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High-Voltage Direct-Current
Transmission

High-voltage direct-current (HVDC) transmission has advantages over ac
transmission in special situations. The first commercial application of HVDC
transmission was between the Swedish mainland and the island of Gotland in 1954.
This system used mercury-arc valves and provided a 20 MW underwater link of 90
km. Since then, there has been a steady increase in the application of HVDC
transmission.

With the advent of thyristor valve converters, HVDC transmission became
even more attractive. The first HVDC system using thyristor valves was the Eel River
scheme commissioned in 1972, forming a 320 MW back-to-back dc interconnection
between the power systems of the Capadian provinces of New Brunswick and
Quebec. Thyristor valves have now become standard equipment for dc converter
stations. Recent developments in conversion equipment have reduced their size and
cost, and improved their reliability. These developments have resulted in a more
widespread use of HVDC transmission. In North America, the total capacity of HVDC
links in 1987 was over 14,000 MW [1]. There are more links under construction.

The following are the types of applications for which HVDC transmission has
been used:

L. Underwater cables longer than about 30 km. AC transmission is impractical

for such distances because of the high capacitance of the cable requiring
intermediate compensation stations.
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2. Asynchronous link between two ac systems where ac ties would not p,
feasible because of system stability problems or a difference in nomipg
frequencies of the two systems.

3. Transmission of large amounts of power over long distances by overhead lineg
HVDC transmission is a competitive alternative to ac transmission er
distances in excess of about 600 km.

HVDC systems have the ability to rapidly control the transmitted power,
Therefore, they have a significant impact on the stability of the associated ac powey
systems. An understanding of the characteristics of the HVDC systems is essential fo;
the study of the stability of the power system. More importantly, proper design of the
HVDC controls is essential to ensure satisfactory performance of the overall ac/qc

system.
This chapter will provide a general introduction to the basic principles of

operation and control of HVDC systems and describe their modelling for power-flow
and stability studies. Two terminal systems will be considered in detail, followed by

a brief discussion of multiterminal systems.
For additional general information on HVDC transmission, the reader may

refer to references 2 to 8. Reference 9 provides information related to specification
of HVDC systems.

10.1 HVDC SYSTEM CONFIGURATIONS AND COMPONENTS

10.1.1 Classification of HVDC Links

HVDC links may be broadly classified into the following categories:

o Monopolar links
* Bipolar links
. Homopolar links

The basic configuration of a monopolar link is shown in Figure 10.1. It uses
one conductor, usually of negative polarity. The return path is provided by ground or
water. Cost considerations often lead to the use of such systems, particularly for cable
transmission. This type of configuration may also be the first stage in the development
of a bipolar system.

Instead of ground return, a metallic return may be used in situations where the
carth resistivity is too high or possible interference with underground/underwater
metallic structures is objectionable. The conductor forming the metallic return is at
low voltage. -
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Figure 10.1 Monopolar HVDC link
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Figure 10.2 Bipolar HVDC link

The bipolar link configuration is shown in Figure 10.2. It has two conductors,
one positive and the other negative. Each terminal has two converters of equal rated
voltage, connected in series on the dc side. The junctions between the converters is
grounded. Normally, the currents in the two poles are equal, and there is no ground
current. The two poles can operate independently. If one pole is isolated due to a fault
on its conductor, the other pole can operate with ground and thus carry half the rated
load or more by using the overload capabilities of its converters and line.

From the viewpoint of lightning performance, a bipolar HVDC line is
considered to be effectively equivalent to a double-circuit ac transmission line. Under
normal operation, it will cause considerably less harmonic interference on nearby
facilities than the monopolar system. Reversal of power-flow direction is achieved by
changing the polarities of the two poles through controls (no mechanical switching is
required).

In situations where ground currents are not tolerable or when a ground
electrode is not feasible for reasons such as high earth resistivity, a third conductor
is used as a metallic neutral. It serves as the return path when one pole is out of
service or when there is imbalance during bipolar operation. The third conductor
requires low insulation and may also serve as a shield wire for overhead lines. If it
is fully insulated, it can serve as a spare.
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The homopolar link, whose configuration is shown in Figure 10.3, has twg or
more conductors, all having the same polarity. Usually a negative polarity is preferreq
because it causes less radio interference due to corona. The return path for sycl "
system is through ground. When there is a fault on one conductor, the entire converte,
is available for feeding the remaining conductor(s) which, having some overloag
capability, can carry more than the normal power. In contrast, for a bipolar schep,
reconnection of the whole converter to one pole of the line is more complicated apg
usually not feasible. Homopolar configuration offers an advantage in this regard i,
situations where continuous ground current is acceptable.

The ground current can have side effects on gas or oil pipe lines that lie withjp,
a few miles of the system electrodes. Pipelines act as conductors for the groypg
current which can cause corrosion of the metal. Therefore, configurations using
ground return may not always be acceptable.
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Figure 10.3 Homopolar HVDC link

Each of the above HVDC system configurations usually has cascaded groups
of several converters, each having a transformer bank and a group of valves. The
converters are connected in parallel on the ac side (transformer) and in series on the
dc side (valve) to give the desired level of voltage from pole to ground.

Back-to-back HVDC systems (used for asynchronous ties) may be designed
for monopolar or bipolar operation with a different number of valve groups per pole,
depending on the purpose of the interconnection and the desired reliability.

Most point-to-point (two-terminal) HVDC links involving lines are bipolar,
with monopolar operation used only during contingencies. They are normally designed
to provide maximum independence between poles to avoid bipolar shutdowns.

A multiterminal HVDC system is formed when the dc system is to be
connected to more than two nodes on the ac network. The possible configurations of
multiterminal systems will be discussed in Section 10.8.
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10.1.2 Components of HVDC Transmission System

The main components associated with an HVDC system are shown in Figure
10.4, using a bipolar system as an example. The components for other configurations
qre essentially the same as those shown in the figure. The following is a brief
description of each component.
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Figure 10.4 A schematic of a bipolar HVDC system
identifying main components

Converters. They perform ac/dc and dc/ac conversion, and consist of valve bridges
and transformers with tap changers. The valve bridges consist of high-voltage valves
connected in a 6-pulse or 12-pulse arrangement as described in Section 10.2. The
converter transformers provide ungrounded three-phase voltage source of appropriate
level to the valve bridge. With the valve side of the transformer ungrounded, the dc
system will be able to establish its own reference to ground, usually by grounding the
positive or negative end of the valve converter.

Smoothing Reactors. These are large reactors having inductance as high as 1.0 H
connected in series with each pole of each converter station. They serve the following

purposes:
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Decrease harmonic voltages and currents in the dc line.

Prevent commutation failure in inverters.

Prevent current from being discontinuous at light load.

Limit the crest current in the rectifier during short-circuit on the dc ling,

Harmonic Filters. Converters generate harmonic voltages and currents on both ac ang
de sides. These harmonics may cause overheating of capacitors and nearby generatorg
and interference with telecommunication systems. Filters are therefore used on both
ac and dc sides.

Reactive Power Supplies. As we will see in Section 10.2, dc converters inherent[y
absorb reactive power. Under steady-state conditions, the reactive power consumeg
is about 50% of active power transferred. Under transient conditions, the consumptigy
of reactive power may be much higher. Reactive power sources are therefore provideq
near the converters. For strong ac systems, these are usually in the form of shyp
capacitors. Depending on the demands placed on the dc link and on the ac system,
part of the reactive power source may be in the form of synchronous condensers o
static var compensators. The capacitors associated with the ac filters also provide part
of the reactive power required.

Electrodes. Most dc links are designed to use earth as a neutral conductor for at least
brief periods of time. The connection to the earth requires a large-surface-area
conductor to minimize current densities and surface voltage gradients. This conductor
is referred to as an electrode. As discussed earlier, if it 1S necessary to restrict the
current flow through the earth, a metallic return conductor may be provided as part
of the dc line.

DC Lines. They may be overhead lines or cables. Except for the number of
conductors and spacing required, dc lines are very stmilar to ac lines.

AC Circuit Breakers. For clearing faults in the transformer and for taking the dc link
out of service, circuit-breakers are used on the ac side. They are not used for clearing
de faults, since these faults can be cleared more rapidly by converter control.

10.2 CONVERTER THEORY AND PERFORMANCE EQUATIONS

A converter performs ac/dc conversion and provides a means of controlling the
power flow through the HVDC link. The major elements of the converter are the valve
bridge and converter transformer. The valve bridge is an array of high-voltage switches
or valves that sequentially connect the three-phase alternating voltage to the dc
terminals so that the desired conversion and control of power are achieved. The
converter transformer provides the appropriate interface between the ac and dc systems.

In this section, we will describe the structure and operation of practical
converter circuits. In addition, we will develop equations relating dc quantities and
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fundamental frequency ac quantities.
10.2.1 Valve Characteristics

The valve in an HVDC converter is a controlled electronic switch. It normally
conducts in only one direction, the forward direction, from anode to cathode. When
it is conducting, there is only a small voltage drop across it. In the reverse direction,
when the voltage applied across the valve 1s such that the cathode is positive relative
o the anode, the valve blocks the current.

The early HVDC systems used mercury-arc valves. Mercury-arc valves with
rated currents of the order of 1,000 to 2,000 A and rated peak inverse voltage of 50
to 150 kV have been built and used. Among the disadvantages of mercury-arc valves
are their large size and tendency to conduct in the reverse direction.

All HVDC systems built since the mid-1970s have used thyristor valves.
Thyristor valves rated at 2,500 to 3,000 A and 3 to 5 kV have been developed. The
thyristors are connected in series to achieve the desired system voltage. They are
available in various designs: air cooled, air insulated; oil cooled, oil insulated; water
cooled, air insulated; and freon cooled, SF insulated. The valves can be designed for
indoor or outdoor installation. '

For the valve to conduct, it is necessary for the anode to be positive relative
to the cathode. In a mercury-arc valve, with the control grid at sufficiently negative
voltage with respect to the cathode, the valve is prevented from conducting, although
the anode may be positive. The instant of firing can be controlled by the grid.

Similarly, a thyristor valve will conduct only when the anode is positive with
respect to the cathode and when there is a positive voltage applied to the gate.
Conduction may be initiated by applying a momentary or sustained current pulse of

“proper polarity to the gate.

Once conduction is initiated, the current through the valve continues until
current drops to zero and a reverse voltage bias appears across the valve. In the
forward direction, the current is blocked until a control pulse is applied to the gate.
When not conducting, the valve should be capable of withstanding the forward or
reverse bias voltages appearing between its cathode and anode.

Figure 10.5 shows the symbol used to represent a controlled valve (mercury-

arc or thyristor).

Control grid
or gate

Anode M Cathode

) s

!

Figure 10.5 Symbol for controlled valve
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10.2.2 Converter Circuits

The basic module of an HVDC converter is the three-phase, full-wave bridge
circuit shown in Figure 10.6. This circuit is also known as a Graetz bridge. Although
there are several alternative configurations possible, the Graetz bridge has begy
universally used for HVDC converters as it provides better utilization of the converte,
transformer and a lower voltage across the valve when not conducting [2,6]. The lattey
is referred to as the peak inverse voltage and is an important factor that determineg
the rating of the valves.

Iy
£k %5
AC
Three-phase
i
o 215 1 25h vy
o T FE 5|
Converter transformer Converter bridge

Figure 10.6 Three-phase, full-wave bridge circuit

The converter transformer has on-load taps on the ac side for voltage control.
The ac side windings of the transformer are usually star-connected with grounded
neutral; the valve side-windings are delta-connected or star-connected with

ungrounded neutral. .
Analysis of three-phase, full-wave bridge circuit
For purposes of analysis, we will make the following assumptions:
(a) The ac system, including the converter transformer, may be represented by an
ideal source of constant voltage and frequency in series with a lossless

inductance (representing primarily the transformer leakage inductance).

(b)  The direct current (7)) is constant and ripple-free; this is justified because of
the large smoothing reactor (L;) used on the dc side.
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The valves are ideal switches with zero resistance when conducting, and
infinite resistance when not conducting.

©

Based on the above assumptions, the bridge converter of Figure 10.6 may be
represented by the equivalent circuit shown in Figure 10.7.
Let the instantaneous line-to-neutral source voltages be
e, = E_cos(wt+60°)
e, = E cos(wt-60°) (10.1)
e, = E cos(wt-180°)

The line-to-line voltages are then

e e e, = \/§Emcos (wt+30°)

ac

€ = €,7€, = \/§Emcos(wt—90°) (10.2)

a

o

e, = €.-€, = V3E, cos(wt+150°)

Figure 10.8(a) shows the voltage waveforms corresponding to Equations 10.1 and
10.2.

To simplify analysis and help understand the operation of the bridge converter,
we will first consider the case with negligible source inductance (i.e., £.=0) and no
ignition delay. After developing a basic understanding of the converter performance,
we will extend the analysis to include the effect of delaying the valve ignition through
.gate/grid control and then the effect of source inductance.

Analysis assuming negligible source inductance
(a) With no ignition delay

In Figure 10.7, the cathodes of valves 1, 3, and 5 of the upper row are
connected together. Thercfore, when the phase-to-neutral voltage of phase ¢ is more
positive than the voltages of the other two phases, valve 1 conducts. The common
potential of the cathodes of the three valves is then equal to that of the anode of valve
L. Since the cathodes of valves 3 and 5 are at a higher potential than their anodes,
these valves do not conduct.

In the lower row, the anodes of valves 2, 4 and 6 are connected together.
Therefore, valve 2 conducts when phase ¢ voltage is more negative than the other two
phases.

From the waveforms shown in Figure 10.8(a) we see that valve 1 conducts
when @ is between -120° and 0°, since e, is greater than e, or e.. Valve 2 conducts
when o7 is between -60° and 60°, since e, is more negative than e, or e, during this
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Figure 10.7 Equivalent circuit for three-phase full-wave bridge converter
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Figure 10.8 Waveforms of voltages and currents of bridge circuit of Figure 10.7
(a) Source line-to-neutral and line-to-line voltages
(b) Valve currents and periods of conduction
(¢) Phase current i,
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eriod. This is shown in Figure 10.8(b), which identifies the period of conduction of
cach valve, and the magnitude and duration of current in it. Since, by assumption, the
direct current I, is assumed constant, the current in each valve is 7, when conducting
and zero when not conducting.

Let us now examine the period when «f is between 0° and 120°. Just before
ot=0, valves I and 2 are conducting. Just after w#=0°, e, becomes more positive than
¢ and valve 3 ignites; valve 1 is extinguished because its cathode is now at a higher

otentlal than its anode. For the next 60°, valves 2 and 3 conduct. At @#=60°, e, is
more negative than e , causing valve 4 to ignite and valve 2 to extinguish.

At ©f=120°, e, 1s more positive than ¢,, resulting in the ignition of valve 5 and
extinction of valve 3. Similarly, at ®£=180° conduction switches from valve 4 to 6 in
the lower row; at ®f=240° conduction switches from valve 5 to valve 1 in the upper
row. This completes one cycle, and the sequence continues.

The valve-switching sequence is illustrated in Figure 10.9, which shows only
the conducting valves during the six distinct periods of a complete cycle.

Each valve thus conducts for a period of 120°. When it is conducting, the
magnitude of valve current is I ; the valves in the upper row carry positive current
and the valves in the lower row carry negative (or return) current.

The current in each phase of the ac source i1s composed of currents in the two
valves connected to that phase. For example, the current in phase a, as shown in
Figure 10.8(c), is equal to i;-i4. This represents the current in the secondary (valve
side) winding of the converter transformer of Figure 10.6.

The transfer of current from one valve to another in the same row is called
“commutation.” In the above analysis, we have assumed that the source inductance
L, is negligible. Therefore, commutation occurs instantancously, i.e., without
“overlap.” The result 1s that no more than two valves (one from the top row and the
other from the bottom row) conduct at any time.

From Figure 10.8(a), we see that the number of pulsations (cycles of ripple)
of v; per cycle of alternating voltage is six. Hence, the bridge circuit of Figure 10.6
is referred to as a “6-pulse bridge circuit.”

Average direct voltage.

The instantaneous direct voltage v, across the bridge (between the cathodes of
the upper-row valves and anodes of lower-row valves) is composed of 60° segments
of the line-to-line voltages. Therefore, the average direct voltage can be found by
integrating the instantaneous values over any 60° period.

Denoting ot by 6, and considering the period between wt=-60° and 0°, the
average direct voltage with no ignition delay is given by

doz—fe de



474 High-Voltage Direct-Current Transmission  Chap, 1

(a) ot = -60° to 0° (b) f = 0° to 60°
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Figure 10.9 Valve-switching sequence with no ignition delay and no overlap
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Subsﬁtuting for e, from Equation 10.2, we get

g
Vio =~ [ V3E,cos(6+30°)db
-60°

0
(10.3A)
- %ﬁEmsin (6+30°)
_60°

_ 3% agnsoc - 3B - 165
mom n " "

where E,, is the peak value of the line-to-neutral voltage.
In terms of RMS line-to-neutral (Z;,) and line-to-line (£,;) voltages, the

expression for ¥, becomes

3,6
V- 20, - 2348, (103B)

|
F‘|§ A
=
|

= 1.35E,, (10.3C)

and ¥, is called the “ideal no-load direct voltage.”
(b) With ignition delay

The grid or gate control can be used to delay the ignition of the valves. The
“delay angle” is denoted by a; it corresponds to time delay of «/@ seconds.

With delay, valve 3 ignites when w¢=a (instead of wf=0), valve 4 when
of=0.+60°, valve 5 when wi=0+120°, and so on. This is illustrated in Figure 10.10.

The delay angle is limited to 180°. If o exceeds 180°, the valve fails to ignite.
For example, consider the ignition of valve 3. With o =0, valve 3 ignites at wr=0. The
ignition can be delayed up to w7=180°. Beyond this, e, is no longer greater than e,
and hence valve 3 will not ignite.

Average direct voltage:

Referring to Figure 10.10, the average direct voltage V, when the delay angle
is equal to o is given by

Vd = —?r- feacde = %f\/gEmCOS(O +300)d8
‘(600 - o -60°
= Ve f cos(6+30°)d = V,,sin(6+30°) - (10.4)
o -60° -

i

Vol sin(e +30°) - sin(e -30°)]

V,,(25in30°)cosa = V cosa
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Figure 10.10 Voltage waveforms and valve currents, with ignition delay

The effect of the delayed ignition is thus to reduce the average direct voltage by the
factor cosa.

Since o can range from 0° to 180°, cosc can range from 1 to -1. Therefore,
V, can range from V, to -V, Negative V, as discussed later in this section,
represents inversion as opposed to rectification.

Current and phase relations:

As the ignition delay angle o is increased, the phase displacement between
alternating voltage and alternating current in a supply phase also changes. This is
illustrated in Figure 10.11 for phase a. The current wave shape, as shown in Figure

10.8(c), is composed of rectangular segments associated with currents in valves 1 and
4.
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The direct current I, is constant by assumption (L, in Figure 10.7 preventg I
from changing). Since each valve conducts for a period of 120°, the alternating hng'
currents appear as rectangular pulses of magnitude 7, and duration of 120° or 25
rad. With the assumption that there is no overlap, the shape of the alternating line
currents is independent of «. Only the phase displacement changes with o.

The fundamental frequency component of the alternating line current can p,
determined by Fourier analysis of the current wave shape shown in Figure 10.12,

) T AT |
_______ d__ e | —— J

-n/2 -m/3 0 /3 72 ]
| £
1

— 7

Figure 10.12 Line current waveform

The peak value of the fundamental frequency component of the alternating line
current is

5 =/3 2 60°
ILM = E—fldcosxdx == dsinx o
-nf3 h

2 (10.54)
= —Id[sin60°—sin(—60°)]

T

2
== 31, = 1.111,

The RMS value of the fundamental frequency component of the alternating line
current 1s

I = ILM = 2_‘/51
oz w2 (10.5B)
- gzd - 0781,

With losses in the converter neglected, the ac power must equal the dc power.
Therefore,

3E I cosp =V, I,

(Vjpcose)l,
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whetre
E;v = RMS value of the line-to-neutral voltage
¢ = angle by which fundamental line current lags the line-to-neutral source
voltage as shown in Figure 10.11

qubstituting for ¥ from Equation 10.3B and for /;; from Equation 10.5B, we have

37‘/EELNId COSQ

3Emgld]cosd) =

Hence, the power factor of the fundamental wave is
(10.6)

cosd = cosa

The term cos¢ 1s referred to by some authors as the “vector power factor” or
“displacement factor” [2].

The converter thus operates as a device that converts alternating to direct
current (or direct to alternating current) so that the current ratio is fixed but the
yoltage ratio varies with the ignition delay caused by grid or gate control.

The ignition delay o shifts the current wave and its fundamental component
by an angle ¢=a, as shown in Figure 10.11. With a=0° the fundamental current
component (i) 1s in phase with the phase voltage e, the active power (P,=F I ;cosd)
is positive and the reactive power (Q,=E_[ ;sin¢) is zero. As o increases from 0° to
90°, P, decreases and Q, increases. At a=90°, P, is zero and O, is maximum. As o
increases from 90° to 180°, P, becomes negative and increases in magnitude; O,
remains positive and decreases in magnitude. At a=180°, P, is negative maximum and
(0, is zero. We see that the converter, whether it is acting as a rectifier or as an
inverter, draws reactive power from the ac system.

Analysis including commutation overlap

Due to the inductance L, of the ac source (see Figure 10.7), the phase currents
cannot change instantly. Therefore, the transfer of current from one phase to another
requires a finite time, called the commutation time or overlap time. The corresponding
overlap or commutation angle is denoted by p.

In normal operation, the overlap angle is less than 60°; typical full-load values
are in the range of 15° to 25°. With 0°<u<60°, during commutation three valves
conduct simultaneously. However, between commutations only two valves conduct.
A new commutation begins every 60° and lasts for an angular period of . Therefore,
the angular period when two valves conduct with no ignition delay (i.e., a=0) is
60°~-n, as shown in Figure 10.13. During each commutation period, the current in the
incoming valve increases from 0 to [, and the current in the outgoing valve reduces
from /, to 0. For simplicity, in Figure 10.13 we have identified only the valve
conduction periods, but not the valve currents. -
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Figure 10.13 Effect of overlap angle on periods of conduction of valves

If 60°<u<120°, an abnormal mode of operation occurs in which alternately
three and four valves conduct [2]. Here we will consider only the normal operation
when p 1s less than 60°.

Let us analyze the effect of overlap by considering the commutation from
valve 1 to valve 3. Figure 10.14 shows the periods of valve conduction, when ignition
delay is included. The commutation begins when wz=o (delay angle) and ends when
ot=a+u=5, where J is extinction angle (equal to the sum of the delay angle « and
commutation angle p).

At the beginning of commutation (w¢=a): i;=[; and i;=0

At the end of commutation (of=a+p=8): i;=0 and i;=1,

9
e ® e  ©
/ 00/ ﬂ““/’/ 180° /
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A Y
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Figure 10.14 Periods of valve conduction with ignition delay

During the period of commutation, valves 1, 2 and 3 are conducting and the
effective converter circuit is as shown in Figure 10.15. From the figure, for the loop
containing valves | and 3, we have

di,  di
% ¢~ by g
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Figure 10.15 Equivalent circuit during commutation

The voltage e, —e, is called the “commutating voltage.” From Equation 10.2, it is equal
to y3E, sinw?. Therefore,

di di
3E sinwt = L —>-L 2
‘/_ " Cdt “dt
Since i)=1,-i3,
di,  di,
dt dt
Hence,
: di, 10.7A
e,-€, = 3E, sinwt = 2LCE?— (10.7A)
or
% _ BB o (10.7B)
t

[

Taking a definite integral with respect to ¢, with the lower limit corresponding to the
beginning of commutation (wf=c or =/} and a running upper limit, we have
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i \/§E t

[di, = e [ sinozat

0 C afw

Integration of the above equation yields

J3E

m

(cose —coswi)
wL, (10.84)

~.
w
|

= I, (coso -coswi)

where

;. V3E, (10.88)

)
ZwLC

The current i, of the incoming valve during commutation consists of a constant term
(Ig,cosa) and a sinusoidal term (-/g,coswt) lagging the commutating voltage by 90°,
This is to be expected because what we have here is a line-to-line short-circuit
through an inductance of 2L, The constant component of i, depends on a; it serves
to make 7;=0 at the beginning of commutation.

As shown in Figure 10.16, the current during commutation is a segment of a
sinusoidal current with a peak value of I, =\/§Em /QwL)). The shape of the segment
is a function of the control angle a. Therefore, the overlap angle depends on I, L,
and a. _

During commutation, the shape of i, satisfies i;=I,~i;. For o nearly equal to
0° (or 180°), the commutation period or the overlap is the greatest. The overlap is the
shortest when a.=90°, since i, is associated with the segment of the sine wave which
1s nearly linear. Also, if the source voltage E,, is lowered or if [, is increased, the
overlap increases.

Voltage reduction due to commutation overlap:

During commutation,

=e -L -
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ebal

€y, = /3 E _sinwt
Commutating voltage
= (D]
I,
3 4
//
///
/ Isy
//, .
—I fffffffff 1“% ffffffffffffff - Offset ~ Commutation currents
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[gcosa ‘ I (cosa -cosw?)
I, i |
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. |
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-
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1 X Valve currents
a
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o

Figure 10.16 Valve currents during commutation in relation
to commutating voltage

From Equation 10.7A,
L di, e, ¢
“dt 2

Hence,
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Figure 10.17 Voltage waveforms showing the effect of overlap
during commutation from valve 1 to valve 3

Because of the overlap, the voltage of the terminal p (see Figure 10.15)
immediately after or=a recovers to (e,+e,)/2, instead of e,. Therefore, as shown in
Figure 10.17, the effect of the overlap is measured by subtracting an area 4, from the

area A, once every 60° (n/3 rad).

e +e €, €
A, = f[eb— a b]de “f b _2dp
2 2
3E, ! 3E
= \/_2 mfsinedﬂ = \/_2 2 (cosa—cosd)

o

The corresponding average voltage drop (due to overlap) is given by

A
AV, = £ = 3EE (cosa - cosd)
©3oom2 " (10.9)

vV
—2‘1—0 (cosa -cos &)

where ¥V, is the ideal no-load voltage given by Equation 10.3.
From Equation 10.8A, the current #; during commutation 1s

JiE,

= (cosa - coswi)

!
o 2eL,
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gince at the end of the commutation w/=0 and i;=/

V3E

m

(cose -cosd) (10.10)

c

= I, (cosa-cosd)

~ Hencé,

J3E

m

(cose—cosd) = IwL,

Substituting in Equation 10.9 gives

3
AV, = ZLoL,

Wwith commutation overlap and ignition delay, the reduction in direct voltage is
represented by areas A, and A4 ; the direct voltage is given by

V V. coso-AV
@ ¢ (10.11)

= Vdocosoc —RCId

where

R = 3wl - 3x (10.12)
T £ 1"

[+ [

and R, is called the “equivalent commutating resistance.” It accounts for the voltage
drop due to commutation overlap. It does not, however, represent a real resistance and
CONSUMes Nno power.

- Rectifier operation

The equivalent circuit of the bridge rectifier based on the above analysis is
given in Figure 10.18. The direct voltage and current in the equivalent circuit are the
average values. The internal voltage is a function of the ignition angle o.. The overlap
angle 1 does not explicitly appear in the equivalent circuit; the effect of commutation
overlap is represented by R,. The voltage wave shapes and periods of valve
conduction for rectifier mode of operation, including commutation overlap, are shown
in Figure 10.19(a).
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R =EX

cr T <
3y3

Vao = _{Em

Figure 10.18 Bridge rectifier equivalent circuit

Inverter operation

If there 1s no commutation overlap, ¥V, =V ,coso. Therefore, ¥, reverses whep
o =90°.
With overlap,

Vd = Vdocosa —AVd

Substituting for AF; from Equation 10.9, we have

Vio
V, = V,cosa —T(COSOC -cosd)
(10.13)

V
= %(cosa +c0sd)

The transitional value of the ignition delay angle, a,, beyond which inversion takes
place is given by

cose + cosét =0

or

(10.14)

The effect of the overlap is thus to reduce o, from 90° to 90°-p/2.

At first sight, it may seem strange to delay the firing pulse until the actual
anode voltage becomes negative. We should, however, realize that commutation is
always possible as long as the commutating voltage (e,,=e,—e,) is positive and as long
as the outgoing valve will have reversed voltage applied to it after it extinguishes.
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Since valves conduct in only one direction, the current in a converter cannot
he reversed. A reversal of ¥, results in a reversal of power. An alternating voltage
must exist on the primary side of the transformer for inverter operation. The direct
Joltage of the inverter opposes the current, as in a dc motor, and is called a
Countervoltage or back voltage. The applied direct voltage from the rectifier forces
current through the inverter valves against this back voltage.

Figure 10.19(b) shows the voltage wave shapes and periods of valve
conduction for inverter mode of operation. For successful commutation, the
changeover from the outgoing valve to the incoming valve must be complete before
the commutating voltage becomes negative. For example, commutation from valve 1
1o valve 3 is possible only when e, is more positive than e,; the current changeover
from valve 1 to valve 3 must be complete before ¢, becomes more positive than e,
with sufficient margin to allow for valve de-ionization.

For description of rectifier operation, we use the following angles:

o = ignition delay angle
i = overlap angle
& = extinction delay angle = o +p

As illustrated in Figure 10.20, o is the angle by which ignition is delayed from the
instant at which the commutating voltage (e,, for valve 3) is zero and increasing.
The inverter operation may also be described in terms of o and & defined in
the same way as for the rectifier, but having values between 90° and 180°. However,
the common practice is to use ignition advance angle [ and extinction advance angle

y for describing inverter performance. These angles are defined by their advance with
respect to the instant (wf=180° for ignition of valve 3 and extinction of valve 1) when

the commutating voltage is zero and decreasing, as shown in Figure 10.20. From the
figure, we see that

-0 = ignition advance angle
n-8 = extinction advance angle
-0 = B-y = overlap

B
Y
il

Since cosa=-cosP and cosd=-cosy, Equations 10.10 and 10.13 may be written in
terms of v and B as follows:

I, = Ig(cosy-cosP) (10.15)
vV, =V, cosy;cosB (10.16)

or

V,=V,cosp+R.I, (10.17A)
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(a) Rectifier mode:

= Valves in upper ry,

- (3f

240°

-— Valves in lower row

(b) Inverter mode:

o > 120° =— Valves in lower row

-® ® / 6
+ ® @

Figure 10.19 Voltage wave shapes and valve conduction periods
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Converter Angle Definitions

e‘r e,, = commutating voltage
i €y, ‘ I, (cosa -coswf) = current
| during commutating period
/ _IS2
N
s, (costr —cosm! 3 |
— } -1
| | |
I !
| | |
| o
| A
| | | |
| i # ! I
Rectifier Inverter
iyl o .
ll 13 i] = current 1n ValVG 1

= current in valve 3

.
Y
e
-
Ry
1

Figure 10.20 Angles used in the description of rectifier
and inverter operations

or

V, = V,cosy-R1I, (10.17B)

The inverter voltage, considered negative in general converter equations, is usually
taken as positive when written specifically for an inverter.

Based on the above equations, the inverter may be represented by the two
alternative equivalent circuits shown in Figure 10.21.

Relationship between ac and dc quantities

From Equation 10.13, the average direct voltage V, is given by

V, =V cosa-AV, - Vdow (10.18A)
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Rci _Rci
v, V,pc0sP| %’ v, Vaocosy =
r i 2l
o o
(a) In terms of B (b) In terms of y

Figure 10.21 Inverter equivalent circuits (with ¥, positive)

Substituting for ¥, from Equation 10.3B in terms of RMS line-to-neutral voltage £,
we get

_ 36 cosa +cosd o (10.18B)

|4
1 2 LN

d

With losses neglected, ac power is equal to the dc power:

P =P,

ac

Hence,
3E,,I,,cos¢p =V I,
where

Eyy = RMS line-to-neutral voltage
I;; = RMS fundamental frequency current

From Equation 10.18,

3,/6 cosa +cosd
ﬂ? 2

3E, I, ,cosp = E I,

Hence,

I, cos - (_\{?ld][cosa‘i'cosﬁ] (10.19)
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From Equation 10.5B, with u=0

6
i, = \/?_Id

penoting this value of 7, (when u=0) by /; ;5 Equation 10.19 can be written as

1, 008 - ILM[—COS“;Cosﬁ] (10.20)
where
6
Iy = %Id (10.21)

Approximate expressions

As an approximation [;, may be considered equal to 7 ,,:

.1 - Vo, (10.22)

The above relationship is exact if u=0°; with n=60° the error is 4.3%, and with u<30°
(normal value) the error is less than 1.1% [2].
It follows that the power factor is given by

coso +Ccosod (10.23)

cosp =
¢ 2

As a result of the approximation, from Equation 10.18A,

Vd = Vdo_cosd) (1024A)

Hence,

vV

d (10.24B)
VdO

cosp =
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From Equation 10.11, V=V jcosa -R 1, Hence,

R1I

d

cosd = cosq——=
a0

Substituting for ¥, from Equation 10.3A in Equation 10.24A, we get

3

vV, =

‘/EE v COSP

T

(10.25

(10.26)

We see from Equation 10.22 that the converter has essentially fixed current ratj,
1,/1;;, the variation with load being only a few percent. The power factor cosy, g
seen from Equation 10.25, depends on load in addition to ignition delay angle o

10.2.3 Converter Transformer Rating

The RMS value of the transformer secondary current (total and not just the

fundamental frequency component) /;p 1S given by

T
1 r.
2 =~ [i%Ddt
TRMS T‘({ ()

The alternating line-current wave consists of rectangular pulses of amplitude /; and

width 27t/3 rad as shown in Figure 10.12. Therefore,

wf2
L [Pwar
-2
nf3
%- [1zdi
-1/3

2
1 TRMS

2.2
=1
34

It

and hence,

Irpys = V2131,

(10.27)

The RMS value of the line-to-neutral transformer secondary voltage is given

by

T
E,=—Vy
3/6
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r!.ansforme

3-phase rating = 3E, [

Ty F{
3\%] N3¢ (10.28)

o
- EVdOId

1.0472 (ideal no-load direct voltage) (rated direct current)

r volt-ampere rating is given by

3

10.2.4 Multiple-Bridge Converters

Two or more bridges are connected in series to obtain as high a direct voltage
as required. The bridges are in series on the dc side and parallel on the ac side. A
_ pank of transformers is connected between the ac source and bridge-connected valves.
The ratios of the transformers are adjustable under load.

In practice, multiple-bridge converters have an even number of bridges
arranged in pairs so as to result in a 12-pulse arrangement. As shown in Figure 10.22,

Zg.l’ s 3 5'

—

Figure 10.22 12-pulse bridge converter
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two banks of transformers, one connected Y-Y and the other Y-A, are used to Supply
each pair of bridges. The three-phase voltages supplied at one bridge are displaceq by
30° from those supplied at the other bridge. The ac wave shapes for the two bridgeg
as illustrated in Figure 10.23, add up so as to produce a wave shape which is mOré
sinusoidal than the current waves for each of the 6-pulse bridges. As we will see in
Section 10.6, with a 12-pulse arrangement, fifth and seventh harmonics are eﬁ’ecﬁvdy
eliminated on the ac side. This reduces the cost of harmonic filters significantly,

In addition, with a 12-pulse bridge arrangement, the dc voltage ripple i
reduced; sixth and eighteenth harmonics are eliminated (6-pulse bridges hay,
multiples of sixth harmonics on the dc side whereas 12-pulse bridges have only
multiples of the twelfth harmonic).

For converters having more than two bridges, higher pulse numbers ap
possible: 18-pulse, three-bridge converter; 24-pulse, four-bridge converters. Tpe
transformer connections required are more complex than those for 12-pulse converters,
Therefore, it is more practical to use 12-pulse converters and provide the necessary
filtering.

Direct voltage Alternating current
NN 11 (a) 6-pulse Y-A bridge
| ol | %
Y A ° 5 3 /
i N
t | -
NV VARV RN TN (b) 6-pulse Y-Y bridge
) j / [\
YY & f “ /
1 s
/\/WM
S
30° | (c) 12-pulse bridge
i
172 cycle Note: overlap neglected

I cycle

Figure 10.23 Direct voltage and alternating current wave shapes
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Relationships between ac and dc quantities, with multiple bridges

Let

B = no. of bridges in series 3-phase 1.7 ZE — be
T = transformer ratio ac Y I,

The ideal no-load voltage (corresponding to Equation 10.3C) is

V, = T‘/_BTELL = 1.3505BTE,, (10.29)

gince voltage drop per bridge is 13X /n) and there are B bridges in series, the dc
yoltage (corresponding to Equations 10.11) is given by

Vd Vdocosa IdB[an]
or
_ _ 3 (10.30B)
V, = V,cosy IdB[?EXC)

The dc voltage in terms of the power factor per Equation 10.24A is given by
Va’ 1 Vdocosq) (1031)

However, with multiple bridges, V,, is given by Equation 10.29. The average dc
output voltage of a 12-pulse bridge is, therefore, twice that of a 6-pulse bridge
converter. The RMS value of the fundamental frequency component of the total
alternating current (corresponding to Equation 10.22) is given by

I, = @BTId = 0.78BTI, | (10.32)

Example 10.1

A three-phase, 12-pulse rectifier is fed from a transformer with nominal voltage
ratings of 220 kV/110 kV.

(a) If the primary voltage is 230 kV and the effective turns ratio 7" is 0.48,
determine the dc output voltage when the ignition delay angle o is 20° and
the commutation angle n is 18°.
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(b} If the direct current delivered by the rectifier is 2,000 A, calculate p,
effective commutating reactance X, RMS fundamental component
alternating current, power factor cos¢, and reactive power at the primary sjde
of the transformer.
Solution

(a) A 12-pulse bridge circuit comprises two 6-pulse bridges. Hence B=2.

The no-load direct voltage is

Vo = %ﬁBTELL

1.3505x2x0.48x230

298.18 kV

The extinction angle is
0 = a+p = 20°+18° = 38°
Hence, the reduction in average direct voltage due to commutation overlap is

coso —cosd
Vao T

fl

AV,

c0s20° - cos38°

298.18x

22.61 kV

The dc output voltage is

Vd = Vdocosa -A Vd

= 298.18cos20° -22.61

= 25758 kV
Alternatively,
coso +cosd
Vd = VdOT
_ 298 18 c0820° +cos38°

257.58 kV



10.2 Converter Theory and Perfermance Equations 497

(b) AV, = BR_I,. Hence,

AV
R -4 _ 2261 565
<" BI,  2x2
nR
X, = o - "“‘;65 - 592 Q/phase

Fundamental component of alternating current on the primary side is

I, = @Bnd
L

LI

= 0.7797x2x0.48x2
1.497 kA

Power factor at the HT bus is

v
cosp = —2 = 29758 _ (063

V, 298.18

Hence, ¢ =cos 1(0.8638) =30.25°

P

ac

Qur

1

P, = VI, = 257.58x2 = 515.16 MW

P tang = 515.16xtan30.25° = 30043 MVAr

The solution is shown in Figure E10.1.

O+

230kV| 1. 048 I 1,2,000 A

_@i ZS 128.79 kV

- |
11=1,497 A 257.58 KV

AD— =

1:0.48

P=515.16 MW
0=300.43 MVAr

Figure E10.1 m
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10.3 ABNORMAL OPERATION

10.3.1 Arc-back (Backfire)

Arc-back refers to conduction in the reverse direction and is one of the serjoyg
problems associated with mercury-arc valves. Since arc-back is reverse Conduction’
it can occur only when there is inverse voltage across a valve. In rectification each
valve 1s exposed to inverse voltage during approximately two-thirds of each cycle
Therefore, arc-backs are more common during rectification than during inversion

Arc-back is a random phenomenon. Among the factors that tend to increage
its occurrence are high-peak inverse voltage, overcurrent, high rate of change of
current at the end of conduction, condensation of mercury vapour on anodes, and high
rate of increase of inverse voltage. The effect of the arc-back is to place a short-circyit
across two phases of the secondary of the converter transformers. These short-circuit
currents subject the transformers and valves to much greater current than in norma]
operation. The transformer windings must be firmly braced to withstand more
numerous short-circuits than ordinary power transformers; this adds to the cost. The
valves require increased maintenance.

To remove an arc-back, current is diverted into a bypass valve. The bypass
valve is a separate valve connected across a 6-pulse valve group. This valve has a
higher current rating than other valves and is capable of carrying 1 pu direct current
for about 60 seconds. The control grid of the bypass valve is normally blocked. When
a bridge is to be bypassed, its bypass valve is unblocked and the main valves are
simultaneously blocked by discontinuing the transmission of positive pulses to their
grids. The direct current shifts from the main valves to the bypass valve in a few
milliseconds. By simultaneously unblocking the main valve and blocking the bypass
valve, the direct current can be transferred back to the main valves.

-—— Bypass valve

Figure 10.24

Arc-back does not occur in thyristor valves. Thyristors can individually fail in
a shorted condition. However, thyristors arrayed into converter valves utilize
redundancy and protection to prevent reverse conduction.
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10.3.2 Commutation Failure

Failure to complete commutation before the commutating voltage reverses
(wjth sufficient margin for de-ionization) is referred to as commutation failure. It is
not due to any misoperation of the valve but to conditions in the circuits outside the
salve. Commutation failures are more common with inverters and occur during
disturbances such as high direct current or low alternating voltage. A rectifier can
nave a commutation failure only if the firing circuit fails.

Figure 10.25 illustrates how commutation failure occurs in an inverter. A
failure of commutation from valve 1 to valve 3 is considered.

€pa |
I3 €ha

- 07

Io(cosa —coswr)

|
|
|
|
i
|
I
I
1
1
i
;
i
|
I
1
!
1
|
|
i
|
'
|
I
|

1
!
I
1
I
I

i i

T

Figure 10.25 Commutation failure in inverters

Because of increased direct current, low alternating voltage (possibly caused
by an ac system short-circuit), late ignition, or a combination of these, valve 1 is not
extinguished before e, reverses. Current in valve 3 will decrease to zero and the
valve will extinguish. Valve 1 current will return to 7, and thus valve 1 will continue
to conduct.

As shown in Figure 10.26, when valve 4 fires next, because valve 1 is still
conducting, a short is placed across the dc side of the bridge. The zero dc voltage
keeps the voltage across valve 5 negative so that valve 5 cannot conduct. Valve 4 is
extinguished and valve 6 is ignited in the normal fashion.

Valve 1 thus conducts for one full cycle (3 times normal duration) and
extinguishes when valve 3 ignites during the next cycle.

For the period when valves 1 and 4 are both conducting (i.e., for 120°), the
inverter dc voltage is zero and hence there is no power flow on the dc system.
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[ j '
‘ P K o

0 ~ f

Figure 10.26 Valve currents during commutation failure

Double commutation failure is the failure of two successive commutations i
the same cycle. If the unsuccessful commutation from valve 1 to valve 3 were
followed by a failure in the commutation from valve 2 to valve 4, valves 1 and 2
would be left conducting until the next cycle when they would be normally
conducting again. During the time that only valves 1 and 2 are conducting, the
alternating voltages of terminals a and ¢ appear across the dc terminals.

Double commutation failures are very rare. Usually, after one commutation
failure, either the firing angle initiating the next commutation is advanced sufficiently
by the inverter control, or “double overlap” during the period when valves 1 and 3 as
well as valves 2 and 4 are conducting hastens the commutation. Double commutation
failure, like the single failure, is self-curing.

10.4 CONTROL OF HVDC SYSTEMS

An HVDC transmission system is highly controllable. Its effective use depends
on appropriate utilization of this controllability to ensure desired performance of the
power system. With the objectives of providing efficient and stable operation and
maximizing flexibility of power control without compromising ‘the safety “of
equipment, various levels of control are used in a hierarchical manner. In this section,
we will describe the principles of operation of these controls, their implementation
and their performance during normal and abnormal system conditions.

10.4.1 Basic Principles of Control

Consider the HVDC link shown in Figure 10.27(a). It represents a monopolar
link or one pole of a bipolar link. The corresponding equivalent circuit and Voltage
profile are shown in Figures 10.27(b) and (c), respectively.
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DC line

/
Three-phase }_@_ d % Three- phase
ac Z& Rectifier Inverter 52
1 1

(a) Schematic diagram

Rcr RL
[d
VdOrCOSOLz Va’r Va’t z VdOiCOSY

(b) Equivalent circuit

V jo,c0800 V,

Vy

i

VaoicOSY

(c) Voltage profile

Figure 10.27 HVDC transmission link

The direct current flowing from the rectifier to the inverter is

/- V orCOS0 =V, .cOSY (10.33)

d
Rcr +RL _Rci

The power at the rectifier terminals is

P, =V, (10.34)
and at the inverter terminal is
2
Py = Valy = Py~R 1 (10.35)
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Basic means of control

The direct voltage at any point on the line and the current (or power) cay be
controlled by controlling the internal voltages (V,, cosa) and (V,,;cosy). Thig is‘
accomplished by grid/gate control of the valve ignition angle or control of the a
voltage through tap changing of the converter transformer.

Grid/gate control, which is rapid (1 to 10 ms), and tap changing, which is slow
(5 to 6 s per step), are used in a complementary manner. Grid/gate control ig used
initially for rapid action, followed by tap changing to restore the converter quantiie,
(a for rectifier and y for inverter) to their normal range.

Power reversal is obtained by reversal of polarity of direct voltages at bogy

ends.
Basis for selection of controls

The following considerations influence the selection of control characteristicg:

1. Prevention of large fluctuations in direct current due to variations in ac system
voltage. :

2. Maintaining direct voltage near rated value.

3. Maintaining power factors at the sending and receiving end that are as high ag
possible.

4. Prevention of commutation failure in inverters and arc-back in rectifiers using

mercury-arc valves.

Rapid control of the converters to prevent large fluctuations in direct current is an
important requirement for satisfactory operation of the HVDC link. Referring to
Equation 10.33, the line and converter resistances are small; hence, a small change in
Vaor OF ¥V, causes a large change in /,. For example, a 25% change in the voltage at
either the rectifier or the inverter could cause direct current to change by as much as
100%. This implies that, if both o, and v, are kept constant, the direct current can vary
over a wide range for small changes in the alternating voltage magnitude at either end.
Such variations are generally unacceptable for satisfactory performance of the power
system. In addition, the resulting current may be high enough to damage the valves
and other equipment. Therefore, rapid converter control to prevent fluctuations of
direct current is essential for proper operation of the system; without such a control,
the HVDC system would be impractical.

For a given power transmitted, the direct voltage profile along the line should
be close to the rated value. This minimizes the direct current and thereby the line
losses.
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There are several reasons for maintaining the power factor high:

@ To keep the rated power of the converter as high as possible for given current
and voltage ratings of transformer and valve;

To reduce stresses in the valves;

(b)

) To minimize losses and current rating of equipment in the ac system to which
the converter 1s connected;

(d) To minimize voltage drops at the ac terminals as loading increases; and

e To minimize cost of reactive power supply to the converters.

From Equation 10.23,

cosdp = 0.5[cosa +cos(a+p)]
= 0.5[cosy +cos(y +u)]

Therefore, to achieve high power factor, a for a rectifier and v for an inverter should
be kept as low as possible. |

The rectifier, however, has a minimum o limit of about 5° to ensure adequate
voltage across the valve before firing. For example, in the case of thyristors, the
positive voltage appearing across each thyristor before firing is used to charge the
supply circuit providing the firing pulse energy to the thyristor. Therefore, firing
cannot occur earlier than about «=5° [10]. Consequently, the rectifier normally
operates at a value of o within the range of 15° to 20° so as to leave some room for
increasing rectifier voltage to control dec power flow.

In the case of an inverter, it is necessary to maintain a certain minimum
extinction angle to avoid commutation failure. It is important to ensure that
commutation is completed with sufficient margin to allow for de-ionization before
commutating voltage reverses at o.=180° or y=0°. The extinction angle y is equal to
B-u, with the overlap p depending on /, and the commutating voltage. Because of the
possibility of changes in direct current and alternating voltage even after commutation
has begun, sufficient commutation margin above the minimum < limit must be
maintained. Typically, the value of y with acceptable margin is 15° for 50 Hz systems
and 18° for 60 Hz systems.

Control characteristics

ideal characteristics:

In satisfying the basic requirements identified above, the responsibilities for
voltage regulation and current regulation are kept distinct and are assigned to separate
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terminals. Under normal operation, the rectifier maintains constant current (CC), and
the inverter operates with constant extinction cmgle1 (CEA), maintaining adequme
commutation margin. The basis for this control philosophy is best explained by ygjp,
the steady-state voltage-current (V-I) characteristics, shown in Figure 10.28. Ty,
voltage V; and the current /; forming the coordinates may be measured at SOme
common point on the dc line. In Figure 10.28, we have chosen this to be at the.
rectifier terminal. The rectifier and inverter characteristics are both measured at the
rectifier; the inverter characteristic thus includes the voltage drop across the line,

le A
E (operating point)

D
Inverter (CEA)

cCm—— |

V; measured at the

-— Rectifier (CC) rectifier; inverter
characteristic includes
; R;1, drop
B d

Figure 10.28 Ideal steady-state V-I characteristics

With the rectifier maintaining constant current, its V- characteristic, shown as
line AB in Figure 10.28, is a vertical line. From Figure 10.27(b),

V, = Vicosy+(R,-R )1, (10.36)

This gives the inverter characteristic, with y maintained at a fixed value. If the
commutating resistance R_ is slightly larger than the line resistance R;, the
characteristic of the inverter, shown as line CD in Figure 10.28, has a small negative
slope.

! Constant extinction angle control mode is essentially the same as constant margin angle
control. Under normal operation, the commutation margin angle and the extinction angles are
equal. The distinction arises during conditions such as operation with a large overlap angle; the
valve voltage may become positive earlier than when the sinusoidal portion of the voltage
would have crossed zero under normal conditions. Under these conditions the concept of
maintaining minimum extinction angle is not meaningful. Therefore, the commutation margin
angle (representing the interval between the end of conduction and the instant when the actual
voltage across the valve becomes positive) is maintained for safe inverter operation.
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Since an operating condition has to satisfy both rectifier and inverter
CharacteristiCS, it is defined by the intersection of the two characteristics (E).

The rectifier characteristic can be shifted horizontally by adjusting the “current
command” or “current order.” If measured current is less than the command, the
ualator advances the firing by decreasing «.

The inverter characteristic can be raised or lowered by means of its transformer
tap changer. When the tap changer is moved, the CEA regulator quickly restores the
desired - As a result, the direct current changes, which is then quickly restored by
the current regulator of the rectifier. The rectifier tap changer acts to bring o into the
desired range between 10° and 20° to ensure a high power factor and adequate room
for control.

To operate the inverter at a constant y, the valve firing is controlled by a
computer which takes into consideration variations in the instantaneous values of
voltage and current. The computer controls the firing times so that the extinction angle
y is larger than the de-ionization angle of the valve.

reg

Actual characteristics:

The rectifier maintains constant current by changing o. However, o cannot be
less than its minimum value (a,,,,). Once «,,,, is reached, no further voltage increase
is possible, and the rectifier will operate at constant ignition angle (CIA). Therefore,
the rectifier characteristic has really two segments (AB and FA) as shown in Figure
10.29. The segment FA corresponds to minimum ignition angle and represents the
CIA control mode; the segment AB represents the normal constant current (CC)

control mode. _ _
In practice, the constant current characteristic may not be truly vertical,

‘depending on the current regulator. With a proportional controller, it has a high
negative slope due to the finite gain of the current regulator, as shown below.

Vy : /Rectiﬁer (CIA)

F Normal volt Inverter (CEA)
c —————————————————————
Ff _________________ D

Rectifier (CC)

Inverter
(CC)

B -1
7 d

Figure 10.29 Actual converter control steady-state characteristics
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With a regulator gain of K, we have

]ord
V,cose = K(I_,-1)) ) i_
= V,+R_I, 1 K Vd(;COsq
Therefore, 1., = current order
V,=KI_,-(K+R)I, Figure 10.30 Current regulator
In terms of perturbed values,
AV, = -(K+R,)Al,
or
AV, Al = ~(K+R ) (10.37)

With a proportional plus integral regulator, the CC characteristic is quite vertical. The
complete rectifier characteristic at normal voltage is defined by FAB. At a reduced
voltage it shifts, as indicated by F'A'B.

The CEA characteristic of the inverter intersects the rectifier characteristic at
E for normal voltage. However, the inverter CEA characteristic (CD) does not
intersect the rectifier characteristic at a reduced voltage represented by F'A'B.
Therefore, a big reduction in rectifier voltage would cause the current and power to
be reduced to zero after a short time depending on the dc reactors. The system would
thus run down.

In order to avoid the above problem, the inverter is also provided with a
current controller, which is set at a lower value than the current setting for the
rectifier. The complete inverter characteristic is given by DGH, consisting of two
segments: one of CEA and one of constant current.

The difference between the rectifier current order and the inverter current order
is called the current margin, denoted by I, in Figure 10.29. It is usually set at 10 to
15% of the rated current so as to ensure that the two constant current characteristics™
do not cross each other due to errors in measurement or other causes.

Under normal operating conditions (represented by the intersection point E),
the rectifier controls the direct current and the inverter the direct voltage. With a
reduced rectifier voltage (possibly caused by a nearby fault), the operating condition
is represented by the intersection point E’. The inverter takes over current control and
the rectifier establishes the voltage. In this operating mode, the roles of the rectifier
and inverter are reversed. The change from one mode to another is referred to as a
mode shift.

Combined rectifier and inverter characteristics

In most HVDC systems, each converter is required to function as a rectifier
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Vit Converter 1 E,
CIA Converter 2
(CEA)
0 -]
:l [m!lll ‘
CCi i
b
L [ Converter 1
ClA ~-—*--$\E (CEA)
Converter 2 2

Figure 10.31 Operation with each converter having combined
inverter and converter characteristics

as well as an inverter. Consequently, each converter is provided with a combined
characteristic as shown 1n Figure 10.31.

The characteristic of each converter consists of three segments: constant
ignition angle (CIA) corresponding to «,,,, constant current (CC), and constant
extinction angle (CEA). ,

The power transfer is from converter 1 to converter 2, when the characteristics
are as shown in Figure 10.31 by solid lines. The operating condition in this mode of
operation is represented by point E,.

The power flow is reversed when the characteristics are as shown by the dotted
lines. This is achieved by reversing the “margin setting,” i.e., by making the current
order setting of converter 2 exceed that of converter 1. The operating condition is now
represented by E, in the figure; the current [, is the same as before, but the voltage

polarity has changed.

Alternative inverter control modes

The following are variations to the CEA control mode described above for the
inverter. These variations offer some advantages in special cases.

DC voltage control mode:

Instead of regulating to a fixed y value (CEA), a closed-loop voltage control
may be used so as to maintain a constant voltage at a desired point on the dc line,
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usually the sending end (rectifier). The necessary inverter voltage to maintain tje
desired dc voltage is estimated by computing the line R/ drop. As compared ¢,
constant y control (which has drooping voltage characteristic), the voltage contrg)
mode has the advantage that the inverter V-/ characteristic is flat as shown in Figype
10.32(a). In addition, the voltage control mode has a slightly higher value of v and i
thus less prone to commutation failure. Normally the voltage control mode maintaiyg
a v of about 18° in conjunction with the tap changers.

Va’ Y Vd i
Constant voltage Constant {3
control control

= v+
ce B =yru
"1 -1,
(a) Constant voltage mode (b) Constant p mode

Figure 10.32 Alternative inverter control modes

Beta (8) control:

The inverter equivalent circuit in terms of ignition advance angle P is as shown
in Figure 10.21(a). With constant B, the V-7 characteristic of the inverter therefore has
a positive slope as shown in Figure 10.32(b). At low loads, constant B gives additional
security against commutation failure. However, at higher currents (larger overlap), the
minimum y may be encountered. Constant f control mode is not used for normal
operation. It is viewed as a backup type of control mode useful for acting directly -
upon the firing angle during transient conditions.

Mode stabilization

As shown in Figure 10.33, the intersection of rectifier «,,, characteristic and
the inverter CEA may not be well defined at certain voltage levels near the transition
between the inverter CEA and CC characteristics. In this region, a small change in ac
voltage will cause a large (10%) change in direct current. There will also be a
tendency to “hunt” between modes and tap changing. In order to avoid this problem,
a characteristic with positive slope (constant B) at the transition between CEA and CC
control characteristic of the inverter is often provided as shown in Figure 10.34(a).
Another variation, shown in Figure 10.34(b), controls the direct voltage with a voltage
feedback loop.
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‘ <" Mode ambiguity
Vat_c1a EA Vil aa (.

ATA
CEA

CcC cc - CC CC

(a) (b)
Figure 10.33 Regions of mode ambiguity

Positive slope
\ N
Val _cla CEA Vel _cia
CEA
Constant voltage
CC \CC CC CC
. -1 ~ I
(a) (b)

Figure 10.34 Modification of V-/ characteristic for mode stabilization

Tap changer control

Tap changer control is used to keep the converter firing angles within the
“desired range, whenever o (for rectifier) or y (for inverter) exceeds this range for

more than a few seconds.
Normally, the inverter operates at constant extinction angle, thus fixing the line

voltage with superimposed voltage control by the tap changer. The rectifier operates
In current control mode with superimposed a=a,,,,;,,; control by the tap changer.

Tap changers are usually sized to allow for minimum and maximum steady-
state voltage variations, and for minimum to maximum power flow under worst-case
steady-state voltage conditions. Unnecessary tap movements during transient
conditions are prevented by using time delays. Hunting of the tap changer is avoided
by having a dead band wider than the tap-step size.

Current limits

The following limits have to be recognized in establishing the current order.

(a) Maximum current limit:

The maximum short-time current is usually limited to 1.2 to 1.3 times normal
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full-load current, to avoid thermal damage to valves.
(b) Minimum current limit:

At low values of current, the ripple in the current may cause it to p,
discontinuous or intermittent. In a 12-pulse operation, the current is then interrupteq
12 times per cycle. This is objectionable because of the high voltages (Ldi/dr) induceg
in the transformer windings and the dc reactor by the high rate of change of currep
at the instants of interruption. »

At low values of direct current, the overlap 1s small. Operatlon 1s objectionable
even with continuous current if the overlap is too small. With a very small overlap,
the two jumps in direct voltage at the beginning and end of commutation merge 1,
form one jump twice as large, resulting in an increased stress on the valves. It may
also cause flashover of protective gaps placed across the terminals of each bridge [2].

(c) Voltage-dependent current-order limit' (VDCOL):

Under low voltage conditions, it may not be desirable or possible to maintain
rated direct current or power for the following reasons:

(a) When voltage at one converter drops by more than about 30%, the reactive
power demand of the remote converter increases, and this may have an adverse
effect on the ac system. A higher o or y at the remote converter necessary to
control the current causes the increase in reactive power. The reduced ac
system voltage levels also significantly decrease the reactive power supplied
by the filters and capacitors, which often supply much of the reactive power
absorbed by the converters.

(b) At reduced voltages, there are also risks of commutation failure and voltage
instability.

These problems associated with operation under low-voltage conditions may
be prevented by using a “voltage-dependent current-order limit” (VDCOL). This limit
reduces the maximum allowable direct current when the voltage drops below a
predetermined value. The VDCOL characteristics may be a function of the ac
commutating voltage or the dc voltage. The two types of VDCOLSs are illustrated in
Figure 10.35. |

The rectifier inverter static V-I characteristics, mcludmg VDCOL, are shown
in Figure 10.36. The inverter characteristic matches the rectifier VDCOL to preserve
the current margin. The general practice is to transiently reduce the current order
through voltage-dependent current limit. For VDCOL operation, the measured direct

1 This is also referred to as voltage dependent current limit (VDCL).
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voltage is passed through a first-order time lag element. Generally, this time lag g
different for increasing and decreasing voltage conditions. While the voltage is going
down, fast VDCOL action is required; hence, the time lag is small. If the same shoy
time lag is used during voltage recovery, it may lead to oscillations and possibly
instability. To prevent this, the larger time lag is used when the direct voltage i
recovering.

Minimum firing angle limit

As shown in Figure 10.31, power transfer over the dc line can be controlled
by manipulation of current order and current margin. These signals are transmitted tg
the converter stations through a telecommunication link. In the event that the
communication fails or in case of a dc line fault, there is a possibility that the inverter
station may switch to the rectification mode. This would result in a reversal of power
flow. To prevent this from occurring, the inverter control is provided with 3
minimum-c¢¢ limit, as indicated by the lowest portion of the inverter V-I characteristic
in Figure 10.36. This restricts the firing angle of the inverter to a value greater than
90°, typically in the range of 95° to 110°, The rectifier is, however, allowed to operate
in the inverter region to assist the system under certain fault conditions. As a
consequence, the maximum limit imposed on the rectifier firing angle is typically
between 90° and 140°,

Power control

Usually, an HVDC link is required to transmit a scheduled power. In such an
application, the corresponding current order is determined as being equal to the power
order (P,) divided by the measured direct voltage:

1. = PylV,

The current order so computed is used as input signal to the current control. However,
high-speed constant power control may have an adverse effect on ac system stability.
From the viewpoint of system stability, high-speed constant current control with a
superimposed slow power control is preferable. This 1s acceptable since the dispatcher
is not interested in a very high speed power control. Thus, from the stability
viewpoint, the HVDC system control performs as a constant current control, but for
the dispatcher it appears as constant power control.

Auxiliary controls for ac system

To enhance ac system performance, auxiliary signals derived from the ac
system quantities may be used to control the converters. The control strategy could
include modulation of either direct current or direct voltage, or both. In addition,
special control measures may be used to assist recovery of dc systems from faults.
These higher-level controls will be discussed in more detail later in this chapter.
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Summary of basic control principles

The HVDC system is basically constant-current controlled for the following
pwo important reasons:

R To limit overcurrent and minimize damage due to faults

To prevent the system from running down due to fluctuations of the ac
voltages

[t is because of the high-speed constant current control characteristic that the HVDC

system operation 1s very stable.
The following are the significant aspects of the basic control system:

(2  The rectifier is provided with a current control and an o-limit control. The
minimum o reference is set at about 5° so that sufficient positive voltage
across the valve exists at the time of firing, to ensure successful commutation.
In the current control mode, a closed-loop regulator controls the firing angle
and hence the dc voltage to maintain the direct current equal to the current
order. Tap changer control of the converter transformer brings ¢ within the
range of 10° to 20°. A time delay is used to prevent unnecessary tap
movements during transient excursions of c.

(b)  The inverter is provided with a constant extinction angle (CEA) control and
a currenf control. In the CEA control mode, y is regulated to a value of about
15°, This value represents a trade-off between acceptable var consumption and
a low risk of commutation failure. While CEA control is the norm, there are
variations which include voltage control and 3 control. Tap changer control
is used to bring the value of y close to the desired range of 15° to 20°.

(¢)  Under normal conditions, the rectifier is on current control mode and the
inverter is on CEA control mode. If there is a reduction in ac voltage at the
rectifier end, the rectifier firing angle decreases until it hits the o, ,;, limit. At
this point, the rectifier switches to o, control and the inverter will assume
current control.

(d)  To ensure satisfactory operation and equipment safety, several limits are
recognized in establishing the current order: maximum current limit, minimum
current limit, and voltage-dependent current limit.

(¢)  Higher-level controls may be used, in addition to the above basic controls, to
improve ac/dc system interaction and enhance ac system performance.

All schemes used to date have used the above modes of operation for the
rectifier and the inverter. However, there are some situations that may warrant serious
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investigation of a control scheme in which the inverter is operated continuously i,
current control mode and the rectifier in a-minimum control mode. Enhanceg
performance into weak systems may be one case.

10.4.2 Control Implementation

In Section 10.4.1, we considered the basic principles of control of one pole
Figure 10.37 illustrates a general scheme for implementing the centrols. In many caseg
there are two to four converter bridges per pole connected in series. Usually, twq
bridges with Y-Y and Y-A connected transformers are considered as one 12-pulse
unit. Thus, the smallest unit to be controlled is a 6-pulse or a 12-pulse bridge unit.

The control hierarchy varies from one dc system to another, but the genera]-
concepts are common. Figure 10.38 illustrates the control hierarchy of a typical
bipolar HVDC system. The control scheme is divided into four levels: bridge or
converter unit control, pole control, master control and overall control.

The bridge or converter unit control determines the firing instants of the valveg
within a bridge and defines a.,,;, and ¥,,,, limits. This has the fastest response within
the control hierarchy.

The pole conirol coordinates the control of bridges in a pole. The conversion
of current order to a firing angle order, tap changer control, and certain protection
sequences are handled by the pole control. This includes coordination of starting up,
deblocking, and balancing of bridge controls.

Rectifier Inverter

AC
sysiem

1. "%y measure

reference

v-

CCT T T T T T T Current )
Current I error ] +

|

i

[ order -5

| |

I Power . | 4 .
I order . ; current margin
| !

| |

I - [

| Auxllllafy | * Tap changer control

| signa | (Function of ctor V)

Master control

Figure 10.37 Basic control‘ scheme
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Figure 10.38 Hierarchy of different levels of HVDC system controls

The master control determines the current order and provides coordinated
current order signals to all the poles. It interprets the broader demands for controlling
the HVDC system by providing an interface between pole controls and the overall
system control. This includes power-flow scheduling determined by the control centre
and ac system stabilization.

The basic control functions are similar for most applications. However, higher-
level control functions are determined by the specific performance objectives of
individual systems. For reliable operation of the HVDC system, each pole should
function as independently as possible. The control and protection functions should be
segregated and implemented at the lowest possible level of hierarchy.

The control of HVDC systems clearly requires communication between
terminals for proper operation. In the case of rapid changes in power level, high-speed
communication is required to maintain consistent current settings at the two terminals.
Change of power direction requires communication to transfer the current margin
setting from one terminal to the other. The starting and stopping of the terminals
require coordination of the operations at the two terminals. Communication is also
required for transmittal of general status information needed by the operators.
Protection may also require communication between the terminals for detection of
some faults.

There are several alternative transmission media available for the
telecommunications: direct wires via private lines or telephone networks, power-line
carrier, microwave systems, and fibre optics. The choice of the telecommunication
medium will depend on the amount of information to be transmltted and the required
speed of response, degree of security, and noise immunity.
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10.4.3 Converter Firing-Control Systems

The converter firing-control system establishes the firing instants for the
converter valves so that the converter operates in the required mode of contrg)-
constant current (CC), constant ignition angle (CIA), or constant extinction angle
(CEA).

Two basic types of controls have been used for the generation of convertey
firing pulses:

J Individual phase control (IPC)
| Equidistant pulse control (EPC)

The implementation of the above basic forms of converter firing control has evolyved
over the years. There are several different versions in existence depending on the
manufacturer and the vintage of equipment. Their detailed description is beyond the
scope of this book. The following descriptions illustrate the principles of operation of
the two forms of converter firing-control systems.

Individual phase control system [11,12]

This system was widely used in the early HVDC installations. Its main feature
is that the firing pulses are generated individually for each valve, determined by the
zero crossing of its commutation voltage.

The commutation process in a three-phase bridge circuit was analyzed in
Section 10.2. Referring to Figure 10.15 and Equation 10.7A, the commutation voltage
is given by :

€,

e - €p €

| di,
= \/gEmSIIl(ot = 2Lc—ci-?

As depicted in Figure 10.39, commutation begins when of equals the ignition angle
(o) and ends when of equals the normal extinction angle (m—vy). '
If t=¢, at the beginning of commutation, and r=¢, at the end of commutation,

we may write

) 1
[ V3E,sinwtdr = 2L [ di,
0

L
or

E
-ﬁf(cosmtfcoswtl) = 2L I,

c
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i

ol

Figure 10.39 Commutation voltage and valve currents

or

—ﬁEm[cos(n—y)-coswtl] =20l I,

Thus the control has to satisfy the condition that the voltage integral 2wl,1; is
available between wf=wf; =0 and wt=mf,=n-y. The equation to be satisfied may be

written as

—ﬁEmcoswtl—ﬁEmcosy +2X 1, =10 (10.38)

CEA control with IPC:

In Equation 10.38, the direct current (/;) and the commutating voltage vary
with changes in operating conditions. The grid control, therefore, senses these two
quantities to determine the instant of firing (#=f,) so as to satisfy Equation 10.38. With
extinction angle equal to a set value y,, and X =L, we have

—ﬁEmcoswtl"ﬁEmcosyC+2XcId =0 (10.39)

The required ignition time 1, can be found from the solution of Equation 10.39. This
is accomplished by using analog circuits in the early converter control applications.
The control system consists of three units: the first unit giving a dc output
proportional to the direct current I; the second giving an output proportional to
E, cosy,; and the third giving an alternating voltage proportional to the commutating
voltage but with a phase lag of 90° (i.e., £, cosw?).
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The three outputs are added, and a firing pulse is generated when the sum
passes through zero. Under steady-state conditions, such a system controls each vajye
with constant commutation margin, irrespective of load and voltage variations or

unbalance.
Constant current control with IPC:

In this case, an additional signal V. is added to Equation 10.39 as follows:
~ 3Emcosmtl—\/§Emcosyc+2XCId+Vm =0 (10.40)

where

Vcc = K(] o '] d)
[, = current order
I; = actual direct line current

K = gain of CC control

The same circuit may be used for both CEA and CC control operations {12]. The
error (1,-1,) is amplified only when 7, is less than /,. When I, is greater than /| the
amplifier output is clamped to zero, and the converter operates on CEA control. When

(1,-1,)>0, it operates on constant-current control.
The converter characteristics for the full range of inverter and rectifier

operation is shown in Figure 10.40. The realization of CIA control (=) is similar,
to that of CEA control.

3
V,= Vdocosac—EXCId

V
Vdo cose, 4] CLA/;/
CC 3
e V,= -V, cosy + ?Xcld+ K{I -1)
T Rectifier
|
' Inverter

=V pCOSY, —almmommmnme oo

Figure 10.40 Converter characteristics with IPC
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The IPC system has the advantage of being able to achieve the highest possible
direct voltage under unsymmetrical or distorted supply waveforms since the firing
ipstant for each valve is determined independently. However, the IPC system in effect
has @ voltage feedback, since the control signal is derived from the alternating line
voltage. Any deviation from the-ideal voltage waveforms will disturb the symmetry
of the current waveforms. This will in turn cause additional waveform distortions, thus
introducing non-characteristic harmonics (see Section 10.5). If the ac network to
which the converter is connected is weak (i.e., has high impedance), the feedback
effect may further distort the altering voltage and thereby lead to harmonic instability.

The harmonic instability problem can be reduced by altering the harmonic
characteristics of the ac network (for example, by using additional filters) or adding
filters in the control circuit. Alternatively, a firing control system independent of the
ac system quantities may be used. This leads to the EPC system described next.

Equidistant pulse control system [10,13]

In this system, valves are ignited at equal time intervals, and the ignition
angles of all valves are retarded or advanced equally so as to obtain the desired
control mode. There is only indirect synchronization to the ac system voltage.

An EPC system using a phase-locked oscillator to generate the firing pulses
was first suggested in reference 13. Since the late 1960s, all manufacturers of HVDC
equipment have used this system for converter firing control.

Figure 10.41 shows an EPC-based constant-current control system. The basic
components of the system are a voltage-controlled oscillator (VCO) and a ring
counter. The VCO delivers pulses at a frequency directly proportional to the input
control voltage. The train of pulses is fed to the ring counter, which has six or twelve
stages (depending on the pulse number of the converter). Only one stage is on at any
time, with the pulse train output of the VCO changing the on stage of the ring counter
in cyclic manner. As each stage turns on, it produces a short output pulse once per

Bridge
converter
Three-phase ac system ZS oy, DC line
AY
®,
Frequency
to voltage Firing
transducer pulses
Control ch[ltaﬁe f Ring counter
: controlle
amplifier oscillator (6 or 12 stages)

Figure 10.41 Current control system with equidistant pulse control
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cycle. Over one full cycle, a complete set of 6 (or 12) output pulses is produced by
the ring counter at equal intervals. These pulses are transferred by the firing- PUIse
generator to the appropriate valves of the converter bridge.

Under steady-state conditions, V; is zero and the voltage ¥ is proportional ¢,
the ac line frequency ®;. This generates pulses at line frequency, and maintains 5
constant firing delay angle o. If there is a change in current order /,, margin setting
1, or line frequency ®;, a change in ¥; occurs which in turn results in a change i
the frequency of the firing pulses. A change in firing delay angle (Ac) results frop,
the fime integral of the differences between line and firing pulse frequencies. It ig
apparent that this equidistant pulse control firing scheme is based on pulse frequency
control.

An alternative equidistant pulse control firing scheme based on pulse phase
control is proposed in reference 14. In this scheme, a step change in control signg)
causes the spacing of only one pulse to change; this results in a shift of phase only,

For CEA control, the basic circuits of Figure 10.41, illustrated for CC control,
must be supplemented by additional circuitry. Since the extinction angle (y=m-o~p)
cannot be controlled directly, either a predictive or a feedback control has to be used.
In the scheme described in reference 10, a predictive method is used to ensure that
adequate commutation voltage-time area (see Figure 10.39) is available at the instant
of firing for successful commutation. The firing angle is based on calculation of the
overlap angle (p) from measured values of current and voltage. Reference 13 uses a
feedback method to achieve this.

These schemes provide equal pulse spacing in the steady state. Symmetry is
maintained relative to the most vulnerable control angle. For example, the smallest y
becomes the set angle in the presence of finite ac voltage unbalance.

The equidistant firing control results in a lower level of non-characteristic
harmonics and stable control performance when used with weak ac systems. However,
when the ac network asymmetry is large, it results in a lower direct voltage and power
than the individual phase control.

Firing system

In modern converters, the valve firing and valve monitoring are provided
through an optical interface. Light guides are used to carry the firing pulse to each
thyristor. Each thyristor is provided with a special control unit that changes a light
pulse to an electrical pulse to the gate input on the thyristor. Information about the
condition of thyristors, required for protection and supervision of valves, is also
transmitted by a light guide system from each thyristor.

At present many manufacturers are developing thyristors that are triggered
directly by fibre optics.

10.4.4 Valve Blocking and Bypassing

Valve blocking (stopping) is achieved by interruption of positive pulses to the
gates of all the valves in a bridge. However, this may result in overvoltages due 10



gec. 10.4  Control of HVDC Systems 521

current extinction. In some instances, blocking of the valves at the inverter can lead
to continuous ‘conduction through previously conducting phases placing the ac voltage
on the dc line and direct current on the converter transformer.

It is, therefore, necessary to bypass the bridge when the valves are blocked.
This is achieved by using a bypass valve and bypass switch, as shown in Figure

10.42. :
The valve currents are commutated into the bypass valve and then the bypass

switch is closed to relieve the bypass valve from carrying current continuously.

Bypass pair operation

In converters using thyristors, the use of a separate bypass valve per bridge has
peen discontinued. Instead, as shown in Figure 10.43, bypass is implemented by firing
a valve to establish a series pair on the same phase as an already conducting valve.
A bypass switch closes to relieve the valves during a sustained blocking.

The logic for bypass operation is made part of the converter control.

T
%34 6 2

Figure 10.42

BP%EI 2&3 5
BP 4 6 %Ez

Figure 10.43

BV = bypass valve
7<BV \ BS BS = bypass switch

BP = bypass pair

BS

10.4.5 Starting, Stopping, and Power-Flow Reversal

The sequences that are used for starting and stopping HVDC systems vary
“depending on the manufacturer and equipment capability. The rate of rise of voltage,
current, and power is tailored to the individual application. The following are typical
Steps and procedures involved [15].
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Normal starting (deblocking) sequence

1. Either the inverter or the rectifier may start first. The converter that is starteq
first establishes valve firing and conduction. Voltage is held low with the
deblocking firing angle being in the range of 60° to 70°.

2. Following a communication delay, the other converter also establishes firing,
A fairly low voltage is maintained with a firing angle of 60° to 70° and 4
starting current on the order of 0.2 to 0.3 pu (optlmized to equipment o
system conditions) is circulated.

3. After a successful start has been established, voltages are increased according
to the relaxation rate on firing angle (o or B). The initial current order of (.
to 0.3 pu is maintained until the voltage has reached a setpoint of 40% to 80%
The current order is then released to the desired value.

4. When the current is established and can be maintained by the rectifier, the
inverter goes into voltage/margin angle control mode.

The entire procedure can take as short a time as a fraction of a second or as
long as several minutes, depending on the power order and limitations imposed by the
ac system. The load may be increased exponentially or in small steps.

Normal stopping (blocking) sequence

Unlike in ac systems where a circuit-breaker is operated to isolate a line, the
de link is shut down gradually through controls. The blocking of a pole is achieved
by reducing the voltage and current to zero as follows:

1. The current and voltage are ramped down within 100 to 300 ms. Then the
rectifier is operated in or near the inverter region. This removes any stored
energy from the dc system.

2 Bypass switches, if provided, are closed.

If one of two valve groups is to be blocked, it cannot involve reduction of
current flow to zero. Therefore, the firing angle of the valve group is ramped to 907,
a bypass is formed with a bypass switch, and the valves are blocked. The ramp rate -
may be limited to avoid regulator mode changes.

Reversal of power flow

HVDC systems are inherently capable of power flow in either direction. Most
schemes have full control features that permit bidirectional power flow.
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Power reversal can be smoothly executed by following a prescribed series of
s or it can be very fast with or without blocking of the firing of the valves.

ramp
Control techniques for power reversal may inciude the following [15]:
1. Reduction of current to 0.1 to 0.5 pu via a step or ramp.
2. Decrease/increase of voltage via ramp or exponential function followed by a

current ramp to reach the required level.

The basis for deciding the sequence to be followed is normally the ability of
the ac system to survive the resulting disturbance and the need for power reversal
within a specified time. Typically, fast power reversal times would be on the order
of 20 to 30 ms, although ac system limitations, dc cable design constraints, or power
dispatch conditions may increase it to several seconds. HVDC controls can meet this
entire range of requirements.

10.4.6 Controls for Enhancement of AC System Performance

In a dc¢ transmission system, the basic controlled quantity is the direct current,

controlled by the action of the rectifier with the direct voltage maintained by the
inverter. A dc link controlled in this manner buffers one ac system from disturbances
on the other. However, it does not allow the flow of synchronizing power which
assists in maintaining stability of the ac systems. The converters in effect appear to
the ac systems as frequency-insensitive loads and this may contribute to negative
damping of system swings. Further, the dc links may contribute to voltage collapse
during swings by drawing excessive reactive power.
/ Supplementary controls are therefore often required to exploit the
controllability of dc¢ links for enhancing the ac system dynamic performance. There
are a variety of such higher level controls used in practice. Their performance
objectives vary depending on the characteristics of the associated ac systems. The
following are the major reasons for using supplementary control of dc links:

. Improvement of damping of ac system electromechanical oscillations.
. Improvement of transient stability.

. Isolation of system disturbance.

. Frequency control of small isolated systems.

’ Reactive power regulation and dynamic voltage support.
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References 18 to 21 provide descriptions of supplementary controls used ip 5
number of HVDC transmission systems for enhancement of ac system performance
The controls used tend to be unique to each system. To date, no attempt has begy
made to develop generalized control schemes applicable to all systems.

The supplementary controls use signals derived from the ac systems i,
modulate the dc quantities. The modulating signals can be frequency, voltage
magnitude and angle, and line flows. The particular choice depends on the syster
characteristics and the desired results.

The principles of dc modulation schemes and details of their application for
enhancement of ac system performance are discussed further in Chapter 17.

10.5 HARMONICS AND FILTERS

Converters generate harmonic voltages and currents on both ac and de sides.
In this section we will briefly describe the types of harmonics produced by the
converters and the characteristics of filters used to minimize their adverse effects.

10.5.1 AC Side Harmonics

Figure 10.12 shows the wave shape of the alternating current under the “ideal”
condition with no commutation overlap, ripple-free direct current, balanced purely
sinusoidal commutating voltages, and equally-spaced converter firing pulses. The

current may be expressed as a Fourier series.
For a 6-pulse bridge with Y-Y transformer connection, the Fourier series

expansion for the alternating current is

i = —Z&éld(sinmt—lsinS(otflsinhoH%sinllmH—llgsinli}wr—---) (10.41)

For a A-Y transformer connection, the current is

[ = %ﬁld(sin(ot + -il_;sinS(nt + lsin7cm: + %sinllwt + l—lg'sin13mr +ee) (1042)

The second harmonic and all even harmonics are absent in the above because
there are two current pulses of equal size and opposite polarity per cycle. Since the
current pulse width is one-third of a cycle, third and all triple-n harmonics are also
absent. The remaining harmonics are on the order of 6nt1, where n is any positive
integer.

In a 12-pulse bridge, there are two 6-pulse bridges with two transformers, one
with Y-Y connection and the other with Y-A connection (see Figure 10.23). The
harmonics of odd values of » cancel out. Hence,
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- 2891 sinot + Lsin110t - Lsin130r + Lsin230s + Lsin25e + ) (10.43)
n T 13 23 25

The remaining harmonics which have the order 12n+1 (ie., 11 13% 23™ 2558 etc))
flow into the ac system. Their magnitudes decrease with increasing order; an H® order
parmonic has magnitude 1/4 times the fundamental.

When the commutating reactance is considered, the overlap angle during
commutation rounds off the square edges of the current waves, and this reduces the
magnitude of harmonic components. The reduction factor of the harmonic components

is given by [3]

i _ \/H2+K2—2HKCOS(2CC +]J.) (1044)
cose —cos(o +p)

lho
where

i, = harmonic current

ipo = harmonic current with no overlap
h = harmonic order

H = [sin(h+1)u/2]/(h+1)

K = [sin(h-1)u/2)/(h-1)

It is apparent that the harmonics produced on the ac system are a function of the
operating conditions. As p increases, the harmonic component decreases, with the
reduction being more pronounced at higher harmonics. Under typical full load
conditions, p is about 20° and o is about 15°; the 11 and 13" harmonics are about
30 to 40% of those shown in the basic equations, which neglected overlap. During
faults, however, o reaches nearly 90°, the overlap angle is reduced, and for a given
line current the ac harmonics will increase.

The above discussions consider only balanced conditions. The harmonics
produced under such ideal conditions are referred to as “characteristic harmonics.”

Various unbalances, such as non-equally spaced firing pulses, bus voltage
unbalances and unbalances in the commutating reactance between phases will produce
additional harmonics which are referred to as “non-characteristic harmonics.”
Transformer excitation current also contributes to these harmonics.

The converter manufacturers attempt to minimize these harmonics in the design
of the terminals. With modern day equal-spaced firing, the biggest sources of non-
characteristic harmonics are bus voltage unbalance, transformer impedance unbalance
~and the transformer excitation current. Unbalances in ac system voltages depend on
the operating conditions and are determined by the design and operating practices of
the system. Unbalances in the reactances between the phases of the transformer are
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usually less than 1% of the phase values. With bus voltage unbalance of less thap 19,
and normal excitation current levels, non-characteristic harmonics are not 51gmficam
unless a resonant condition exists at a particular harmonic frequency.

AC harmonic filters

Harmonics have to be filtered out sufficiently at the terminal so that the
harmonics entering the ac system are small and distortion of the ac voltage caused by
the harmonic currents is within limits. Harmonics, if not reduced by filters, cap
produce undesirable effects such as telephone interference, higher losses and heating
in ac equipment (machines, capacitors, etc.), or resonance problems which coylg
produce overvoltages and/or overcurrents.

The penetration of the harmonics into the ac system and resonance conditiong
depends on the harmonic impedance of the ac network, which is difficult
determine. It 1s constantly varying as the circuits are being added or switched out angd
the system operating conditions are varying. In filter design, quite elaborate studieg
are undertaken that consider various factors including possible system resonance
conditions.

A typical filter system for a 12-pulse converter terminal is shown in Figure
10.44. The filter impedance is minimum at the 11" and 13™ harmonics resulting from
the two series-resonant tuned branches. The high pass filter maintains a low
impedance for higher harmonic frequencies.

Part of the capacitors required for reactive power compensation is provided by
filters. The additional cost of converting the required reactive power capacitors to
filters is not very high. Of the 50% reactive power compensation required, about 30%
would be in filter form divided among the eleventh, thirteenth, and high pass filters.

AC bus
L q3el

High pass filter

T

|

Branches tuned for 11%
and 13" harmonics

Figure 10.44 Typical filter system configuration
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10.5.2 DC Side Harmonics

An ideal 6-pulse bridge converter, with repetitive switching every 60°,
roduces a direct voltage waveform as shown in Figure 10.19, Fourier analysis of the
voltage waveform shows that it contains harmonics of order 6n (i.e., 6%, 12%, 18%,
oc.). The magnitude of the effective harmonic voltage varies widely over the
operating range of o operation at o near 90° produces higher levels of harmonics
than at smaller values of «. The overlap angle p also has a significant impact on the
magnitude of the harmonics.

In a bipole system consisting of two 6-pulse bridges (one in each pole), the
transformers would be connected Y-Y and A-Y because the 30° phase shift produces
cancellation of low order harmonic on the ac bus. This would also have a beneficial
offect on the dc side. The 6, 18, 30™, . harmonics are out-of-phase in the two
bridges, while the 12t 24 36t harmonics are in phase. The out-of-phase
harmonic voltages produce ground return mode currents in the dc line, whereas the
in-phase components of harmonic voltages produce line-to-line mode currents.

In the case of a 12-puise bridge, the out-of-phase components of harmonic
voltages will cancel within a 12-pulse bridge; only the in-phase components will
produce harmonic currents in the line. For a balanced condition, the significant
harmonics in the voltage produced by a dc terminal are therefore of order 12 and its
integral multiples.

The non-characteristic harmonics due to unbalances would be small in a well
designed system. The dc side harmonics are reduced by the smoothing reactor and
filters. Most of the harmonic voltages are dropped across the smoothing reactor. The
de filters are designed to shunt a major portion of the direct harmonic currents so that
harmonic currents flowing into the dc line are within the permissible limits.

The smoothing reactor and the rest of the dc system beyond the reactor (dc
filters, dc line and remote terminals) act as voltage dividers for the harmonic voltages.
In general, a larger value of smoothing reactor will require less dc filtering. However,
the smoothing reactor size is influenced by other considerations associated with
converter terminal design.

The following are some of the considerations influencing the selection of the

smoothing reactor size:

1. The size of the smoothing reactor has a dominant effect on the ripple in the
bridge current; the ripple current is less for higher values of the reactor. As
discussed in Section 10.4.1, the ripple current determines the minimum current
operating point for the terminal.

2, The smoothing reactor, filters, and dc lines combine to produce an impedance
to the dc bridge which can be resonant at some generated voltage harmonics.
Generally, this is not a problem for the higher harmonics (12%, 24%, ), but the
non-characteristic harmonics generated at low frequency (2%, 4%, 6, ) can
produce high harmonic currents if the effective impedance is low at these
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frequencies. The high harmonic currents at low frequencies can cause problem;
with control circuitry and interference with communication circuits. Therefore,
the smoothing reactor is selected to avoid a low impedance at 2™ or 41
harmonic frequency. In addition, low frequency harmonic resonance must be
avoided for other reasons. Repeated commutation failures on an inverter may
introduce fundamental frequency pulses on the dc line (see Section 10.3.2). [f
the input impedance affecting the bridge were near resonance at the
fundamental frequency, high transtent voltages would occur.

3. The smoothing reactor size has an influence on the likelihcod of commutation
faillures during a dip in ac voltages and on the likelihood of consequent
commutation failure.

4. A higher smoothing reactor limits the fault current near the rectifier.

10.6 INFLUENCE OF AC SYSTEM STRENGTH
ON AC/DC SYSTEM INTERACTION

The nature of ac/dc system interactions and the associated problems are very
much dependent on the strength of the ac system relative to the capacity of the dc
link. The ac system can be considered as “weak” from two aspects: (a) ac system
impedance may be high, (b) ac system mechanical inertia may be low [18]. In this
section we will discuss problems associated with dc systems connected to weak ac
systems and methods of dealing with such problems.

10.6.1 Short-Circuit Ratio

Since the ac system strength has a very significant impact in the ac/dc system
interactions, it is useful to have a simple means of measuring and comparing relative
strengths of ac systems. The short-circuit ratio (SCR) has evolved as such a measure.

It is defined as

short - circuit MVA of ac system

SCR = -
dc converter MW rating

The short-circuit MVA is given by

2
Eac

zZ

th

SC MVA =

where E,, is the commutation bus voltage at rated dc power and Z,, is the Thevenin
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jvalent impedance of the ac system.

The basic SCR gives the inherent strength of the ac system. From the
viewpoint of the HVDC system performance, it is more meaningful to consider the
offective short-circuit ratio (ESCR), which includes the effects of ac side equipment
associated with the dc link: filters, shunt capacitors, synchronous condensers, etc.

HVDC controls play an important role in most ac/dc system interaction
henomena, and must be taken into consideration in assessing acceptable levels of ac
system strength. Traditionally, the ac system strength has been classified as follows

[16]:
. High, if ESCR is greater than 5;

equ

. Moderate, if ESCR is between 3 and 5; and
o Low, if ESCR is less than 3

with refinements in dc and ac system controls, these classifications change. Reference
18 recommends the following classification:

¢ High, if ESCR is greater than 3;
. Low, if ESCR is between 2 and 3; and
. Very low, if ESCR is less than 2.

The above classification of ac system strength provides a means for
preliminary assessment of potential ac/dc interaction problems. Detailed studies are,
however, necessary for proper evaluation of the problems. In addition to the short-
circuit ratio, the phase angle of the Thevenin equivalent impedance Z,, has an impact
on the ac/dc system interaction. It is termed the “damping angle” and has an impact
on the dc system control stability. Local resistive loads, while not having a significant
effect on ESCR, improve damping of the system. Typical values of the damping angle
are in the range of 75° to 85°.

10.6.2 Reactive Power and AC System Strength

From Equations 10.12 and 10.25, we have

1, 3
cosp = cosoc——d—XC
do

Therefore, each converter consumes reactive power which increases with increased
power, With normally accepted rectifier ignition delay angle (a) and inverter
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extinction advance angle (y) of 15° to 18° and commutating reactance (X,) of 15%,
a converter consumes 50 to 60% reactive power (i.e., if P;.=1.0 pu, O absorbed by
each converter is 0.5 to 0.6 pu). Generally, this has to be provided at the converter
site to prevent large reactive power flow through ac lines. Part of the reactive powe;
required is provided by the capacitors associated with the ac filter banks.

The least expensive way to provide the required reactive power 1s to use shypt
capacitor banks. Since the reactive power varies with the dc power transmitteq,
capacitors must be provided in appropriate sizes of switchable banks, so that steady.
state ac voltage is held within an acceptable range (usually +5%) at all load levelg,
This is also influenced by the strength of the ac system. The stronger the ac system
the larger the switchable bank size can be for an acceptable voltage change.

Generators, if present near the dc terminal, can be very helpful in handling
some of the reactive power demands and in maintaining steady-state voltage withip
an acceptable range. For weak ac systems, it may be necessary to provide reactive
compensation in the form of static var compensators (SVCs) or synchronoys
condensers.

10.6.3 Problems with Low ESCR Systems [16-18]

The following are the problems associated with the operation of a dc system
when connected to a weak ac system:

High dynamic overvoltages,

Voltage instability,

Harmonic resonance, and

Objectionable voltage flicker.

Dynamic overvoltage

When there is an interruption to the dc power transfer, the reactive power
absorption of the HVDC converters drops to zero. With a low ESCR system, the
resulting increase in alternating voltage due to shunt capacitors and harmonic filters
could be excessive. This will require a high insulation level of terminal equipment,
thus imposing an economic penalty. It may also cause damage of local customer
equipment. Special schemes may be necessary to protect the thyristors in case of
restart delays [17].

Voltage stability [16]

With dc systems connected to weak ac systems, particularly on the inverter
side, the alternating as well as direct voltages are very sensitive to changes in loading.
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increase 1n direct current is accompanied by a fall of alternating voltage.
cOnsequently, the actual increase in power may be small or negligible. Control of
yoltage and recovery from disturbances become difficult. The dc system response may
even contribute to collapse of the ac system. The sensitivities increase with large
amounts of shunt capacitors.
In such a system, the dc system controls may contribute to voltage instability
by responding to a reduction in alternating voltage as follows:

Power control increases direct current to restore power.
Inverter ¥ may increase tc maintain volt-second commutation margin.

Inverter draws more VARs; with reduced voltage, shunt capacitors, however,
produce fewer VARs.

. The alternating voltage is reduced, further aggravating the situation.
The process thus leads to progressive fall of voltage.

Harmonic resonance

Most of the problems of harmonic resonance are due to parallel resonance
between ac capacitors, filters, and the ac system at lower harmonics.

Capacitors tend to lower the natural resonant frequencies of the ac system,
while inductive elements (machines and lines) tend to increase the frequencies. If
large numbers of capacitors are added, the natural frequency seen by the commutation
bus may drop to 41 3 or even 2™ harmonic. If a resonance at one of these
frequencies occurs, there can be a high impedance parallel resonance between the
inductive elements and capacitive elements on the commutation bus. A low-impedance
series resonance condition could arise in remote points in the system. Harmonic
voltages from remote points would tend to be amplified. The avoidance of low-order
harmoni¢ resonance is extremely important to reduce transient overvoltages.

Voltage flicker

Another characteristic of a weak ac system is that switching of shunt capacitors
and reactors causes unacceptably large voltage changes in the vicinity of
compensation equipment. The transient voltage flicker due to frequently switched
reactive devices increases with higher levels of dc power transfer.

10.6.4 Solutions to Problems Associated with Weak Systems

The traditional approach to the solution of weak system ac/dc interaction
problems is to use synchronous condensers or SVCs. In addition, HVDC controls
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which switch to current control from power control and reduce direct current for oy,
alternating voltage (for example, VDCOL) will help the situation.

The use of synchronous condensers also reduces the effective systen,
impedance and hence shifts the parallel resonance frequency to higher frequencies 4
which the system damping is usually better. With 12-pulse bridge circuits, there gpe
no large filters below 11™ harmonic; the possibility of excitation of parallel resonance
at lower harmonics is therefore low.

An alternative solution to the reactive power and voltage problem 1s to contrg)
the dc converter itself so that the reactive power is modulated in response to voltage
variations in a manner similar to an SVC. The shunt capacitors and filters provide the
required reactive power; the converter firing angle control stabilizes the ac voltage,
Artificial or forced commutation, discussed in Section 10.6.6, provides considerably
more freedom in controlling reactive power.

Reference 17 describes five dc links (all back-to-back) connected to weak a¢
systems, and special techniques used to achieve their satisfactory performance.

10.6.5 Effective Inertia Constant

The ability of the ac system to maintain the required voltage and frequency
depends on the rotational inertia of the ac system. For satisfactory performance, the
ac system should have a minimum inertia relative to the size of the dc links. A
measure of the relative rotational inertia is the effective dc inertia constant, defined

as follows [18]:

g - total rotational inertia of ac system, MW's
@ MW rating of dc link

An effective inertia constant, ., of at least 2.0 to 3.0 s is required for satisfactory
operation. '

For ac systems with very low or no generation, synchronous condensers have
to be used to increase the inertia and assist in satisfactory operation of line
commutated inverters. ‘

10.6.6 Forced Commutation

The converter bridge circuits we have discussed so far rely on the natural
voltage of the ac system for commutation. Such a commutation is known as “natural
commutation,” and requires the ignition angle (c) to be in the range of 0° to 180° (2°
to 165° in practice for reliable turn-on and turn-off of the valves) for successful
commutation. As a consequence, the converter absorbs reactive power from the ac
system, while operating as a rectifier as well as an inverter.

If our objective is to have the converters supply reactive power to the ac
system when so desired, we need to be able to force commutation at any desired point
on the ac cycle. This can be achieved by superimposing harmonics or by use of
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special capacitor circuits to modify the voltages across the valves appropriately in
relation to ac system voltages. Such a commutation is called “forced commutation.”
4 system using this form of commutation will also allow feeding into a system
without any generation,

A converter bridge circuit with a forced commutation scheme is shown in
Figure 10.45 [3,5]. Forced commutation is initiated at the desired times by firing the
quxiliary valves (Al to A6) with the associated capacitors pre-charged. Such
capacitive commutations, however, cause considerable stress on the valves and other

converter equipment.

—pD
1 Al 3 A3 2 A5 la
9; _ AN AN
V ——tl
vy ——

42|§ ZFMGZlE %AGZ x 3

—— Main circuit
— Auxiliary commutation circuit

Figure 10.45 Bridge circuit with forced commutation

While converter circuits with forced commutation are feastble, they are very
expensive. To date they have not found application in commercial HVDC converters.
| Self-commutated voltage sourced inverters using gate turn-off (GTO) thyristors
have been used in industrial applications, for example, variable speed drives,
uninterruptible power supplies, and battery systems. The voltage and current ratings
of these devices are increasing. It is likely that their application for HVDC
transmission will become economically practical in the future.

10.7 RESPONSES TO DC AND AC SYSTEM FAULTS

The operation of HVDC transmission is affected by faults on the dc line,
converters, or the ac system. The impact of the fault is reflected through the action
of converter controls. In ac systems, relays and circuit-breakers are used to detect and
remove faults. In contrast, most faults associated with dc systems either are self-
clearing or are cleared through action of converter controls. Only in some cases is it
necessary to take a bridge or an entire pole out of service. The converter controls thus
play a vital role in the satisfactory response of HVDC systems to faults on the dc as
well as the ac systems. '
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10.7.1 DC Line Faults

Faults on dec lines are almost always pole-to-ground faults. A pole-to-pole fayj
is uncommon since it requires considerable physical damage to bring conductors of
two poles together. Lightning never causes a bipolar fault [7].

A pole-to-ground fault blocks power transfer on that pole; the remaining poje
is virtually unaffected. As discussed below, the impact of a dc line fault on the
connected ac systems is not as disruptive as that of ac faults.

Response of normal control action [2]

A short-circuit momentarily causes the rectifier current to increase (since the
rectifier is feeding a low impedance fauit rather than the high back voltage of the
inverter) and the inverter current to decrease.

The current control of the rectifier acts to reduce the direct voltage and bring
back the current to its normal set value (/,,,). At the inverter, the current becomes less
than its current controller reference setting (/,,,-1,,). Consequently, the inverter mode
of operation changes from CEA control to CC control. This causes the inverter
voltage to run down to zero and then reverse polarity as shown by curve 2 of Figure
10.46. The voltages are equal to the RI drop in the line from each converter to the
fault. The rectifier curtent is [, , and inverter current is /,,,~I,, in the opposite
direction. The steady-state fault current is thus equal to the current margin /,, which
is only about 15% of the rated current.

Voltage i 1\
(Normal)

Rectifier end
-
E
1)
Inverter end

Distance along line—~

Figure 10.46 Voltage profile of a dc line:
1. Under normal operation
2. With dc line fault and normal control
3. With fast-acting line protection
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Fast-acting line protection [7]

The normal control action of the converters, while limiting the fault current to
L does not extinguish the fault arc. Therefore, additional control is used to reduce
the fault current and recovery voltage across the fault path to zero.

The fault is detected by a collapse in dc voltage usually at the rectifier and by
4 decrease in the current at the mverter. Both magnitude of voltage drop and rate of
change of voltage may be used to detect the fault. Faults on the ac system beyond the
de link do not produce such rapid voltage changes.

To clear the fault, the inverter is kept in inversion and the rectifier is also
driven to inversion. To establish terminal voltages of correct polarity for fault
clearing, angle [} of the inverter 1s given a maximum limit of about 80° (which allows
the inverter voltage to run down to low value but not to reverse) and the rectifier
ignition delay angle o is shifted considerably beyond 90°, to about 140°. The resulting
voltage profile is as indicated by curve 3 in Figure 10.46. The current in the pole
attempts to reverse direction. However, the current in the rectifier cannot reverse
because of the unidirectional current characteristic of the valves. Therefore, the current
is reduced to zero rapidly (in about 10 ms). This fault clearing process is called
“forced retard.”

DC overhead lines are restarted after allowing for de-ionization of the air
surrounding the arc (60 to 200 ms). If the fault is temporary and the restart is
successful, the voltage and current are ramped up. Typically, the total time for fault
clearing and return to rated power transfer is on the order of 200 to 300 ms. The
recovery time is higher for dc links connected to weak ac systems.

Automatic restarts are not attempted for wholly cable systems because cable
faults are nearly always permanent faults.

10.7.2 Converter Faults

Most dc power circuit faults in the converter station will require either the
valve group or the pole to be shut down.

A valve group fauit, unless it is of a minor nature, will require the entire pole
to cease transmission of power. Usually a very fast current reduction to zero is
ordered. Coincidentally, the firing angle at the rectifier is shifted to at least 90° and
possibly well into the inverter region. The current in the pole can be brought to zero
in less than 30 ms.

An isolation sequence will follow which may take several seconds to execute,
depending on the type of valve group isolators used. Then the remaining valve groups
in the pole may be restarted in the normal manner.

10.7.3 AC System Faults

For ac system transient disturbances, the dc system’s response is generally very
much faster than that of the ac system. The dc system either rides through the
disturbance with temporary reduction of power or shuts down until the ac system



536 High-Voltage Direct-Current Transmission  Chap. 1

recovers sufficiently to allow restarting and restoration of power. Commutatigy
failures and recovery from ac system faults represent important aspects of dc systey,
operation.

Rectifier side ac system faults

For remote three-phase faults, the rectifier commutation voltage drops slightly,
This results in a reduction of rectifier direct voltage and hence the current. The currep;
regulator decreases o to restore current by increasing voltage. If o hits the o, . limit,
the rectifier switches to CIA mode of control. This transfers current control to the
inverter whose current order is less than that of the rectifier by an amount equal tq
the current margin (7). If the low voltage persists, the tap changers will operate 1,
restore the direct voltage and current to normal. Depending on how low the voltage
drops, the VDCOL may regulate current and power transfers. For close-in three-phase
faults, the rectifier commutation voltage drops significantly. The dc¢ system shutg
down under VDCOL control until the fault is cleared.

In theory, dc power may be transferred at very low rectifier voltages. This
would require the inverter to assume current control by lowering its voltage and
greatly increasing P. The resulting increased consumption of reactive power may be
more detrimental to the ac system performance than briefly shutting down the d¢
system.

Remote single-phase and phase-to-phase faults do not usually result in shutting
down of the dc¢ link. The average of the alternating voltages is higher than that for
three-phase faults. If the resulting direct voltage is sufficiently high, the dc system is -
likely to ride through the disturbance without any noticeable effect. If, on the other
hand, the reduction in direct voltage is significant, the response is similar to that for
remote three-phase faults.

For close-in unbalanced faults, the harmonic ripple in the direct voltage may
be higher than normal. This may produce ripples in the direct current with a large
second harmonic component. The line reactors and filters, designed for smoothing out
normal characteristic harmonics, are not effective in reducing the second harmonics.
The high ripple current could result in current extinction. Depending on the type of
valve-firing system used, this may require blocking of the dc link [7].

Inverter side ac system faults

For remote three-phase faults resulting in small voitage dips at the inverter, an
increase in direct current occurs. The rectifier CC and the inverter CEA (or constant
voltage) controls respond to the changes. Tap changes will occur to restore converter
firing angle and direct voltage, if the low alternating voltage persists.

If the voltage dip is significant, the reduction in commutating voltages may
lead to temporary commutation failure at the inverter, prior to any corrective control
action. With inverter operation at a y of 18°, it is likely that a voltage reduction by
10% to 15% will cause commutation failure. It takes about 1 or 2 cycles to clear the
commutation failure. Following this, some power may be transmitted with the rectifier
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direct voltage reduced to match the reduction in inverter direct voltage. The resulting
increase in reactive power may necessitate reduction of direct current. The VDCOL
function (see Section 10.4.1) normally provided by the dc control system will cause
this reduction of direct current. During extremely low voltage conditions, repeated
commutation failures cannot be avoided. Therefore, it may be necessary to block and
bypass the valves until the ac voltage recovers.

Unbalanced faults (both remote and close-in) may lead to commutation failure,
partly due to phase shifts in the timing of the phase voltage crossings. For a severe
contingency, it may be necessary to block and then restart the inverter.

When the fault has cleared, the allowable rate of restoration is dependent on
the strength of the ac system. The controls are adjusted to provide the desired rate of

ower buildup. The performance of the overall power system following any system

disturbance depends largely on the ac/dc system interaction as discussed below. It is
also influenced by the subtle design features and response adjustments associated with
the converter controls. These tend to vary with manufacturers. Special control
strategies may be helpful in specific cases.

Recovery from ac system faults [18]

The post-fault system performance for ac system faults is far more sensitive to
system parameters than for dc system faults. Recovery after an ac system fault is easier
and can be more rapid with a strong ac system. Weak ac systems may have difficulty
providing sufficient reactive power at the rate required for fast dc system restoration.
Such systems also exhibit high temporary overvoltages and severe voltage distortion
due to harmonics caused by inrushing magnetizing currents. These may cause
subsequent commutation failures. Consequently the rate of recovery has to be slow.

The time for the dc system to recover to 90% of its pre-fault power is typically
in the range of 100 ms to 500 ms, depending on the dc and ac system characteristics
and the control strategy used. The dc system characteristics which influence the
allowable rate of recovery are the line inductance and capacitance (particularly for
cables), size of dc reactor, resonant harmonic frequencies of the line, converter
transformer and filter characteristics. The significant ac system characteristics are
ESCR, impedance at low order (2™ to 4™) harmonics, damping characteristics of loads
near the dc system, system inertia, and method of voltage control near the converter
bus. '

Control strategies that assist in satisfactory dc system recovery (without post-
fault commutation failures) include delayed or slow ramp recovery, and at reduced
current level during recovery.

The VDCOL function can play a significant role in determining the recovery
from faults. It limits the current order as a function of either the direct voltage or the
alternating voltage. Consequently, reactive power demand is reduced during periods
of depressed voltage. This helps prevent further deterioration of ac system voltage.
Following fault clearing, the current order limit imposed by the VDCOL may be
removed after a delay and gradually increased at a desired ramping rate.
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From the viewpoint of ac system stability and minimization of dc powe,
interruption, too slow a recovery is undesirable. The control strategies must thereforg
be tailored to meet specific needs of an application so as to maximize the Tecovery
rate without compromising secure recovery of the dc system. Such strategies shoy|g
be based on a detailed study of the individual system.

Special measures to assist recovery

Special measures may be used to assist HVDC system recovery fropy
disturbances and to protect the valves. These measures act on either the firing angle
directly or the current order. They depend on the requirements of a specific
installation. The following are examples of such measures:

. Circuits that increase o, from approximately 5° to over 30° during g
undervoltage conditions. -

. Circuits in the inverter which transiently increase y should y slip below the Yoo
limit. Then vy is increased on all succeeding firings for a prescribed period of
time.

. Circuits that advance the firing angle limits by about 10° during start-up of the

second valve group in a pole to prevent commutation failures.

. Circuits that increase B immediately following commutation failure so that the
next valve is fired early to aid the recovery and to lessen the likelihood of
subsequent commutation failure. Typically, P might be moved to 40°, 60°, and
70° on successive commutation failures. Should commutation failure cease, B
would gradually retreat to its original value over a few hundred milliseconds.
However, if it does not cease, a temporary bypass is usually ordered.

10.8 MULTITERMINAL HVDC SYSTEMS

In the previous sections, we considered the performance and application of
point-to-point dc links, i.e., two-terminal dc systems. Successful application of such
systems worldwide has led power system planners to consider the use of dc systems
with more than two terminals. It is increasingly being realized that multiterminal de
(MTDC) systems may be more attractive in many cases to fully exploit the economic
and technical advantages of HVDC technology.

The first MTDC system designed for continuous operation is the Sardinia-
Corsica-Italy scheme. This is an expansion of the Sardinia-Italy two-terminal de
system built in 1967; a third terminal tap was added at Corsica in 1991. The two-
terminal dc system between Des Cantons in Quebec and Comerford in New
Hampshire built in 1986 is being extended to a three-terminal and then possibly to 2
five-terminal scheme [22]. Similarly, other MTDC systems are likely to evolve from
the expansion of existing two-terminal schemes.
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In this section, we will describe alternative MTDC system configurations and
nasic principles of controlling such systems. References 8, 23, 24, and 25 are
recommended for further reading.

10.8.1 MTDC Network Configurations

There are two possible connection schemes for MTDC systems:

° Constant voltage parallel scheme

. Constant current series scheme

In the parallel scheme, the converters are connected in parallel and operate at a
common voltage. The connections can be either radial or mesh. Figures 10.47 and

10.48 depict the two types of connections.

S
B D
i+

(a) System diagram (b) Converter stations’ connection

lf%‘”

Figure 10.47 Parallel MTDC bipolar scheme with radial dc network
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(a) System diagram (b) Converter stations’ connection

Figure 10.48 Parallel MTDC bipolar scheme with mesh type connection
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(a) System diagram (b) Converter stations’ connection

Figure 10.49 Series MTDC scheme

In the series scheme, the converters are connected in series with a common
direct current flowing through all terminals. The dc line is grounded at one location,
Figure 10.49 illustrates the series connection.

It is also conceivable to have a hybrid MTDC system involving both series and
parallel-connected converter stations. The availability of dc circuit breakers [25] will
add to the flexibility of MTDC systems and influence their selection.

The majority of studies and proposed applications of MTDC have considered
parallel configuration with radial-type connection. The mesh connection, although
offering more redundancy, requires greater length of dc lines.

Consideration of series connected schemes has been generally confined to
applications with small power taps (less than 20%) where it may be more economical
to operate at a higher current and lower voltage than for a full voltage tap at full
voltage and reduced current. In a series tap, the voltage rating is proportional to the
power capacity of the tap. However, the converter transformer must have full de
network voltage insulation. Flexibility of the power transfer could require a wide
range for the transformer taps of the series stations. .

In any specific MTDC system application, its special needs will determine the
preferred network configuration. In general, the parallel scheme is widely accepted as
the most practical scheme with fewest operational problems. Compared to the series-
connected scheme, it results in fewer line losses, is easier to control, and offers more
flexibility for future extension.

10.8.2 Control of MTDC Systems

The basic control principle for MTDC systems is a generalization of that for
two-terminal systems. The control characteristic for each converter is composed of -
segments representing constant-current control and constant-firing angle control (CEA
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for inverter and CIA for rectifier). In addition, an optional constant-voltage segment
may be included.

The converter characteristics, together with the dc network conditions, establish
the operating point of the system. For a common point to exist, converter control
characteristics must intersect.

For MTDC systems, there is considerable room for providing flexibility of
options to meet the requirements of individual systems. References 23 and 25 discuss
different proposed control strategies.

The following is a general discussion of significant aspects related to control
of parallel- and series-connected systems.

Parallel-connected systems

In a parallel-connected system, one of the terminals establishes the operating
voltage of the dc system, and all other terminals operate on constant-current (CC)
control. The voltage setting terminal is the one with the smallest ceiling voltage. This
may be either a rectifier on CIA control or an mverter on CEA control.

The V-I characteristics for a four-terminal dc system are shown in
Figure 10.50. The individual converter characteristics are shown in Figure 10.50(a),
and the combined characteristics are shown i Figure 10.50(b). It is assumed that two
of the terminals are operating as rectifiers and the other two terminals as inverters.
The characteristics shown are for one pole. For the sake of simplicity, VDCOLs are
not shown. It is assumed that each terminal has only two modes of control (CC, and
CEA or CIA); the voltage control option is not considered.

In Figure 10.50, 1t is assumed that rectifier 1 is the voltage-setiing terminal
(CIA mode). Tap changers keep angles within the desired range. To maintain stable
control operation, a positive-current margin must be maintained.

If an inverter is the voltage-controlling station, it is vulnerable to inadvertent
overloading. It is unable to control the current at its terminals in the event of a system
disturbance or load change. Disconnection of a current-controlled inverter will require
reallocation of rectifier current settings to prevent overloading the voltage-controlled
inverter.

On the other hand, if a rectifier defines the system voltage, the operation is
more stable. All inverters control current, thereby avoiding operation in the less stable
CEA control mode. The voltage-controlling rectifier is capable of protecting itself
without causing overloading of other stations. The system is less dependent on high-
speed communication and hence is more secure. In general, voltage control at a large
rectifier terminal should provide better performance.

The following are the main drawbacks of parallel-connected MTDC systems:

. Any disturbance on the dc system (line fault or commutation failure) affects
the entire dc system.

¢ Reversal of power at any terminal requires mechanical switch operation.
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(b) Overall characteristics

Figure 10.50 Control characteristics of parallel-connected MTDC systems

o Blocking of a single bridge, in a converter station consisting of two or more
series-connected bridges, requires either operation of the whole system at
reduced voltage or disconnection of the affected station.

° Commutation failure at an inverter can draw current from other terminals and
this may affect recovery.

Series-connected systems
In a series-connected system, current is controlled by one terminal, and all

other terminals either operate at constant-angle (o or v) control or regulate voltage.
Figure 10.51 illustrates the control strategy usually considered for series systems.
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Figure 10.51 Control characteristics of series systems

Current control is assumed by a rectifier if the sum of the rectifier voltages at
the ordered current is greater than the sum of the inverter voltages; the rectifier with
the lowest current order assumes the current control. On the other hand, if the sum
of the inverter voltages is greater, the inverter with higher current order assumes
current control.

For series systems, the voltage references must be balanced, whereas for
parallel systems current references must be coordinated. However, for series systems
the coordination problem is not as critical as it could be with parallel systems.

The series systems allow high-speed reversal of power at any terminal without
the need for switching operations. Bridges and terminals can be taken out of service
without affecting the rest of the system. Communication between terminals is required
for controlling line loadings to minimize losses; this can be achieved with a relatively
slow communication.

The operation of converters in series requires converter operation with high
firing angles. This can be minimized by tap-changer control and backing off one
bridge against another.
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The following are the main drawbacks of the series-connected systems:

. As the voltage to ground is different in various parts of the system, insulatigy
coordination is complex and expensive. Losses are higher in portions wig
lower voltage.

° A permanent line fault causes interruption of the entire system.

o Flexibility for future extension is limited.

10.9 MODELLING OF HVDC SYSTEMS

In this section, we will discuss the modelling of HVDC systems in power-flow
and stability studies. The representation of the dc systems requires consideration of
the following:

. Converter model

. DC transmission line/network model
o Interface between ac and dc systems
o DC system controls model

The representation of the converters is based on the following basic
assumptions:

(a) The direct current 7, is ripple-free.

(b) The ac systems at the inverter and the rectifier consist of perfectly sinusoidal,
constant frequency, balanced voltage sources behind balanced impedances.
This assumes that all harmonic currents and voltages introduced by the
commutation system do not propagate into the ac system because of filtering.

(c) The converter transformers do not saturate.

The validity of making the first two assumptions for power-flow and stability
studies has been demonstrated in reference 27.

10.9.1 Representation for Power-Flow Solution

From the analysis presented in Section 10.2, the converter equations may be "
summarized as follows:
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V., = 3—\ﬁBTE
do T ac

V, = Vdocosa—%XCIdB
or
V, - Vycosy->X_I,B
d = YaOSY T Aty
¢ = cosTH(V,IV, ) (10.45)
P=VI =P,
Q = Ptand
where
E,. = RMS line-to-line voﬁage on HT bus
T = transformer turns ratio
B = no. of bridges in series E L —
P = active power 1T e
Q = reactive power }—*@— Z§ V,
X, = oL, = commutating reactance HT LT |

per bridge/phase
V, 1; = direct voltage and current per pole

The equation used above for determining the power factor angle (¢) is approximate.
It simplifies analysis significantly and gives results of acceptable accuracy, consistent
with the level of accuracy associated with iterative solution techniques used for
power-flow analysis. For specific applications requiring greater accuracy, exact
relationships between ac and dc quantities derived in Section 10.2.2 may be used.

For the purpose of illustration, we will consider a two-terminal de link. Using
the subscripts r and i to denote rectifier and inverter quantities, respectively, the
equation for a dc line having a resistance R, is given by

V, = V,+R,I, (10.46)
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(a) AC/DC interface at the HT bus

Power-flow analysis requites joint solution of the dc and ac system equationg
One approach is to solve the two sets of equations iteratively, as illustrated in Figy
10.52, with the converter transformer HT bus (ac side) providing the interface
between the ac and dc equations.

Interface
DC system P j
o S p— ! -
desired Rectifier Qr i
Kpin - Eacr !
L, DC line Transformer AC

HT bus system
|
Eaci }I
Ymin ——* Q 3
Inverter L ‘
I P, |
(margin) |
Figure 10.52

Here £, and E,; are considered to be input quantities for the solution of dc

acr
system equations. They are known from the previous step in ac solution.

Variables P, Q,, P, and Q, are considered to be the outputs from the solution
of the dc system equations. They are used in the next iteration for solving the ac
system equations.

The dependent and independent variables in the solution of dc equations
depend on rectifier and inverter control modes. The three possible modes of operation

arc:

Mode 1: Rectifier on CC control; inverter on CEA control
Mode 2: Inverter on CC control; rectifier on CIA control
Mode 3: Rectifier on CIA control; inverter on modified characteristic

In mode 1, alternative inverter control functions are constant voltage control and
constant-p control (see Section 10.4.1). For purposes of illustration we will consider
here only the CEA control mode.
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() Mode 1: rectifier on CC control and inverter on CEA control:

In mode 1, we have

° Inverter firing angle adjusted to give v

Y =Ymin- d CIA
. Rectifier firing angle adjusted to give Inverter

=1, CC CC

Rectifier

. Rectifier transformer tap adjusted to -

give o within a desired range.

Iord Id

. Inverter transformer tap adjusted to give Figure 10.53

desired voltage.

From Equation 10.45, with /;=/ , ,, we may write inverter equations as follows:

V. = —B'QBI.TEE

doi T aci
3
Vd’i = Vdoi (COSYmin) B EXCI' Bi Iord

(10.47)

Il

cos 'V, IV, )

P, =Vul,,
Q; = Ptang,

. 15 given by the previous ac solution, V, P, and
Q; can be computed. The transformer tap can be adjusted to give V within the
desired range.

The rectifier equations are

Since vy,,,, and /,,; are known and £

Vdr = Vdi +RLI-ord
3/2
Vior = TEachrTr (10.48)
1 Vdr XcrIord

+

Vdor ﬁEacr Tr

o = COS




548 High-Voltage Direct-Current Transmission  Chap. 19

In the above equations voltage £, is known from the previous ac solution. The turyg
ratio 7, is adjusted to give o within the desired range.

b, = cos NV, IV, )
Pr = VdrIord (1049)
Q, = P tang,

Here P, P,, O, and Q, are outputs to be used in the next iteration of the ac solution
(2) Mode 2: inverter on CC control and rectifier on CIA control
In mode 2, we have

. Rectifier firing angle a=ct,,,,. %
d

CIA CEA
* Inverter firing angle adjusted to give Inverter
{=1 .1,
d tord “m CcC CC
. Rectifier transformer tap adjusted to Rectifier

maximize dc voltage.

. Inverter transformer tap adjusted so that Lora 1
Y>Ymin and var consumption 1is Figure 10.54
minimized. '

With 7, = I -1, the rectifier equations are
Vdor = ﬂBrTrEacr
T
= 3 I )B
Vdr - Vdorcosamin_gxcr(lord_ m) r
(10.50)

cos(V, [V,.)

&
it

P, = Vdr (Iard _Im )

Q, = P tang,

In the above equations, £, is known from the previous ac solution, and 7, is held at

acr

1,,4-1, by the inverter. Turns ratio 7, may be adjusted to maximize V.
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With £, known from the ac solution, the inverter equations may be solved
a5 follows:

Vdal = [Eac:B:T
Vi = Vo~ R,
- -R (Ird m)
vV, X.d ,-I 10.51
y = cos” dl+ Ct( ord m) ( )
Vd"i ‘/EEaciTi

(bi - COS_I(V doz)
p; = Vyly = Vil 1)

Q; = P;tang,

Turns ratio 7; may be adjusted to ensure y>y,,, and minimize var consumption.

Variables P,, P;, U, and O, are outputs of the above calculations to be used for the
next iteration of the ac solution.

(3) Mode 3: reciifier on CIA control and inverter on modified characteristic

For power-flow studies, it is usually sufficient to consider modes 1 and 2.
However, for power-flow solutions (solution of network algebraic equations)
associated with stabtlity studies, it is necessary to consider the transition between
modes 1 and 2. For reasons given in Section 10.4.1, the inverter characteristic is
modified as shown in Figure 10.55. The segment JK, with a positive slope, provides
a more stable control mode than the segment FK. One method of realizing this
modified characteristic is to operate the inverter in the constant-f mode.

In mode 3, we have

. Rectifier ignition delay angle = a,,,,.
. Inverter ignition advance angle = 3.
. I,=I, such that [, >I'>(1 -1 ).

The dc system equations are solved as follows to compute the line current.
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Va

! ord -1, m I ord

Figure 10.55

3/2
Vdor = TBrTrEacr
(10.52A)
Vioi = 3_\/§BiTiEaci
P
Variables £, and E_; are known from the previous ac solution.
V. =V 3 I'X B
dr ~ dorcosamin_; d“ear®r
' (10.52B)
Vi = VdoiCOSBc+%Id,XciBi
From line equation, we have
Ve = Vit R,
Hence,
I = Vdr_th
‘ R
L

V e €058 5,V 3 00SB, - 1 (X, B, +X,B)

n doi cr’r i

1
RL
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Reaﬂanging, we have the following expression for [ in terms of ¥, ,, V. o, and
i whose values are known,
c’

I - Vo cose, . —V, cosp,
d 3 3 (10.53)
RL+EXchr+-EXciBi

with the value of I, known, V. and V, are calculated by using Equation 10.52B. The
ac quantities can then be calculated as follows:

cos” : ( Vdr/ Vdor)

-1 'V ) )
cos  (V,/V,,) (10.54)

- VdrIc; ’ Qr - Prtand)r

N NS o
1]

; =Vl Q; = Ptand,

For transient stability simulations, the tap-changer action is too slow and hence not

considered.
For any given system condition, the rectifier and inverter modes of operation

may not be known prior to the solution of system equations. Therefore, the following
procedure may be used to establish operating modes and solve the ac and dc

equations.
1. Solve for ac equations; output £, E,..

2. (a) Solve mode 1 dc equations.
If a>a, . mode 1 condition is satisfied; go to step 3.

min>

(b) If a<a,,;,, solve for mode 2 dc equations.
If y>y,,;,» mode 2 condition is satisfied; go to step 3.

(c) If y<y,,.,. solve for mode 3 equations.

3. Calculate P, Q, P, and Q,. If mismatch is greater than tolerance, go back to step
I and solve ac equations.

4. If mismatch is less than tolerance, solution is complete.
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(b) AC/DC interface at the LT bus

In the representation discussed above, the ac/dc interface is at the HT side of
the commutating transformer. An alternative representation is to have the ac/q,
interface at the LT side (the valve side) of the commutating transformer.

An advantage of using the ac/dc interface at the LT bus is that it allows the
commutation reactance to be different from the leakage reactance of the commutating
transformer. ldeally, it should be the leakage reactance plus the equivalent system
reactance at the HT bus. In most cases, the system reactance is small compared to the
transformer reactance and, therefore, the LT bus representation may not be essentig],
In weak systems, this may not be true and the flexibility offered by the so-called 1T
representation is useful. The LT bus representation also offers flexibility in modelling
SVCs, synchronous condensers, and filters connected to the tertiary winding of the
converter transformers.

In the LT bus interface approach, the ac system representation includes
converter transformers, and the ac solution includes computation of LT bus voltages,
The LT voltages are used as input to the solution of dc equations. The HT bus voltage
(or more precisely the commutating voltage) is computed from the LT voltage, and
used in the solution of dc equations, which are essentially the same as those for the
HT bus interface approach. The output of the solution of dc equations, for use in the
next iteration of ac solution, is P and @ at the LT bus.

The following are the details of the calculations. Since an equivalent HT bus
1s used, there i1s no need for a transformer tap ratio in the dc equations.

Calculation of equivalent HT bus line voltage:
Let
E; = RMS line-to-line voltage at LT bus
E,. = RMS line-to-line voltage behind X,

X, = equivalent commutating reactance per phase
¢;r = angle between LT bus phase voltage and line current

_HT LT ,
{(ac side) | 1150 1 (valve side) ELT/\/§
5 \%
l

ac
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Using the LT bus line-to-neutral voltage (£ LT/\/§) as reference phasor, we have

E E. .

ac

5B

I, (cosd,,-jsind 1)

V6L,B (10.55)

E. = ELT+]\/_—— (cosd)I_T Jsind, )

6X, L 6X
E,  +——I sing, .|+] - ~—=I cosd,
T

/2

Calculation of reactive power at the LT bus:

As before, active power is
P = VdId = Pac

and the reactive power at the equivalent HT bus is

Qyr = Ptand,,

where

by = cos T (V,IV,)

To find the reactive power at the LT bus, Oy is reduced by the three-phase X CIZ loss.
Since there are B bridges in parallel,

Qur = Q3

(10.56)

= Q- BX, =1

Reference 28 uses the above approach.
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Inclusion of converter station losses

The dc system equations used so far did not consider converter station losseg,
There are several losses associated with a converter station such as those of converte,
transformers, filters, valves and valve auxiliaries, and smoothing reactors. The
transformer copper loss may be represented by a series resistance, while other ac side
losses are neglected. Inclusion of this resistance in the commutation overlap equation,
however, results in considerable complexity in the converter equations; this is not
usually justified. _

The losses associated with the valves and their auxiliaries may be combineq
with the smoothing reactor and explicitly represented as equivalent series resistance
(R,,) on the dc side. There is also a small valve forward voltage drop (Varop) due to
arc drop in mercury-arc valves or forward voltage drop in thyristors. Their effects
may be included by modifying the converter equations as follows:

V,=V,cosa-RI,-R, I Vdmp (10.57)
where
R, = equivalent commutating resistance = (3/m)X,
R,, = equivalent resistance representing the losses in the valves and auxiliaries

eq
Vdmp = voltage drop across the valve

The above equation is applicable to a rectifier as well as an inverter. However,
for inverter calculations we prefer to write the equations in terms of v:
Vy = Vgcosy-R IR, [,+V, (10.58)
Figure 10.56 shows the corresponding equivalent circuits. These modifications to the
original equations present little complexity and are easy to incorporate.

Rc Req Vdrop Vdrop Req _Rc
AAVAY AN N I b=t 0-“—“ NNA—ANY
Uﬁ “ 4 v “ =
d d Z
Sy i E
) By
(a) Rectifier (b) Inverter

Figure 10.56 Converter equivalent circuits
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The effect of neglecting losses is to introduce a small error in the computed
value of active power and a relatively significant error in the value of reactive power
[27]. These effects could be important for the case of back-to-back links.

Multiterminal DC systems

The formulation of power-flow equations developed above applies to two-
serminal dc systems. The method can be readily extended to multiterminal systems.
Two approaches have evolved for the solution of power-flow equations. One
;s the sequential solution approach [29] in which the ac and dc equations are solved
separately at each iteration. The other is the unified solution approach [30] in which
the ac and dc systems are combined and solved as one set of equations during each

jteration.

Example 10.2

Figure E10.2 shows a bipolar dc link with a rating of 1,000 MW, +250 kV. The line
resistance is 10 {/line. Each converter has a 12-pulse bridge with R =(3/m)X, =12 Q
(6 Q for each of the 6-pulse bridges).

The performance of the bipolar link is to be analyzed by considering it to be a
monopolar link of +500 kV. The rectifier ignition delay angle limit (¢ ;) is equal to
5°. The effects of converter station losses and forward voltage drop across the valves
may be neglected.

The de link is initially operating with the rectifier on CC control with o;=18°10’, and
the inverter on CEA control with y,=18°10". The current margin 7 is set at 15%, and
the transformer turns ratio at each converter is 0.5. At the inverter, the dc power is
1,000 MW, and the dc voltage is 500 kV (for the equivalent monopolar link).

10 Q
220 kV AMA, +2|50 kv 220 kV
LT HT

HT LT

|
—— 7S Wlm | 125 kv 7
ar ZSJ R 125 k\I S7 —&

7 —@
3

10 O ‘
-250 kV

Rectifier Inverter

00
a0

Figure E10.2
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{(a) For the above operating condition, compute the following:

(1) Power factor and the reactive power at the inverter HT bus.

(ii) Inverter commutation overlap angle L.

(ii1) RMS values of the line-to-line alternating voltage, fundamenty)
component of the line current and the reactive power at rectifier HT
bus.

(b) If the rectifier side HT bus ac voltage drops by 20%, compute the following:
(1) DC voltages at the rectifier and inverter terminals.

(i1) Rectifier angle a, and inverter angles y and u.

(iif)  Active and reactive power at the inverter and rectifier HT buses.

Assume that the transformer taps have not changed and that the inverter side

ac voltage is maintained constant.

() If the inverter side HT bus ac voltage drops by 15% and the rectifier side ac
voltage remains at its initial value, determine the following after the tap
changer action:

(1) The dc voltage at the rectifier and inverter terminals.

(11) Rectifier angle o and the inverter angle .

(iii)  Active and reactive power at the rectifier and inverter terminals.

The rectifier transformer control action attempts to hold ¢ between 15° and

20°, and the inverter transformer control action attempts to hold the inverter

dc voltage within the range of 500 to 510 kV. Assume that the maximum and
minimum tap positions are 1.2 pu and 0.8 pu (corresponding to turns ratios
of 0.6 and 0.4) respectively, with a tap step size of 0.01 pu. ‘

Solution

Figure E10.3 shows the equivalent circuit of the bipolar link represented as a
monopolar link of +500 kV. :

(a) The initial operating condition is as follows:

oy = v = 18.167° P, = 1,000 MW
T, =T, =05 V, = 500 kV
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RC)’ RL —20 Q _Rcf
I—l} NN AN AN
_ ; .
Vaorcosar ﬁ Var Vi

B, =4
R, =6 Q/bridge

R, =6 C/bridge

Figure E10.3 Equivalent circuit

The direct current is

The inverter ideal no-load voltage is

Vo - Va+t BRI,
I —
CcosY,
500+4x6x2
cos18.167°

576.75 kA

(i) The power factor at the inverter HT bus is

v,
cosd, = —2 = 390 _ 4669
V. 51675
and
b, = 29.896°

The reactive power at the inverter HT bus is

Q, = P,tand, = 1000tan29.896° = 574.94 MVAr
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(i1) Since V=V . (cosy+cosp)/2,

g
cosp = 2—=~cosy,
doi

-cosl18.167°

il

= 0.7837
and
B = 38.399°

Hence, the inverter commutation angle is
B, = P-v, = 38.399°-18.167° = 20.232°
(iii) At the rectifier, we have

Va

r

= V,+ R, I, = 500+2x20 = 540 kV

and

V,+BR_I,

rocr

cose,
540+4x6x2
cos18.167°
618.85 kV

The RMS line-to-line ac voltage at the HT bus is

E _ Vdor
“r = 135058 T,

618.85
1.3505x4 x0.5

229.12 kV

Chap. 19

The sum of the RMS fundamental line currents in the four transformers is

_ /6
ILIr ~ ?BrTrId
= 0.7797 x4 x0.5x2

3.119 kA
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The dc power at the rectifier is
P, =V, I, = 540x2 = 1080 MW

The power factor at the rectifier HT bus is

V
cosh = & = 340 _ 8726
"V, 61885
and
b, = 29.24°

The reactive power at the rectifier HT bus ts
Q, = P,tan¢, = 1080tan29.24° = 604.57 MVAr

(b) With the transformer taps unchanged, ¥V, is directly proportional to F,_.
Therefore, when the rectifier HT bus voltage drops by 20%, we have

V,, = 0.8x618.85 = 495.08 kV

We will first assume that the dc link continues to operate in mode 1: rectifier on CC
control with I,=1 ;=2 kA, and the inverter on CEA control with V=500 kV. The
corresponding direct voltage at the rectifier is

V, =V, +R/I, = 500+20x2 = 540 kV
Therefore,
V.+BR I
cosa = dr+ roterd
Vdar
_ 540+4 x6x2 > 10
495.08

Therefore, mode_l condition is not satisfied. The controls switch to mode 2: rectifier
on CIA control with a=a,,;,=5° and the inverter on CC control with

I,=1,1 =(1.0-015x2 = 1.7 kA

(1) The rectifier and inverter direct voltages now are

V

i = VdOrcosa—B R I,

roer

495.08cos5° -4x6x1.7
= 452.39 kV
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Vi = Vo~ R I,
= 452.39-20x1.7
= 418.39 kV
(i) Since the inverter ac bus voltage has not changed, V,,=576.75 kV. With d=1"7
kA, we have
Vit BiR 1,
cosy = ————
Vaoi
_ 418.39+4x6x1.7
576.75
= 0.796
and
vy = 37.23°
Now,
- cosy +cosf
Va = Vao———
2
Hence,
2V,
cosp = ——-cosy
doi
_ 2x418.39 0796
576.75
= 0.655
and
p = 49.10°

The inverter commutation angle is
M, = B-y = 49.10°-37.23° = 11.87°
(iii) The dc power at the inverter is

P, =V, = 418.39x1.7 = 711.26 MW
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The power factor at the inverter HT bus is

Va _ 418.39
Vi 57675

= 0.725

cosp, =

and

¢, = 43.49°
The reactive power at the inverter HT bus is

Q, = Pitand, = 711.26tan43.49° = 674.85 MVAr
The dc power at the rectifier is

P =V, I =452.39x1.7 = 769.06 MW

The power factor at the rectifier HT bus is

%
cosh = —& = 2395914
Py T 49508
and
b, = 23.97°

The reactive power at the rectifier HT bus is
Q, = P tand, = 769.06tan23.97° = 341.87 MVAr

(c) When the inverter side ac voltage drops by 15% and the rectifier voltage remains
at its normal value, mode 1 operation is possible. Hence, the rectifier is on CC control

with
IL=1_,=2 kA
and the inverter is on CEA control with

y = 18.167°

Due to the reduction in ac voltage, the inverter d¢ voltage drops. The rectifier o
increases and the dc voltage decreases so that /; is maintained constant. The rectifier
transformer tap changer acts to hold a between 15° and 20°, and the inverter
transformer tap changer acts to hold V' between 500 kV and 510 kV.
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The ideal no-load voltage of a converter is directly proportional to the ac voltage ayg

the transformer turns ratio. In (a), we computed the rectifier and inverter ideal no-loaq
voltages under normal ac voltages and 1.0 pu tap position (turns ratio of 0.5) to he

Ve = 61885 kV

r

and

V. =576.75 kV

doi

With normal ac voltage and tap changer action, for the rectifier, we have
V,, = 618.85T

where T is the pu tap position.

Similarly, for the inverter with ac voltage reduced by 15%, we have
Vi = 576.75(0.85)T, = 49024 T/

Hence, the inverter dc voltage is

Vi = ViCosy BRI,

ic

490.24 T/ cos18.167° -4 x6x2 ' (E10.1)

= 465.72T/-48 kV
The rectifier direct voltage required to maintain 7; at 2 kA is
V,=V,+R I, =V, +20x2 = V_.+40 kV (E10.2)

This should be equal to

Vy = Vypcosa-B R I,
(E10.3)
= 618.85T coso. -48
From Equations E10.2 and E10.3 we have
V;+88
cosw = — & (E10.4)
618.85T

Table E10.1 shows the variations in ¥, and o as T/ and 7, change from their initial
values to satisfy the control requirements.
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Table E10.1

Notes: ¥, computed using Equation E10.1
a computed using Equation E10.4

T/ I Vi (kV) o (degrees)
1.0 1.0 417.7 35.2
1.01 0.99 422.4 33.6
1.07 0.93 450.3 20.7
1.08 0.93 455.0 19.4
1.10 0.93 464.3 16.3
1.11 0.93 468.9 14.6
1.12 0.94 473.6 15.1
1.13 0.95 478.3 15.6
1.17 0.98 496.9 15.3
1.18 0.99 501.5 15.8

563

From the table we see that the inverter tap- position increases until 7/=1.18 pu

(corresponding to a turns ratio of 0.59) which results in a V; of 501.55 kV.

The rectifier pu tap position 7, which meets the control requirements is 0.99 (turns
ratio of 0.495); the corresponding o is 15.8° and the direct voltage from Equation

E10.3 is

V, = 618.85x0.99xcos15.8°-48 = 541.51 kV

At the rectifier w

e have

Vo 54151

= V,I, = 54151x2 = 1083.02 MW

o)
o
1773

<
<
R

Q
1}

Ve  618.85x0.99

= 0.884

Ptand = 1083.02tand, = 573.2 MVAr
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At the inverter we have
P, = V,I, = 501.55x2 = 1003.1 MW

Ve _ S0L55 e
V :

o 49024x1.18

P,tan¢, = 1003.1tand, = 576.7 MVAr

o
Q
2]
<
n

L
i

10.9.2 Per Unit System for DC Quantities

A convenient per unit system for the dc quantities has the following base
values:

3[V

Vdc base ac base Vdo
Idc base Ia’c rated ( 10.5 9)
ch base = Vdc base / Ia‘c base

dc base = Vdc base Idc base

where

B = number of bridges in series in the dc converter
Ve base = line-to-line ac base voltage referred to the LT side of the commutating
transformer

If the commutating reactance per bridge expressed in ohms is X, then the per
unit total commutating reactance for the B bridges in series is

x, - 2% (10.60)

ch base

Relationship between per unit quantities in the dc and ac systems

The base power and base impedance for the ac system are

P ac base — MVAbase f ac base ac base
Zac base ac base / (‘/— ac base
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In the ac solution, the commutating reactance is represented by the parallel
Combination of B individual transformer reactances. The per unit value of X, in the

ac pet unit system is

|
Bt

Therefore, the ratio of the per unit values of X, in the two systems is

BX v BZacbase

) ch base X

}_{-dc
X_aC
§ Pdcbase
P
ackase (10.61)

If

vV

dcbase

Bz [Zacbase] _ Bz [ Vacbase

Z dc base

2
Pdc base
P

P

ac base

18 Pdcbase

n? P

acbase

Idc Iacbase _ Idc Iacbase

Idc base Iac B E Idc Idcbase

T

'-4|| ~
&

n P Vdcbase _ Pacbasel B3\/§ (10.62)

ac base

B\/_ﬁ_ Pdcbase \/chzcbase Pdcbase \/-6 Bﬂ\/g

_ ac base

P

de base

Usually, P, 5. 1S chosen to be equal to P, ;... Alternatively, P, , . may be chosen
to be the nominal rating of the dc¢ line. It is obvious that the use of the per unit

system for the dc quantities offers no particular advantage. The dc quantities may in
fact be handled in terms of their natural units, and many computer programs do so.
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10.9.3 Representation for Stability Studies

In a stability program, the ac network equations are represented in terms of
positive-sequence quantities. This imposes a fundamental limitation on the modelling
of the dc systems. In particular, commutation failures cannot be accurately predicteq
Commutation failure may result from a severe three-phase fault near the inverter,
unbalanced faults on the inverter side ac system, or saturation of converte
transformers during dynamic overvoltage conditions.

Notwithstanding the above limitation, models of various degrees of detail haye
been effectively used to represent dc systems in stability studies [28,31-37]. A genery)
functional block diagram model of dc systems is shown in Figure 10.57.

Some of the early efforts to incorporate HVDC system models into stability
programs used detailed representation which accounted for the dynamics of the line
and the converter controls [28,31,32]. In recent years, the trend has been toward
stmpler models [33]. Such models are adequate for general purpose stability studies
of systems in which the dc link is connected to strong parts of the ac system.
However, for weak ac system applications requiring complex dc system controls and
for multiterminal dc systems, detailed models are required. Therefore, the trend is
reversing and the preference is to have flexible modelling capability with a wide range
of detail [8,34,35,36]. The required degree of detail depends on the purpose of the
study and the particular dc system.

Each dc system tends to have unique characteristics tailored to meet the
specific needs of its application. Therefore, standard models of fixed structures have
not been developed for representation of dc systems in stability studies. Instead, three
categories of models have evolved: (a) simple model, (b) response or performance
model, and (¢) detailed model with flexible modelling capability.

(a) Simple models

For remote dc links, which do not have a significant impact on the results of
the stability analysis, very simple models are usually adequate. The dc links may be
represented as constant active and reactive power injections at the ac terminals of the
converters. Where more realistic models are required, the dc link is represented by the
static converter equations and functional effects of the controls. The models appear
as algebraic equations and the interface between ac and dc systems is treated in a
manner similar to that described for power-flow analysis in Section 10.9.1.

(b) Response models

For general purpose stability studies the dynamics of the dc line and pole
controls may be neglected. The pole control action is assumed to be instantaneous and
the lines are represented by their resistances. ‘

Many of the control functions are represented in terms of their net effects,
rather than actual characteristics of the hardware. The following are the features

included in a typical response type model.
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Set power or +/;: N+ Runback
set current N signal Scheduled dc voltage
Blocking/Unblocking
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Current DC voltage
Measured order order Measured
de voltage computation computation | ¢ voltage
(master controls) ‘ (optional)
Bypassing/Unbypassing
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direct current

Rectifier ac
[

injection bus

Current margin

direct current

Current
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3
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y

Current
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Inverter ac
— =

injection bus

Min. margin angle

Figure 10.57 Functional block diagram of an HVDC system model
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Converter and line equations:

The three modes of control, as identified before, are

. Rectifier on CC and inverter on CEA control
. Rectifier on CIA and inverter on CC control
. Rectifier on CIA and inverter on constant-p control (transition mode)

The control logic associated with the three modes of control may be incorporated intq
the stability solution as described in Section 10.9.1. In this case, however, transformey
taps are not adjusted as they are not fast enough to be effective during the period of

interest.
Current-control order with limits:

-The current order 1s determined so as to providé either current control or
power control as desired. Constraints are imposed on the current-order level to keep
the current within maximum and minimum limits. The maximum current is
determined by the voltage-dependent current-order limit (VDCOL) as shown in Figure
10.58. The VDCOL may be given a time delay to assist in riding through ac system
faults (see Section 10.7).

I’MAX Iord i
Dax f Luax| 7
] ,
1 MIN 13
DV Vd ! desired

Figure 10.58 Voltage-dependent current-order limits

Control actions during ac faults.

It is necessary to have adequate representation of the actions of controls during
ac faults. The following is an example of the logic that may be used to account for
the control actions.

If the ac voltage on either side falls below a certain value for longer than a
specified time, the direct-current order is set to zero. A ramp limit restricts the rate
of decrease of direct current. The line is shut off when the current falls below a
specified minimum value.
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The direct line current is restored after the ac voltage recovers to an acceptable
jevel. If the voltage recovers before the direct line current has reached its minimum
value, the desired current is immediately restored to its original value. The line current
increases at a specified maximum rate. If the voltage recovery occurs after the line has
peen shut down, the recovery is delayed by a specified time. After this, the direct line
current is restored to its original value at a specified maximum rate.

The following are examples of two alternative types of recovery procedures:

(i) The current is increased by controlling rectifier o, with the inverter firing
angle fixed at 90°. When the current reaches the desired value minus the
current margin, the inverter extinction angle is ramped down to a specified
value (normally original value) at a specified rate.

(i) ~ The current is increased with the maximum possible de voltage (with y=y, or

Option (i) ensures that during recovery the maximum reactive power is drawn from
the ac system and may be used to control the overvoltages. Option (ii) ensures that
maximum possible power is transmitted through the dc link.

The mode of operation and dc blocking and deblocking sequences are system

dependent. The optimum sequence is established by experimentation.
A typical dc controller representation is shown in Figure 10.59. The dc shutoff

recovery sequence for ac system faults is illustrated in Figure 10.60.

Commutation failure checks:

The dc model usually includes a logic for shutting off the dc line for
commutation failure, detected by monitoring commutation voltage or converter margin

angle.
Power/Current order modulation:

Dynamics of controls used for ac system stabilization are represented
accurately, consistent with the representation used for other forms of stability controls
(for example, power system stabilizers).

(¢) Detailed flexible model

A wide range of dc system-modelling detail is required in stability studies.
Either separate models each representing a dc link in detail or a single detailed model
with facilities for simplification should be provided to achieve this flexibility. Because
of the variety of controls associated with dc links, “user-defined” control models are
likely to be required in addition to the basic ac/dc interface model.
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L Idreset
o Rate limit l
] ord + ﬂ 1+ST1 + _:L /— l w'\'—ao._..____‘[d
A 1+5T, / T / s S
1 2
IModula{ion
Note: 1. S, is switched too if £ _<E, .  orE <E . . for a period AT>Tp,

2. S, is switched to I;,.., if line shuts off and £, and E_ are
greater than E and AT>Tp,

. recovery
3. T; is the response time of current control loop

Figure 10.59 Current-control block diagram

Id reset

Time

Figure 10.60 Shutoff and recovery sequence

At the highest level of detail, the following modelling features should be
provided:

. DC line — a dynamic model which represents the resistance, inductive and
capacitive effects of the dc line. The capacitive effects may be particularly

important for cables.

o Converter controls represented by appropriate dynamic models for
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— Master controls

— VDCOL including dynamics

— Current/power modulation

— Fast power change logic, including blocking/deblocking

— Pole controls capable of representing different control options such as
CC, CEA, constant ac voltage, constant dc voltage, etc.

— Commutation failure simulation logic

— Special controls used to assist HVDC system recovery from
disturbances, prevent commutation failure, etc.

AC/DC interface — correct representation of the commutating voltage,
commutating reactance, and transformer tertiary bus to which SVCs and
synchronous condensers and other devices are connected.

In such models, the converter angle limits are embedded in the dc controls so
that no special mode shift algorithm is required. However, the converter characteristics
are still represented by equations relating average values of dc quantities and RMS
values of ac fundamental components. This model may be referred to as “quasi
steady-state model.” It would accurately represent the HVDC system performance in
stability studies for analysis of balanced operation, consistent with the representation
used for other elements of the power system.

Since the waveforms of the voltages and currents are not represented in the
model, only some general predictions regarding commutation failure can be made.
These can be based on the magnitude of commutating voltage or inverter margin
(extinction) angle.

A flexible quasi steady-state model should have facilities for simplifications
so that models with a level of detail that is appropriate for the purpose and scope of
the stability study may be used.

Detailed HVDC system models include dynamics which are usually much
faster than those associated with the ac system models. In stability studies involving
time-domain simulations, very small integration time steps are required to solve the
dc equations. Hence, care should be exercised in integrating the ac and dc system
equations. One approach often used in such situations is to solve dc equations by
using time steps which are submultiples of time steps used for ac equations.

Detailed three-phase representation:

The detailed model described above, based on positive-sequence phasor
representation of ac system quantities, 1s not accurate for analysis of unbalanced faults
and for prediction of commutation failure. Accurate simulation of such conditions
requires a detailed three-phase, cycle-by-cycle representation including dynamics of
the ac line, filters and converter controls, during the disturbance and initial recovery.
Thus, the two types of simulation, one using detailed three-phase representation of a
small part of the system near the dc link and the other a single-phase quasi steady-
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state representation of the complete power system, are used in a complemen

manner. The first type of simulation can be performed by using an electromagnet,
transients program (EMTP) [38] or a dc simulator. It is conceivable that in the futyy,
this type of simulation could be incorporated into a transient stability program [6,39],

An example of detailed model

A converter control model used by some early stability programs [28, 317 wit
detailed representation of dc links is shown in Figure 10.61. It represents controlg
used for the Pacific DC Intertie and other similar systems.

In these systems, individual phase control is used to generate the converter
firing pulses (see Section 10.4.3). This is reflected in the model. The heart of the
control system 1s the “delay angle computer,” which is represented by block 7 of
Figure 10.61. It is based on Equations 10.39 and 10.40. As discussed in Section
10.4.3, the control system consists of three units: the first provides an outpyt
proportional to direct current [, the second provides an output proportional to
E,cosy,, and the third provides an alternating voltage proportional to E, coswt [12],

The control system uses the ac voltage to establish zero firing point reference,
It then adds a direct voltage proportional to the error current to establish the proper
firing point. The delay angle computer adds a bias signal Eycosy,,,, to the ac voltage.
The input £, the commutating voltage, in reality consists of three sinusoidal voltages,
one for each pair of elements connected to an ac terminal. The output coso actually
is a signal suitable for producing a firing pulse at the proper time, i.e., delayed by an
angle o. The following is the basis for the “delay angle computer” block shown in
Figure 10.61.

From Equation 10.39, the instant of firing a=w¢, is given by

\/§Emcosmt1 = ZIdXC—\/gEmcosy

Hence,

1

COS¢ Cos 0)1'1

= Xy -Ccosy

J3E,

2Rcld s
= — - cosy

V3E, 3

(10.63)

C_

= -~ -COosY
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where 7., is modulating signal if used, and 7, is computed to give required coso
under steady state.

2. Limit on current regulator output: LIM = Ej(cosy,+cosa,,;,) V.
3. Yo = initial inverter extinction angle.
4. P, is specified at rectifier end. Therefore, to determine I, for inverter, the voltage

drop due to line resistance has to be taken into consideration.

Figure 10.61 A detailed HVDC converter model



574 High-Voltage Direct-Current Transmission  Chap, 14

where
V., =2R1,
E, = output of commutating voltage transducer
3/3E, 3/2E_
= a0 = - = pu a = 135Eac

To include current control, an additional signal V,, is added so that

V V
cosow = —-+—~—cosy
E, E,
(10.64)
V
= —%-cosy

0

The upper part of Figure 10.61 shows how the current order is determined.
Either constant power mode or constant current mode may be specified. The current
order is limited by the maximum and minimum current limits. The maximum limit
is voltage dependent (VDCOL).

There are three possible modes of operation:

. Constant ignition angle, with a=a,,, ;
. Constant current; and
o Constant extinction angle, with y=y,.

(a) CIA mode:

The mode of operation exists when V. = LIM. The corresponding V, is

vV, = V.V, = LIM+V,
= [E (cosy,+cose, . ) -V ]+V,
Hence,
Va EO '
cosa = —-Ccosy, = —(cosy,+cosa,  })—Ccosy,
(o} EO )

cosa, ..
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(5 CC mode:

This is the normal mode for the rectifier. In this mode V. lies between 0 and
LIM. Initially 7,..is computed so as to give the required coso: to satisfy steady-state

conditions.

(c) CEA mode.:

This is the normal mode for the inverter. For this mode, V. is equal to its
Jower limit of zero. From Figure 10.61 and Equation 10.64, with ¥,_.=0 and y=y,, we

have

V. 2RI,

COSQ = — - COSY, = - COsY,
E
0 0

Therefore, the control will ensure that cosa corresponds to a condition with y=y,.

Limits on the oulput block:

The limits ensure that the firing angle is limited to the desired values. Usually,
=5° and o, =110°. |

We see that the above model reflects the dynamic performance of the converter
control hardware closely. In contrast, a response model uses logic to represent many

of the functions.
Chapter 17 (Section 17.2.3) gives an additional example of a dc link model

with a detailed representation of pole and master controls.

Qpin

Guidelines for selection of modelling detail

The modelling requirements of dc systems are influenced by the following
factors:

. Nature and scope of the study,
. Type of disturbance considered, and
. Strength of the associated ac systems.
The following provide general guidelines for selection of modelling detail.
L. For studies involving disturbances remote from dc links, simple algebraic

models may be used unless very low frequency interarea oscillations are
excited by the fault. In such a case, response models which include the dc link
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modulation controls should be used.

For studies associated with preliminary planning of a dc link, response mode|q
are usually adequate.

For studies involving dc links connected to weak ac systems, response modelg
may be used for initial planning studies provided that they represent the
relevant control action adequately. Detailed models are necessary if specig)
de link controls are to be studied.

For studies associated with planning and design specifications of equipment
close to dc links, detailed models are required.

For studies involving multiterminal HVDC systems, detailed models are
required to ensure that the coordination of the converter controls is correct.
Convergence difficulties are often experienced with the use of response models
for such systems. In initial studies, simple pole controls may be used to
minimize the modelling requirement. Special controls necessary for
multiterminal systems such as current balances must be modelled.

For determination of the effects of dc modulation controls, a response model
is usually adequate.

For studies involving worst-case disturbances specified by planning/operating
criteria, the modelling requirements depend on the disturbance as follows:

(a) Bipolar outage with no restart (say, due to high-level control
malfunction) or with unsuccessful restart on both poles — A simple
model could be used, since the dc power would be either zero or
relatively low.

(b)  Rectifier side single-line-ground ac fault with breaker and pole outage
(the remaining pole would be ramped to cover the loss, subject to
overload limits) — A response model is normally adequate. The zero
sequence impedance of the Y-A converter transformer should be
included in the fault shunt.

(c) Three-phase ac faults at critical locations near the rectifier, in which
case either some dc power can be transmitted during the fault, or the
dc shuts down and must be restarted rapidly — The restart or recovery .
characteristic is important. For example, a very fast recovery could be
counterproductive if the ac system is weak. Generally, a detailed model
is required. In early planning stages, however, a response model
including restart may be used.
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(d) Inverter side single-phase ac faults which block dc power during the
fault because of commutation failure — A detailed model is required
since recovery time and characteristic can be critical (and multiple dc
links may be affected).

(e) Various ac disturbances where dc special stability controls (modulation
or fast power changes) are used — A response model is normally
needed. More detailed representation of controls would be required in
the case of weak ac systems. Normal power modulation can be counter-
productive, and it may be necessary to model controls which decrease
dc power during voltage dips (desynchronizing effect).

For studies involving unbalanced ac disturbances and unbalances caused by the

8.
dc system, depending on the purpose of the study, an EMTP/transient stability
combination model may be desirable.
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