frequency (rad/s) of the supplied voltage.

SCR2 SCR,

'fl2 'S1

Figure 13 : SCR representation with gate trigger signals igi and ig2

23.2 Half- wavecontrolled rectifier(resistive load)

When the diode is replaced by an SCR in the single-phase half-wave rectifier circuit,

the resultant circuit is known as a half-wave phase-controlled rectifier as shown in

Figure 11. When the source voltage is positive, the SCR will not conduct until the

gate signal is applied at t = ti, as depicted in Figure 14.

15



Figure 14 : Waveforms forFigure 11 when the SCRis triggered at t=ti

2.4 Converter Operation: Simplified Case ofZero Commutating Inductance

A three phase full wave bridge which utilizing six controlled (thyristor) valve as

shown in Figure 15 is the standard "building block" for HVDC converter. As there

are six valve firing pulses and six pulses per power frequency in the output, at the DC

terminal, the systemis known as a "six pulse" converterbridge.

06 fd

L 'r

4i

Figure 15 : Basic six pulse converter bridge

The "idealized" current and voltage waveforms which are depicted in Figure 16 are

generated by neglecting commutation inductance L in Figure 15. Besides that, it is

assumedthat the output current, Id is smooth due to the large DC smoothing reactor,

Ld. The time when the uncontrolled (diode) valves start to conduct is used as

reference, and the firing angle is defined to be zero at this point on the wave. Figure

16 is drawn by assuming that each valve has the value of firing angle equal to zero,

16



a=0. The effects on the current dependent losses of converters are neglected in the

following analysis since they are small and non-linear.

D.c.

voltage

a

Hi'-\ r<
/"<

fN^

0

N N^ A \

*60°»

£8

JFl"
1

'i
»

'2 I

in
2

'3

5 S <i U
> o

i 'B

'6

'a

/b
- £ <

< d
'C

i

Figure 16 : Idealizedwaveforms for a six pulse converter [7]

Numerical relationships for this simplified case are shownas follow:

Ud = Ei{7>^/~2Itt) cos a - 1.35 E, cos a (2.1)
/, = (VT/VT)/d = 0.8167d (22)
/«<V7Ar)/d = 0.780/d (2.3)

Where Ud is the DC voltage of the six pulse bridge, Et is the commutation emf

(rms line-line), U is the DC current, I j is the rms ac current per phase, and I is the

fundamental component of the AC current. The principle control action of the

converter is described by the equation (2.1). For instance by changing the firing

angle, a, the DC voltage can be varied from the maximum positive (rectification) at

a = 0° through zero at a = 90° to negative (inversion) for a approaching 180°. It

should be noted that the converter will be operated as inverter when the firing angle

exceed90°. In fact, it will produce similarwaveforms as in Figure 16, but DC voltage

Ud is negative. [7]
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2.5 Alternative Transient Program (ATP)[U'l3]

ATP is a universal program system for digital simulation of transient phenomena of

electromagnetic as well as electromechanical nature. With this digital program,

complex networks and control systems of arbitrary structure can be simulated. ATP

has extensive modeling capabilities and additional important features besides the

computation of transients.

2iSA Operating Principles

ATP is operated basedon several principles. These principles are listedas follow:

• Basically, trapezoidal rule of integration is used to solve the differential

equationsofsystemcomponents in the time domain.

• Non-zero initial conditions can be determined either automatically by a

steady-state, phasor solution or they can be entered by the user for simpler

components.

• Interfacing capability to the program modules TACS (Transient Analysis of

Control Systems) and MODELS (a simulation language) enables modeling of

control systems and components with nonlinear characteristics such as arcs

and corona.

• Symmetric or unsymmetric disturbances are allowed, such as faults, lightning

surges, and any kind of switching operations including commutation of

valves.

• Calculation of frequency response of phasor networks using FREQUENCY

SCAN feature.

• Frequency-domain harmonic analysis using HARMONIC FREQUENCY

SCAN (harmonic current injection method)

• Dynamic systems also can be simulated using TACS and MODELS control

system modeling without any electric network.
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2.5.2 Components

ATP provides wide range of components since it support many applications. The

components that are stored in ATP are shown as below:

• Uncoupled and coupled linear, lumpedR, L, C elements.

• Transmission lines and cables with distributed and frequency-dependent

parameters.

• Nonlinear resistances and inductances, hysteretic inductor, time-varying

resistance, TACS/MODELS controlled resistance.

• Components with nonlinearities: transformers including saturation and

hysteresis, surge arresters (gapless and with gap), arcs.

• Ordinary switches, time-dependent and voltage-dependent switches, statistical

switching (Monte-Carlo studies).

• Valves (diodes, thyristors, triacs), TACS/MODELS controlledswitches.

• Analytical sources: step, ramp, sinusoidal, exponential surge functions,

TACS/MODELS defined sources.

• Rotating machines: 3-phase synchronous machine, universal machine model.

• User-defined electrical components that include MODELS interaction

2.5.3 IntegratedSimulation Modules

MODELS in ATP are a general-purpose description language supported by an

extensive set of simulation tools for the representation and study of time-variant

systems.

• The description of each model is enabled using free-format, keyword-driven

syntax of local context and that is largely self-documenting.

• MODELS in ATP allow the description of arbitrary user-defined control and

circuit components, providing a simple interface for connecting other

programs/models to ATP.

• As a general-purpose programmable tool, MODELS can be used for

processing simulation results either in the frequency domain or in the time

domain.
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TACS is a simulation module for time-domain analysis of control systems. It was

originally developed for the simulation of HVDC converter controls. For TACS, a

block diagram representation of control systems is used. TACS can be used for the

simulation of:

• HVDC converter controls

• Excitationsystemsof synchronous machines

• Power electronics and drives

• Electric arcs (circuit breaker and fault arcs).

Interface between electrical network and TACS is established by exchange of signals

such as node voltage, switch current, switch status, time-varying resistance, voltage

and current sources.
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Figure 17 : Integrated simulation modules
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2.5.4 TypicalApplications

ATP-EMTP is used world-wide for switching and lightningsurge analysis* insulation

coordination and shaft torsional oscillation studies, protective relay modeling,

harmonic and power quality studies, HVDC and FACTS modeling. Typical EMTP

studies are:

Lightning overvoltage studies

Switching transients and faults

Statistical and systematic overvoltage studies

Very fast transients in GIS and groundings

Machine modeling

Transient stability, motor startup

Shaft torsional oscillations

Transformer and shunt reactor/capacitor switching

Ferroresonance

Power electronic applications

Circuitbreakerduty (electricarc), current chopping

FACTS devices: STATCOM, SVC, UPFC, TCSC modeling

Harmonic analysis, network resonances

Protective device testing
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CHAPTERS

METHODOLOGY/ PROJECT WORK

3.1 Procedure Identification

In order to ensure the project can be implemented systematically, the required steps

need to be identified. All the methods, which are involved in completing this project,

aredepicted in Figure 18. All approaches arecarried out stepby step. However, if any

discrepancy is encountered while executing the respective step, the precedent step

will be revisited until the desired result is obtained.

3.1.1 Research andAnalysis

Research is the prerequisite in the early stage of the project and most of the time of

this project hasbeen spent for conducting literature search. This activity is imperative

as it helps to understand the problem thoroughly. In fact, by gathering data and

information, solutions to overcome the problem can be developed. The sources of

literature search comprise of books, journals, conference papers, reports and websites.

Literature search will be implemented throughout the project. In the early stage, it is

made in orderto get general idea on how to approach the project. Later in the middle

stage, this activity is very handy in understanding the importanttheories and concepts

of the project as well as developing algorithm and method to solve the problem. At

the end, analysismust be done beforeconclusioncan be made.
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RESEARCH AND ANALYSIS

MODELLING

SIMULATION

VALIDATION

TROUBLESHOOTING

Figure 18 : Procedures in delivering the project

3.1.1.1 Evaluating the Performance ofATP, ATOSEC5 and SIMUSEC in Studying
HVDC Transmission System m

HVDC simulators are required in order to conduct the simulation studies for HVDC

transmission system. There are three software that can beused for that purpose which

are ATP, ATOSEC5 and SIMUSEC. All software are designed for time domain

analysis of power supply, power electronic converters and converter fed machine

respectively.

ATP is an EMTP simulation programthat is used in analyzing power system, which

includes thyristor converters that are used in HVDC transmission system. There are

several reasons that make ETP widely utilized in power simulation studies such as it

has list of models for the power system components and its price-wise affordability.

The usage of ATP can be applied in the study of power electronic converter and

system that use electronic converters.
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AT0SEC5 is a simulator that can be used to study power electronic converter too. It

has user-friendly schematic capture interface and a novel modelling method for the

semiconductor switches.

SIMULINK, whichis designed for personal computer, is a simulator that is utilized in

studying automatic control system as well as power electronic converter topologies

and converter fed DC and AC drive.

Some studies which applying benchmark HVDC transmission systems with a

classical regulation scheme have been implemented by using ATP, ATOSEC5 and

SIMUSEC. Figure 19, 20, 21 and 22 depict the HVDC scheme and the circuit

topology for each simulator. The performance of the system is evaluated

comparatively with regards to severalaspects,namely:

• user-friendly data preparation

• on-line parameter variations

• computation time requirement

• numerical instability associated with the computation
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Figure 19 : HVDC transmission scheme [9]
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Figure 20 : ATP simulator, system topology without control loops[9]
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Figure 21 : ATOSEC5 simulator, system topology without control loops [9]
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Figure 22 : SIMUSEC simulator, system topology withcurrent control [9]

In order to ensure the study can be executed correctly, a six-pulse scheme was

utilized instead of 12-pulse schemethat is generally used for the HVDC transmission

scheme and the parameters of the benchmark system were altered so that the

requirements were fulfilled. Classical control method that is used in a standard

HVDC transmission scheme under normal operating conditions was employed in the

studies, which are the converter at the sending end, operates in the rectifier-mode

whilethe receiving end converteroperatesin the invertermode.

ATP used a nodal approach in formulating the system equations while the state

variable approach is applied in ATOSECS and SIMULINK simulators. ATP and

ATOSEC5 require three modules for analysis, namely:

• pre-processor modulefor data preparation

• simulation module

• a post-processor module

Since ATP version that was used did not have any particular pre-processor module,

any ASCII type of text editor could be used for the preparation of data from circuit

topology.

A feature in ATOSEC5, which is known as ATOSECG, has enabled it to prepare data

for a topology under study. In both cases, data edition was carried out to incorporate

the automatic control loop. In the three simulators, modification data is made to

include two control loops, which are:
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1. a constant current control loop which is for the converter at the sending end

that operates under rectifiermode

2. a constant extinction angle control loop which is forthereceiving end inverter

SIMULINK is a simulator that has linear and nonlinear control blocks and sources. A

library known as SIMUSEC was created for the creation of the circuit topology that

will be used in the simulation of the benchmark of HVDC scheme. The library

consists of converter topologies and converter fed ac machine systems and control

strategies such as cascade speed-current control loops for DC drive, and voltage-

frequency and field-oriented controls forACdrives.

Three case studies were implemented in eachsimulator:

Case study 1: Variation of thecurrent reference by plus orminus 10% fortherectifier

end of the scheme.

Case study 2: Operation of the current regulation loop for the rectifier end under

short-circuited conditions of the inverter end;

Case study 3: Operation of the complete HVDC scheme with link current control for

the rectifier end and extinction angle control for the inverter end, when its mains

voltage varies by minus 10%.

The results that wereproduced by each simulator are compared and tabulated. These

results are shown in the following chapter.

3.1.1.2 Modeling of the HVDC Transmission System Links between Thailand-
Malaysia Using EMTP/ATP Program1101

The EGAT-TNB HVDC system interconnects the asynchronous 230 kV 50 Hz AC

system of Thailand and 275 kV 50 Hz AC system of Malaysia. Two 12-pulse

converter stations, which are connected by 110 km long DC transmission line, are

used in the Thailand-Malaysia HVDC link. In order to transfer continuous power

from 60 to 600 MW, bipolar system is incorporated in designing the HVDC

interconnection project. However the earlystagewould be the monopolar system with

metallic return scheme, and extended to the bipolar operation later.
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Each converter station can be both rectifier converter station and inverter converter

station depending on the transferring direction of the power. The rate of continuous

operation power is from 30 to 300 MW with short time overload capability at 450

MW for 10 minutes daily. The operating voltage of the DC system rates at 300 kV

and reduced to 210 kV, should the insulation withstand capability of DC line be

reduced due to contamination. During the initial monopolar stage, the EGAT-TNB

HVDC system normally connects the high voltage pole to the first conductor and

connects the low voltage pole in parallel with the neutral line (which are directly

grounded at the Khlong Nagestation) to reduce losses as shown in Figure 23.

Thailand

Khlong Nage station •
24 km i

r
86 km

Foie 1 conductor

Rote 2 conductor

Ground grid

Neutral conductor

border

Malaysia
Gurun station

Figure 23 : Normal operating configurations [10]

Figure 24 depicts the equivalent circuits of the EGAT- TNB HVDC Interconnection

Project, which have been modeled by using ATP. It is important that the AC system

is equivalent so that the simulation study accurately reflects the behavior of the AC

system. The resistors, inductors and capacitors contribute to the impedance ofthe AC

system. By having the equivalent circuit, the demonstration of the DC control

response as well as the verification ofthe HVDC performance can be executed.
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Figure 24 :The modelling of EGAT-TNB HVDC Interconnection
Project [10]

The triple-tuned AC filters and shunt capacitor banks are connected to the high

voltage AC busbars at both converter stations. The main purpose of shunt capacitor

banks is to supply reactive power during HVDC operating. In order to reduce the

flow of harmonic currents into the AC system, AC filters are utilized in the HVDC

transmission system. The converter transformers, which are connected between the

AC network and the thyristor valves, provide voltage matching between the AC

system and the thyristor valves group. For interconnection project, the converter

transformers are single-phase, three windings rated 116/58/58 MVA with a 122.24

kV valve winding voltage. So, for 12-pulse operation, three units of converter

transformer are required. The connections of windings are star to ground at primary,

star at the first secondary and delta at the last one.

Thyristor valves are main equipment for conversion of AC and DC system. Both

converter stations consisted of 12 thyristor valves, which are connected as series of

two 6-pulse bridge converters. The first 6-pulse converterbridge is connecteddirectly

to the star secondary winding, whereas the other one is connected to the delta

secondary winding. Each thyristor valve is consisted of thyristors, snubber circuits,

reactors, grading resistors and grading capacitors.
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iOOmH smoothing-reactors were installed at the both stations and they were

connected in series with the converter bridges. The main purposes of the installation

are for reducing DC voltage harmonics on DC transmission line, protecting the

stations from lighting and switching surge. The hybrid DC filter consists of passive

and active part. The passive part is a double tuned filter, tuned harmonics at 12th and

24th. The active DC filter is a device which injects harmonic currents into the DC line

at the same magnitude but opposite in phase 180°. Since the impedance of the

smoothing reactor is high compared to theDC line, thegenerating current would flow

into the DC line. So, the sum of harmonic currents in the DC line would nearly zero.

3.1.2 Modeling

The modeling of HVDC transmission system was done on the converter part only.

This is because the fundamental process that occurs in an HVDC system is the

conversion of electrical current from AC to DC (rectifier) at the transmitting end and

from DC to AC (inverter) at the receiving end [11]. This step was executed by using

ATP software. The model of the converter is shown in Figure 25. The whole

transmission system which connects between rectifier and inverter was not designed

since such model requires control system. The control system is necessary in order to

control the mode of each converter. Since the design and concept of HVDC control

system are very complex, its model is omitted from this project. Also, time constraint

has contributed towards the issue.

vs

VIHV

Figure 25 :The 12-pulseHVDC converter station
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in the modeling task, some of the ATPDraw components were used. Figure 26

indicates most of the predefined object in ATPDraw. Among these components, just

few ofthem were utilized in constructing the model of the HVDC converter, namely:

• AC type 14 which is an AC source

• Probe volt which is used to specify voltage output request in the ATP file

• Splitter that is used as a transformation between a 3-phase node and three

single-phase nodes.

• RLC which is R, L and C in series

• Ramp type 12, which is a ramp source.

• Measuring switch

• Transformers

• HVDC converterbridge

• Resistor and Inductor
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Figure 26 : ATPDraw mainwindows showing mostof the predefined
components. [13]
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3,1.3 Simulation

Using "run" command in the ATPDraw ran the simulation of the model.

Subsequently, calculation on the model will be performed in MS-DOS format. Once

the computation was completed, the output waveform from the HVDC converter is

plotted using the ATPDraw plotting features, which is known as PlotXY. Figure 27

depictsthe interface ofthe plottingtool.

3.1.3.1 Varying FiringAngle

During the simulation process, the firing angle of the HVDC converter was varied.

This was done in order to observe the effect on the voltage output that will occur once

the firing angle is changed. In fact, this step is important in determining the right

angle to operate the HVDC converter.
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Figure 27 : Plotting tool used in generating the output waveforms

3.1.4 Validation

In general, validation is the process of checking if something satisfies a certain

criterion. Validation implies one is able to testify that a solution or process is correct

or compliant with set standards or rules. In this project, the validation was conducted

by comparing the simulated results with the real data, which was obtained from the

EGAT-TNB HVDC system. From this step, it will determine whether the model and

simulation of the HVDC converter is correct or vice versa.
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Apart from that, the validation was executed by comparing the results obtained with

the theoretical results too. For instance, in the case when the firing angle was varied,

the simulated outputs were compared with the theoretical results and concept.

3.1.5 Troubleshooting

This step is optional, which means that it will be executed when the results obtained

are not behave as expected. This is because inputs to the system are expected to

generate specific results or outputs. Therefore, if the outputs that are produced are

wrong, troubleshooting will be implemented. Generally troubleshooting is a form of

problem solving. It is the systematic search for the source of a problem so that it can

be solved.

3.2 Tools112'131

Basically all the tools that were utilized inthis project are those that were provided by

the Alternative Transient Program. These tools are mainly used to develop the model

of HVDC transmission system and simulate the model in order to obtain the results.

The tools thatwere applied throughout theproject are listed as follow:

3.2.1 ATPDraw (graphicalpreprocessor to ATP)

ATPDraw is a graphical preprocessor to the ATP-EMTP on the MS Windows

platform. In the program the user can build up an electric circuit, using the mouse, by

selecting predefined components from an extensive palette. Based on the graphical

drawing of the circuit, ATPDraw generates the ATP file in the appropriate format

based on "what you see is what you get". All kinds of standard circuit editing
facilities (copy/paste, grouping, rotate, export/import) are supported. ATPDraw

administrates circuit node naming and the user only needs to give name to "key"
nodes. More than 65 standard components and 25 TACS objects are available, and in

addition the user can create new objects based on MODELS or Data Base

Modularization.
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ATPDraw has a standard Windows layout, supports multiple documents and offers a

large Windows help file system, which explains the most basic rules. Other facilities

in ATPDraw are: a built-in editor for ATP-file editing, support of Windows clipboard

for bitmap/metafile, output of MetaFiles/Bitmaps files or PostScript files not limited

to circuit window size, a new module for using Line/Cable Constant punch files

directly in ATPDraw, a tool-bar below the main menu containing the most used

selections together with the last 9 selected components, an extensive UnDo/ReDo

handling with up to 100 steps, etc.

3.2.2 PlotXY (Plottingprogram)

It is a plotting program to generate easy and fast scientific line plots using data

collected from PL4 file after running. Main program features are listed as follow:

- up to 8 plots per sheet.

- allows plots versus time.

- allows linear and logarithmic scales.

- scaling, offsets and zoom support.

- automatic axis scaling and labeling.

- cursor to see values in numerical format.

- printing and Windows Metafile export facilities.
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CHAPTER 4

RESULTS AND DISCUSSION

4.1 Evaluating the Performance of ATP, ATOSECS and SIMUSEC in

Studying HVDC Transmission System[91

As mentioned previously, the three simulators/software which are ATP, ATOSEC5

and SIMUSEC were applied in three different case studies, namely:

•

•

Case study 1: Variation of the current reference by plus or minus 10% for the

rectifier end of the scheme

Case study 2: Operation of the current regulation loop for the rectifier end

under short circuited conditions of the inverter end

Case study 3: Operation of the complete HVDC scheme with link current

control for the rectifier end and extinction angle control for the inverter end,

when its mains voltage varies by minus 10%

Then, from the results obtained, the performances of the system are evaluated with

respect to certain features, specifically:

• user-friendly data preparation

on-line parameter variations

computation time requirement

numerical instabilityassociatedwith the computation
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Table 1 : Performance evaluation ofATP, ATOSEC5 and SIMUSEC
simulators for case study 1. [9]

All simulations were done using a 486-50 MHz PC compatible machine with 8MB of

RAM

ATP ATOSEC5 SIMUSEC

Data file name SDCATP.DAT SIXATO.DAT SDCSIM.M

Data file length 9881 bytes 4287 bytes 192385 bytes

Integration algorithm Trapezoidal Euler backward Gear

Tolerance N/A N/A 5e-4

Minimum step length 2e-5 2e-5 2e-5

Maximum step length N/A N/A N/A

Simulation interval 550ms

(27.5 cycles)

550ms

(27.5 cycles)

550ms

(27.5 cycles)

Simulation time I'll" 12'00" 67'10"

Table 2 : Performance evaluation ofATP, ATOSEC5 and SIMUSEC
simulators for case study 2. [9]

All simulations were done using a 486-50 MHz PC compatible machine with 8MB of

RAM

ATP ATOSEC5 SIMUSEC

Data file name SIXATP.DAT SDCATO.DAT SDCSIM.M

Data file length 9698 bytes 4659 bytes 192484 bytes

Integration algorithm Trapezoidal Euler backward Gear

Tolerance N/A N/A 5e-4

Minimum step length 2e-5 2e-5 2e-5

Maximum step length N/A N/A 2e-4

Simulation interval 550ms

(27.5 cycles)

550ms

(27.5 cycles)

550ms

(27.5 cycles)

Simulation time 3'48" 12*27" 97'42"
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Table 3 : Performance evaluation of ATP, ATOSEC5 and SIMUSEC
simulators for case study 3. [9]

All simulations were done using a 486-50 MHz PC compatible machine with 8MB of

RAM

ATP ATOSEC5 SIMUSEC

Data file name SIX2X2C1.DAT SDC2X2C1.DAT N/A

Data file length 14947 bytes 4659 bytes N/A

Integration algorithm Trapezoidal Euler backward N/A

Tolerance N/A N/A N/A

Minimum step length 2e-5 2e-5 N/A

Maximum step length N/A N/A N/A

Simulation interval 800ms (40 cycles) 800ms (40 cycles) N/A

Simulation time 3'20" 79'54" N/A

Comparative performance of the three simulators for the case studies 1 and 2 are

shown in Table 1 and 2. Based on the results, it can be stated that the simulation

studies gave comparable results (within a relative accuracy of 5%). SIMUSEC was

facing numerical instability problems in the third case; this was found to be true when

both the control loops were included for the simulation. Due to the problem,

SIMUSEC was excluded for the third case studies. Table 3 summarizes the

comparative performance of the two simulators, ATP and ATOSECS for the case

study 3.

Based on the findings, it can be stated that SIMUSEC-based simulator is the user-

friendliest software. Nonetheless, due to numerical instability problems that were

encountered during the computation, SIMUSEC takes a long time (several orders of

magnitude) for simulation. SIMUSEC has been successfully used for the study of a

number ofpower electronic converter systems but it has not proved to be a useful tool

for the study ofa HVDC Transmission scheme.
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On the other hand, ATOSECS simulator has proved to be a useful tool for the studies

though it is not as user friendly as the SIMUSEC simulator. This is because it

produces reliable computation especially when it deals with complex converter

schemes including their control loops. In term of computation time, ATOSEC5 is

faster than SIMUSEC but it is slower when it is compared to ATP. ATOSECS-based

simulation was very useful in analyzing a complex circuit such as a HVDC scheme

quickly on a simplified representation basis.

From the results, it has proven that ATP-based simulation is the best tool in studying

HVDC transmission system; but if one takes into account the time for data

preparation or modification, ATP-based simulation may not be the favourite choice

for many applications other than power systems.

4.2 Validation

4*2.1 Simulation ofHVDC converter

The main focus of the simulation is to see the waveform of the voltage of the HVDC

converter. The waveform is depictedas below:

280

0 5 10

(fiteB<a_6.pl4;x-vart) v:POS1 -

38

30 [msl 35

Figure 28 : The voltage and current waveforms
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Figure 29 : The real recording signals from EGAT-TNB field-testing [10]

From the waveform in Figure 28, it can be stated that when the valve is fired up

(deblocking), the voltage waveform starts to increase until it reached it steady state.

After short time interval, the waveform seems to be constant with the value of250kV.

Besides that, it can be seen that the voltage waveform that is produced is not purely

constant. This is because it has some ripples in the signal. The most probable solution

in order to generate a smooth voltage waveform is by placing a smoothing reactor,

which could be a very large magnitude of inductor.

Although the simulated waveforms are not smooth, it actually manages to resemble

the real results. This is proven when the simulated results are comparedwith the real

recording signals, which were obtained from the EGAT-TNB field-testing. Therefore,

it can be stated that the results are proven.
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4.2.2 Varying FiringAngle
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Figure30 : Output waveforms for firing angle 18.2C
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Figure 32 : Output waveforms for firing angle 60c
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From the results obtained, it can be stated that small firing angle will produce larger

voltage output compared to large firing angle. These results are proven true because

theoretically the faster the SCR is fired up, the earlier it will conduct the current and

therefore more output voltage will be produced. In fact, by referring to equation (2.1),

it obviously indicates that maximum output voltage will be produced when a is at

zero degree. Thus, having small firing angle, a will generate large output voltage.

Apart from that, having minimum firing angle can minimize the consumption of

reactive power.
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CHAPTERS

CONCLUSION AND RECOMMENDATION

This project manages to achieve its objectives. In this project, HVDC transmission

system was modeled and simulated by using ATP software. Although the modeling

and simulation were conducted on the converter part, it was adequate since

fundamental process that occurs in an HVDC system is the conversion of electrical

current from AC to DC (rectifier) at the transmitting end and from DC to AC

(inverter) at the receiving end.

The project was executed by following several systematical approaches. In the initial

stage, research and analysis were conducted in order to gather data and relevant

information. All the data were taken from reliable sources such as journals,

conference papers and textbooks. Later, modeling and simulation have taken place.

ATP software is used to carry out the above step. Subsequently, the results were

verifiedby comparing simulatedwaveforms with the field-testing data.

From the results obtained, it can be stated that ATP is the best software to study

HVDC. This is due to its capabilityto performthe simulation in stable manner. Apart

from that, based on the simulated results, it was found that the waveforms, which

were produced by the model, were correct since it almost identical to the field-testing

waveforms of EGAT-TNB HVDC.

Nevertheless, there are some portions of the project that can be improved. For

instance, the control system of the converter station can be included in the model of

the HVDC transmission project. Such system is quite challenging to be implemented

by using ATP, but there is other software known as PSCAD that can be used for that

purpose, provided that the configuration of the control system that regulates the

rectifierand inverterof the HVDC systemis known.

43



REFERENCES

[I] H.Dincer, C. Gurunlu, "Digital Dynamic Simulation of HVDC Transmission

System", IEEE 1994.

[2] F. Nozari, H.S. Patel, 1998, Power Electronics in Electric Utilities: HVDC

Power Transmission Systems, IEEE, Vol. 76.

[3] M. Bahrman (PE), "HVDC Transmission", IEEE PSCE, Atlanta, November 1,

2006.

[4] J. Arrilaga, "HIGH VOLTAGE DIRECT CURRENT TRANSMISION", 2nd

Edition, IEE Power Energy Series 29, the Institution of Electrical Engineers.

[5] D.A Woodford, "HVDC Transmission", Manitoba HVDC Researh Centre,

Canada, 1998.

[6] H.Huang, P.Riedel, K. Sadek, 2002, Basic Design Aspect of Gui-Guang HVDC

Transmission System, IEEE.

[7] A. Gavrilovic, "H.v.d.c Transmission", GEC Alsthom Transmission &

Distribution Project Ltd, Stafford, UK.

[8] I. Batarseh, "Power Electronic Circuits", John Wiley and Sons Inc, 2004.

[9] D. Brillion, V. Rajagopalan, V.K Sood, "Performance Evaluation of Simulation

Studies of A HVDC Transmission System in ATP, ATOSEC5 and SIMULINK

Environments." IEEE 1994

[10] V. Makkavimam, T. Saengsuwan, "Modelling of the High Voltage Direct

Current Transmission System between Thailand- Malaysia Using EMTP/ ATP

Program", IEEE 2004.

[II] R.Rudervall, J. P. Charpentier, R.Sharma, "High Voltage Direct Current

(HVDC) Transmission System Technology Review Paper", ABB Power

System.

[12] Dr. M. Kizilcay, "Alternative Transient Program", retrieved on August 17,

2007, http://www.emtp.org/

[13] Dr. Bruce Mork, Michigan Tech Univ, "Alternative Transient Program",
retrieved on August 17,2007, http://www.ece.mtu.edu/atp/

44



APPENDICES

45



A
P

P
E

N
D

IX
A

C
O

S
T

C
O

M
P

A
R

IS
O

N
O

F
3

0
0

0
M

W
T

R
A

N
S

M
IS

S
IO

N
S

Y
S

T
E

M

A
lte

rn
a
tiv

e

D
C

A
lte

rn
a
tiv

e
s

±
5

0
0

k
V

2
x

±
5

0
0

k
V

±
6

0
0

k
V

±
8

0
0

k
V

B
ip

o
le

2
B

ip
o

les
B

ip
o

le
B

ip
o

le

A
C

A
lte

rn
a
tiv

e
s

5
0

0
k

V
5

0
0

k
V

7
6

5
K

V

2
S

in
g

le
C

M
D

o
u

b
le

C
M

2
S

in
g

le
C

kt

H
y

b
rid

A
C

.'D
C

A
ltern

ativ
e

b
5

0
0

k
V

5
0

0
k

V
T

o
ta

l

B
apoJe

S
in

g
le

C
k

t
A

C
+

D
C

C
ap

ital
C

o
st

R
ated

P
o

w
er

(M
W

)
3

0
0

0
4

0
0

0
3

C
0

0
3

0
0

0
3

O
C

0
3

0
0

0
3

0
0

0
3

0
0

0
1

5
0

0
4

5
0

0

S
tatio

n
co

s&
including

reactive
co

m
p

en
satio

n
S

4
2

0
S

6
B

0
S

4
8

5
S

5
1

0
$

5
4

2
S

5
4

2
S

6
3

0
S

4
2

0
S

3
0

2
S

7
2

2

T
ran

sm
issio

n
line

co
st

<
M

£/m
ile)

$
1

.5
0

$
1

.6
0

S
1

.8
D

S
I.9

5
S

2
.0

0
$

3
.2

0
$

2
.8

0
S

1
.6

0
$

2
.0

0

D
ista

n
c
e

in
m

ile
s

7
5

G
1,500

7
5

D
7

5
0

1
,5

0
0

7
5

0
1

,5
0

0
7

5
0

7
5

0
1

.5
0

0

T
ran

sm
issio

n
L

ine
C

o
st

fM
S)

$
1

,2
0

0
S

2
.4

0
0

S
1

.3
5

D
S

1
.4

6
3

$
3

,0
0

0
S

2,400
S

4t200
S

1.20D
S

1
.5

0
0

S
2

.7
0

0

T
o

ta
l

C
o

st
{M

S)
$

1
,6

2
0

S
3

,0
8

0
$

1
,8

1
5

S
1

f9
7

3
$3,542

$
2

,9
4

2
$

4
,8

3
0

$
1

,6
2

0
$

1
,8

0
2

S
3

.4
2

2

A
nnual

P
ay

m
en

t
30

y
ears

@
1C

%
S

1
7

2
3

3
2

7
S

1
9

3
S

2
0

9
$

3
7

6
S

3
1

2
S

5
1

2
S

1
7

2
S

1
9

1
S

3
6

3

C
o

st
p

er
K

W
-Y

r
$

5
7

.2
3

s
e
i.e

e
S

6
4

.1
8

S
6

9
.7

5
$

1
2

5
.2

4
S

1
0

4
.0

3
$

1
7

0
.7

7
3

5
7

.2
8

$
1

2
7

.4
0

S
8

D
.6

6

C
o

st
p

er
M

W
h

@
8

5
%

U
tilization

F
acto

r
$

7
.6

S
$

1
0

.9
7

S
8

.6
2

S
9

.3
7

$
1

6
.3

2
S

1
3

.9
7

S
2

2
.9

3
S

7
.6

9
S

1
7

.1
1

S
1

D
.8

3

L
osses

@
full

load
1

9
3

1
3

4
1

4
6

1
0

3
2

G
8

2
0

3
1

3
9

1
0

6
4

-3
1

5
4

L
o

s
s
e
s

a
t

fuli
io

a
d

in
%

6
.4

4
%

3
.3

5
%

4
.9

3
%

3
.4

3
%

6
,9

3
%

6
.9

3
%

4
.6

2
%

5
.2

9
%

4
.7

9
%

5
.1

2
%

C
apitalized

co
stof

lo
sses

@
81500

kW
(M

S)
£

2
4

6
S

1
7

1
S

1
8

S
S

1
3

1
§

2
6

5
$

2
6

5
£

1
7

7
5

1
3

5
$

6
1

S
1

9
6

P
a

r
a

m
e
te

r
s
:

in
te

re
s
t

ra
te

%
1

0
%

C
apitalized

oas:
of

lo
sses

S/kW
31,SC

O

N
o

te
:

A
C

c
u

rre
n

t
a
ssu

m
e
s

3
4

%
p-f

F
u

ll
S

cad
c
o

n
v

e
n

e
1

"sta
tio

n
to

sse
s

=
0

.~
£

%
p

e
rs

-a
fo

n
T

o
tal

S
L

b
s:3

lio
r

lo
sse

s
(tran

sfo
rm

ers,
reactors-)

assu
m

ed
=

3
.6

%
of

^s:ed
p

o
w

er



A
P

P
E

N
D

IX
B

H
V

D
C

C
O

N
V

E
R

T
E

R
S

T
A

T
IO

N
D

E
S

IG
N



T

> -i*'

§ -ih ra

-i|—> i

v^.

ii.i-'Fi.Hj lii-W;-"!
HKif-J.rHklkir

' — r r

ca

n

o

n
n
o

H

o

GO

o

CO

8
n


