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Abstract

EMTP Simulation Of An HVDC System Operating
With Weak AC Systems

Vijay Khatri

The study of the transient performance of an HVDC converter using EMTP requires
detailed modelling of the controls and power system elements. Furthermore, due to the
complexities associated with EMTP, considerable care has to be exercised during simula-
tion. These requirements take on added importance particularly when the HVDC con-
verter is operated with a weak ac system. In this thesis, modelling aspects of an HVDC

system operating with weak ac systems are discussed.

Following a brief introduction to an HVDC system and its control characteristics, a
CIGRE benchmark based HVDC system operating with a weak ac system is presented. A
converter switch model is described along with the impact of the snubber circuit on the
converter performance. Two gate firing units (GFU) are presented and their dynamic per-
formance is assessed under fault conditions. A rectifier current controller, including a
Voltage Dependent Current Limit (VDCL) circuit is presented. In addition, an inverter

current controller and garmma controller are also presented.

To assess the transient performance achieved with the control schemes presented,
results from EMTP based studies for this HVDC system under various ac-dc fault condi-

tions are shown.
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Chapterl

Introduction

The increasing use of high voltage dc (HVDC) transmission as a means of power
transmission has created a need to assess its dynamic performance using digital simula-
tors. The idea of digital simulation for HVDC systems was first proposed by (1] . The
development of a general purpose Electromagnetic Transient Package (EMTP) [2] led to
the possibility of a flexible digital simulator for modelling HVDC systems [3]. Since then,
many authors have studied this problem with varying degrees of complexity [ 4,5,6,7,8 ).
One aspect of this problem which has not been well addressed is the operation of the
HVDC system with weak ac systems.

This thesis deals primarily with the digital simulation of an HVDC system operating
with weak ac systems. Different aspects of modelling and simulation such as generating
gating signals, converter modelling, gamma measuring circuits etc., are discussed. An
HVDC system based on the CIGRE benchmark system is studied in detail and results of

the system under steady-state and fault conditions are presented.
1.1 Background on Digital Simulation of HYDC Systems

Traditionally, studies of HVDC systems have been carried out using analog simula-
tors. With the increasing computation speed and power, digital simulators have been
recently used for this purpose. The transient perforrnance of an HVDC converter system is
studied using computer packages like Electromagnetic Transient Package (EMTP) [2] and
EMTDC. The simulation package used in this thesis is EMTP, developed in the late 1960°s
by Dr. Herman Dommel of University of British Columbia (UBC).




The modelling of a typical high voltage dc (HVDC) system incorporates the following
clements:
1) thyristor converter bridges,
2) a converter transformers,
3) passive ac and dc side filters,
4) control units,

5) ac and dc side power systems.

In this study, a weak ac system is considered. The strength of an ac system connected
to the terminals of a DC link is measured in terms of short circuit ratio (SCR) which is

defined as

Short Circuit level at the converter bus
SCR = (1.1)
Rated dc power

If the SCR is less than 3, the ac system is considered to be weak.

In a weak ac system, the harmonics of the commutation voltage at the converter ac
side may lead to problems of harmonic instability. Hence, the commutation voltage cannot
be used directly to derive gating signals for the converter valves. Gate Firing Units have to

be used under these situations.

The weak ac system also causes other operational difficulties for the HVDC system.
Digital simulation of these systems mount an additional challenge and thereby increasing
the complexity of the problem in-terms of modelling the power system (converter model)

and control systems (gate firing units).




1.2 Problem Definition

In most of the work previously done in the field of modelling HVDC system, a strong
ac system has been assuined. For a strong ac system, the problem of using special syn-
chronizing circuits iike the gate firing units is eliminated. The process of deriving gating
signals for the converter valves is hence relatively simple. Some authors have considered a
weak system. However, many of the details required to model the HVDC system are not
available. Hence as an educator or a utility planner, there is a need to model the HVDC
converter system operating with a weak ac system in EMTP. The model developed here
will provide details missing in other published work. In addition,the work presented here

also gives detailed analysis of the model under various ac - dc fault conditions.

1.3 Literature Survey

Digital modelling of HVDC converter systems has been previously done with com-
puter packages like EMTP, EMTDC, and special purpose programs.

In [3], modelling of an HVDC converter system was done using EMTP. This was the
first attempt towards modelling an HVDC converter system using EMTP. The objective of
[3] was to demonstratc the feasibility of EMTP to model an HVDC convener system and
provide modelling details that would be useful to educators and researchers alike. In this

work, the following assumptions were made:

1) An infinite (a strong) ac system was assumed. By assuming a strong ac system, the
problems of generating gating signals for the converter valves is greatly simplified;
2) The dc ransmission line was represented by a resistance, simplifying the dynamic

behaviour of the system,




3) The inverter terminal was modelled simply by a back emf. Hence, the study of
many problems like commutation failures, building a gamma measuring circuit

and thereby implementing a gamma measuring circuit became less significant.

The paper introduced EMTP as a simulation tool for modelling HVDC converter sys-
tems and provided many useful details like transformer modelling, converter modelling,
pulse generation for strong ac system, and the usefulness of TACS in EMTP to build the
control circuitry. The authors also released EMTP data files that were very essential for
educators. The authors, however, left many areas where the work could be further
enhanced. For instance, models for special synchronizing units could be developed. This
could pave a way for replacing the strong ac system with a weak ac system, building a
gamma measuring circuit, and facilitating the implementation of a gamma controller. Con-
sequently, the inverter model could be substituted by an inverter bridge. A Voltage Depen-
dent Current Limit (VDCL) unit could be built making it possible to carry out tests like a

dc line fault and a three phase fault on the existing model.

In {9], another attempt was made to demonstrate the effectiveness of EMTP to model
power transmission systems like the HVDC converter system. In the proposed model, the
author replaced the inverter model with an actual inverter bridge. A steady state operation
of the entire model was demonstrated. The information provided was very useful as a
starting point in modelling an HVDC converter system for educators. However, the author
confined the operation of the system to one operating point and the problem of designing
the controllers was not addressed. Furthermore, information required for modelling an

HVDC converter systern with a weak ac system in EMTP was still not available.

In [4], the first atternpt was made towards modeliing a realistic HVDC converter sys-

tem. The authors modelled the Pacific Inter-tie HVDC system where they demonstrated




the effectiveness and capability of EMTP to model a realistic HVDC converter system.
The authors in this model covered aspects of HVDC converter system modelling like
weak ac systems and inverter control system absent in [3). The authors replaced the
inverter model by an inverter bridge, and added some protection units like the line protec-
tion unit, (VDCL). This work was used by Bonneville Power Administration (BPA) to
study the Pacific Inter-tie HVDC system. Many details of this work like generation of fir-
ing pulses under weak ac systems, design of the rectifier and inverter control systems
remained confined within BPA. Hence, from a user and educator stand point, many of the
details required to model a realistic HVDC converter system in EMTP were still not avail-
able. Also, for the model presented, in addition to the faults studied, a dc line fault and a 3-

phase fault cases were not included.

In [5], an EMTP based digital simulator was presented. This simulator used EMTP in
parallel with a microcomputer containing a detailed converter model and extensive user
inter active capability. This paper highlighted the versatility of using EMTP as a general
purpose simulator. Since the objective of this paper was to present a simulator as a whole,
many details necessary to build an HVDC converter system were not presented. A com-

prehensive fault analysis of the system using a digital simulator were not discussed.

In [6], modelling of digital controls for a Hydro-Quebec-New England HVDC system
was done using the modified EMTP version. The results obtained were validated with
actual field tests. Since the objective of this paper was to demonstrate implementation of
digital controls using EMTP, again many details like the converter model, the method of

generating gating signals, ac and dc side model of the system were not presented.

In [7,8], digital simulation of Manitoba Hydro's Nelson River HYD T system was car-
ried out. The simulation was done using both EMTP and EMTDC. This paper made a use-




ful comparison between EMTP and EMTDC as simulation tools. Again, many of the
details used to model the HVDC converter system were not presented. The fault analysis
presented was not comprehensive. Many of the faults, like dc line fault and 3 phase ac
faults, were not included.

In {10}, a special purpose simulator was developed. The converter was modelled using
graph theoretic approach. To facilitate this, the converter switch model was simplified and
the valve was assumed to be ideal. Three converter contro] strategies were high lighted.
They were :

a) Constant o control;
b) Individual phase control;

¢) Equidistant pulse control.

The authors presented an interesting methodology to model an HVDC converter and
some contro! strategies. However, the emphasis was still on a strong ac system. A lot of
information that would be required to model a similar system in EMTP was not presented.
Important information like a mathematical model of the converter which is required to
design the PI controller, inverter control system of the HVDC converter system, were not

revealed.

In [11), the authors took into account the effects of a weak ac system. They also pre-
sented algorithms for a gamma measuring circuit and a VDCL unit. The work also pro-
vided ac and dc side system models. It presented analysis for some of the faults like single
phase and 3 phase fault at the inverter end. Again, the problem of generating gating sig-
nals for the converter in the presence of a weak ac system was not addressed. The details
of the rectifier and inverter control system for implementation and the dc side fault analy-

sis were not presented. Analysis of the system for dc side faults was not presented.




1.4 Proposed Approach

The objective of this thesis is to develop models and control schemes of an HVDC
system operating with weak ac systems for EMTP simulation. In this thesis, the mode!
developed in [3,9] is taken as the starting point. The strong ac system is replaced by a
weak ac system. Existing switch models are modified by adding snubber circuits to protect
against di/dt and dv/dt. Gate firing units are developed to produce gating signals in the
presence of a weak ac system. The inverter model is replaced by a bridge aiid is equipped
with a current controller. A gamma measuring circuit is built which facilitates the building
of a gamma controller. In this model, protection circuits like the VDCL and ALPRET are

added. A comprehensive fault analysis for various ac-dc fault conditions is carried out.

1.5 Thesis Qutline

In Chapter 2, the CIGRE Benchmark based HVDC system is presented. Each building
block of the system is briefly discussed. Control characteristics of the HVDC system are

presented.

In Chapter 3, modelling details for control aspects of the HVDC system are presented.

In Chapter 4, results from the CIGRE benchmark HVDC system under various ac - dc
fault/test conditions are presented. The transient performance of the HVDC system is

assessed.

Finally, in Chapter 5, conclusions from this study, and recommendations for further

work are provided.




Chapter 2
Structure and Control Characteristics of the HYDC

Transmission System

2.1 Introduction

In this chapter, the CIGRE Benchmark based HVDC system operating with weak ac
systems is presented. The system is divided into the following sub-systems, a) ac side of
the power system, b) dc side of the power system, c) converter unit and d) control system.
Each of the sub-systems will be discussed. An equivalent diagram of the HVDC system

will be shown and control characteristics for this system will be discussed.

2.2 CIGRE Benchmark Based HVDC System

The HVDC system, shown in Figure 2.1, is based on the CIGRE Benchmark system
[12] operating with a weak ac system having a Short Circuit Ratio of 2.5. In practice, a 12
pulse converter is used in the benchmark. To facilitate explanation of basic principles and
reduce the computer simulation time and minimize memory requirements, a 6-pulse con-
verter is modelled here. To reduce the 5th and 7th harmonics generated by a 6-pulse con-
verter, a Sth and 7th harmonic filter is required and used. Note that the system modelled
here is at 50Hz, and not 60Hz.

The HVDC syscem is divided into the following sub-units
a) Converter unit
b) AC side of the system
¢) DC side of the system

d) Control system
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a) Converter unit

A converter unit performs the conversion from ac to dc voltage or vice-versa. It can
operate either as a rectifier or as an inverter by means of appropriate control units. The
converter unit consists of two 3-phase bridges connected in series to form a 12-pulse con-
verter unit (Figure 2.2). There are 12 valve units in each converter unit. To protect 2ach
valve against voltage and current surges, R-C snubber circuits are employed. Details of

snubber circuits are presented in Chapter 4.
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Figure 2.2: Twelve-pulse converter unit
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The equivalent circuit of a rectifier, operating at constant ac voltage and constant firing
angle is given in Figure 2.3 [13], while the equivalent circuit of an inverter is shown in

Figure 2.4,
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Figure 2.3: Equivalent circuit of bridge rectifier
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Figure 2.4: Equivalent circuit of inverter
D) AC side of the system

This sub-unit consists of an ac supply network, ac filters and transformers.

i) AC supply network: The ac supply network is represented by a Thevenin equivalent cir-
cuit. The Thevenin equivalent voltage represents the source voltage and the equivalent

impedance represents the source impedance.

ii) AC filters: The ac filters are used to absorb the harmonics generated by the converter. In

addition, they are also used to provide reactive power required by the converter unit.
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The filters can be either tuned type or damped type or both (Figure 2.5).

4 -
-~
L
L R
R
(a)

(b)
Figure 2.5 AC filters: (a) single tuned; (b) damped

The ac filter bank for this model is shown in Figure 2.6. This filter bank also inclndes

filters for the 5th and 7th harmonics.

........................................
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Figure 2.6: AC filter bank

12




iii) Converter transformer: The converter transformer can have the following configura-
tions [14] a) three phase, two windings, b) single phase, three windings, c) single
phase, two winding. The valve side (secondary) windings are counected in star and
delta with neutral point ungrounded. On the ac side (primary), the transformers are
connected in paralle! with neutral grounded. Calculations for the primary and second-

ary impedances are shown in Ap'pendix A.

Csi system
DC side of the system consists of a dc smoothing reactors, dc filters and dc transmis-

sion line.

i) DC filters: The harmonics in the dc current of the system can cause noise in communica-
tion systems. To eliminate these harmonics, a dc filter is used on the dc side of the sys-

tem. This filter is a single-tuned filter tuned at the 6th harmonic.
ii) DC smoothing reactor: The dc smoothing reactor serves the following purposes:
1) To prevent consequent commutation failures in the inverter by limiting the rate of
dc current increase during commutation in one bridge when the dc voltage of

another bridge collapses.

2) To decrease the incidence of commutation failures in the inverter during dips in ac

voltage.

3) To smooth the ripple in the dc current, and to prevent current from becoming dis-

continuous at light loads.

4) To limit the peak fault current in the rectifier due to a short circuit on the dc line.

13




The HVDC system under consideration consists of a rectifier side and an inverter side

smoothing reactor, each having a value of 0.597H.

iii) DC transmission line: The dc transmission line is represented by an equivalent T-net-
work shown in Figure 2.7. The dc line is tuned close to the fundamental frequency to
intentionally increase the operaiional difficulties of the system. Higher order harmon-
ics at the dc side of the converter are filtered out by the transmission line. From the
equivalent circuit of the transmission line shown in Figure 2.7, the following transfer

function can be derived.

Z3
he=wvzyzi+z,z;, @D
Zl ZQ R =_2ISQ
RFIXL RN ;((Z;;gfg

jxc z3

Figure 2.7: Equivalent circuit of dc transmission line

This equation is used while designing the controllers

d) Control System

The control system consists of the following elements:
i) Rectifier current controller

ii) Inverter current and gamma controller

iii) A Voltage Depsndent Current Limit (VDCL) unit

14




iv) A gate firing unit.

Details regarding the control system are presented in Chapter 3.

2.3 HVDC Converter Modelling

In an actual HVDC converter, each valve is constructed with many hundreds of thyris-
tors in series. Each valve has a di/dt protection inductor usually with saturation character-
istics. Furthermore, each thyristor in the valve has a parallel RC snubber and voltage-
grading resistor. During switching and conduction periods, the thyristors have forward

voltage drops and power losses.

In the simulated converter model, each of the 6 valves of the converter is modelled
(Figure 2.8) as an ideal switch (Type 11 in EMTP). Using an ideal switch means that the
device physics (i.e. turn-on and turn-off times, reverse recovery currents etc) are not repre-
sented. Never-the-less, even this limited switch model allows useful simulation studies for

system-related phenomena.

rm—‘i.OuF
™
YT ™ —=ANNA~ ~YYY VAN~

10mH  001Q ‘/'\ 1.0mH  0.01Q

Type 11 switch
Figure 2.8: Converter switch model
In the simulated EMTP model, the di/dt limiting inductors and RC snubber also serve
relevant numerical purposes:

a) the di/dt inductors separate two ideal switches being connected to a common node,

and




b) the RC snubber provides an alternative current flow path when the switch opens an

inductive circuit.

A judicious choice of these parameters is therefore necessary to serve the twin objec-
tives of numerical stability and circuit fiability. Data for these parameters is rarely speci-
fied by researchers who model HVDC converters (c.g. CIGRE Benchmark model does not
specify these parameters). As an example, a test with values of R ranging from 0.2k€2 to
10.0kQ2 and C from 0.0125F to 1.04F is shown in Figure 2.9. It is evident that inappro-
priate values of the RC snubber can lead to erroneous measurement of delay angles, over-
voltages and even cause mal-operation of the circuit. In the case of a converter operating

with weak ac systems, this can lead to particular difficulties.

--0.0125 !
' OUS

VT l;fOuF

P T T T

. o

B3 036 031 08 632 035 033 )X 0305 O 035 0% 035 00X

sec sec
Figure 2.9 a: Valve voltage for different Figure 2.9 b: Valve voltage for different
Rnubber Canubber

It is noted that the R values has a bigger impact than the C value within the range of
snubber parameters tested. After optimization, R = 10kQ and C = 1.04F were selected for
the snubber; it is pointed out that these values may not have any correlation with an actual
snubber circuit used in practice. However, these values provide satisfactory commutation

voltage for the switch used and the corresponding system model. The corresponding val-
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ues for the di/dt limiting inductors are L = 1.0mH and R = 0.1Q With these parameters,
the measured values of dv/dt and di/dt are 0.152kV/ms and 2kA/ms respectively (Figure
2.10).

10" 2500
4
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°-
=1F
1500
o
\" A
I 1000}
-l
E]d ; ’ 500t
s
—175‘ 15.12 15;1‘ 15‘16 1.':'5 ':’)2 15;22 ‘;2‘ 15‘25 15‘25 153 1352 1,’;21 1522 15.23 |.';2‘ 15.25 15‘26 lf:z7 lf:?ﬂ 15‘29 153
sec sec
Figure 2.10 a: Valve voltage showing Figure 2.10 b: Valve current showing
dv/dt di/dt

2.4 Control Characteristics of an HVDC System

Using the equivalent circuits of the rectifier and inverter, an equivalent circuit for an
HVDC converter system valid under steady state conditions is derived [13] and is shown

in Figure 2.11

Rcr pr R! Pi 'Rci

El_f_» cos O — ‘ COSY L
+ + + + ., + «' +
d
Var . Var Vai —r Vai

Vor cos 0. VY doi

Vdor —T— COSY—P"—0—0n
e =

—
— T — _ — - T
Rectiﬁer—>|‘_Line_,|‘_____lnvener_
Ac e Dc Ac

Figure 2.11: Equivalent circuit of an HVDC converter system
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In Figure 2.4.1, the variables and parameters are

Vgor» Vaoi  : no load ideal dc voltages for rectifier and inverter respectively,
Rer s R : equivalent commutating resistance,

R, : equivalent resistance of the line,

o : firing angle for the rectifier;

B : firing angle for the inverter,

Y : extinction angle.

The current 14 in the line is given by [13] as

_ Vyprc08a - V 4,i€0sY

= (2.2)
’d Rcr + Rt - Rci

In (2.2), it is assumed that the inverter is operating with constant extinction angle. The dc
link current, 1 is directly proportional to the difference of the two internal voltages, Vgor
cosa and Vgo; cosy, and is controlled by these voltages. These internal voltages can be
controlled through either the ac voltage or the firing angle. The ac voltage can be con-
trolled by changing the tap setiings of the converter transformers. In the gating unit con-
trol, the firing angle of the converter is adjusted io regulate the internal voltage. The
method of controlling the gating unit is faster than changing the tap settings of the con-

verter transformers.

Rectifier and inverter characteristics are plotted in rectangular coordinates (Figure
2.12), of direct current I and direct voltage V4. If the rectifier current is controlled by the
current controller, the rectifier characteristic is a vertical line (AB in Figure 2.12). If the
inverter voltage is controlled by the gamma controller, the inverter characteristics is given
by line CD (Figure 2.12). The slope of line CD is decided by R¢; and Ry, If R is greater
than R,, the line CD has a negative slope. The operating point is given by the intersection
of the lines AB and CD, point E in Figure 2.12. This operating points also confirms the

fact that at any given point there can be only one voltage and current value.
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Figure 2.12: Rectifier and inverter characteristics

Lines AB and CD can be shifted by changing the appropriate references. To illustrate
the shifting process, a rectifier case is considered. The rectifier characteristics can be
shifted by changing the current reference, which is one of the inputs of the current control-
ler, the other input being the measured current. If the measured current is less than the cur-
rent reference, the controller advances the firing angle, raising the rectifier voltage in
proportion to cosc and hence raising 1. If the opposite is true, alpha is increased thereby

reducing I 4.

At the inverter end, the inverter characteristics are raised or lowered by changing the
tap settings of the transformer, or gamma controller is used. To study the behavior of the
controllers for rapid changes in dc voltage which could be due to a short circuit on the ac
system or collapse of the voltage of one valve group, a case is studied where there is a
reduction in the inverter voltage. A reduction in the inverter voltage causes its characteris-
tics to shift downwards from CD to FG (Figure 2.12). The new operating point is H. The
power is reduced in the same proportion as the voltage since the current remains

unchanged.

A decrease in the ac voltage at the rectifier end will cause a proportional decrease in
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the dc voltage provided, cosa remains constant. The current controller will act towards
maintaining a constant current by reducing alpha, causing the dc voltage to rise. This pro-
cess will continue until alpha reaches alpha-min. The rectifier characteristics thus consists
of two line segments, one is the minimum firing angle ag and other is constant current, as

shown in Figure 2.13 by ABH.

A dip in the rectifier voltage shifts the rectifier characteristic down to A’B’H, which
does not intersect with the inverter characteristic. This will cause the current and power to
reach zero after a short delay due to the dc reactors. Thus a shift in the rectifier will cause
a drastic change in the current and power. To avoid this drastic change, the inverter is also
provided with a current controller. The reference current to the inverter current controller
is set below the rectifier current reference by Al which is typically 10 - 15%. The inverter
characteristic is now DFG, consisting of two segments, one is for ggmma-min, and other

for constant current. The operating point is now L.

Rectifier
(o = o)

Normal Voltage

Inverter
="

¥

B’ Rectifier

Reduced (const 1g)

Voltage

Inverter
(const 14)

G

Pld

Figure 2.13:Actual control characteristics

20



2.5 Summary

The CIGRE Benchmark based HVDC system was presented. The structure of the sys-
tem like the ac and dc sides of the power system were presented along with the control
system and converter unit. An equivalent circuit of the system was presented. A converter
model was presented which incerporates a di/dt and dv/dt protection circuits. The impact
of the RC snubber circuit on the converter performance has been studied. Control charac-

teristics for the HVDC system were also derived.
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Chapter 3
Simulation of the HVDC Converter System -

Control Circuits

3.1 Introduction

In this chapter, control circuits of the CIGRE benchmark based HVDC converter sys-
tem operating with a weak ac system are presented. The control circuit consists of a gate
firing unit, a current centroller for the rectifier and inverter side, a gamma controller for

the inverter side and a Voltage Dependent Current Limit (VDCL) for the rectifier.

Two types of gate firing units (GFUs) which use a voltage controlled oscillator (VCO)
in conjunction with a phase locked loop are first presented. Their performance is studied
under steady state and dynamic test conditions. A comparison between the performance
of the two GFUs is made using a reciifier test system. In addition, a rectifier current con-
troller along with a Voltage Dependent Current Limit (VDCL) is presented. Finally, an
inverter with a current and a gamma controller is presented. A gamma measuring circuit
necessary for the gamma controller is discussed. A design procedure for choosing the

parameters of the PI controllers is presented.
3.2 Gate Firing Units (GFU)

The gate firing unit is an important element in the rectifier/inverter control circuit. It
provides correct synchronization of the firing of thyristor switches under conditions such

as distorted ac voltage signals, loss of commutation voltage and harmonic distortion. Two

types of gate firing units are used in practice, a conventional GFU and a DQ-type GFU.
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The conventional GFU uses a single ac signal. By contrast, the DQ-type GFU (also
referred to as the Transvector type [15]), has a 3 phase ac to DQ (2 phase) transformation.
This DQ-type has been used for motor drive applications for many years. Its first applica-
tion to an HVDC system was made at Chateauguay, Quebec in the middle 1980’s. One
advantage claimed of the DQ-type GFU was its superior immunity to disturbances and

harmonic distortion.

In the following, the operating characteristics and design of these two types of GFU

are presented.

The block diagram of a conventional GFU is shown in Figure 3.1. In this circuit, the
commutation voltage, assumed to be Vo, = sin(w;t + 6,), is multiplied by a feedback
signal which is Vcos = cos(w;t + ;). The error voltage Verror is obtained according to eq

3.1

Verror = sin (@71 9,) cos (w,7+8,)

= 0.5sin ([ (0, —w,)t+ (6,-6,)]) + (0.5sin [ (0, +0,)r+(6,+6,)]) (3.

Vsin (Vsync)

sin |

Veom Verror | 4., Viil Vint
— >< P\ Integrator

Vcos

cos

Figure 3.1: Block diagram of a conventional GFU
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The first term in (3.1) represents the error between the synchronizing voltage and the
commutation voltage due to the frequency and phase difference. In the feedback signal
Vcos has the same frequency but different phase angle than that of the commutation volt-
age Vcom. This term becomes a dc component. Under steady state, the synchronizing
voltage will be locked to the commutation voltage. In this case @) = W, and 0; = 65, and
the first term will be zero. The second term is an unwanted ac component which has a fre-

quency of 2, under steady state.

In order to extract the dc error signal, and filter out the unwanted ac component, a low-

is used. The output is passed onto an inte-

w
pass filter having the transfer function n ;)

grator with a transfer function of 1/sTi. The integrator output, Vint, is used to modulate the
frequency and phase of a free-running Sine-Cosine oscillator to generate the output signal
Vsync. Under steady state conditions, the feedback signal Vsync will be in phase and have
the same frequency as the commutation voltage, Vcom. Thus, Vsync can be used as a sta-
ble unpolluted signal to derive the voltage zero-crossover points to provide the timing ref-

erence points for the GFU.

Figure 3.2 shows the waveforms of the conventional GFU. It can be seen that the sec-
ond harmonic ac component in the error signal is reduced by means of a low-pass filter,
thus reducing its impact on the overall system operation. The bottom superimposed sig-
nals in Figure 3.2 show the commutation voltage, Vcom, and the synchronizing voltage,
Vsync. Note that, in-order to clearly see the phasor relationship between Vcom and

Vsync, the magnitude of Vsync has been deliberately increased by 20%.
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Figure 3.2: Waveforms of conventional GFU

The design criterion is to achieve the synchronization between Vcom and Vsync in the
shortest possible time. One common design approach is to study the small signal model of
the circuit and design the parameters in the frequency domain. The small signal model of a

conventional gate firing unit is shown in Figure 3.3. The loop transfer function is given by

equation 3.2 [16].

H(s)

1/ sT;;

2
>

Figure 3.3: Small signal model for the conventional GFU

© 1
— ¢ ——
Tpp = (s+m )(57’--

¢ It

(3.2)
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Figure 3.4 shows the Bode plot of the loop transfer function where the solid line repre-
sents the response of the loop transfer function Ty, dotted lines are for the low-pass filter
function H(s) and the intcgrator transfer function 1/5Tj;. This figure shows that in order to
achieve the optimum phase margin of around 60°, the integrator time constant should be
selected such that the value of 1/Tii is smaller than w,, the cutoff frequency of the low-

pass filter.

Figure 3.4 also shows that the loop response speel, represented by the gain cross-over
frequency, is to a large extent limited by the cut-off frequency @, of the low-pass filter.
There is a compromise in selecting @,. If @, is too high, the ac component in the error
remains large and it will interfere with the system operation. On the other hand, if «w, is
too low, the overall system response of the system will be sluggish. Studies show that a

cut-off frequency around one fifth of the ac component (2w,) gives satisfactory results.
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Figure 3.4: Bode plot for the loop transfer function of equation 3.2

3.2.12 Validation Tests for the Conventional GFU

In this section, behavior of the conventional GFU during (1) loss of commutation volt-

age and (2) presence of harmonics in the commutation voltage is discussed.




1) Loss of the Commutation Voltage

Figure 3.5 shows the internal signals from the conventional GFU during a temporary
loss of commutation voltage caused by a fault on the ac commutation bus. The multiplier
output Verror and the low-pass filter output Vfil are reduced to zero during the fault
period. The Integrator output Vint shows only a small output voltage during the fault
period which is used to modulate the frequency and phase of the Sine-Cosine oscillator
stage following it. The post-fault synchronization dynamics of the conventional GFU
show that the output voltage Vsync is able to synchronize with the commutation voltage
Veom within 1 cycle (20 ms at 50 Hz). The waveform of Vint also shows that the control

loop is slightly underdamped and requires a settling time of about 3 cycles (50 ms).
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Figure 3.5: Loss of the commutation voltage

2) Harmonic Distortion Test

Figure 3.6 shows the internal signals from the conventional GFU for a 30% injection

of a 3™ harmonic in the commutation bus, Vcom. The output voltage, Vsync, of the con-
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ventional GFU contains no harmonics and is synchronized to the fundamental component

of the commutation voltage. Tests with injections of other harmonics produced similar

results.
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Figure 3.6: Harmonic distortion test for conventional GFU

The block diagram of a DQ-type GFU and its corresponding signals are shown in Fig-
ures 3.7 and 3.8 respectively {17]. The three phase commutation voltages V,, Vi, and V.

are transformed into the DQ axis voltages V-alpha and V-beta using (3.3) and (3.4)

respectively.
Vaipha = (g)Va- (%)V,,- (%)vc (3.3)
1
Vbaa = (7‘5) (Vb_vc) (3.4)
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Figure 3.7: Block diagram of a DQ-type GFU
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Figure 3.8: Waveforms for DQ-type GFU

An error signal, Error, is fed through a PI controller to generate a reference value for
the VCO. This reference valve can be modulated by a signal AUref, and it has a fixed volt-
age bias Uref which sets the centre frequency (50Hz) of the VCO. The output of the VCO

is a signal proportional to a sawtooth waveform (angie Theta). This waveform is used to
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generate Sine-Cosine waveforms which are fed back to the multipliers to generate the

error signal.

Under steady state this error is reduced to zero and the output of the Sine-Cosine oscil-
lator will be in synchronism with the commutation voltages. In Figure 3.8, the output
Vsync and Vcom are compared; note that the magnitude of Vsync has been deliberately
increased by 20% to better illustrate the phasor relationship between the two signals. The

loop transfer function of the DQ-type GFU is given by:

T 1 +sTp‘- 1
n (s) = Kp" STP" (:9_7-') (3.6)

where Kpi and Tpi are the gain and the time constant of the PI controller respectively.
3.2.2.1 Design of the DO-type GFU

Similar to the conventional GFU, the design objective here is to achieve synchroniza-
tion between Vsync and Vcom in the shortest possible time. The design approach is the

same as the onc used for designing a conventional GFU. The small signal block diagram

1 +sT,;

of the DQ-type GFU is shown in Figure 3.9, where G (s) = Kp,- (—.-:_7-';:‘_) represents

the PI controller transfer function.

The Bode plot of Ty; is shown in Figure 3.10. The solid lines are for the loop transfer
function T11 and the dotted lines are for the PI controller and the integrator transfer func-
tion. From Figure 3.10, it can be concluded that, in order to achieve the optimum phase

margin of around 60°, the value of 1/Ti’ = Kpi/Ti should be larger than 1/Tpi. Also, since
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Figure 3.9: Small signal model for DQ-type GFU
the phase lag approaches 90° as the frequency increases, theoretically the gain cross-over
frequency can be chosen as high as one wishes. Practically, this frequency will be limited
in a realistic system. One of the limiting factors is the existence of a low-order harmonic
component in the error signal when the 3-phase ac source contains harmonics. For exam-
ple, with a third harmonic injection at the ac bus, the error signal contains a second har-
monic ac component. Under such operating conditions, as the gain-cross-over frequency
increases, the error signal between the synchronizing voltage (Vsync) and the fundamental
component of the commutation voltage (Vcom) increases as well. Studies show that the-
gain-cross over frequency of around 40 Hz provides a good compromise between a fast

response and a small synchronizing error.

magnitude
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Figure 3.10: Bode plot for the loop transfer function of equation 3.6
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3,2.2.2 Validation Test for the DQ-type GFU

In this section, behavior of the DQ-type GFU during (1) loss of commutation voltage

and (2) presence of harmonics in the commutation voltage is discussed.

1) Loss of the Commutation Voltage:

Figure 3.11 shows the internal signals from the DQ-type gate firing unit during a tem-
porary loss of commutation voltage caused by a 3-phase fault on the ac commutation bus.
During the fault, the three phase commutation voltages Va, Vb and Vc are reduced to zero
causing the Error input to PI controller to drop to zero. This results in the output of the
saw-tooth waveform, Theta, to be at centre the frequency (50 Hz) of the VCO. After the

fault, the error is reduced to zero within 1 cycle (20 ms at 50 Hz)
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Figure 3.11: Loss of the commutation voltage



2) Harmonic Distortion Test

Figure 3.12 shows the internal signals for the DQ-type gate firing unit with a 30% third
harmonic voltage on the commutation voltage. The Vsync output voltage of the DQ-type

GFU contains no harmonics and is synchronized to the fundamental component of the

commutation voltage.
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Figure 3.12: Harmonic distortion test for DQ-type GFU

The validation tests of gate firing units were open loop tests only. To assess the closed-
loop performance of the GFUs when applied to a realistic system, gating pulses are
derived using both GFU’s, for a CIGRE benchmark HVDC rectifier system operating with
a weak ac systems. The HVDC rectifier system is tested under ac-dc fault conditions and a
comparison between the GFUs is made based on the results obtained here and the valida-

tion tests presented earlier.
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3.2.3.1 Test System for Comparison

An HVDC rectifier system (Figure 3.13) based on the CIGRE Benchmark system [12])
is used as a test system. Since a 6-pulse version of the converter is modelled, it is neces-
sary to add 5th and 7th harmonic ac filters. The overall size of the filters is the same as that
of the CIGRE converter system and will be presented later. A 6-pulse converter model is
used here to minimize the simulation time. However, the same design principles and the

operational characteristics for the GFUs can be extended to a 12-pulse unit.

rectifier
smoothing reactor

2.5 0.597H

ZF 25008 /
Tld

To
= Control Circuit

Figure 3.13: CIGRE benchmark based HVDC rectifier system

The block diagram of the current controller used with this system is showed in Figure
3.14. The measured dc current 14 is compared to a current order Iref, and a current error
signal is generated. This current error is fed to a block, other input of which is a delayed
step input FORAND. The delayed step input keeps the input to the PI controller zero for
0.02s; this effect contributes in reducing the initialization time of the simulation. The out-
put of PI controller is limited between pin = 5° and oty = 170°. Alpha-order, output of
the PI controller is fed to a gating unit which uses the synchronized voltage Vsync to gen-
erate a firing pulse train. A ring counter is used to separate the firing pulses for the 6 valves

of the rectifier.
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Figure 3.14: Block diagram of current controller

1) Initialization of Rectifier System Model

Figures 3.15a and 3.15b show the initialization of the rectifier system with the DQ-
type and conventional GFUs respectively. The signals shown are the dc current Iy, alpha
order and the superimposed values of the synchronizing voltage (1.2* Vsync) and the
commutation voltage Vcom. In both cases startup is achieved rapidly and the GFUs are
able to synchronize within 1 cycle. A detailed examination shows that DQ-type unit is

marginally faster.

2) 10% Step Change in the Current Reference

Figures 3.16a and 3.16b show the case of a 10% step change in the current reference
for a DQ-type and conventional gate firing unit respectively. The signals shown are the dc
current ly, alpha order and the superimposed values of the synchronizing voltage (1.2*
Vsync) and the commutation voltage Vcom. For the DQ-type GFU and the conventional
type. the step change is effected in 30 ms, the response is stable and well controlled. The

GFU’s are able to synchronize in the pre-fault, during the fault, and the post fault stages.
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Figure 3.16a: 10% step change in the current Figure 3.16b: 10% step change in the
reference with the conventional GFU current reference with the DQ-type GFU

3) Single Phase Fault
Figures 3.17a and 3.17b show the case of a single phase fault for the rectifier system |

with the DQ-type and the conventional GFU. The signals shown are the dc current I, |

alpha order and the superimposed values of the synchronizing voltage (1.2* Vsync) and
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the commutation voltage Vcom. For both cases a large second order component is seen in
the dc currrent, a characteristic of the unbalanced fault in the system and the modulation
effect of the converter. The presence of this second harmonic component does not affect
the operation of the GFUs noticeably and they maintain synchronizm with the commuta-

tion voltage through out the fault period.
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Figure 3.17a: Single phase fault Figure 3.17a: Single phase fault
with the conventional GFU with the DQ-type GFU
4) DC Line Fault

Figures 3.18a and 3.18b, show the case of a dc line fault for the rectifier system with a
DQ-type and conventional gate firing units respectively. The signals shown are the dc cur-
rent 14, alpha order and the superimposed values of the synchronizing voltage (1.2 *
Vsync) and the commutation voltage Vcom. Note that in these cases no voltage dependent
current limits (VDCL) are utilised to reduce the current order since only the control
response of the gate firing units is desired. In both cases the gate firing units are able to
maintain synchronism within 1 - 2 cycles of the fault. The loss of the dc load causes the
commutation voltage to rise and generate harmonics due to transformer saturation, but this

does not cause persistent problems for the gate firing units. In case of weak &c systems,
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this commutation voltage rise and the subsequent generation of harmonics is particularly

important.

0; 0‘5 013 - 036 04 * [ )
Figure 3.18a: DC line fault with the Figure 3.18b: DC line fault with the
conventional GFU DQ-type GFU
3.2,3.2.Comparison

The major difference between the operational behavior of the DQ-type and the con-
ventional GFU is the presence of a second harmonic component in the error signal under
steady state for the conventional GFU. A low-pass filier is thus required in the conven-
tional GFU to climinate the second harmonic component. This low-pass filter is absent in
the DQ-type GFU and hence a faster dynamic response can be achieved. Experience also

shows that optimization of the low-pass filter requires additional effort when compared to
the DQ-type GFU.

A performance comparison between the two GFUs show that both units are equally

capable of operating with weak ac systems having high levels of pollution and harmonic

distortion in the commutation voltage.
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A DQ-type GFU is used for the remainder of this thesis to study the behaviour of the
HVDC system.

3.3 Rectifier Controller

The rectifier controller includes the current controller and the Voltage Dependent Cur-

rent Limit Circuit (VDCL).

i Iren ler

The objective of using a current controller on the rectifier is to maintain the current at a
reference level decided by the VDCL. Similarly, a gamma controller is used to maintain
certain dc voltage at the inverter end. The controller, which uses a PI controller, generates
an alpha-order signal. This alpha order has to be utilized to change the firing angle of the
converter valves and generates firing pulses that are in synchronism with the commutation
bus. The gating control unit utilizes the alpha order signal and generates 6 pulses for the
converter valves. The timing reference is provided by the GFU which generates a sinusoi-

dal signal which is in synchronism with the commutation bus voltage.

The block diagram of the rectifier current controller is shown in Figure 3.19. The mea-
sured dc current, Idcr, is compared with the limited output, IOLIM, of the VDCL and an
error signal is generated. This error signal is fed to the PI cont-oller via a block, other
input of which is a delayed step input FORAND. The delayed step input keeps the input to
the PI controller zero for 0.1s; the effect of this delay is to reduce the initialization time.
The PI controller generates an alpha-order signal which is limited between 1° and 170°,
The output of the PI controller is used in conjunction with a protection signal ALPRET,

for recovery from a dc line fault. The alpha order signal is fed to a gating unit which uses
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the synchronized voltage Vsync to generate a firing pulse train. A ring counter is used to

separate the firing pulses for the 6 valves of the rectifier.

ounax = 1700
IOLIM  + S L e
X PI ; Firing Pul
- l—— MAX[* Cating | _ FirinB Fuises
. 0 —
FORAND omin = —
Idcr
1.0
ALPRET
O.1s
(Active during Vsync
From .
a DC linc fault)
Power System

Figure 3.19: Rectifier current controller

3.3.2 Voltage Dependent Current Limit (VDCL) Unit

A dc line fault or an ac fault on the inverter end could dip the dc voltage to a value
which could be zero or very low. The current under these conditions would be still main-
tained due to the rectifier current controller. The operation of the system with high dc cur-
rent and low dc voltage could result in higher power losses and higher reactive power
demand and could also lead to voltage instability. To avoid this problem, the current refer-
ence signal provided to the controllers should be a function of the dc voltage. A VDCL
limits the current reference value for the rectifier controller based upon the level of the dc

voltage.

The VDCL (Figure 3.20) consists of a static and dynamic sub-units which provide ref-
erence values during steady state and transient conditions respectively. The measured dc
voltage is passed through a low-pass filter to eliminate higher order harmonics. The cut-
off frequency (30 Hz) of the low-pass filter is chosen below the fundamental frequency to

ensure the attenuation of high order harmonics being fed back from the dc voltage. The
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combination of a low-pass filter and the pulse-shaping circuit removes spikes that may be
present in the dc voltage. The output of the pulse shaping circuit is used by both the static

and dynamic VDCL sub-units.
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Figure 3.20: Block diagram of the VDCL unit

The static VDCL sub-unit consists of a voltage-to-current transducer with a gain of
1.25, the output of this block is limited between IMIN and IMAX. The output of the volt-
age-to-current transducer is fed to a MINIMUM-selector whose other input is the current

reference, Iref. The ouiput of the MINIMUM-selector is IOSTAT.

The dynamic VDCL sub-unit consists of an integrator (time constant 50 ms), which
dictates the rise time of the dc current during the process of fault recovery. The output of
the integrator is passed through a MINIMUM-selector which has the output of the pulse
shaping circuit and Iref as its other inputs. The MINIMUM-selector ensures that in the
worst case, the output of the follow ing blocks is IREF, which can be set externally. IMIN
is added to the output of the MINIMUN- selector IRRMIN, through a summer. The output

of the summer is then limited between IMIN and Iref. This is done to ensure that the out-
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put of the dynamic VDCL sub-unit ramps up from IMIN to IREF during system start-up

and also during recovery from faults such as a dc line fault.

To validate the operation of the VDCL the following simple test was done (Figure
3.21). The stepped VDCREC is the input to the unit as shown in Figure 3.3.21. During the
recovery process, the output of the VDCL, IOLIM, is dictated by the dynamic VDCL. In

contrast, during th¢ normal operation the static VDCL sub-unit dictates the output.

DC voltage output of filter
°~5 . . . . . v e . e 0.5’ e een . \ . . ’ PRI,
0 o
0 0.2 0.4 (o] 0.2 0.4
o/p of transducer Static VDCL
v 1 v v
0_5 .. . re . .
0 - o ;
0 0.2 04 ] 0.2 04
IRRMIN Dynamic limit
1 — v v v
oO 0.2 0.4
output of vocL (IOLIM)
1 T v
05
0O 0.2 04

Figure 3.21: Validation test for VDCL

3.4 Inverter Control System

The inverter control circuit includes the curent controller and the gamma controller

3.4.1Inverter Current Controller

The inverter curre nt controller (Figure 3.22) is similar to the rectifier current controller.
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The measured dc current is compared with JOLIM - 0.1, giving a cumrent margin Al = 0.1

p.u. The inverter PI controller generates an alpha-order signal Al which is limited
between 110° and 150°. The alpha order signal is then fed to a gating unit which uses the
synchronized voltage Vsync to generate a firing pulse train. A ring counter is used to sep-

arate the firing pulses for 6 valves of the inverter.

Current controller H
omax = 150;
' Iref +/Z\ I— . Al
a X Pl (—
{ o Idci r — 10|
; FORAND XM= 110
1.0 MIN Gating[— Firing pulses
e QIS | —
{Gamma Controller omax = 150! —
i  GAMREF i Vsvne
; : syn

g A2
s - mpl
GAMMA omin = 110

Figure 3.22: Inverter control system

3.4.2 Gamma Controller

To implement a gamma controller, a measure of the gamma is required (Figure 3.23)A
typical voltage across an inverter valve is shown in Figure 3.23. The gamma measuring
circuit is based on evaluating the time clapsed between the two zero-crossings a and b of

the valve voltage.

The valve voltage provides the region a-b-c as a positive value. This voltage is used as

a control voltage for a resettable integrator which integrates only when the control voltage
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Figure 3.23: Gamma measuring circuit

is positive. The output of the resettable integrator is a ramp, the width of which is a tunc-
tion of the valve voltage. From this ramp voltage, rectangular pulses, BIGPUL, are
obtained by using a zero-order block. A sharp pulse having a duration of one time step is
derived at the rising edge of BIGPUL, these sharp pulses are used to reset the counter at
the start of BIG PUL. When the duration of BIGPUL is over, another rectangular pulse,
GHOLD, which is a complement of BIGPUL is used to hold the count of the counter. The
pulse source for the counter has a pulse width of 25us and a period of 50us. So each count
represents (1.9°, hence to get the final output in degrees, a factor of 0.9° is used. An aver-

age value of gamma using all six valves volt ages is obtained by using a low-pass filter.

To validate the operation of the gamma measuring circuit, a simple test is conducted.
Gamma is sct to 20°, some key internal signals of the gamma measuring circuit for this
test are shown in Figure 3.24. In Figure 2.24, the value of gamma is equal to the preset

value of gamma, hence confirming the operation of the gamma measuring circuit.

The gamma controller is similar to the current controller except for the FORAND sig-

nal which is absent in the gamma controller. The measured value of gamma (output of the
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Figure 3.24: Validation of gamma measuring circuit

gamma measuring circuit) is compared with a reference value GAMREEF. The error signal

is fed to the PI controller which generates an alpha order signal A2, which is limited

between 110° to 150°. A min selector is used to select the minimum of A1 and A2. The

output of this min selector is used as an input by the gating unit which uses the synchro-

nized voltage Vsync to generate a firing pulse train. A ring counter is used to separate the

firing pulses for 6 valves of the inverter
3.5 Design of PI Controller Parameters

To design the parameters of the PI controller, the converter is represented by the fol-

lowing equation [18]

__K
T = G375 X))
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where K = 1.35 VL-L, Td = the time delay = 120°. The transfer function of the dc line can
be represented by the following equation

Z,

e = (Z,+Z3)Z, +Z,Z, (3.8)

T,

In the system, if we ignore the e'ffcct of the impedance of the ac sides, we get identical
models for the rectifier and inverter. The Bode plot of the converter and the dc line is
shown in Figure 3.25. The parameters are chosen such that an overall phase margin of
about 60° is obtained. After some optimization tests, the following approximate PI con-

troller parameters are obtained:

For the rectifier current controller, the phase margin is 43.66° and the gain cross-over
frequency is 72.65 rads (Figure 3.25). For the inverter current controller, the phase margin

is 37.56° and the gain cross-over frequency is 65.97 rads (Figure 3.26).
The gamma controller is designed using the same procedure described above.
These parameters are only approximate, but useful as starting values for the simula-

tion. Optimized values for the controller parameters can then be obtained from detailed

sirnulations.
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Figure 3.26: Gain margin and phase margin of the rectifier current controller

3.6 Summary

Control aspects of a CIGRE benchmark based HVDC converter sysiem operating
with weak ac systems were presented. Two GFUs are described and comparison is made
between the two. The rectifier and the inverter control systems are presented. A design

procedure for designing the parameters of the PI controller is outlined.
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Chapter 4
Transient Behavior of the HVDC System

4.1 Introduction

The transient performance of an HVDC converter system operating with a weak ac
system depends to a great extent on the control system utilized, besides other things. The
details regarding the control system were presented in Chapter 3. To validate the operation
of the current and gamma controllers, and protection circuits (i.e. VDCL), the HVDC con-
verter system is tested under various ac-dc fault conditions. The results of these tests are

presented in this chapter.
4.2 Initialization of the HVDC System

Care has to be taken to initialize the simulation to achieve the steady state operating
point in a realistically short time. To do this, the firing pulscs are blocked for a period of
0.1s, where-by releasing the controllers (in TACS portion of EMTP) to find their operat-
ing points. The blocking of the firing pulses is achieved by using a signal FORAND (Fig-
ure 3.19). The initialization process and system dynamics are shown in Figure 4.1. Right
at the start, there is a commutation failure as seen from the ac voltage waveforms at both
the rectifier and inverter sides. As a result of this, the dc voltage is equal to zero. The out-
put of the gamma controller reaches a value of alpha-max (inverter) facilitating a gradual
build up of the dc voltage. On the V4-I4 control characteristics (Figure 4.2), the operating
point follows line KA until it reaches the inverter current controller characteristic. A
switch-over occurs at 0.9s as current control is taken over by the rectifier current control-
ler. An overshoot is seen after the switch-over due to the transition from the inverter cur-

rent controller to the rectifier current controller. When steady state is reached at 1.1s, the
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.

dc current is controlled by the rectifier current controller and the voltage is controlled by

the inverter gamma controller.
4.3 System Tests

To validate the operation of the control scheme for the CIGRE Benchmark HVDC sys-

tem, the following tests were performed:

1.3.1 Coptroller Optimization T

Three controllers are in operation for the HVDC system:
1) Rectifier current controller
2) Inverter current controller
3) Gamma controller
All these controllers nned to be optimized individually. For optimization of these con-

troller parameters, the following three tests were performed:
i) step change in the rectifier current reference

ii) step change in the inverter current reference

iii) step change in the inverter gamma reference
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Figure 4.1a: Initialization of the HVDC converter system model
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Figure 4.2: V4 - 1 control characteristics

4.3.1.1. 10% Step Change in the Rectifier Current Reference

To test the performance of the current controller at the rectifier end, a 10% step change
is applied to its current reference (Figure 4.3). To effectively study the performance of the
rectifier current controller and prevent any interference from the inverter current control-
ler, the current margin Al is temporarily set to 20%. The step change is applied at 1.3s and
the step change is effected in 100ms. The response is well controlled and stable. The
results shows the dc current on the rectifier and the inverter sides along with their refer-
ence values. The dc voliages on the rectifier and the inverter sides are also shown. The rec-
tifier alpha-order signal also shows the step change being effected. The inverter alpha-
order signal shows that the inverter current controller plays no role in controlling the cur-

rent. The gamma controller controls the inverter voltage.
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4.3.1.2. 5% Step Change in the Inverter Current Reference

To test the performance of the inverter current controller, a 5% step change is applied
to its cument reference (Figure 4.4). To effectively study only the performance of the
inverter current controller and prevent any interference from the rectifier current control-
ler, the ac supply voltage at the rectifier end is reduced by 5% to force the rectifier current
controller to its alpha-min limit. The response to the step change is stable and well con-
trolled and is effected in 80ms. The results show the dc current at the rectifier and the
inverter side along with their reference values. The dc voliages on the rectifier and the
inverter sides are also shown. The rectifier alpha-order signal is at alpha-min so the

inverter current controller controls the dc current of the system at a value of 0.9 p.u..
4.3.1.3. 2.5° Step Change in Gamma Reference .

To test the performance of the inverter gamma controller, a 2.5 degs. step change is
applied in the gamma reference (Figure 4.5). The response is well controlled and stable
with a response time of 50ms. The dc voltages on the rectifier and inverter side dip due to
the step gamma reduction. The alpha order signal at the rectifier end thus increases as seen

in Figure 4.5
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This test is performed to study the dynamics of the system when the control mode is
shifted from the rectifier current controller to the inverter current controller, and back. The
results are shown in Figure 4.6. Initially (at t=1.1s), the rectifier current controller is in
control at the rectifier end and the 'gamma controller at the inverter end. Att = l.1s, ac
voltage at the rectifier is reduced by 5%, which causes the reciifier current controller to hit
alpha-min, and it loses control over the current. The inverter current controller takes
charge and the current is controlled to 0.9 p.u. Att = 1.5 sec, the ac voltages at the rectifier
is returned to 1.0 p.u. and the rectifier current controller takes charge. However, there is a
transition from one state to another. Also, the transition from rectifier current controller to
inverter current controller is different from the transition which occurs from inverter cur-

rent controller to rectifier current controller.

4.3.3 Fault Tests

In the following sections, results from a number of fault tests are presented and dis-

cussed.

4.3.3.1 Single-phase 1-cycle Fault at the Inverter Side(commutation failure test)

A commutation failure at the inverter is simulated by creating a single-phase 1-cycle
fault at the inverter ac bus (at t=1.1s) which prevents the commutation occurring from one
valve to another. The resulting commutation failure (Figure 4.7) causes the dc voltage to
momentarily drop to zero. This causes the VDCL to operate and limit the dc current to
IMIN. The ac voltage on the inverter side under these conditions collapse momentarily as

seen in Figure 4.7. The valve voltage is thus distorted giving an incorrect value of gamma
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measured. As a result, the PI controller output hits the alpha-max limit, as seen in Figure
4.7 The recovery process is initiated almost immediately resulting in the dc current to
ramp up according to the VDCL. A transition from the inverter current controller to the
rectifier current controller is also seen, similar to the one discussed previously in the ini-

tialization of the system.

4.3.3.2 Single-phase 5-cycle Fault at the Inverter Side

To study the response of the system for repetitive commutation failures at the inverter,
a single-phase 5-cycle fault is applied at t=1.1s on the inverter ac bus (Figure 4.8). The ini-
tial fault causes the dc current to approach 2.0pu and collapses the dc voltage at the
inverter end. The ac voltages at the inverter end are distorted as a result of this fault. The
gamma controller hits alpha-max due to the reasons mentioned for the commutation fail-
ure test. Upon removal of the fault, the VDCL action insures the gradual ramp-up of dc
current from zero to the prefault level in accordance with the limited current reference,
IOLIM. Again, a transition is seen from the inverter current controller to the rectifier cur-

rent controller during recovery.
4.3.3.3 Three-phase 5-cycle Fault at the Inverter Side

The response of the system under this fault is identical to the response obtained during
a single-phase 5-cycle fault (Figure 4.9). The only obvious difference is seen at the

inverter end dc voltage, where oscillations are seen due to the refiections on the transmis-

sion line.
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4.3.3.4 Single-phase 5-cycle Fault at the Rectifier Side

A single-phase 5-cycle 30% fault is applied at the rectifier ac bus (Figure 4.10). The dc
current during the fault contains a second harmonic component (100Hz) which is a char-
acteristic of such a fault. Upon removal of the fault, there is a commutation failure
(t=1.5s). The dc current then follows a pattern similar to the single-phase one-cycle fault
at the inverter. For the results shown in the CIGRE benchmark, there is a commutation
failure upon recovery, and also the level of harmonic content in the dc voltage during the
fault is relatively low. The difference between the results shown here and the one pre-
sented in the CIGRE benchmark [12] could be attributed to the different types of VDCL

and switch models used in the two systems.

4.3.3.5 Three-phase 5-cycle Fault at the Rectifier Side

The fault causes the dc voltage to collapse and hence reduces the current to zero due to
lack of driving source voltage. The behaviour of the VDCL drops IOLIM to IMIN; how-
ever, the absence of the ac voltage at the rectifier prevents the current from recovering.
Upon removal of the ac fault at the rectifier bus, the dc voltage reaches 1.0 p.u. and the

current follows the same pattem (Figure 4.11) as during the initialization case.
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4.3.3.6 DC Line Fault at the Rectifier Side

A dc line fault is applied from 1.1s to 1.4s at the dc line side of the rectifier (Figure
4.12). The fault causes the dc voltage to collapse and the dc current to rise to a value
greater than 2.0 p.u., a characteristic of this type of fault. The action of the VDCL causes
the current to be limited to IMIN. From 1.3s to 1.4s a protection signal, ALPRET, is
applied to deionize the fault arc. Upon removal of the fault, the dc current ramps up due to
the action of the VDCL. The small delay observed between Idc and IOLIM is due to the

use of a low-pass filter in the VDCL unit.
4.3.3.7 DC Line Fault at the Inverter Side

A dc line fault is applied from 1.1s to 1.4s at the dc line side of the inverter (Figure
4.13). The fault causes the dc voltage to collapse and the dc current to rise to a value
greater than 2.0 p.u. The current in the inverter side is shorted out by the dc line fault, and
hence during the fault duration the dc current at the inverter end is zero. The action of the
VDCL causes the current to be limited to IMIN. From 1.3s to 1.4s a protection signal,
ALPRET, is applied to deionize the fault arc. Upon removal of the fault, the dc current
ramps up due to the action of the VDCL. The small delay observed between Idc and
IOLIM is due to the use of a low-pass filter in the VDCL unit.

4.4 Summary

In this chapter, results of various ac-dc fault/tests conducted on the HVDC converter
system operating with a weak ac system are presented. The results show the satisfactory

performance of the system with the controllers used.
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Chapnter 5§

Conclusions

In this thesis, the CIGRE benchmark based HVDC converter system operating with
weak ac systems was studied using EMTP. The main contribution of this thesis is the deri-

vation and implementation of models for different parts of the HVDC system in EMTP.
The specific contributions are :

1) Two types of GFU’s, a conventional and a DQ-type, are analyzed and designed.
Both GFU'’s use a phase locked loop in conjunction with a voltage controlled oscil-
lator. A performance comparison between the two gate firing units showed that
they are equally capable of operation in a weak ac system having high levels of
pollution and harmonic distortion in the commutation voltage. On the other hand,
due to the absence of a low-pass filter in its control loop, the DQ-type gate firing

unit is relatively easier to design and is faster than the conventional type.

2) A Voltage Dependent Current Limit unit is c'=veloped which provides a reference to
the current controller. The VDCL unit incorporates a static and a dyramic sub-unit
which control the current reference during the steady state and transient conditions

respectively.

3) A gamma measuring unit is developed. This unit is used in conjunction with the

gamma controller at the inverter-end of the HVDC system.

4) A detailed model of the converter is presented which incorporates an ideal switch

model with a parallel snubber circuit. Optimization tests for the snubber circuit
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shows that for the selected range of R (200 € - 10k€2) and C (1uF - 0.0125 pF), the
value of R has = larger impact on the converter performance than C. A value of R =
10kQ and C = 1.0uF were selected after optimization. These values may not have
any co-relation with the values used in practice, however, they provide satisfactory

commutation voltage for the switch used and the corresponding systern model.

5) To study the dynamic behavior of the system, 11 tests are carried out on the HVDC
system. The step changes in the rectifier and the inverter current controllers along
with a step change in gamma controller are us=d to optimize the parameters of
respective controllers. To study the response of the system under ac fault condi-
tions, 1-phase and 3-phase faults are applied at the rectifier and the inverter ac sys-
tems. The ac faults were of either 1 or 5 cycle durations. These tests demonstrate
the ability of the system to recover after removal of the fault. DC line faults at the
dc side of the rectifier or inverter sides were also studied. These tests verify the
operation of protection signals such as ALPRET in the rectifier current controller.
The dc line faults also verify the operation of the VDCL. The detailed results from

these tests prove the validity of the controllers and protection circuits used.

The work done here provides very detailed information, which is presently unavailable
elsewhere, on aspects of modelling an HVDC system operating with weak ac systems. Itis
anticipated that these details will be helpful to educators and utility planners studying
HVDC systems.

Recommendations for Future Work

In the modelled HV DC system. a 6-pulse model has been utiized for reasons of speed

and minimization of cpu usage. In reality, the CIGRE benchmark systemis a 12-pulse sys-
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tem. It will, therefore, be more practical to update the converter model to a |2-pulse unit.
Within EMTP, there is practically no limit as to the size and number of converter units that

can be modeled.

The use of traditional Pl controllers in the system restricts the operating point of the
system. Moreover, the parameters of the Pl controller can only be optimized over a small
operating range. To overcome these problems, controllers which adapt to the circuit condi-
tions may offer superior performance. Thus, the advantages offered by modern con.rollers

based on Fuzzy Logic [19] or Neural Networks [20] can be explored.
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Appendix A

Transformer Calculations

In this Appendix, parameters of the transformers used in this simulation study are cal-

culated.

Section I: Rectifier side
For the transformer at rectifier end, the following quantities are given:

Zerans = 0.18 P Viprir = Vpase = 345kV;  Spase = 1196MVA; Vg, = 500kV

Step 1: To find t} . i ifier sid
In-order to find the turns ratio, we have to find the voltage Vg (secondary voltage of

the transformer), neglecting the voltage drop due to the commutation resistance ,

Vdr =1.35 VL-L COos O (A1)
where,

*7. is the dc voltage at the rectifier end; and the value of oy, under steady state is 18°.

From (A.l), VL-L= 389k V.

Ve
turns ratio= n; = prr (A.2)
VSCCI’

From (A.2), the turns ratio = 0.885.
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Using Vpace and Space, Zpase is given by the following equation,

- (base kVL_L)2
Zbasc dase 3¢ (A. 3)

Using (A.3), Zyaee = 99.52Q
Zyrans = (Zvase) (Z pu) (A.4)
From (A 4), Zirpner = 17.91Q
Assuming Zp, = Z'sacr = Zyranse/ 2, where Z'sec is the secondary impedance of the trans-

former referred to the primary side, Zpy = 8.956€2 The inductance at the primary side of

the transformer, Ly, is:

zZ .
L . =22 (A5)
prir w

In (A.5), o = 2 * x *50, therefore, Lp,i, = 28.50mH

Z
s€C (A.6)
0,2

scCr

From (A.6), Lsecr = 36.40mH
Section I1: Inverter side

For the ransformer at the rectifier end, the following quantities are known:
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Zians =018 pu., Vi = Vipaee =230kV,  Spaee = 1196MVA,  Vy; = 500kV
Step 1: To find d ; he inv id
In-order to find the turns ratio, we have to find the voltage V. (secondary voltage of

the transformer), neglecting the voltage drop due to commutation resistance [13],

Vdr =1.35 VL-L CcOosY, (A.7)

where, V; is the dc voltage at the inverter end; and the value of yunder steady state is 18°,

From (A.7), VL. =389kV.

v ..
turns ratio= nj= P (A.8)

Vseci

From (A.8), the turns ratio = 0.591.

Substituting Vpaee and Spye. in equation A.3, Zy,q = 44.23Q . Using (A.4), Zyps =
7.961Q

Assuming Zy; = Z'seci = Ziranse / 2, where Z'w_i is the secondary impedance of the
transformer referred to the primary side, Z,y; = 3.980Q2

The inductance at the primary side of the transformer, Ly,y; is

z ..
L= L1 (A9)
prii ®

m




In (A.9),w=2*n*50. From (A.9), Lyy;; = 12.67mH.

L _ Zseci
seci ~ g

From (A.10), L., = 36.40mH.

n,2

(A.10)
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Appendix B

Harmonic Filter Design
This appendix covers the design of filters for the 5% and 7% harmonics.

To design the hamonic filters at the rectifier side, the following assumptions are made:
1) the 5™ harmonic filter provides 70M Vars

2) the 7% harmonic filter provides 3uM Vars

The reactive power as a function of the capacitance is given by
QM Vars) = (Vy; (kV)2 @ C (B.1)
where, Q is the reactive power; V| is the Line-Line commutation bus voltage;  is the
frequency of operation in rad/sec; and (. is the filter capacitance.
A single tuned filter configuration is used to filter the 5" and 7' harmonic components
in the commutation voltage. Equation B.1 is used to obtair: the capacitances for the 5t

and 7% harmonic filters.

For the 5% harmonic filter
70 MVars = (345kV)? * 2% * 50 *Cs (B.2)
From (B.2), we can calculate Cs as :C5 = 1.872uF

The inductance Lg is obtained using the following equation

1
= ————-—(Zn o) (B.3)

Using (B.3) and f as 250Hz (5% hamuonic), L = 216.5mH.
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Similarly, using Q = 30M Vars, and f = 350Hz, the capacitance and inductance for a 7th

harmonic filter are 0.802uF and 257.8mH respectively.

A resistance of 1Q is added in series to 5th and 7th harmonic filters to provide damp-

ing.
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