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PREFACE
This brochure is intended as an application guide for
system planners and operators as well as equipment

engineers, who want to evaluate control strategies for DC
converters.

This brochure starts with an explanation of DC converter
capabilities and how this can be evaluated for var control.

Impact from disturbances, etc. are explained and models
for analytical studies are shown. Lastly, the application of
var control is discussed and as an example, a DC
converter with var control is compared with a converter
station including a static var compensator (SVC) for var
control. '

The brochure contains 12 appendices with a detailed
explanation of specific subjects discussed in the main
report. These appendices are useful to experts in the
specific fields and can be read independently of the main
brochure.

ABSTRACT

The fast control of DC converters can be used to determine a
control strategy useful for reactive power and voltage control
in the AC network. The brochure deals with var control on
DC converters and concludes that the performance can be
similar to static var compensators (SVC) added to the con-
verter station for this purpose. A novel feature is an analysis
of the var range usable for converter control. It is found that
the range depends highly on the active power through the
converter. Curves for normal converters and for converters
specially designed for this application are considered. The
steady-state area for converter var control is significantly
reduced from the theoretical area available, and the area
available for dynamic control is between those limits. A
substantial disadvantage is that natural commutated converters
always absorb reactive power, which implies that the average
value of the reactive power absorption will have to be
increased to have a control range for var control. For the
forced commutation type convester curently being
investigated this is not the case, but only natural commutated
converters are considered in this paper. For establishing a
desired control strategy and for finding optimal parameters for
var control, careful system studies have to be made and
models for such studies are summarized.
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1. INTRODUCTION

Most transmission components such as lines and trans-
formers have simple and passive performance in the
power system. Contrary to this the performance of DC
converters is very dependent on their inherent controls.
"‘Both the static and dynamic performance of DC con-
verters are determined by the controls. This means that
we can elaborate the control strategy of the DC converter
in such a way that characteristics useful for the AC net-
work are obtained. Normally priority is given to active
power control, but in some cases var control can also be
of interest.

Of course we cannot change the natural properties of DC
converters, which properties are that they absorb reactive
power whether in rectifier or in inverter operation. They
also produce harmonics, wherefore AC filters are required
to absorb somie of these harmonics at the same time as
they generate -some of the var absorbed by the converter.
But the exchange of reactive compensation is mostly
determined by needs of the AC system.

The object of this paper is to explain how DC converters
can be used for var control, and how the performance can
be compared with other reactive power sources. The
paper gives guidance to systern planners and operators to
minimize interactions of the AC/DC system with respect
to voltage control and var optimization. Unwanted
interactions due to harmonics, commutation failure, etc.,
are also considered.

Only natural commutated converters are considered in
this paper. '

2. DC CONVERTER CAPABILITIES

2.1 Introduction

Figure 1 shows the capability diagram or PQ diagram for
an HVDC converter where the converter transformer taps
and the AC system voltage are assumed constant. By
capability diagram we understand a diagram similar to
those used for generators and indicating .the area available
for control of active and reactive power by the converter.

In curve 1 (rectifier) the DC voltage is kept constant at
its maximum value, and the power is controlled by the
current.

In curve 2 the inverter is operated at the minimum
control angle (y ~ 15-17°) which is a compromise
between the wish to reduce var absorption and limit the
occurrence of commutation failure to values that are
small and considered acceptable.

Together curves 1 and 2 represent the control
characteristics with the lowest var absorption by the
converters. These types of control are therefore often
used in actual schemes in order to minimize losses, and
because they provide for the least expensive converters.
We refer to them as the basic control schemes.

Curve 3 represents a situation where the DC current is
kept constant at its maximum value. '

Within the area enclosed by curves (1), (2) and (3), the
converter controls can in theory be made to act, very fast
if necessary, in order to improve the operation of the
combined AC/DC system. Additional control strategies
can be implemented to act on AC or DC variables, or
both, in order to control the flow of active and reactive
power, the AC voltage or the frequency.

As example curve 4 in Figure 1 shows a case where the
converter is operated with constant absorption of reactive
power. Curve 5 with constant active power shows a case
where the reactive power absorption can be changed by
e.g. an external control to keep: the local voltage constant
while the active power transfer remains constant. Such
control strategies should follow"the requirement from the
AC network.

2.2 Steady state DC converter capabilities

In practice many factors will reduce the area available for
controls. Appendix 1 gives a detailed explanation of the
factors important to the capability of reactive power
absorption in DC converters, and how these factors limit
the area available for control.

In theory it is straight-forward to design the converters
for steady state operation with a consumption of reactive
power which is higher than normal, but it has a
significant impact on the price of the converter station
due to the following factors:

If the reactive consumption should be increased by
increasing the control angle, o or v, the AC voltage on
the valve side of the converter transformer must also be
increased to retain the normal DC voltage and thereby
full transmission capacity. It is then quite clear that the
valves must be designed for higher voltage than for a
normal optimum design. This has a direct impact on the
valve price and converter losses' as the number of
thyristors and other components in the valves will
increase. It also affects the price of the arresters across
the wvalves, because the commutation over-shoots
increases as well as the number of jumps which occur at
firings and extinctions.

The conclusion is that the components in the damping
circuits must be rated for higher power dissipation if the
converters are to be operated with increased control
angles and the valve price will go up. The valve cooling
capacity must also be higher for increased power
dissipation within the valve and this will also affect the
price. The increased reactive power at rated active power
also means an increased apparent power and by this an
increased rating of the converter transformer. Further,
operation with large control angles at rated current leads
to an increased amount of harmonics on both the AC and

the DC side, and this results in more expensive AC and
DC filters.



To this it should be added that a frequent variation of Ug,
by stepping the tap-changer leads to increased demands
for maintenance on the tap-changer which also must be
taken into consideration when judging the total extra
costs.

In Appendix 1 these factors are analyzed in detail. From
this appendix, Figures 2a and 2b show an example of the
allowed areas of operation in the PQ diagram
(shadowed). Figure 2a represents a normally designed
converter (0., = 25° Yo = 30° and Ugon, = 1.05 - Uygy
(Uaor Uson = a specific DC variable and its rated value
which is proportional to the ideal, no-load voltage on the
valve side of the converter transformer)). For the rectifier
the maximum limit is composed of (from the left) the
maximum (¢t + p) curve, the maximum U,, curve (note
the break-point at p ~ 0.8 p.u.), the maximum apparent
"power curve and the vertical line at p = 1 p.u. which
corresponds to rated direct current. For the inverter the
maximum limit is defined by the maximum Uy, and the
maximum apparent power curves and the minimum limit
is the minimum v curve. Figure 2b represents a converter
specially designed for an increased reactive consumption
(O = 35°, You = 40° and Ugone = 1.2 * Uyyy). In this
case the upper limit of the allowed area for the rectifier is
determined by the U, curve. From the example in Fig-
ure 2b we note that the range available for var control
can be extensively increased, if needed even more than
the area in Figure 2b.

As shown in Figure 1 (curve .6) there is normally a
minimum current limit determined by operational needs.
This limit can also be reduced to very small values if
needed. :

2.3  Converter transformer tap control

The PQ diagram of Figure 1 is valid only for given
voltage conditions of the AC -network and the tap
selected on the tap-changing transformer. As an example,
Figure 3 shows two diagrams with the same parameters
at the same system voltage for the lowest and the highest
tap of the tap-changing . transformer. If the operating
conditions change, e.g. through switching of lines or
change in DC transmission power, fast control can adjust
voltage to previous conditions. The new operating point
for continuous operation is normally no longer in econ-
omic operating range, which is characterized by low
losses and required reserves in reactive power control.

Returning the converter to the economic operating range
can be done via the converter transformer’s tap changer
control, which adjust the new AC voltage on the valve
side of the converter transformer in such a way that the
operating range of the converter can be used to its full
extent. Time delay between the steps of the tap changer
is in the range of a few seconds. Another way is to
switch shunt reactive elements (filters, capacitors and
inductors).

2.4 Temporary DC converter capabilities

For steady state operation with increased reactive power
as discussed above we suppose that it goes on for

"infinite time" and we can control the reactive power in
such a way that it affects only one converter station or
one AC network at a time. The reactive power absorption
capability in steady state is however rather limited.

Transient or short time operation with increased reactive
power consumption is however something different.
HVDC valves are according to IEC 700 tested with large
control angles (¢ = 90°) and high current for considerable

" time intervals (0.5 to 1 minute). Capability diagrams for

utilization of temporary increased reactive power
consumption, which must also include the time as
independent variable, can be calculated in actual cases,
but the issue is too complex to present generally valid
temporary capability diagrams. It should be noted that
converters can be specially designed to fulfil required AC
system needs.

However, the reactive consumption of a converter can be
considerably increased for a limited time by increasing
the control angle, & or y. But as the converter transformer
tap-changers cannot be used in this case it is unavoidable
that the other converter station is also affected as the
direct voltage i decreased when o or ¥y is increased, and
this may be acceptable or not. In a voltage controlling
converter station the increased .consumption is achieved
simply by decreasing the voltage reference or increasing
the control angle (0. or 7) reference. Then the current
controlling converter station must increase ¢ or ¥ in order
to keep the direct current equal to the reference value. In
a current controlling converter station, ¢ or Y can not be
directly increased locally in a fast way to increase the
reactive consumption. Instead the other station must first
decrease U, and by this force the current controlling
station. to increase the control angle. Thus it is clear that
if it is not possible to use the tap-changers in the con-
verter transformer, the reactive consumption can not be
increased in one converter station without increasing the
consumption in the other station too.

It is important to note that the control affects the
converters in the sending and the receiving end in a
"symmetrical” way, because if one converter is controlled
to absorb more reactive power (P = constant implies Ul
decrease and L. increase), the converter in the other end
will experience a similar increase in the absorption of

reactive power due to the increased current.
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3. THE DC CONVERTER USED FOR VOLTAGE
CONTROL

3.1 Introduction

For investgations in the AC power system using the
converter station for voltage control, curves showing the
ability of stabilizing the voltage can be of value. We
assume that we want to stabilize the AC voltage at the
inverter keeping the active power constant at 0.5 p.u., cf.
curve A-C in Figure 1. This can be done making a DC
control characteristic as shown in Figure 4, where the
slope of the curve from A to C is made by the DC
control. As explained in Figure 2 the area available for
steady state var control is limited. In the example in
Figure 2b the stationary control range is limited to the
line A-B (0.2-0.4 p.u.). Both the stationary control char-
acteristic A-B and the temporary B-C is shown in Figure
4 by a fulldrawn and a dotted line respectively. This is a
steady-state characteristic similar to that of a static var
compensator (SVC). Doing this the converter can control
the local voltage, which can be seen in the following way
(consider the AC voltage the independent variable):

We start in point A at 1 p.u. voltage. If the AC voltage at
the inverter increases, the DC control will make the
inverter absorb more reactive power, and by doing so it
will stabilize the local AC voltage. If the voltage keeps
increasing, the voltage controller will eventually reach its
end value in point B where the DC current has reached
its maximum steady state value. The DC current limiter
will then keep the DC current constant, which ‘will limit
the Var absorption for further voltage increase until the
converter is switched off at its maximum voltage. For a
limited time it is possible to absorb even more reactive
power (curve B-C in Figure 4).

If the AC voltage decreases from 1 p.u., the converter
will reduce its var absorpton and by doing so it will
stabilize the voltage until the voltage controller reaches
its end value in point A, where the control angle vy is at
its minimum value. Further decrease in the AC inverter
voltage will result in an increase of the DC current to
keep the active power constant. A condition for
controlling decreasing voltage is of course that the con-
verter is biased to run at a point between A and B in
Figure 4.

The operating limits (maximum DC current for
overvoltages and minimum control angle for
undervoltage) can be extended by the use of the tap
changers.

Using the converter transformer taps we are able to adjust
the converter transformer to any AC voltage within the
control range of the taps as shown in Figure 5. This
means that we can fix the voltage controller to run in a
condition where a needed control range in direction of
either var absorption or generation is available. This also
means that when the controller reaches its end value in
either point A or point B in Figures 4 and 5, the taps can
be adjusted to make the converter remain here in spite of
further change in the AC voltage.

Uac
14 +
12 + .
10 1 4 B
08 +
06 +
04 +
02 +
00 — »Q
00 02 04 06 08 10 AC.
(Absorption)
Figure 4. Voltage control at the inverter keeping the
power constant at 0.5 pu. (curve A-C in
Figure 1 and curve A-B in Figure 2b). Note
that the diagram is drawn in a way which is
common practice. for SVC plants, i.e. with.u,c,
which is normally the independent variable, as
the ordinate.
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A
14 -
12 1 —
C g
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02 T
00 ettt —PQuc
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Figure 5. Adjusting the voltage controller to the actual
AC voltage by wuse of the converter
transformer taps.



3.2 Steady state control characteristics

We know from the previous chapter and from Appendix
1 that the available steady state control area is quite
limited, from the area shown in Figure 1.

We have also seen that an important characteristic is that
the potential reactive power control range of a DC
converter is very dependent on the active power transfer.

However when it comes to getting an impression of the
voltage stabilization effect of a DC converter, PQ curves
as shown in Figure 2 are not very suitable. To get a
better impression of this, Appendix 2 analyses how the
PQ curves derived from Appendix 1 can be converted
into U/Q curves, which are normally used for SVC. In
this case, contrary to SVC where the active power is
zero, we have to introduce the active power through the
converter as a parameter. Figure 6 shows an example of
U/Q curves showing the available area for voltage control
with the active power through the converter as parameter.
The example is slightly different from Figures 2a and 2b
(5€€ Olprixs Yonx» Ydiomed: Furthermore the direct voltage Uy,
is permitted to be lower than 1 p.u. Finally the rectifier
and inverter are of equal size. From the example in
Figure 6 we notice that the inverter has an inherent var
control range between 0.1 p.u. (at p = 0.2 p.u.) and 0.26
p-u. (at p = 0.5 p.u.) and the rectifier a little less. For
controlling the local AC voltage the effect is equal to an
SVC with the same control range.

3.3  Concept of DC converter control

The inherent voltage control characteristic can ~be

. obtained by adding an overall control characteristic to the
DC converter control. How this is done is explained in
Appendix 3. In principle, it is done by keeping P and U
as the overall controlled parameters in the DC converter
control.

As explained in Appendix 3 other overall control modes
are of course usable, such as fU (frequency - voltage),
which seems favorable in small isolated networks.

3.4 Dynamic control

The converter controls can be used for AC voltage
control during load changer, reactive equipment
switching, fault clearing and load rejection. This control
is done by acting on the direct currents or on the DC
voltage, or on both at the same time.

The tap changer cannot help in this control because it is
too slow (a few seconds).

The control of the temporary overvoltage due to load
rejection is discussed in section 4.5.

The use of the converter to control the AC bus voltage
has been extensively adopted in back-to-back installa-
tions, because informaton can be obtained from the
inverter and the rectifier simultaneously. This type of
control can also be used in point-to-point transmission,

but in this case the reliability is decreased because of the
need to rely on telecommunications.

The control of the AC voltage changes due to the
switching of shunt reactive elements can also be done by
limiting the size of the capacitor or filter to be switched.
An example of this is summarized in Appendix 4.
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Figure 6. Example of U-Q curves showing the available
area for voltage control with the active power
through the converter as parameter.

3.5 Other considerations in using DC converters for
voltage control

Normally, the operating point at continuous operation is
chosen in such a way that Josses of transmission are as
low as possible, which means operating with low firing
angle and maximum DC voltage. In the schemes with
voltage/reactive power control the operating point with
rated transmission power should normally provide some
margin in firing angle to change converter reactive

power consumption by voltage changes. This implies a
certain increase in rating for DC equipment in the range
of a few percent and also increase in losses. On the other
hand, however, continuous operation with the increased
control angle at the inverter means additional security
margin against commutation failures.

Back-to-back link. In many cases both AC systems to
which the DC back-toback station is connected are weak.
The voltage and reactive power control according to the
change in PQ converter diagram on one side produces
change in voltage and current of the DC circuit and
consequently the change in operating point of the other
converter influencing the connected AC system. Control
can therefore not depend only on the conditions in one
system, as the control action on one side could produce



voltage change on the other side. In this case control
should weight both influences and use a compromize
strategy. However, it means that the fast voltage control
in one system has certain restrictions in effectiveness as it
also has to také care of the voltage change in the other
system.

However, with the help of a tap changer control and
switching of reactive power elements the unsymmetrical
conditions of both AC sides can be equalized, and the
new optimum operating point for continuous operation
can be reached.

Long distance transmission. In principle, the voltage
and reactive power control can be used for long distance
transmission in the same way. However, it differs in
some important ways from a back-to-back station, viz.

- communication between both terminals is needed to
coordinate control actions of both converters if major
changes in active and reactive power are required.
This means slower response of the control compared
to the back-to-back station. Without communication
(e.g. because of an outage) voltage and  reactive
power control can be effected only in a small range
(within the current margin). It is not recommended,
however, to ’
change the current order without communication. The
current margin is nommally fixed to the minimum
value. If it is lost, the DC voltage collapses and much
larger disturbances appear in both AC systems.

- The voltage and reactive power control in a larger
range means operating with lower DC voltage and
higher DC current. This can have a substantial
influence on transmission losses and should therefore
be used only temporarily or justified by other
advantages due to economic considerations.

- Interference from harmonics can disturb telephone
communications. ‘

4. RECOVERY FROM_DISTURBANCES,
HANDLING OF RESONANCES AND LOAD
REJECTIONS

This chapter is about the undesired interactions in AC/DC
systems. It summarizes transient AC voltage conditions in
relation with DC converters. It covers both the
overvoltage and the undervoltage aspects as well as the
transmission of power by the DC system during and
immediately after faults in the AC network.

4.1 Impact of DC faults

The immediate impact on the AC system of a fault on the
DC side is not as severe as that of a fault directly on the
AC system itself. The impact is felt indirectly and is
different for faults on the DC line than for converter
equipment faults. For a converter fault, the equipment
must be taken out of service. This results in the perma-
nent loss of a pole. In monopolar installations (e.g.
back-to-back stations and submarine cables), this causes
the loss of DC transmission and both locations in the AC

network(s) must be capable of withstanding this loss.
Where continuous ground or sea return current is not
acceptable, DC links must be bipolar. Then the impact of
a DC equipment fault is less severe because only half the
trans-mission capability is lost. The impact on the AC
system can be reduced further by the use of control
strategies that overload the remaining pole. Theoretically,
the power on the remaining pole can be doubled without
causing undue impact on the AC voltage because the
reactive compensation of the faulted pole can remain
connected and compensate for the increased reactive
power consumption. The short time overload capability of
the converters is the practical limit. In some instances it
is more advantageous to pay for the extra cost of a
substantial overload capability than to reinforce the AC
network to make it capable of withstanding the loss of
DC transmission.

In the case of a DC line fault the normal protection
strategy is to assume that the fault affects external insula-
tion only and can be cleared by reducing the DC voltage
to zero for a period sufficiently long (200 to 500 msec)
to allow de-ionization of the air and re-establish the
voltage withstand capability. If the restart attempt is not
successful, a second sequence can be initiated with a
longer delay, and possibly a restart at reduced DC voltage . -
and hence reduced power. This multiple restart strategy is
possible only if the AC system can withstand the loss of
transmission for the longer duration. During the restart ..
attempts, the reactive compensation remains connected, at
both ends, while no DC power is transmitted. This is
equivalent to a full load rejection which as discussed in
subsection 4.5 below, can result in severe overvoltage
conditions.

A special DC fault is a "commutation failure" which acts
as a temporary short circuit of a valve, which should -
have been switched off. Examples of how commutation
failure influences the AC system is summarized in
Appendix 5. The conclusions in this Appendix are as
follows: ;

- Both the rectifier and the inverter side are influenced
by a commutation failure. The transferred
disturbances are severe when the . rectifier AC
network is weak.

- The fundamental wave active power drops to low
values during the fajlure on both rectifier and
inverter side.

- The fundamental wave reactive power on the rectifier
side becomes more inductive with increasing DC
current and the fact that the rectifier bridge is in con-
trolled operation.

- It is not possible to derive a general rule for the
fundamental wave reactive power at the inverter
because the bridge is not in controlled operation
during the commutation failure.

- The recovery of the converter from commutation
- failures depends on the specific behaviour of control
design and cannot be quantified for a general case.



Such aspects, together with specific mitigation
strategies, are beyond the scope of this paper.

4.2 Impact of AC faults

During a fault in the AC network, a DC system can
maintain some power transmission capability, depending
on the AC voltage conditions and depending if the fault
affects only the rectifier or the inverter or both.

Modern converters operating as rectifiers can transmit
approximately 30% power during a phase-to-ground fault
at the converter station. For symmetric faults, the power
transmitted can be proportional to the AC voltage unless
it is deliberately limited by control action (voltage
dependent current order limiter).

If the fault affects the AC voltage at the inverter, there
will be a commutation failure. Depending on the amount
of distortion in:the AC voltage, there may be persistent
commutation failures, resulting in no transfer of power by
the DC during the fault. In the best of cases, the average
power transmitted during the fault is substantially reduced
because of the reaction of the DC to recover from the
commutation failure.

In Appendix 6 it is calculated how faults and switching
in the AC network influence the DC converter. The
calculation concerns the influence between normal
frequency changes in amplitude and phase angle as well
as transients. The conclusion does not give an answer to
the risk of commutation failures but it emphasizes the
factors influencing the risk of commutation failures.

As mentioned above the typical impact of commutation
failure is calculated in Appendix 5.

The severity of the impact on the AC network(s) of this
loss of DC transmission during the fault depends on
whether the DC system is an asynchronous tie or if the
DC line transmits power in parallel with an AC system.
In this latter case, the power not transmitted by the DC
during the fault overloads the AC network and could lead
to a voltage collapse situation. On the other hand, the
transient overload capabilities of the DC link can be used
after the fault is cleared to enhance the transient stability
of the AC system by modulating the power to help damp
oscilladons or by using the overload capability of the DC
as a braking resistor.

4.3 Recovery from faults

The recovery of the integrated AC/DC system after a
fault is inherently limited by the characteristics of the
power circuit, but the quality of this response can be
influenced directly by the control strategy adopted. As a
general guide recovery to 90% of prefault transfer level
can be accomplished in 100 to 300 milliseconds.
However, if the SCR is less than 3.0 after fault clearing,
the effects on the AC voltage of magnetizing inrush
currents can be large and the impact of the recovery must
be softened by restarting at a lower power level typically
80% in the 100-300 msec) followed by a slower rise
towards 100%.
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The slower recovery is usually not significantly detr-
mental to the performance of the network, specially if the
AC network has sufficient inertia to maintain transient
stability. Too rapid a recovery can lead to the DC system
drawing excessive reactive power from the AC network,
thereby hindering post-fault AC voltage recovery.

Altogether the recovery should be adapted to the AC
system needs.

4.4  Qperation under low AC voltage conditions

Because of the AC voltage sensitivity to reactive power
variations, the operation of a DC converter may become
precarious under low voltage conditions. However,
following the loss of AC network elements such as a
main transmission line, the converter controls provide the
ability to reduce both the power transfer and the reactive
power absorption by the converter in a way that is
compatible with the AC system capability and
requirements. The criteria for such power runback oper-
ation of a specific HVDC installaton can result from
system transient stability studies as well as from AC
voltage control or voltage stability studies.

4.5 Temporary overvoltages

Temporary AC system overvoltages can occur at the
terminals of HVDC systems due to converter blocking,
load rejections, AC fault clearing, DC faults and other
disturbances. Because of the potential for damaging
utility and customer equipment as well as the impact on
DC converter station design and cost, it is essential that
suitable temporary overvoltage control measures are
included in the design of any HVDC system.

Surplus reactive power leads to voltage increase. The
worst overvoltage condition is when the reactive com-
pensation remains connected following a complete DC
load rejection from full load conditions. The term
“temporary overvoltage” refers to the complete waveform
which consists of the fundamental frequency component
and the superimposed oscillatory components resulting
from AC network transients and possible low-order
harmonic (LOH) resonances.

4.5.1 Fundamental-frequency overvoltages

The fundamental-frequency component is due to the
mismatch between the supply of reactive power and the
instantaneous reactive demand by the DC converter and
the AC system. Figure 7 gives calculated results of
fundamental-frequency overvoltages for rectifier and
inverter operation as a functon of the SCR, with the
impedance angle of the network as a parameter. It shows
that for equivalent AC network strengths, temporary
overvoltages in the rectifier mode are normally more
severe than in invester mode, as the voltage drop of the
active power on the AC network impedance produces an
additional increase of overvoltage.

Fundamental-frequency voltage variations may also occur
as a result of generator angle swings stimulated by faults
or DC system power flow disturbances.



v P—p

Z/0g

Q—»
Tt

B

Qr
18
REC, 0=75°
REC, 0-85°
16 - INV, @-85°
INV, @=75°
14 +
12 4
10

I ! ]
| i 1
1 2 3 4 5 6
SCR
Figure 7. System configuration and results of a simplified

calculation for overvoltage factor k., at
blocking of DC substation over SCR assump-

tions:

P, =1 pu

Qs =0.6 pu.

Q; =0.6 pu

@ =175° and 85°

The reactive power consumption of a DC converter can
be controlled by increasing the firing angle if the station
is designed for reactive power and voltage control.
Following a fault on the AC network with the resultant
temporary blocking of the DC transmission, overvoltages
can be limited if the DC restarts immediately. Ne-
vertheless for the design of the equipment the most
severe case must be taken into account. This is when the
DC is not deblocked and the full overvoltage occurs. It is
then necessary to limit the initial transient overvoltage to
acceptable value using metallic-oxide arresters until a
controlled reaction can be initiated.

The temporary overvoltages can be reduced apart from
converter controls by such different means as the use of
synchronous compensator, static var compensator,
metal-oxide arresters, switching of shunt capacitors and
AC filters connected to the busbar of the DC station or
the addition of low-order harmonic filters. It should be
noticed that if metal-oxide arresters are used to suppress
fundamental frequency overvoltages the cause of over-
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voltage should be removed before the heating energy
generated in metal-oxide arresters exceed its capacity.

Appendix 7 gives two examples of modern HVDC
systems where special actions are used for the control of
AC overvoltages resulting from load rejection.

4.5.2 Transient overvoltages

In the case of a fault in the AC network and subsequent
blocking of the converters, even higher overvoltages can
occur than at load rejection. Indeed at the recovery of the
system, transient voltage components according to the
natural resonance of the network are superimposed on the
load rejection overvoltage. Figure 8 shows a temporary
overvoltage at fault clearing when the DC remains
blocked.

Also during re-energization of the converter transformers
and other nearby transformers, high inrush currents can
occur. If the harmonic components of this cwrrent meet
resonance conditions in the network, harmonic voltages
of high magnitude lasting for several seconds are
superimposed on the operating voltage.
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Figure 8. Temporary overvoltage at fault clearing
without restart of -DC transmission (SCR =
2.4)

4.5.3 Low-order harmonic resonances

The connection of capacitive shunt devices in order to
supply the reactive power consumed by the converters
reduces the Thevenin impedance of the network seen by
the converter. If the short circuit power level of the
network is Jow with respect to the operating power level
of the DC converters, then the first natural resonance will
be close to the second or third harmonic. The presence of
nearby loads will normally provide sufficient damping
such that these resonances will not create unacceptable
overvoltage conditions.

Low-order harmonic resonances voltage components are
created by interactons between non-characteristic
harmonic currents injected by the converters during dis-
turbances, harmonic currents injected by saturated
transformers and the system harmonic impedance. If the
HVDC system remains in operation, the system net impe-



dance at the AC bus is affected by the DC system
characteristics and controls.

Transients overvoltages can then be controlled to a
certain extent by the influence of the converter. The
worst case of low-order harmonic resonance overvoltage
occurs when the AC system and the filters form a parallel
resonant circuit tuned to the 2nd, 3rd, 4th or 5th
harmonic. This may happen at minimum load . as
compared to fundamental frequency overvoltages which
result from full load rejection.

5. MODELS FOR LOAD FLOWCAILCULATIONS,
TRANSIENT STABILITY CALCULATIONS AND
LOCAL VOLTAGE CONTROL

The TF’s opiﬁibn on requirements for DC models for
planning of AC systems are summarized in Appendix 8.

Furthermore the TF have analyzed the replies to a
questionnaire on the need for models for transient
fundamental frequency studies of AC/DC interactions.
The analysis is summarized in Appendix 9. The detailed
analysis is available from the TF members. The analysis
indicates that many users claim the need for more
detailed models, especially concerning the control system.

For load flow studies and for voltage stability studies
Figures 2 and 6 give a good impression of how the con-
rol range and its dependence on the active power
through the converter influence the use of converters for
controlling the reactve power.

For transient stability analysis and fixing of control
parameters, Appendix 10 describes a digital model, which
can be used for power system planning studies.

If the available control strategies, e.g. var control, are to
be used, detailed- system studies are to be recommended
in the planning stage to optimize the control parameters
to the AC system needs. An extensive and general HVDC
model to be used for such studies is described. In weak
networks with risks for voltage stability, and to analyse
the impact of faults, it is important to study the response
of all major variables. For such studies the model
summarized in Appendix 10 can be used.

6. CONSIDERATIONS ON USING DC
CONVERTERS FOR VOLTAGE CONTROL
COMPARED WITH OTHER SOURCES

The system requires reactive power to control the system
voltage during the day, the year and in connection with
disturbances. Sometimes reactive power is also used as a
preventive measure, e.g. to avoid transient instability
when faults have occurred. These system requirements
can be divided into three parts, viz.

- one part to keep a needed voltage profile below the
low daily, weekly and yearly variation of the load,

- one part needed for continuous voltage control, and

- one part needed for fast andf/or frequent voltage
control actions.

We have here demonstrated the DC converter suitability
for voltage control by showing U/Q curves with the
control range. For comparison Appendix 11 shows the
similar U/Q curves for other reactive power sources, such
as generator, synchronous generators and SVC,

Let us consider the DC converter potential for voltage
control in connection with the system needs.

6.1 The DC converter used for the daily voltage
control

Typically this control is carried ‘out by switching in or
out reactors or condensers 2-4 times a day. Under
maximum load a need normally exists for additional con-
densers to compensate for the reactive load. The DC
converter is not suited for this application simply because
it always absorbs reactive power.

Under low load, or more exact if the transmission
network is lightly loaded, a need often exists to reduce
the voltages in the transmission network. The DC
converter is well suited for this kind of operation, first
because it normally is connected to a central busbar in
the transmission network, and second because the DC
converter in these situations normally also is lightly
loaded, which implies that there is a reladvely large
margin for absorbing reactive power. The alternative is
shunt reactors switched to the high-voltage grid. In some
cases investment in reactors can be avoided. Anyway the
DC converter in voltage control can replace reactors
under repair and limit the number of switchings. Finally,
the size of shunt-reactors can be extended using the fast
DC voltage control to compensate in part for the voltage
drop when switching in the reactor.

Appendix 4 describes this in more detail in an example
where filters, capacitors and ‘reactors are switched
independently of the active power transfer. In this case,
the fast voltage control facility of the DC converter is
used to reduce the voltage change in connection with the
switchings.

The U/Q diagram is valuable, when the gain in the DC
voltage controller is fixed and for illustrating the
converter function for the system operator, incl. its limita-
tions.

6.2 The DC converter used for continuous voltage
control

This application is very useful for weak systems with
high system impedance, because the DC converter can act
as an SVC to stabilize the voltage, as we have seen in
chapter 3. By this control it is possible to stabilize any
weak system under the assumption that the other side is
strong. Of course, nothing is free in this world. Here the
burden of stabilizing the weak network is sent to the
other end of the HVDC connection, and, of course, this
end must be strong enough and also willing to accept
this. As previously explained, the influence on the other



end of the DC link is only temporary as the steady state
conditons can be equalized by the tap control of the
converter transformer.

The area needed for continuous voltage control is
dependent of the equivalent impedance of the AC
network. Appendix 4 gives an example of how the
planner can determine the area needed for continuous
operation in the PQ diagram in the converter,

The alternative is to use SVC or synchronous condensers.
These have the advantage that they can be used on one
side without any influence on the other side, and that
they can be used when the converter is out of operation
or disturbed.

6.3 The DC converter used for reactive power reserve

To distinguish from the previous example we here think
of need, which in principle is discontinuous and some-
times called reactive power reserve. Often this need is
connected with the active power through the converter,
e.g. when the system is in need of active power from the
converter without increase of the absorption of reactive
power from the converter (curve 4 in Figure 1). As
change in active power is not treated in this paper, this
important feature of DC converters are not treated further
in this paper.

The DC converter is not very suited for delivering pure
reactive power for instance to improve transient stability.
The reason for this is that in order to have reactive power
reserve in direction generation, the converter will have to
be operated continuously at a high control angle and
therefore with sustained increased losses.

As previously explained, the influence on the other end
of the DC link is only temporary as the steady state
conditions can be equalized by the tap control of the con-
verter transformer.

In direction absorption the reactive power reserve on the
DC converter is extensive and useful to handle load

rejections as explained in chapter 4.6.

6.4  Other considerations

As explained in chapters 2 and 3 the range for control of
reactive power is limited and dependent on the power
through the conver-ter. As explained in chapter 3, this
means that the equipment in some cases must be
designed larger to have control capacity at full load. As
the voltage control facility is often only needed part of
the year, perhaps one tenth, when the short circuit
capacity is at its lowest, the inherent overload capacity in
active power is available in the rest main part of the year.
Further, in the first years of operation, where one system
‘is weak, it may be useful to have a margin for reactive
power control. Later, when it is useful, this margin may
be used for uprating of the active power transfer by
investing in other voltage stabilizing sources (SVC), if
needed at that time. Planned in this way the DC converter
can be more flexible to meet future needs.
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Switching between two control concepts (Y, and PU
“iode) for the DC converter is not a problem in practice
as explained in Appendix 3.

6.5 Comparison between DC converter for voltage
control and DC converter with SVC

Using voltage control on DC converters can be illustrated
by the two examples shown in Figure 9. The assumption
is that we need to transfer 1.0 p.u. active power, and for
the continuous voltage control we need 0.25 p.u. reactive
power under minimum short-circuit conditions. In
example 1 this is obtained by uprating the DC converter
and in example 2 by adding a SVC. Appendix 12 gives a
more detailed explanation of how an increased var
control range is obtained.

Figure 9 also summarizes the overall advantages and
disadvantages of using the two different kinds of var
control, which have to be taken into consideration in
addition to the cost evaluation where the cost of the SVC
(ex. 2) has to be compared with the cost of uprating the
DC converter (ex. 1). The cost comparison will normally
favour the last solution.
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7. CONCLUSION

The fast control of DC converters can be used to achieve
a control strategy useful for the AC network.

The full half-circle PQ area limited by the maximum
converter current is in practice limited both for temporary
and especially for steady state conditions. The steady
state limitations are shown in the example in Figure 2 for
1 p.u. DC voltage. (A larger area can be obtained by
reducing the DC voltage). The temporary limitations are
not quantified in this paper.

This demonstrates that voltage control of the local AC
network is an available and in some cases useful option
for DC conver-ter control. Such cases are where static var
compensators (SVC) or synchronous condensers would
otherwise have been needed for continuous control of the
AC voltage and where load rejections in the AC network
cause overvoltages. The example shown in chapter 6 can
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to reduce overvoltages.

give the reader an overview of the advantages and
disadvantages of using DC converter var control.

If the available control strategies are to be used, detailed
system studies are to be recommended in the planning
stage to optimize the control parameters to the AC
system needs. A model for such studies is summarized in
Appendix 10, and Appendix 9 summarizes the evaluation
of the answers to a questionnaire of what utilities find
important for modelling in system studies.

Undesired interactions from disturbances, resonances,
load rejections, etc. are to be carefully looked at in actual
schemes.

Finally, it should be mentioned that more precise studies
are required to keep the active power constant while the
converter control controls the AC voltages in actual

power systems. This item is recommended for further
studies.



APPENDIX I

CAPABILITY OF REACTIVE POWER ABSORPTION IN DC CONVERTERS

by Gote Liss and Ture Adielson, Sweden

11 INTRODUCTION

An HVDC convertor of the conventional type, the so cal-
led line commutated convertor, does always absorb reac-
tive power when in operation. This is the case irrespective
of whether it operates as rectifier or inverter. The reactive
absorbtion is normally strongly dependent on transmit-
ted active power. It also depends on a number of other
variables and on some parameters in the HVDC system.

The HVDC convertor has theoretically a relatively large
capability to control and absorb reactive power, at least
when the direct current is high, but this demands special
control principles for the whole HVDC transmission sy-
stem and can not be attained without paying for increased
capability of the convertors. For convertors not specially
designed for increased reactive absorption, the capability is
more moderate at least in steady state operation.

Further development of the conventional convertor will not
change this situation very much. However, if and when
other types of convertors, especially forced commutated
convertors with extinguishable (GTO-type) thyristor val-
ves, will be available for HVDC applications much more
advanced reactive power control can be performed. The
convertor can in this case both generate and absorb reac-
tive power without affecting or being dependent on trans-
mitted active power. This type of convertors can already
now be delivered for smaller d.c. applications, but for full-
size HVDC transmissions more research and development
still remains.

The normal way of operating an HVDC system is to keep
the direct voltage constant in the rectifier end of the d.c.
line by convertor transformer tap-changer control in the
inverter. By this the voltage can be kept as high as pos-
sible in order to minimize the line losses. The system is
sometimes designed to keep Uy, constant using the tap-
changer, U, in this case being kept constant by varying ¥
in one way or the other.

In this report the reactive absorption capability for an
HVDC convertor is discussed and approximative "capabili-
ty charts" are presented.

It has not been the intention to cover in detail the matter
of how to control the HVDC convertors in order to utilize
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the inherent reactive absorption capability but some basic
aspects are accounted for. It should be stressed here that
the maximum values for reactive absorption presented in
this report are only examples and can not be guaranteed
for a specific project.

12  GENERAL ASPECTS

There are a few important relations which can be used for
calculation of steady-state characteristics in an HVDC
transmission:

P,=U, I ; ¢!
Q=Udio'ld_sin2a—si.n2('a+u)+2p . @
4 4 cosa - cos{a + ). ’

I
Uj=Uy rcosa - d, +d) - — - Ugpy ; -(3)
I U
cosa - cos(a + p) =2 -d, - % - X, ey
v Uuo
€= -y-p s (5)

These relationships refer to a specific convertor and the
variables and parameters are:

U, direct voltage.

UgoUgon 2 specific HVDC variable, and its rated
value, which is proportional to the ideal,
no-load voltage on the valve side of the
convertor transformer (U,,,=3V6- U, if
the winding ratio of the convertor trans-
former is 1=1).

a parameter proportional to the short-
circuit impedance of the convertor
transformer (d,=0.5 x,). -

. represents the resistive losses in the
convertor transformer.



I, I, direct current and rated direct current respec-
tively.

o delay angle.

n overlap angle (calculated from equation (4)).

Q4 absorbed reactive power.
Py transmitted d.c. power referred to the rectifier.
N4 the extinction angle.

By using equation (5) it is easy to derive expressions
which are directly related to inverter operation:

I
Ug=Ugycosy - -d) L - Upon s (6
. Lw
I U
cosy - cos(y + u) =2 -4, - 4 . _dov . (7
Iw  Uao

Equation (2) above is the exact expression for reactive
power absorbtion in an HVDC convertor and is used toget-
her with equations (1) and (3) for calculating Q, as a
functin of P,. The delay angle o can be used as a para-
meter. However, equations (3) and (4) must be used for
solving for the overlap angle p which also appears in (2)
and to be able to do that we must decide how to control
the convertor, for instance, should we use the tap-changer
to keep U, or Uy, constant. These two cases have been
investigated and graphs for Q, as function of P, have been
calculated and are discussed below.

The reason for the overlap angle n to appear as a variable
in the expression for the reactive power absorption is that
it is directly related to the convertor transformer short-

circuit impedance via the parameter d, as shown in equa-
tions (4) and (7) above. If the transformer impedance is
zero the cwrent can commutate instantaneously from one
valve in the valve bridge to the next and the phase current
lags the a.c. voltage by exactly o degrees. For a real trans-
former with a short-circuit inductance greater than zero it
takes some time for the current in a just fired valve to
grow from zero to a value equal to the current on the d.c.
line, i.e. there is a commutation process which takes some
time (t,=p/w,). A consequence of this is that the funda-
mental frequency component of the phase current lags the
voltage by an angle larger than & but less than (o+p).

For a convertor transformer without impedance equations
(2) to (4) are simplified to:

U, = Uy, " cosa ..(8)
w=0 ; - (9)
Q, = P, - tanc ..(10)
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The calculations below have been performed with d =7%
and d=0.5%. Variables are in per unit with Uy, as base,
i.e. In=Pu/Ug, by which Uy, is obtained from equation
(3) for nominal values on the other variables. Nominal U,
for the inverter is here defined as 1-ryy (r,y being the no-
minal d.c. line voltage drop, ry=RyIp/Upye Ta=5% is
choosen here). Thus the nominal values for Uy, in per
unit with Uy as base, are obtained from the following
relations. For the rectifier it is:

1= Upppg - (cosay, - (d, +d) ; -(11)

and for the inverter:

1 -005 =095 = Uy * (cosyy - @, - d)) ;  -.(12)

It is worth to mention here that a good approximation for
equation (2) exists and is: ;

(E“‘_‘Q)Z -1

Qy= Py U
d

; ..(13)

This expression gives a value which is 1 to 2 per cent
higher than the correct one in normal operaton. It offers,
however, a good understanding of how different parame-
ters and variables affect the reactive absorbtion of the
convertor. It is clear that, for constant P, the reactive
power absorbtion is manipulated only by varying the quo-
tent Ugy/U,. Q, can be increased at constant U, and con-
stant P, (i.e. also constant I) by increasing Ugy,, but to
attain this, i.e. to keep U, constant at increasing Uy, equa-
tions (3) and (6) indicates that & or ¥ must increase. Thus
it is possible in this case to increase Q, without increasing
I

Q, can also be increased by decreasing U, with Uy, con-
stant. To do that however, I, must be increased to keep P,
constant.

We also see from equation (13) that if Q, should be kept
constant when Uy, is constant and the active power is
reduced the only way to solve it is to reduce Uy and this
can only be done by increasing o (in rectifier operation)
or ¥ (in inverter operation).

From this discussion we understand that whatever we do
to operate with increased reactive power, at least in stea-
dy-state operation, we must pay for higher rating for the
valves and possibly also for the convertor transformers.
High Uy, large o (or rather c+p as discussed below) or ¥
as well as high current result in valves and convertor
transformers with higher rating then normally. It also in-
creases the cost for filters.

It should be mentioned here that for only a few HVDC

- projects it has been requested and economically justified

to design the convertor station equipment for significantly
increased absorbtion of reactive power. This is the expla-
nation for the normally designed convertor being optimi-
zed for minimum absorbtdon of reactive power. Notice also
here that we are talking about real steady-state operation
which means "infinte time" by definition. Operation with



increased reactive absorbtion during limited time is dis-
cussed in last paragraphs of this report.

13~ INCREASED APPARATUS STRESSES CAUSED
BY OPERATION WITH HIGH REACTIVE AB-

SORPTION

It is straight-forward to design the convertors for steady
state operation with higher than normal absorbtion of
reactive power, but it has a significant impact on the price
for the convertor station. It can be interesting to see in
which way it affects the price. However, a complete and
detailed account for all the relations which must be consi-
dered for such a design would carry too far for this report
and so a simplified handling of the subject follows below.

If the reactive absorbtion should be increased by increa-
sing the control angle, o or v, the a.c. voltage on the valve
side of the convertor transformer, i.e. Uy, must also be
increased to retain Ug=1 p.u. and full transmission capaci-
ty. It is then quite clear that the valves must be designed
for higher voltage than for a normal optimum design. This
has a direct impact on the valve price as the number of
thyristors and other components in the valves will increa-
se. It also affects the price for the arresters across the
valves. To this it should be added that a frequent variation
of Uy, by stepping the tap-changer leads to increased de-
mands for maintenance on the tap-changer which also
must be taken into consideration when judging the total
extra costs.

Further, it is indicated above that o (in rectifier operation)
or v (in inverter operation) must normally be increased to
obtain increased reactive power. This has also an influence
on the valve price which can be understood by referring to
Figure 1. Figure 1a shows the voltage across a valve fired
at oo = 15°% i.e. a rectifier valve, and Figure 1b the voltage
across an inverter valve with y = 16°.

The size of commutation over-shoots in the valve voltages
depend on o and y. These over-shoots affect the power
dissipation in the arresters across the valves, especially at
increased voltage due to partial or full load rejection, and
must be considered when designing these arresters.

The commutation over-shoot indicated by bl in Figure 1b
gives the highest valve voltage in inverter operation. If
now v is increased from 17° the commutation associated
with the over-shoot at bl ( this over-shoot comes at the
end of the overlap) will move to the left in relation to the
sinusoidal part of the valve voltage and the top of the
over-shoot will reach a2 maximum value for a specific y-
value greater than 17° If v is further increased the maxi-
mum of the over-shoot will go down again. We understand
from this that the stresses on the valve arresters will in-
crease when vy is increased and if the arresters have to be
uprated to handle higher power dissipation it will have an
impact on the convertor station price.

~ Another typical property of the valve voltages, as seen in
Figure 1, is a number of jumps which occurs at firings and
extinctions. These jumps cause transient power dissipation
in the valve damping circuits and the thyristors and are
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decisive for the rating of the components involved,

The conclusxon is that the components in the damping
circuits must be rated for higher power dissipation if the
convertors are to be operated with increased control angles
and the valve price will go up. The valve cooling capacity
must also be higher for increased power dissipation within
the valve and also this will affect the price. The increased
reactive power at rated active power also means an increa-
sed apparent power and by this an increased rating of the
convertor transformer for which the transformer must be
designed. Further, operation with large control angles at
rated current leads to an increased amount of harmonics
on both the a.c. and the d.c. side and this results in more
expensive a.c. and d.c. filters.

14 STEADY-STATE OPERATION WITH CON-

STANT DIRECT VOLTAGE

As just mentioned the reactive absorbtion of the convertor
can be increased, for a given value of transmitted power P
and constant Uy, by increasing Uy, and the delay angle o.
For a normally designed convertor, i.e. not intentionally
designed for increased reactive absorbtion,this can not go
very far because the maximum voltage across the valve
and the losses in the valve circuits will increase with in-
creasing reactive absorbtion. If an increased convertor cost
is accepted, the convertor can be designed for steady-state
operation with higher Uy, and o.. Similar aspects are valid
for inverter operation; high U, and y means high reactive
power absorbtion. It is also clear that if the convertor is
designed for hlghcr than normal absorbtion of reactive
power at rated active power, the convertor transformer
with its tap-changer will be more expensive.

In Figures 2a to 2f, graphs of Q, as function of P, are pre-
sented for different values of « (rectifier operation) and vy
(inverter operation) and for different values of constant U,.
For Figures 2a and 2b, Uz=1 p.u., for Figures 2¢ and 2d,
Uy = 0.9 p.u. and for Figures.2e and 2f, U=0.8 p.u.. In the
first quadrant, which corresponds to rectifier operation, the
reactive absorption is limited on the lower side by the lo-
cus for minimum c. This locus has been calculated for o
= 5° which is a normal minimum value. A current control-
ling rectifier can not be operated in steady-state at mini-
mum ¢ because there is no control margin for the current
control system to increase Uj in the case of a disturbance.
There should also be a lower limit defined by a locus for
minimum direct current but this is of minor importance for
the general discussion in this report and has not been
presented.

It should be noted that P, in Figures 2a to 2f is transmitted
power referred to the rectifier end of the d.c. line and that
it is positive when the power goes out from the convertor
on the d.c. side.

Q, is also calculated for a nominal value of ¢=15° and for
0=25° or o=35°. There is of course no universal maxi-
mum value for o but 25° at rated current is reasonable
for a convertor not specially designed for increased reac-
tive absorbtion. c=25°represents one upper limit for reac-
tive absorbtion at rated current. Q, has also been calcula-



ted for a minimum y=16° and maximum values of 30° or
40°. y=30° is a reasonable maximum value for a normally
designed convertor. The corresponding curves are shown
in the second quadrant of Figures 2a to 2f. The curves in
this figures have been calculated for a power range from 0
to a maximum value corresponding to 1 p.u. in I,

It should be noted that the large voltage jump in the valve
voltage across a rectifier valve, al in Figure la, comes at
the extinction of the valve and accordingly the size of it
depends on the angle (& + p). Thus the maximum ¢ rela-
ted to the maximum stresses on the valve in rectifier ope-
ration at varying P, should be derived from the value on
(o + p) at maximum (or rated) current rather than being
kept constant. This would give a higher value for the
maximum allowed reactive power absorbtion for P, less
than 1 p.u. Also this is a little conservative as it is possible
to increase a slightly more with decreasing direct current,
but we disregard this here for the reason of simplicity.
Figure 3 shows the reactive power absorbtion of a rectifier
for constant c=25° (curve 1) and for constant (c + p)
(curve 2) corresponding to «=25° at rated power and we
see that the difference in reactive absorption is about 0.1
p-u. in the middle of the active power range. Curve 2 in
Figure 3 is included also in Figures 2a to 2f as curve 4.As
mentioned earlier U, must increase when 1y or o increases
in order to keep U, constant and the maximum allowed
Uy, will accordingly define one further upper limit. Curves
Q P, for constant Uy, equal to maximum values of
1.05-Ugen and 1.15-Ugqy have been calculated for both
rectifier and inverter operation (see the text to the right of
Figures 2a to 2f). |

Conceming the upper limit the conclusion is that it may be
determined either by the maximum (& + p) or maximum
Uy curve in rectifier operation and by maximum 7y or
maximum Uy, in inverter operation.

Note here that U, varies along a constant o locus in
rectifier operation and constant y locus in inverter opera-
tion, and it increases with increasing P,. The reason is
that U, must be increased with increasing I, (or P,, which
is the same) ‘to compensate for the increasing transformer
voltage drop, i.e. for the term (d+d)(I/Iy) Ugen in
equation (3) or the the corresponding term in equation (6),
in order to keep U, constant which was an assumption for
the calculations. As mentioned earlier, Uy, is proportional
to the valve side a.c. voltage of the convertor transformer
and the increase in Uy, for increasing P;, when moving
along a constant & (or ¥) locus, must be performed by
changing the winding ratio in the transformer. Thus the
tap-changer will step when moving along the constant o
(or ¥) locus. The variations in Uy, is shown in Figure 4.

For the constant (o + u) locus in rectifier operation, Uy,
increases with decreasing P,. This is understood if we
combine equations (3) and (4) to obtain:

_ cosa + cos(a + p) 1 .
Uy= Uy - 5 -d - T Ugon 3--(14)
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The last term in the right member is small, because the
presence of the factor d,, and can be neglected here. Then
we see from equation (14) that if (0. + p) is constant and
as o increases with decreasing P,, U, must increase with
decreasing P,. This is also illustrated in Figure 4 in which
also the constant (& + p) locus has been shown in each
rectifier diagram.

One more upper limit for reactive power absorbtion in the
convertor should also be defined. This is the locus for
constant apparent power, which is a part of a circle in the
Q./P, diagram and which passes through the points of
nominal operation, =15°, P;=P in the first quadrant and
v=16°P=-P,, in the second quadrant (for Us=1 p.u,, i.e. in
Figures 2a and 2b). It should be noted that in Figures 2
and 4 the graphs in the second ‘quadrants are not continu-
ations of the graphs in the first quadrant as, according to
equations (11) and (12), U,y is'not equal for rectifier and
inverter operation. This explains the discontinuity in the
constant-S curve in Figure 2 and the constant-I; curve in
Figure 6. Note that a constant-current locus can not be
included in Figures 2a-2f as these Figures are celculated
for constant Ug; P, can not be varied if both I, and u, are
constant.

Thus the allowed area of operation in the Q,/P, diagram is
limited by loci for minimum o (minimum ¥ in inverter
operation), maximum (¢ + p) (maximum v in inverter
operation), maximum Uy, and maximum or rated apparent
power and this area is not very large for a normally desig-
ned convertor.

In Figures Sa and 5b the allowed areas of operation in the
P,Q, diagram are shown shadowed. Figure 5a represents
a normally designed convertor with an o,,,,=25° as rectifier
Or Y..,=30° as inverter and Ugg,,,=1.05-Ugen. For the
rectifier the maximum limit is composed of (from the left)
the maximurm (a+p) curve, the maximum Uy, curve (note
the breake-point indicated by A at P,~0.8 p.u.), the maxi-
mum apparent power curve and the vertical line at Py=1
p.u. which corresponds to rated direct current. For the
inverter the maximum limit is*defined by the maximum
Ugo and the maximum apparent’'power curves and the
minimum limit is the minimum 7y curve. Figure 5b repre-
sents a convertor designed for an increased reactive ab-
sorbtion with o,,=35° , ¥,..=40° and, to make Uy, deci-
sive for the upper limit, Uy, ..=1.2-U . In this case the
upper limit of the allowed area for the rectifier happens to
be determined by the maximum Uy, curve.

1.5 STEADY-STATE OPERATION WITH
CONSTANT DIRECT VOLTAGE AND U,

Graphs have been calculated for constant Uge=Uyqy and
constant U,=1.0, 0.9 and 0.8 p.u. To keep these variables
constant, & in the rectifier and v in the inverter must in-
crease with decreasing direct current as indicated in equa-
tions (3) and (6). This mode of operation is understood if
we start at 1,=I,, and decrease I,. Equations (3) and (6)
indicate that o or y must increase with decreasing I to
keep Uy constant when Uy, is constant. If U, in the rec-
tifier is to be kept constant by varying ¥ in the inverter,
i.e. increasing ¥ when I, is decreased, the d.c. line voltage



drop must be lower than the d, voltage drop in the conver-
tors. If the latter is not the case, Y must be decreased when
I, is decreased and accordingly y must be greater y mini-
mum in operation with rated current. Thus this type of
control is practical only when the line voltage drop is
lower than the d, voltage drop in the convertors.

At rated power, P;=P,, o or ¥ and I; have their nominal
values. It should be noted that the curves Q,(P, for con-
stant Uy, (=1.05 Uy or =1.15Uyq) have been presented
as upper limits in Figures 2a to 2f. In Figure 6, Q,(Py) is
shown for U=1.0, 0.9 and 0.8 p.u. This indicates that the
reactive power can be varied by changing U,. When U, is
decreased with constant P,, Q, will increase as seen in the
Figure 6. However, this means that I, also must increase.
In practice the current must not exceed the nominal value
or some steady-state over-load maximum value. For that
reason the locus for constant I;=1 p.u. has been calculated
and presented in Figure 6 as an upper limit for Q,. With
reduced direct voltage the control angles o and y will
increase considerably as shown in Figures 7 a and b.

The constant U, loci in the first quadrant of Figure 6 are
very close to, but not exactly, straight lines as equation (2)
was used (they would have been straight lines if the
approximative formula, equation (13), had been used).
This is not the case in the second quadrant of the same
Figure. The reason for this is that P, and the constant U,
are referred to the rectifier end of the line, which in this
case is supposed to have a resistance of 5%
(1=0.05 (Uae/Tae))- '

16 STEADY-STATE CONTROL SOLUTIONS

It is not the intention to go deep into principles for HVDC
control in this report, but basic aspects of interest for
reactive power control are worth to be mentioned.

In steady-state control of reactive power the convertor
transformer load tap-changer can be included in a slow
feedback control loop by which the reactive power can be
controlled locally in each convertor station without affec-
ting the other station.

Consider the most normal way of controlling an HVDC
transmission. In this case the rectifier controls the direct
current by a controller which acts on the delay angle a
and the tap-changer is used to control the Uy, so that & is
kept close to the nominal value (e.g. 15°). The inverter is
in this normal mode of control operated on constant y and
the tap-changer is used, in a feed-back loop, to control the
direct voltage (e.g. referred to the rectifier end of the li-
ne).From this it is clear that a slow reactive power control
function can be established in the rectifier by including a
controller which varies the o reference in the tap-changer
control loop. If, for instance, increased reactive power is
requested the controller orders ¢ to increase and this re-
sults in increased Uy, This process will not disturb the
inverter as the latter determines the direct voltage.

If it is requested that the reactive power should change
faster in the rectifier than what could be attained by opera-
ting the transformer tap-changer, the direct voltage must
be decreased by increasing v in the inverter. In this case it
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i1s unavoidable that the inverter is also affected.

Increasing the reactive power in an inverter operating with
constant y control is performed by increasing the reference
for 4. If this is done slowly enough so that the tap-chan-
ger, which controls the direct voltage, can follow,the rec-
tifier will not be affected as the tap-changer controller will
restore the direct voltage by increasing U, If the inverter
is in feed-back voltage control the tap-changer is used to
keep v close to a nominal value and a steady-state change .
of reactive power can be done by changing the y reference.

Although not discussed specifically here it should be noted
that the tap-changer range is a limiting factor for increa-
sing the absorbtion of reactive power because it limits the
possibility to increase Ug,. Thus it has an influence similar
to the maximum Uy, limit.

17 CONVERTOR TRANSFORMER TAP-CHANGER

ASPECTS

An HVDC convertor transformer is normally, and with
very few exceptions, provided with a load tap-changer.
The reason for this is that the valve-bridge voltage should
have a specified value to attain optimal operation condi-
tions in steady-state operation or for very slow variations
in d.c. line loading and in the a.c. voltages. "Optimal ope-
ration conditions" here refers to highest possible direct
voltage, U,, to minimize the d.c. line losses, to operate
with suitable control angles, & and 7, in order to avoid an
unnecessarily high absorbtion of reactive power, which of
course is the normal design target, and to avoid too low
o for control purposes.

The tap-changer is connected to the a.c. side winding of
the transformer because this winding has a grounded neu-
tral and this is not the case for the valve-side winding.
Thus stepping down the tap-changer means that the valve
voltage increases.

The tap-changer range is normally determined by the mag-
nitude of normal a.c. voltage variations and by the voltage
variations along the d.c. line caused by the direct current
variations. The tap-changer is used to control the direct
voltage by varying the valve voltage up to a specified
maximum value which should be reached even with lowest
steady-state a.c. voltage and down to a specified minimum
valve voltage to be obtained also with highest steady-state
a.c. voltage.

There is of course always a nominal tap position corre-
sponding to a nominal transformer winding ratio, T=Ty,
which gives a nominal U=U g for nominal a.c. voltage
U,=U,. I a maximum Ug=U,... should be obtained
with the lowest U,=U, .. the lowest tap position T, is
defined by:

U

nmin

Usomas | 3 * 61 )

min

T .(15)



and to get Uy, equal to a specified minimum value Uy, ..
the highest tap position, T, should correspond to a
winding ratio of

U

nnax

Tooax = ; .-(16)
Usomin | 3 V61 )

The tap position corresponding to T, is of interest for
reactive power control as it is associated with Ug,.., and
by this with increased reactive power absorbtion. 1_,, is
not so interesting here because we can not decrease reac-
tive absorbtion significantly below the level at rated opera-
tion but it may be of importance to keep U, at rated value
when Id decreases.

18 QMU DIAGRAMS FOR_AN HVDC CONVERTOR

The reactive power generation (or absorbtion) capability of
power system components is sometimes expressed as the
a.c. voltage as a function of the reactive power, i.e. as Q/U
diagram. This can be done also for an HVDC convertor as
shown in Figure 8. The rectifier diagrams shown here,
which have been calculated for constant U, and P, and for
the extreme positions of the convertor transformer tap-
changer, should be considered as examples only. For Fi-
gure 8a both U, and P, were set to 1 p.u. and for Figure
8c, 0.7 p.u. was used for both, It should be noted that no
a or U, restrictions have been considered when calcula-
ting the capability areas in Figure 8. However, the varia-
tions in o and Uy, are shown separateley in Figures 8b
and d and from this it can be understood that the net capa-
bility areas are strongly restricted in accordance with the
discussion in earlier sections of this report.

1.9 TEMPORARY REACTIVE POWER CONTROL

For steady-state operation with increased reactive power as
discussed above we suppose that it goes on for "infinite
time" and we can control the reactive power in such a way
that it affects only one convertor station or one a.c. net-
work, at a time. The reactive power absorption capability
is however rather limited.

Transient, or short time, operation with increased reactive
power absorbtion is however something different. HVDC
valves are according to IEC 700 tested with large control
angles (0=90°) and high current (1 p.u.) for considerable
time intervals (0.5 to 1 minute). Capability diagrams for
utilization of temporary increased reactive absorbtion,
which must include also the time as independent variable,
are not available and can accordingly not be presented
here. However some examples of transient reactive power
control is discussed below.

The reactive absorbtion of a convertor can be considerably
increased for a limited time by increasing the control an-
gle, o or y. However, as the convertor transformer tap-
changers can not be used in this case it is un-avoidable
that the other convertor station is also affected as the di-
rect voltage is decreased when o or v is increased, and this

-20-

can be accepted or not, in the general case it can not be
accepted. In a voltage controlling convertor station the
increased absorbtion is achieved simply by decreasing the
voltage reference or increasing the control angle (o or ¥)
reference. Then the current controlling convertor station
must increase o, (or ¥) in order to keep the direct current
equal to the reference value. If the HVDC transmission is
transmitting less then maximum active power an existing
active power controller will increase the direct current in
order to restore the power when the voltage is decreased
and this will contribute to increased reactive absorption.
In a current controlling convertor station, ¢ or Y can not
be directly increased locally in a fast way to increase the
reactive absorbtion. Instead the other station must first
decrease Uy and by this forcing the curmrent controlling
station to increase the control angle. Thus it is clear that if
it is not possible to use the tap-changers in the convertor
transformer the reactive absorbtion can not be increased in
one convertor station without increasing the absorbtion in
the other station too.

The reactive absorbtion of a convertor as a function of o
(for the rectifier) or v (for the inverter) has been calculated
with constant I, as parameter and with Ug=U,. The
result is presented in Figures 9a and 9b. These diagrams
indicate that the convertor has about the same reactive
absorbtion at 0.45 p.u. direct current and 90° control angles
as for nominal control angles (0=15° or ¥=16°) and 1.0 .u.
7%. This property is useful in some emergency situations
as will be seen below.

19.1 Small signal reactive control at filter and shunt-
Dbank switching

Reactive compensation equipment in an HVDC convertor
station often consists of a number of a.c. filter banks and
capacitor shunt-banks, i.e. not only of one large filter bank
which always is connected. One reason for this may be
stringent requirements on reactive control and exchange of
reactive power between the convertors and the a.c. net-
work. The size of the banks may also be limited by the
maximum allowed a.c. voltage steps at bank switching
which is especially important if the short-circuit level of
the a.c. network is low.

A form of angle (& or ¥) control of reactive power can be
applied to minimize the consequences on the a.c. voltage
quality at filter switching. The basis for this is to compen-
sate the reactive power change in the convertor station
when a filter is connected or disconnected by a correspon-

"ding change in reactive absorbtion in the convertor itself

by increasing or decreasing the control angle as simultane-
ously as possibly.

Thus, if a filter or shunt-bank is going to be disconnected
the total reactive compensation is reduced and a negative
step in a.c. voltage will result, If the reactive absorbtion of
the convertors could be decreased at the same time, the to-
tal effect on the voltage would be small. Such a procedure
requires that y (the procedure is normally most interesting
in the inverter) is suddenly decreased which of course is
not possible if the convertors are operating in minimum Yy
mode. However, if the bank switching is planned it is pos-
sible to prepare for it by slowly increasing y by a suitable



amount and when the bank is switched off, yis decreased
again to the nominal value in a step. The problem to be
solved is of course to do the two thing simultaneously
enough although some tolerances is normally acceptable.

When a filter or a shunt-bank is connected to the a.c. bus
and the reactive compensation increases, no preparation is
needed. vy can be suddenly increased to increase the con-
verter reactive absorption when the bank is switched and
than slowly brought back to its nominal value. However,
here it must be noted that for an unintelligent bank-swit-
ching procedure, i.e. with no synchronization to the a.c.
voltage and without pre-insertion resistors, inrush current
into the bank may give more serious disturbance than the
theoretical voltage step caused by the increased reactive
generation when the filter is connected.

1.9.2 Reactive power control by combined convertor
control and bank switching

When the reactive power or the a.c voltage is controlled
only using a.c. filters and shunt banks the control will be
discrete and the convertor reactive absorbtion is exactly
compensated only in a limited number of points within the
range from zero to rated power.The combination of bank
switching and convertor control, in such a way that the
bank switching control itself always gives reactive over-
compensation which is completely or partially eliminated
by convertor control with increased o or v, can be a prac-
tical solution when a low exchange of reactive power with
the a.c. network is required. It is-a question here whether
this is a steady-state or temporary reactive control; during
a power ramping process it is normally not possible to use
the tap-changer and the control angle reactive control will
. affect both networks. It may be necessary to design the
convertor station equipment for increased reactive absorb-
tion in this case.

1.9.3 Reducing temporary over-voltages by convertor
reactive power_control

Temporary faults in one power system may cause unaccep-
table load-rejection over-voltages in the other power sy-
stem, especially if the a.c. network is weak, i.e. has a low
short-circuit capacity. If, for instance, such a serious fault
occurs in the inverter a.c. network that the inverter can no
longer commmutate, two valves will continue to con-duct as
long as the commutation voltage is missing and U, will be
zero because of that. The rectifier will react to this by
increasing o to about 90° to control the direct current to a
value equal to the reference signal. If now a significant
current order remains when the direct voltage is close to
zero — the current order is normally reduced by a cur-rent
order limiter when the voltage goes down — the recti-fier
will absorb reactive power despite the active load re-jec-
tion on the d.c. line. Now it is interesting to refer again to
Figure 9, discussed above, from which it was concluded

that the reactive absorbtion of a convertor operating at o

or ¥ close to 90° and with 0.45 p.u. current has a reactive
absorbtion equal to the absorbtion for the convertor when
operating at nominal angle and rated direct current. Thus
the rectifier absorbs enough reactive power to avoid dan-
gerous over-voltages despite the active load rejection.

The same procedure could also be applied in the inverter
at a serious fault in the rectifier a.c. network. If the in-
verter, in such a situation, would be allowed to operate
with an o slightly below 90°, i.e. operating in the rectifier
region, the effect would be the same. However, an inverter
is normally provided with an « minimum limitation of
around 100° for preventing the inverter from going into
rectifier operation. This is done to prevent the inverter
from feeding current into a ground fault on the d.c. line by
which it would be impossible to extinguish the fault from
the rectifier. For a line transmission, fast and safe infor-
mation from the rectifier about the a.c. fault would be ne-
cessary to be able to selectively reduce the o, limitation
in the inverte from 100° to below 90° for this type of ev-
ent. The method is not applied to-day for HVDC line
transmissions.

In a back-to-back scheme, on the other hand, the method
can be used and it is used in some transmission systems of
this kind.

As some load-rejection over-voltage normally can be ac-
cepted it is not necessary to operate with as much as 0.45
p.u. current in the discussed cases.
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APPENDIX T

CAPABILITY OF REACTIVE POWER ABSORPTION IN DC CONVERTERS

by Torben @strup, Denmark

Summary

The report describes the possibilities of changing the reac-
tive power of a DC converter in the steady state when the
active power is held constant.

The diagrams, called QU diagrams, are constructed for the
network side of the converter transformer. The diagrams
do not include the reactive power from the filters but do
include the effect of the tap changer of the converter trans-
former. Data for a typical DC link have been used.

The QU diagrams have the network voltage at the vertical
axis and the reactive power of the converter at the hori-
zontal axis.

Conclusion

The steady state reactive power range for a fixed active
power is strongly dependeént on the limits applied for the
different parameters. However, in general the range is
small for a full loaded converter and for a converter with
small active load. For a converter having an active load of
0.6 - 0.9 p.u. the reactive power range is largest and can
typically be about 0.3 p.u. However, for fixed active
power transfer, the DC voltage must be reduced to obtain
the largest reactive power absarption within the range. The
range is smaller than that of a typical generator, but the
DC converter can maintain the range even for rather low
AC voltages.

For small active power transfers, the reactive power range
can be made large by use of large control angles. Howe-
ver, it is necessary at the same time to reduce the voltage
at the DC link because the difference between the per unit
values of the AC voltage and the DC voltage becomes
large.

For a full loaded converter, a larger reactive power range
can only be obtained by dimensioning the converter for it.
This is quite similar to the properties of a generator.
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I1 QU DIAGRAMS FOR A CONVERTER

In order to be able to judge the possibilities of controlling
the reactive power absorption of a converter in the steady
state, it is desirable to have diagrams showing the possible
range of reactive power absorption for varying AC net-
work voltages but fixed active power transfer. Such QU
diagrams also make it possible to compare the properties
of the DC converter with those of other devices which can
control the reactive power such as generators.and SVCs.

The QU diagrams described here are made for the network
side of the converter transformer. The network AC voltage
is on the vertical axis and the reactive power on the hori-
zontal axis, while the active power is used as a parameter.
Figure 1 shows the diagram of the converter station. The
filters are not included in the investigated system.

Iconv R
Sconv —_—>
Qi—+—>

@ Pd—’9 .w_ Id
U,, — U, U,

tap.l conv

N4

net

Figure 1 - Diagram of converter station.

The construction of the QU diagrams is based on litt. [1]
and {2]. Appendix II.1 summarizes the basic equations and
the data for the example used in this report.

.2 STATIC LIMITS

The permissible area of operation in the static QU diagram
is bounded by curves where certain AC or DC parameters
reach their steady state limits. Which parameters that will
define the boundary can depend on the design of the con-
verter. In this chapter, the possible limitations are mentio-



ned and the choice used for the examples in this report is
given.

11.2.1 DC network parameters

The DC current, 1, is not allowed to exceed its nominal
value, 1 p.u., in the steady state. A minimum value of I is
also present, typically 0.1 p.u.. The limits used for I, here
is0.1<1,£1.0.

The DC voltage, U,, is not allowed to exceed its nominal
value, 1 p.u,, in the steady state. A minimum value of U,
has been selected to 0.8 p.u.. A major reason to have this
minimum U, is to avoid operation with large control an-
gles. In chapter 3, specific limits are used for the control
angles making the lower limit of U, of less interest. With
the selected limits of the angle, the minimum U, of 0.8
p.u. mainly has the effect of restricting large consumptions
of reactive power at low network voltages which are situa-
tions of little interest. In chapter 4, the effect of omitting
the minimum U, is investigated. The limits used for U,
here are 0.8 < U, < 1.0.

11.2.2 Converter parameters

The delay angle o can be kept continuously at about 5°.
However, to have a proper dynamic control range, the
steady state minimum ¢ is chosen to the nominal value,
which here is 15°. A maximum ¢ is required in the steady
state due to the created harmonics. A fairly large value of
35° is used here. In chapter 4, operation without a maxi-
mum ¢ is investigated. The limits used here are 15° < ot <
35°.

The extinction angle, ¥, has a lower limit of typically 16°
to secure the commutation. Maximum ¥ is typically a little
higher than maximum c. The limits used for y here is
16° < y < 40°.

The ideal no load direct voltage, Uy, is an expression of
the voltage applied to the thyristors. Therefore, an upper
limit exists for.this voltage. The limit used here is

Uy < 1,05 - Ugon, where Uy is the nominal value.

No limits are used for the apparent power, S_,.,, on the AC
side of the converter. Eventual limits are more correctly
based on the current.

However, neither for the AC converter current, I, a
limit is used. For an ideal converter, the AC current is
simply proportional to the DC current independent of the
reactive power consumption. For a real converter, the AC
current varies a little because the overlap angle is changed
when the reactive power consumption is changed. This
effect is disregarded.

No limits have been used for the AC voltage at the con-
verter, U, It is assumed that the limits of Uy, will be

the most restrictive.

01.2.3 Transformer parameters

No limits are used for the apparent power of the converter
transformer equal to S,,,. It is assumed that the thermal

-28-

properties of the transformer will not limit the utilization
of the converter. (The rated transformer power which is
used in Appendix I for the determination of the parameter
d, is about 6% greater than the apparent power for the
converter at rated conditions).

For the same reason, no limits are used for the transformer
current.

The network voltage, U, will in reality have an upper
limit of typicaily 1.05-1.1 p.u.. However, this limit is not
fixed by the converter station and is therefore disregarded
here.

The transformer tap range has been selected to 0.88 < tap
< 1.12. With this range, the rated point of operation of the
converter as well as full load operation with a 5% higher
Ugo (and thereby higher reactive consumption) can be
achieved or network voltages in the range 0.93 < U, <
1.06. This is a typical normal operating range for a trans-
mission network.

0.2.4 Summary of the static limits used

0.1 - <I, <10
0.8 <U; £10
15° <a <£35°
16° <y =40
UdiO < 1.05 * Ugion

0.88 <tap < 1.12
No limits for S,

Iconv

UCOﬂV

U

In chapter 4, the influence of exceeding some of the limits
is investigated.

.3 TYPICAL QU DIAGRAMS

For a converter with the data given in Appendix I, the QU
diagrams are shown on Figure 2.

The reactive power range is small for a full loaded con-
verter and for a converter with small load. However, in the
active power range of about 0.6-0.9 p.u., a significant vari-
ation in the reactive power absorption can be obtained,
although the range is still smaller than for a generator. It
should, however, be noticed that generators are nearly
always dimensioned with cos ¢ < 1 in order to increase
the allowable range of Mvar-production.

The heights of the diagrams depend to a high degree on
the tap range of the converter transformer. With the cho-
sen tap range, the maximum reactive power range is main-
tained down to low network voltages = 0.83-0.85 p.u. The
maximum network voltage is the same for all the figures.

It is determined by the maximum tap and the maximum
Usio-

Figures 3 and 4 show details from the construction of the
QU diagrams for P, = | and 0.8 respectively. The two
figures show diagrams without limits for minimum ¢ and
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Figure 3. QU-diagrams for a typical DC converter.

Figure 4. QU-diagrams for a typical DC converter.
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14

maximum Uy, for both rectifiers and inverter and the
QUdiagrams as they appear, when allowance is made for
all the limits mentioned in chapter 2.

Figure 3 with P, = | is simple, as U; must be 1 p.u. to
keep I, < 1. In the model used with the taps located at the
network side of the converter transformer, the curves for
constant ¢, ¥ and Uy, become vertical lines.

In Figure 4, the possible areas of operation are shown for
U, = 1.0, 0.9 and 0.8. A decrease in U, moves the area
towards lower network voltages and higher reactive power
absorption. The limit set by maximum U, becomes less
important when U, becomes smaller. In the total allowed
area of operation is indicated the parts which can be used
with U, = 1. These are rather small. For the major part of
the allowed areas, U, has to be decreased.

.4 USE OF LARGE CONTROL ANGLES FOR
- SMALL ACTIVE POWER TRANSFERS

For small active power transfers, the range of reactive
power variations on Figure 2 is very small. Use of larger
control angles could therefore be desirable to be able to
absorb larger amounts of reactive power.

However, the sole use of larger control angles only gives
a minor increase in the reactive power range. This is be-
cause the curves for constant U, and constant tap in the
QU diagrams become quite steep. The reason for this is
that I, is constant because P, is constant. Therefore, also
I, is nearly constant and a large increase in Q, will
require a large increase in U_, and thereby in U__. As the
possible increase in the AC voltages is very limited, U,
must instead be decreased if large amounts of reactive
power are to be absorbed.

conv

Figure 5 shows the possible areas of operation for P, = 0.2
and 02 < U, < 1.

Further, the variation in ¢, y and U, is shown as a function
of Q, for fixed nominal values of U, and tap.

It appears that it is possible to get very large variations in
Q. However, o and vy very rapidly become large; they
reach 50° at Q, about 0.25 p.u.. Also U, rapidly becomes
smaller.

o5 SUMMARY

The QU diagram for a typical DC converter shows that the
range in which the reactive power absorption can be varied
in the steady state is very small for a full loaded converter
and for a converter with low load.

For a converter operating with an active load of 0.6-0.9
p.u., the range for the reactive power variations is 0.25-0.4
p-u., which is less than for a generator but still quite much,
as the rated power of DC links is often high. The DC
voltage must be reduced to obtain the largest reactive
power absorpton within the range.

The full range for the reactive power variatons can be
maintained down to low system AC voltages of 0.8 - 0.85
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p-u. (except when the DC link is at full load) for reaso-
nable tapchanger intervals on the converter transformer.

For low active power transfers, it is possible to absorb
larger amounts of reactive power if large control angles
are used together with low DC voltages.

At full load, only a certain overdimensioning can create a
larger interval for the reactive power absorption. This is
similar to the properties of a generator.

I.6 LITERATURE

[1]:  "Reactive Power Control in HVDC", by G. Liss
and T. Adielson, Appendix I
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[3]:  "Guide for Planning DC Links Terminating at AC
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cities. Part I: AC/DC Interaction Phenomena,” by
CIGRE WG 14.07, 1992.

Appendix II.1: Basic equations and data used for the
construction of the QU diagrams

I.1.1 Rectifier and transformer equations

The following diagram is used for construction of the QU-
diagrams for the network side of the transformer:

Ir:om.r—'ﬁ
Sconv”——_>
QJ—H
Pi——> I,
@ >
U

net U Unc Ud
tap:1

W

conv

Figure 1. Diagram of converter station

For the rectifier, the following equations are used (taken
from litt. [1]):

U
) U, = — &
W Uson cosa, - (d. +d)
P
2y 1, =4
@ 1, U,
Iy
Ud+(dx+dr)'1_'u‘ﬁo~
3) Uy = d

cOsa

an/v) .

(4) p = arccos (cosa-2 -d_- 4.
v Uso



. sin2a - sin2 (@ + p) +2

() Q=P 2cos?a - cosi(a +p))
©) S, = B+ QD"
D Vo * 52 Vo
diON
® vu,=U,, -tap

The voltages, active and reactive powers, currents and
transformer quantities are shown at the figure 1.

The subscript N indicates nominal values.

The rest of the quantities are

o= delay angle

p= overlap angle

Ugi =  no load direct voltage, proportional to- U,

d, = 14 X, for a reasonable choice of converter trans-
former. (Litt. [2], Sy = rated transformer power

“=7/3 Lot Ugiond-

d = parameter representing the transformer and con-
verter losses.

I.1.2  Inverter equations

The inverter equations differ a little from those used in litt.
[1]. Here, it is presumed that the inverter is identical with
the rectifier and thereby has the same rated values, includ-
ing Ugone

For the inverter equations (3), (4) and (5) is modified. U,
and P, are still the values at the rectifier. The correspon-
ding values for the inverter (with suffix I) are smaller due
to the DC line resistance.

I U
(10) Uy=U; (1 =rgy - == -?‘")
dN d
(1) P,=U, I,
Equation (3) is replaced by
Id
Ud1+(dx _dr) ae .Uo‘iON
IdN

(12) Uy, =

cosy
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Use of

(3) a+y+p=mx

changes (4) into

I U

(14) p = arccos (cosy - 2 +d, - & - 2y _y
Ly Uy

and (5) into

@15) Qd=Pd'.Sh12Y-an2(Y+u)+2u

2 - (cos’y - cos’(y + p))

In the equation (6), P, is substituted by P,;.

(16) S = Bg + QD"
In the equations for the inverter, the signs have been ad-
justed so that I;, Uy, and Py are all positive values.
The two new quantities in the equations are
¥ = extinction angle
Iy = nominal DC-line voltage drop

Data used for the construction of the QU dia-
grams

.13

The data used are typical examples for a DC link.

In=1pu
Uy=1pu

oy = 15°

T =16

Iy = 0.05

d, =0.07

d, = 0.005
U.aw = 1 pu.
tap = 0.88 - 1.12



APPENDIX TH

MODES OF OPERATION FOR DC CONVERTER STATIONS

INCL. CONCEPT OF THE DC CONVERTER CONTROL

by Dr. M. Erche and D. Povh, Germany

o1 INTRODUCTION

An HVDC link or transmission is a local but nevertheless
a very important equipment in an AC system. It has to
meet the requirements coming from the AC system and
not vice versa.

HVDC converter stations with resonant circuits and, if
necessary, static var compensators can

- feed actve power to or draw it from an electrical po-
wer system
- supply or consume reactive power.

In principle they can act like a power plant but with two
basic differences:

A positive one:

" - control of an HVDC converter station is very fast in
the range of some halfwaves.

A negative one:

- active power can not be produced or consumed in a
DC link but must be delivered or taken over by the
neighbouring power system at the same instant at
which it is needed or surplus in the interconnected
system. Nevertheless in multiterminal HVDC systems
distribution of the loads is free within the ratings of the
stations.

HVDC converter stations can be used for power exchange,
reserve holding and stabilization duties as well as for
power frequency control, reactive power and voltage con-
trol in three phase AC systems especially with low short-
circuit capacity.

A long HVDC transmission normally supplies a more or
less strong system compared to the capacity of the trans-
mission itself. The active power is coming from a remote
power plant and the reactive power requirements of the
converter stations are kept small to minimize losses. Their
main purpose is to transmit low-priced energy to load
centres.
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On the other hand, DC links and short HVDC transmis-
sions are mostly located between weak systems or at least
connecting a weaker system to a stronger one. Their main
purpose is power exchange and reserve holding more than
power transmission. Since weak systems more often have
problems with stability or power oscillatons, reactive
power and voltage control, special features of HVDC con-
verter stations can be applied with little increase of costs.

An HVDC converter station in an AC system can be com-
pared to a power plant at the same location. The above
mentioned characteristics of a converter station are similar
to those of a power plant. If the partner behind the DC
link is a strong AC system, the HVDC converter station

does even more than a power plant.

M2 CONTROL MODES IN AN INTERCONNECTED
AC/DC SYSTEM

The active and reactive power behaviour of a DC link with
a weak system is shown by reference to the scheme in
Figure 1. A short-circuit capacity Sy from the system is
present at the DC link connection point. The load S, is
covered by the DC link (Spo) and the system (Sy). The
remote system is assumed to have a fixed source voltage
E, while the voltage U is present at the DC link connec-
tion point. The short-circuit capacity Sy and the load S,
are treated as known data.

The table in Figure 2 shows the various criteria (modes)
which can serve as the basis for planning and operating a
system of this type.

DC-LINK AC - TRANSMISSION  INFINITE SYSTEM
Sgc* Sg
— ‘SDC|§N'<— |
~
¢§L |

.u¢ [_O/\D E¢

Figure 1. Principle scheme of an interconnected AC/DC
system.



In an AC system, the active power P influences mainly the
transmission angle ¢ and the power frequency f in the
system, whereas the reactive power Q has most influence
on the voltage U. Therefore there are two "pairs of twins"
in the modes for operation - P with f or ¢ and Q with U
which can be exchanged one with another. In principle,
there are four modes of operation for a DC link just as for
a power plant: PQ, PU, fU and ¢U.

Mode Controlled Effect
variables

PQ Poe Qoe Active power specified
Reactive power to mini-
mum

PU Ppe U Active power specified
Voltage controlled

fu f, U Frequency controlled
Voltage controlled

oU <E-<U, U [ Transmission angle con-
trolled
Voltage controlled

Figure 2. Main control modes of operation in an
interconnected ‘AC/DC system.
r2.1  PQ mode
The PQ mode is normally used in DC converters where
the active power of the DC link is specified (e.g. by con-

tract) and the reactive power is kept to a minimum to keep
investment and losses down.

I1.2.2 PU.mode

With rather small additional investment a reactive power
control of the converter station can be used for voltage
stabilizing at the busbar by influencing the reactive power
balance in the system. This is practically equal to the
control mode normally used in generator units.

The reactive power control of the station can be supported
by external elements, such as filter circuits, shunt capaci-
tors, shunt reactors or even static var compensators. These
can operate independent or in cooperation with the con-
verter station control system.

IT2.3 fU mode

Like a power plant a DC converter station can also be
used for load - frequency control. The active power Py is
controlled depending on the frequency in the system, the

reactive power can independently be used for voltage
control.

.24 ¢U mode

This may be a very important mode for the future. Chan-
_ges in the active power Pp. will have influence on the
transmission angle, changes in the voltage U will have

influence on the voltage profile in the system. The stability
of a long distance transmission and the active and reactive
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power load flow in a meshed system can be improved.
Higher ratings up to the thermal limits may be envisaged.

II.2.5 QOther modes

DC converter control is very flexible. The active power P
can be replaced by the frequency f or by the transmission
angle ¢, the reactive power Q by the voltage U. So the

equivalent modes fQ (for fU) and $Q (for ¢U) would be
possible but nevertheless of minor importance.

10.2.6 Application of the PU mode

The PU mode is of a special importance mainly in systems
with low short-circuit capacity. For the PU mode, Figure
3 shows an example (with constant busbar voltage U) of
the system and load-dependent reactive power require-
ments Qpc as a function of the active power Pp. supplied
to drawn from the AC system.

The power limits for a maximum transmission angle bet-
ween the system voltage E and the busbar voltage U of 20
degrees or 25 degrees are also entered.

MYA
200~

Loaa A = 200 MW.cosqr=1
System £ = 245kY

Bushar  S,= 1000 MVA, g, =79°

v %5° 9,
A5V

\

]
1] 200MW
Poc

i
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Figure 3. Reactive power requirements of a weak AC sy-
stem connected to a DC link.

The short-circuit capacity Sgc at the busbar was set at
1000 MVA, and the load S; was set at 200 MW with p.f.
= 1. The voltage in the infinite system is E = 245 kV.It
can be seen from Figure 3 that there is a reactive power
change amounting to about 8.5 ... 9 MVA per % voltage
change in the PQ range used, and so there is still no risk
of voltage instability. The reactive power requirement can
be made available in coarse steps by the reactive power
elements already mentioned and can be continuously adju-
sted by the reactive power control of the DC link.

I3  PRINCIPLE SCHEME FOR HVDC ACTIVE
AND REACTIVE POWER CONTROL

Figure 4 shows the block diagram of a control system with
which all the modes in Figure 2 can be realized. Also the
requirements of the system in Figure 3 can be covered,
provided that sufficient reactive power compensation (fil-
ters, switched capacitors and reactors) is installed on both
sides of the converter station.
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Figure 4. Example of block diagram of the control system for a back-to-back
DC link designed for var control.
The control system includes:
West Network P=203.3MW
230 kv )

Firing angle control on the rectifier side

Extinction angle control on the inverter side

Tap changer control on both sides ) steady state
Switching reactive elements on both sides) only

with steady state and dynamic influence on:
- Active power transmission
Reactive power on both sides
Operating point.

Two of any of these values can be chosen for dynamic
influence, the other ones for steady state influence only.

How the control can be used in a real scheme is shown in
Figure 5. The reactive power requirements of both systems
for a power transmission of 200 MW from west to east are
met by both converters with the aid of compensation me-
ans. Transmitted active power, voltage level at the busbars
and reactive power needs by the system are specified by
the operator. : ' '

Figure 5.
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107,5 MVAR

i
]
t
) |
1
1
1

-

221MVAR

________

______

IEMVAR =

109,3 MVAR
—

“Wlameast

1.
East Network |
230k

P=200 MW

Active and reactive power flow of a back-to-
back DC link operating in PU mode. The
black area is the operation area specified due
to system needs.



APPENDIX IV

PRINCIPLES OF VOLTAGE CONTROL AND ACTIVE POWER CONTROL

BY DC CONVERTER COMBINED WITH FILTER, CAPACITOR AND REACTORS

by Dr. M. Erche, Germany

Active power control at minimum losses and voltage con-
trol are mentioned in the chapter "Modes of operation”. In
this chapter the continuous dynamic voltage control at
constant active power will be described and compared with
active power control at minimum Josses.

V.1 CONTINUQUS VOLTAGE CONTROL

The upper part of Figure 1 shows the reactive power re-
quirements of the system presented in Appendix 3 for the
constant voltage levels 220, 230 and 245 kV at the DC
link busbar. Only capacitive reactive power is needed in
rectifier operation and also mainly in inverter operation

of the DC link. As can be seen in the converter diagram
rectifier and inverter need additionally reactive power in
the range of about 50 % of the transmitted active power.
The DC filters deliver the basic reactive power which is

not sufficient in the rectifier operation, but-too much in -

the inverter operation. Consequently capacitors are added
in the rectifier mode, a reactor in the inverter
mode.

The operating points of the converter are determined in
such a way that dynamic voltage control at constant active
power is possible between 220 kV and 245 kV without
switching capacitors or reactor. An example for the reac-
tive power balance at the operating point for 230 kV and
modulation up to 245 kV at about -140 MW active power
(export) is given in the figure. The filter and two capaci-
tors are switched on.

The "lift" (decrease of reactive power in the rectifier) is
smaller than the necessary changes of reactive power in
the system to move from the 230 kV curve to the 245 kV
" curve. The reason is the increase of reactive power deli-
vered by filter and capacitors at the higher voltage level
(see legend to Figure 1).

For rectifier and inverter operation the operating points
and control areas have been calculated and introduced in
Figure 1. Filter and three capacitors are necessary to ren
der full dynamic voltage control in the rectifier operation
(export up to -200 MW). No switching of reactive power
elements is necessary in the inverter operation.

About 15 % more rating above 200 MW is necessary to
have the full control range at 200 MW rated power of the
DC link. In the rectifier operation a full range modulation
would require an additonal capacitor at -200 MW but that
would of course not be justified for such a small area to
increase the voltage to 245 kV.
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IV2 ACTIVE POWER CONTROL AT MINIMUM
LOSSES

For comparison reasons the same diagram (Figure 2) has
been made for active power control at minimum losses
with reduced rated power but unchanged filter, capacitor
and reactor ratings. :

Firing and extinction angle are constant at a minimum of
about 15°. By switching capacitors or reactors the voltage
can be kept steady state between 220 and 245 kV. Only
two capacitors are necessary compared to three at voltage
control.

With the same rating of filter, capacitors and reactors as
used for voltage control there is an overlap in the voltage
range in the rectifier operation. If for the DC link only the
mode of active power control at minimum losses is speci-

- fied probably number and size of the capacitors could be

reduced.

Dynamic voltage control is only possible below the rated
power by higher reactive power consumption of the DC
link that is equivalent to voltage reduction only.

Iv.3 CONCLUSIONS

There are many criteria for dimensioning a DC link and its
equipment which are dealt with in this report. Some of
them in the connection with continuous and dynamic vol-
tage control should be mentioned briefly:

- Continuous steady state and dynamic voltage control
requires a higher rating of the DC link including reac-
tive power equipment.

- The converter diagrams are depending on voltages
and transformer tap changer positions in both sy-
stems.

- Dynamic reactive power and voltage control are not
independent in both systems. There must be a good
coordination especially in the case where both sy-
stems are relatively weak.

- Minimisation of losses requires operation at lowest
possible firing and extinction angles. Nevertheless the
minimum values of these angles must be respected
due to security of operation.

Dimensioning of the transformers requires considera-
tion of voltages, saturation and overload.
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Figure 1.  Principles of .continuous voltage control by
DC converter combined with filter, capacitors
and reactors.

220kV 230kV 245kVY

F Filter -96.1 -105 -119

C Capacitor -32.0 -35 -39.7

L Reactor 32.0 35

39
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Figure 2. Principles of active power control (minimum
losses) by DC converter combined with filter,
capacitors and reactors.

220 kY 230 kV 245 kV
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C Capacitor  -32.0 -35 -39.7
L Reactor 32.0 35 39



APPENDIX V

-COMMUTATION FAILURES IN DC SYSTEMS AND

THEIR EFFECTS ON THE FEEDING AC SYSTEMS

by Dr. J. Rittiger, Germany

for CIGRE WG 14.05

(Summarized here with the permission of
the chairman, Mr, Géran Anderson, Sweden)

V.l INTRODUCTION

This section illustrates calculations on detailed model of
two point transmission. It should show the voltages, cur-
rents and powers in order to show impact of a commuta-
tion failure on the AC system. As discussed in previous
sections commutation failure always leads to a DC short
circuit in at least one of the inverter valve bridges, so that
the direct current driven by the rectifier increases until the
rectifier controls are reacting according to their control
parameters. This means that commutation failures produce

transient changes in the active and reactive power of the
DC scheme.

Commutation failures which result from a switching opera-
tion in the inverter AC network or from loss of firing
pulses at the inverter are simulated and analysed. Further-
more, voltages and currents in the valve groups are in-
vestigated to explain how a commutation failure develops

and to further illustrate the phenomena discussed in the -

previous section.

v.2 SIMULATION MODEL

Simulations presented in this section are made by electric
transient program. Figure 1 shows the investigated con-
figuration based on the CIGRE Benchmark Model [1]. The
HVDC system is a 250 MW (250 kV, 1000 A) cable trans
mission with a cable length of 130 km, where the DC
cable is represented by 40 m-equivalents.

The valve representation includes snubber circuits. The
converter transformer model also takes saturation effects
into account. The control parameters were modified com-
pared to 1] (I;-controller: k = 0.4, T = 30 ms; y-controller:
k=0.2, T = 50 ms). In the controls there were no additio-
nal measures implemented to avoid commutation failures.

The AC network representation consists of the AC filters
and the feeding AC system.

The feeding AC systems are modelled as a source and an
equivalent impedance according to the short circuit capab-
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ility. On the rectifier side, the short circuit ratio (SCR) was
2.5 for all calculations. On the inverter side, calculations
were made for SCR 2.5 and 10.0.

V.3 VALVE VOLTAGES AND CURRENTS DURING
COMMUTATION FAILURE

For the following simulations, SCR on the rectifier and the
inverter side was 2.5, assuming relatively high impedance
AC networks.

Figure 2 shows the voltages and currents of one inverter

“six-pulse group during a commutation failure caused by

the switching of a large reactor in-the inverter AC net-
work. The extinction angle of the inverter before the swit-
ching operation was 17°. It can be seen that there is a
commutation failure from valve 1S+ to 1T+ and from
valve 1S- to 1T-, because the negative voltage time areas
of the 1S+ and 1S- valve voltages are zero as a result of
the change in commutation voltage angle (mark a in Fi-
gure 2). The six-pulse group is short circuited for 25-30
msec so that the DC group voltage drops to zero.

Figure 3 shows the same switching operation with a tem-
porarily increased extinction angle of 23° (e.g. Ay = 6°). It
can be seen that the negative voltage time area of the
valve 15+ decreases after the switching operation but it is
still present and enables to finish the commutation process
(mark a in Figure 3). The temporary increase of extinction
angle before the known switching operation (e.g. switching
of reactors or filters) can help to maintain normal HVDC
operation.

More frequent, however, are unforeseeable switching ev-
ents or faults in the inverter AC system for which there is
no opportunity to increase v in advance of the disturbance.
In these cases it is highly dependent on the strength of the
AC fault or the switching event, whether a commutation
failure will occur or not. In the case of a weak AC net-
work with high frequency of switching events and faults,
an increased extinction angle for steady state operation can
be chosen to increase DC system reliability, accepting a
higher converter rating and increased active power losses.



Figure 4 shows a commutation failure after the loss of a
firing pulse in the valve 1R+, so that the valve 1T+ cannot
commutate the current to the valve 1R+. At the same time
the valve 1T- is conducting and the six-pulse group is
short circuited.

V4 ACTIVE AND REACTIVE POWER DURING
COMMUTATION FAILURES

The interaction between the HVDC and the AC network
concerning active and reactive power of the converters are
discussed below. In Figures 5a/b - 8a/b, the most impor-
tant quantities for the rectifier and inverter sides for dif-
ferent SCR of the inverter AC network are measured.

Each figure shows the following rectifier and inverter
quantities:

Ug:
Usg:

Phase voltage R at the busbar
Phase voltage S at the busbar

Up: Phase voltage T at the busbar

Iz: Converter 12-pulse current phase R

I Converter 12-pulse current phase S

I;:  Converter 12-pulse current phase T

I,:  Direct current

U, DC voltage at the converter bridges

P, DC power I*U,

P:  Active power of the converter

Q: Reactive power of the converter

Figure 5: Commutation failure caused by a switching
operation (SCR = 2.5 at the inverter)

Figure 6: Commutation failure caused by a firing pulse
loss (SCR = 2.5 at the inverter)

Figure 7: Commutation failure caused by a switching
operation (SCR = 10 at the inverter)

Figure 8: Commutation failure caused by a firing pulse

loss (SCR = 10 at the inverter).
Some general conclusions are possible:

- The rectifier AC network is also strongly influenced
by a commutation failure, especially when the rec-
tifier SCR is low. It can be seen that during the com-
mutation failure the busbar voltages on the rectifier
side are severely distorted (Figure 5a).

- The active power drops to zero or even a power
reversal occurs, depending on control parameters.

The total reactive power on the rectifier side becomes
inductive during the commutation failure because of
two effects: During the commutation failure, the
capacitive power of the filters decreases according to
the drop in the busbar voltage and the inductive
power demand of the rectifier converter increases.

- On the inverter side, the fundamental frequency ac-
tive power decreases to low values. For the reactive
power demand on the inverter side no general rule
can be derived. This can be explained because the
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converter group is not in controlled operation during
the commutation failure, and the current, which is
unbalanced between phases, is flowing more or less
arbitrarily according to the time of the fault occurren-
ce and the resonance conditions in the inverter AC
network.

- On both sides, harmonics have a great influence on
active and reactive power demand. This influence is
high for SCR = 2.5. In this case the inverter AC net-
work and the filters have a strong resonance near the
third harmonic (150 Hz).

From the simulation results it can be seen that the active
power recovers within a few cycles after the commutation
failure. However it must be noted that this is highly de-
pendent on the choice of control parameters.

V.5 CONCLUSION

The active and reactive power demand of the HVDC con-
verters depends strongly on time of fault occurrence, SCR
and resonances in the AC networks.

More specifically:

(a) The rectifier side is also influenced by a commutation
failure. The transferred disturbances are severe when
the rectifier AC network is weak.

(b) The fundamental wave active power drops to low

values during the failure on both rectifier and inverter

side.

(c) The fundamental wave reactive power on the rectifier

side becomes more inductive with increasing DC

current and the fact that the rectifier bridge is in con-
trolled operation.

(d) It is not possible to derive a general rule for the

fundamental frequency reactive power at the inverter

because the bridge is not in controlled operation
during the commutation failure.

(e) The recovery of the converter from commutation

failures depends on the specific behaviour of control

design and cannot be quantified for a general case.

Such aspects, together with specific mitigation strate-

gies, are beyond the scope of this paper.
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APPENDIX VI

VOLTAGE CHANGES IN PHASE ANGLE AND AMPLITUDE AS WELL AS

TRANSIENTS IN CONTEXT WITH SWITCHING OPERATIONS AND FAULTS

by Dr. M. Erche, Germany

V1.1 VOLTAGE QUALITY IN THE NETWORKS

Users of electric power demand both network operation
that is as fault-free as possible and voltage that is of high
quality. This means at constant frequency a practically
constant voltage with low harmonic content. In view of
sensitive consumers, even short-time voltage fluctuations
must be kept to a minimum in terms of amplitude and
phase angle, with it no -longer being possible in the
short-time range to distinguish between fluctuations in
frequency or in phase angle. Electronic devices,
especially power electronics components in drive systems
and in HVDC transmission inverter operation, are
sensitive to sudden changes in voltage in the millisecond
range.

Fig. 1 shows values of the extent and frequency of
voltage changes in electrical networks at consumer-close
voltage levels. As most voltage fluctuations are caused by
the consumers themselves, it is the lower limits of the
range illustrated which apply with regard to the
permissible voltage changes in the (consumer-remote)
high and very-high-voltage network. If large consumers
are connected there, attention is paid as early as the
planning and equipment design stages to the necessity of
keeping within prescribed voltage fluctuation limits.

V12 CAUSES OF VOLTAGE CHANGES IN THE
HIGH-VOLTAGE NETWORK

With an electrical network being operated at a particular
frequency, good voltage quality means that, in addition to
the frequency, the amplitude and phase angle of the
voltage also remain largely constant. In a high-voltage
network, however, a certain noise level is superimposed
on the operating frequency voltage. This noise level
indeed comes partly from the subordinate voltage levels,
but its occasionally conspicuous values are caused in the
high-voltage network itself.

VI.2.1 Operational switching activities

Changes in the amplitude and phase angle of the
operating frequency voltage are caused in 2 high-voltage
network mainly by:
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- Switching of lines. This includes the opening or
closing of rings in the network or of connections to
other networks.

- Switching of loads. Substantial variable loads
connected to the high-voltage network, e.g. arc
fummaces, are generally so designed that
impermissible voltage changes cannot occur. Other
substantial loads are switched in and out either in
steps or continuously via converters. Solely in the
event of faults in the network, e.g. incorrect tripping
on faults, can the shedding of major loads result. In
this case too, switching back in takes place where
possible in small steps at a time.

- Switching of transformers. Even transformers under
no load conditions when switched in rush-wise take
up for a good number of seconds heavily distorted
currents up to the order of the rating of the
transformer. This can result in not only substantial
voltage changes, but also in electronic devices being
affected by harmonics.

VI1.2.2 Faults in the network

Sudden brief faults in the network can lead to a
considerable reduction in the voltage quality.

- The failure of power plants, of external feed sources
or of HVDC infeeds can lead to changes in the load
flow and, in an unfavourable case, to active power
deficits in the system. In the event of power plant
failure, the network shows the same behaviour as is
the case with the switching of major loads.

- Short-circuits. More than 90 % of short-circuits in a
high-voltage network are single-phase earth fauits.
Even multi-phase faults are generally initiated by a
single-phase earth fault. As these faults substantially
affect the active and reactive power balance in the
network, every effort must be made to prevent
further malfunctioning of equipment (with escalating
con-sequences) during a short-circuit. In the
following, ideas are therefore centered around earth
faults. :



- Power swing, subsynchronous resonance.

Usually following faults in the network, power swing

can occur with relatively low-frequency influence on
voltage amplitude and phase angle. The control system
of the HVDC transmission must be able to resist these
swings or even to counteract them. They are therefore
not covered in this context.

V1.2.3 Reactive power control

The reactive power control changes the reactive power
balance, thus the reactive power flow in the network too
and also the voltage control in line with magnitude and
phase:

- Switching of coils or capacitors. Sudden reactive
power changes lead to sudden voltage changes too.
These processes are treated in the same way as is the
case with the switching loads. The magnitude of the
switched units depends on the permissible voltage
changes in the network.

- SVC. With Static Var Compensators, reactive power
can be continuously controlled. Sudden voltage
changes, which are to form the subject of this report,
are thereby avoided.

- Transformer tap changers. Transformers are controlled
in short steps, so that the voltage changes chaused
therby have no negative effect.

V1.3 EFFECTS OF VOLTAGE CHANGES IN THE
NETWORK

V1.3.1 Influences on Consumers

- Electronic devices, especially computers, without
uninterruptible power supply and with insufficient
energy storage in the power pack, can have their
operation adversely affected by voltage dips. Control
electronics may also be susceptible to incorrect inter-
pretations o',fv frequency and voltage; this can in turn
lead to wrong inputs.

- With speed-sensitive machines, such as are used in the
textile industry and elsewhere, especially periodic
voltage changes can lead to substantial quality
deficiencies in the products.

- In inverter operation and in the event of major voltage
and phase angle changes, the power electronics are
susceptible to commutation failure, which would lead
to a temporary interrruption of HVDC transmission.
As, for example, in the event of an earth fault a
three-phase connection can still carry 60 to 70 % of
the previous load, the complete failure of HVDC
transmission under the same fault conditions is
scarcely acceptable to the operator of a three-phase
network.

- The light intensity of many lighting fittings depends
heavily on the voltage and can therefore vary quite
significantly as a result of minor changes. The quality
of lighting at a place of work and also in households
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is therfore one of the main reasons for the limiting
of voltage changes in normal, low voltage network
operation.

V1.3.2 Influence on network equipment

- HBVDC transmission in inverter operation. HVDC
transmission is, as mentioned, sensitive in inverter
operation to sudden voltage amplituide and phase
angle changes and is a major aspect of these
statements.

- Protection malfunction. Phase angle changes can
give the impression of short-time frequency changes
and thus for example -lead to the tripping of
load-shed relays.

VI4 POWER FREQUENCY VOLTAGE CHANGES

VI.4.1 Voltage changes in the event of switching of
loads and reactive power elements

In the normal switching of loads, switch-in and switch-
out occur equally often. Larger loads are switched in
steps or continuously (converters). Several larger loads
are of course not intentionally switched in together; they
can however as a result of false tripping or in connection
with a network fault be switched out and in the event of
short-circuit interruption switched back in after a few
hundred ms. This shows that intentional switching opera-
tions lead to relatively minor voltage changes, whereas in
particular in the event of uncontrolled load shedding, con-
siderable voltage changes - usually increases - can occur.

Fig. 2 shows a general equivalent circuit diagram for
calculating voltage changes in the event of load changes.
The network impedance ZSC is derived from the short-
circuit power SSC, which is determined mainly by the
impedances of the generators, transformers and lines up
to the point in question. This short-circuit impedance is
mainly inductive. The load impedance ZL is at a normal
load level approximately chmic, but in the case of reac-
tive power elements purely capacitive. These include
non-loaded cables, which count as capacitive loads. The
voltage U on the load is, referred to the EMF voltage E
in the network, dependent on the ratio of these two
impedances.

In Fig. 3, magnitude and phase angle of the voltage
change are superimposed on the ratio of the short-circuit
power to the load. The parameter is the angle of this
ratio, which with an inductive load can be negative, with
ohmic load is still below 90° and with capacitive load
reaches almost 180°. Owing to the mainly inductive
short-circuit impedance, the switching of inductive or
capacitive load leads to substantial voltage changes (with
various signs) but to relatively minor changes in angle.
Conversely, when an ohmic load is switched, the change
in the magnitude of the voltage is small, but the change
in the phase angle considerable.

Assuming that with frequent load switchings the
magnitude of the voltage is not supposed to change by



more than 1 %, a switched ohmic load must not be
substantially greater than about 2 % of the short-circuit
power. Much more serious however is the problem with
the switching of the reactive power elements, which have
to be switched in relatively small steps if sudden voltage
changes are not avoided right from the start by means of
a continuously controllable static Var compensator.
Voltage changes continously regulated over several
periods are handled by the electronics without trouble and
generally tolerated by the other consumers.

The switching of greater ohmic loads leads to
conspicuously greater changes in angle than is the case
with the switching of inductive or capacitive loads. The
remaining consumers however register these changes in
angle less than the changes in the magnitude of the volta-
ge; the electronics must adjust itself to this.

V1.4.2 Transfer switching in the network

Transfer switching operations in the network can have
many reasons:

- Changes in the network constellation in order to
improve either the load flow or the power plant
generation schedule, or to reduce losses, etc.

- Commissioning and removal from service, e.g. for
maintenance of cables, transformers, switchgear, etc.

- Corrective switching in order to avoid greater faults.

The equivalent circuit illustrated in Fig. 4 can therefore
describe the process only in principle. '

A load centre is fed from a power plant via two connec-
tions. The short-circuit impedance and, derived therefrom,
the short-circuit power and the voltage change are
calculated for the network with both connections or, in
the event of an interruption in the lower feeder, with only
one connection.

An example involving thie following assumptions’

ZzﬁZl==Z3ﬂzl = 0.5 and
S.CR.Z; /Zy = 5 angular difference (2] /Z;) = -75°

produces when the ring is opened a voltage change of
-2.2 % and a phase angle change of -2.3° and shows that
even where the switched connection has a relatively high
share of the short-circuit impedance and with a low
short-circuit ratio, the voltage change even in the vicinity
of the switched connection is still relatively small.

V1.4.3 Single-phase line-to-earth fault

As already mentioned, single-phase line-to-earth short
circuit is the most common fauit in a high-voltage
network. Usually as a result of an insulation fault, a
conductor incurs a connection with earth and acquires
zero potential; the potential for the other two lines is
increased. If the short-circuit occurs in line R, the voltage
of line S lags somewhat, and that of line T leads. During
the fault, Ug at the fault location is zero. The three
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line-to-earth voltages in a real system including the
transients are shown in Fig. 5.

This oscillogram shows the voltages in the network, but
not the voltages behind the transformer on the converter
of an HYDC transmission system. There the zero voltage
is absent; at the converter itself only the two voltages in
the positive and negative phase sequence system occur.
The resulting voltage changes will be more closely
examined in the following.

The equivalent circuit for calculating the currents and
voltages in the event of single-phase earth fault in
symmetrical components is shown in Fig. 6. The
formulae for the operating frequency voltages in the three
lines before and during the fault together with their sym-
metrical components are also listed.

By way of example with Zy/Z{ = 3 and angular
difference Z,/Zq = - 15° the three line-to-earth voltages
were calculated and shown in Fig. 7 as an oscillogram. It
corresponds (without transient phenomena) approximately
to the network in Fig. 5, but without the transients. U
becomes zero, Ug and U are increased in the amplitude.
Ug becomes lagging and U becomes leading compared
to the voltages before the fault.

The symmetrical components of the three line-to-earth
voltages are superimposed in Fig. 8 on the ratio Zy/Z.
They can, for example, be quickly calculated by the
space vector method immediately - after occurence or
shutdown of a fault.

The short-circuit impedance of the network, the positive
phase sequence impedance Z1, is largely inductive. The
same applies to the zero component with a somewhat
greater ohmic proportion. The ratio of both impedances
therefore has a slightly negative impedance angle. The
magnitude of Z,fZ; can be below 1 in stations with
many earthed transformers; the normal value is however
in the range 2 to 3 and can with long lines exceed this
value somewhat. Overall therefore, in an evaluation of
the diagrams, ratios Z, and Z; in the range of
approximately 1 to 4 are necessary in solidly grounded
systerns.

Fig. 9 shows the three voltages of the lines R, S and T to
the (non-earthed) neutral point behind the transfomer on
the converter in terms of magnitude and phase. Although
the line R is faulted, the voltage UR attains even at small
Zy/Zq ratios 50 % and more of the normal star voltage.
The voltages Ug and U are based on the differential
phase angle between the impedances Z, and Z;. The
phase angles of the three voltages can also attain
substantial values at a low Z /Z; ratio. However, the
interaction of magnitude and phase angle of voltage is
significant since both together determine the intersections
of the instantaneous values of the operating frequency
voltages which are so important for commutation in the
converter in inverter operation.

The effect of this is shown in Fig. 10. The three voltages
Ug, Ug and Ut appear in the oscillogram without zero
component. It can be seen that the voltage in line S dips



somewhat in magnitude and is somewhat leading in the
phase angle. The voltage in line R dips considerably
more, producing overall a shift forward of the intersection
of the two voltages Ur and Ug. Communication is
therefore unfortunately hampered at the first intersection
of the voltages UR and Ug after the earth fault has
occured Nevertheless a quick reaction could be based on
definite criteria in the transient phenomena and in the
power frequency changes when a single phase
earth-to-ground fault has occured within about 1 to 2 ms.

The next commutation between the lines T and R then
takes place somewhat later.

It can be clearly seen that the absence of the zero
component has fundamentally changed the voltage shape
in comparison with the line-to-earth voltages illustrated in
Fig. 5. :

VIL.4.4 Two phase line-to-earth fault

Some accidents in high voltage transmission lines or in
substations can cause two phase line-to-earth faults.
Depending on the ratio Zy/Z1, the voltages between the
faulted phases and the neutral, which are responsible for
commutation failures, are reduced to less than 50 % of
the star voltage (Fig. 11). The phase angles are shifted by
about 60° (Fig. 12). The leading (faulted) phase is
delayed, the following phase advanced. Reductions in the
amplitude and phase shifting may influence the next
commutation. Whether this influence is positive or
negative should be decided by converter specialists.

V1.4.5 Influence of the fault location

Previous ideas paid attention to locating the fault. In
practical terms, the faults in the network are distributed
more or less uniformly, with the result that the voltage
deviations, e.g. at the place of installation of an HVDC
transmission System, are considerably less in the event of
a fault at a great distance from the busbar than for a fault
directly on it. The figures stated are therefore limit
values.

VIS5 TRANSIENT PHENOMENA IN THE CON-
TEXT OF SWITCHING OPERATIONS AND
FAULTS

Switching operations and faults in the system generally
lead to a temporary or lasting change in the operating
frequency voltages and currents in the system. If these
processes take place over a very short time, the result is a
transient phenomenon. Its magnitude will depend on the
change in the amplitude and in the phase of the operating
frequency voltage or current respectively. The frequency
of the transient phenomenon depends on the inductances
and capacitances of the system, on the damping of the
losses, especially in the cables and lines, but also on the
loads.

Regardless of the nature of the fault or of the switching
operation, the transient phenomena proceed similarly. It is
therefore sufficient here to describe this procedure by
way of a single example, without going into detail on the
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difference between possible faults and

operations.

switching

Load shedding, which can lead in the system to
temporary overvoltages, increases in the operating and
low-frequency voltages, will not be dealt with closely
here. It tends to be rare and is generally separately
investigated where it can occur in connection with HVDC
transmission.

V1.5.1 Single-phase equivalent circuit

Inductances are found mostly in the series arm of the
systern. Exceptions are shunt reactors and loads, which
are however usually of such high impedance that they
have only slight influence on the higher-frequency
transient phenomena. Capacitances are usually found in
the shunt arm. An exception are series capacitors, which
must however always be handled separately where
transient phenomena are concerned.

Loads are not incorporated in this equivalent circuit, as
their impedance is at least 5-10 times greater than the
series impedance. They wusually have a damping
influence.

The equivalent circuit is single-phase. In the three-phase
circuit, the principle of the transient phenomenon is
unchanged. The latter circuit has more elements than the
single-phase circuit and therefore tends in the event of
asymmetrical fault to lead to multiple frequency transient
phenomena.

The single phase basis circuit (Fig. 13a) can be
represented by its equivalent voltage source (Fig. 13b) or
by its equivalent current source (Fig. 13c). The equations
for the three most important values in the circuit are
shown in the illustration. These three circuits are also the
basic form of the equivalent circuits for two poles. The
simple circuit is also the most simple form of the
iterative network (Fig. 13d), which represents a multiple
frequency network. The series connectons of parallel
resonant circuits (Fig. 13¢) and the parallel connection of
series resonant circuits (Fig. 13f) are partial break
connections, the behaviour of which is absolutely
identical with that of the iterative network. They are used
for example for calculating the transient recovery voltage
or of the transient phenomenon in the short-circuit
current. The two latter connections give no indication of
the processes in the system itself; the iterative network is
therefore used as an example in the following.

VI1.5.2 Example for
phenomenon

calculation of the transient

The iterative network is a special form of the meshed
network. So as not to have too many parameters, all
inductances and capacitances have been equalized. The
following values have been incorporated in the circuit:

Operating frequency f =50 Hz

Series inductance Xy, =20 [Ohm] L =63.7 mH



Loss resistance R = 4 [Ohm]
(non-frequency-dependent)

Natural frequency of the
half element fo =500 Hz

Parallel capacitance C = 1.59 pEF
The following resonance frequencies can be calculated:

Parallel resonances (natural frequencies of the parallel
resonant circuits)

fp1 = 309 Hz f2 = 809 Hz

Series resonances (natural frequencies of the series
resonant circuits)

fr1 =500 Hz =f, f5=1500Hz

It can be seen that the lowest series resonance concurs
with the resonance frequency of the half element. The
lowest parallel resonance is below this value.

V1.5.2.1 Closing the short-circuit

When the short-circuit is initiated, the voltage at the fault
location returns to zero (Fig. 14: Uj). The operating
frequency portion of the voltage increases as the distance
from the fault location becomes greater, and remains of
course at the voltage source itself (U; to Ug). The first
series resonance frequency 500 Hz can be clearly seen in
the short-circuit current and in the voltages inside the
iterative network.

V1.5.2.2 Opening the short-circuit

When the short-circuit is closed, the current is interrupted
in its zero. The returning voltage clearly shows the first
parallel resonance frequency. For the voltage at the fault
location, the oscillogram calculated shows a noticeable
jump, caused by the sudden superimposition of a partial
voltage on the input inductance. Under natural conditions,
this pure inductance does not exist, but rather there is a
piece of line, the natural frequncy of which appears
instead of this voltage jump (broken curve).

V1.5.3 Results

- The voltage proceeds from its momentary value before
the switching operation or fault always in the direction
of the new momentary value of the operating
frequency voltage at the same point in time after
occurrence of the fault.

- The transient phenomenon often begins with a higher
frequency oscilladon of low amplitude, which is
quickly damped.

- The transient phenomenon is as a rule dominated by
the lowest resonance frequency of the system. In a
connecting operation, this is the series resonance
frequency; in a disconnecting operation it is the
(somewhat lower) parallel resonance frequency.

- In the system itself, frequencies below the first
parallel or series resnance are also initiated.

- The amplitude of the transient phenomenon can be
increased by resonance in the system itself. The
_amplitude can even be greater in the system than at
the location of the switching operation or fault.

- In a meshed network, multiple frequency phenomena
occur, with behaviour which is in principle similar.

- The higher frequencies are more quickly damped
than the low ones.

The oscillograms shown were worked out with weak
damping. The transient phenomena in the system are as a
rule very much more strongly damped. The illustrated
phenomena refer to fault initiation and fault clearing. In
load switching, the operating frequency voltage changes
are very much less (Fig.’15); the same then applies of

. course to the transient phenomena too. Here it should

merely be shown that in the great majority of cases, the .
transient phenomena proceed with the resonance frequen-
cies calculable in the systems, and in accordance with a
quite definite schema.
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the event of an earth fault in the network
with low resistance neutral point earthing
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Fig. 7: Power frequency line to earth voitages in the
event of a singie phase line to earth fauit
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APPENDIX VII

TWO EXAMPLES OF HANDLING LOAD REJECTIONS IN LOW SCR CONDITIONS

by Jacques Lemay, Canada

This appendix describes design and operating experience
data for two of the HVDC projects where AC voltage
control can be demanding because of low SCR
conditions.

For further information on operating experience is

referred to a number of papers published by Study
Committee 14. :

1. Miles_City: This 200 MW back-to-back station has
low SCR conditions on both sides.

1.1 Temporary overvoltages. The total shunt capacitive
reactive power compensation required for converter
operation and AC voltage support is 188 Mvar on
the east side and 218 Mvar on the west side where
temporary overvoltages could be as high as 1.55 pu
following DC load rejection, if nothing is done to
reduce them. The strategy is a combination of
permanently connected zinc-oxide varistors together
with a fast post-disturbance restart of the converters
to consume reactive ~power. The following
temporary overvoltage limits were specified:

- within 2 cycles
- after 250 msec
- after 600 msec

1.4 pu
1.2 pu
1.05 pu

The overvoltage control strategy is as follows:

- the initial overvoltage is limited by a customized
multi-column zinc-oxide device (discharge energy
rating of 8.75 MJ)

- the converter operation is restored within two
cycles after a fault is cleared to meet the
specified overvoltage limits by var demand

- the station is tripped if the DC restoration is not
successful.

1.2 Recovery of the DC power from AC faults. Further
to the control of overvoltages, power is restored to
90% of the predisturbance level in approximately
200 msec. For the loss of key 230 kV lines on
either side, the recovery time is increased to 400-
500 msec, and the transfer is limited to 175 MW.
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1.3 Voltage changes due to switching. The maximum
size of reactive bank is 15 Mvar to limit the
instantaneous change in voltage. In the steady-state
the inverter operates in a regular mode and switches
reactive elements to prevent the AC voltage from
deviating more than 1% from a voltage reference.

Sidney: This 200 MW back-to-back station has
strong SCR on both sides (8.6 on the east side and
5.2 on the west side). The loss of a main 230 kV
line on the west side reduces the SCR to 2.25.

2.1 Temporary overvoltages. The specified limits are
1.25 pu within two cycles and 1.15 pu within 250
msec. These values are met by the use of metal
oxide varistors that are switched by circuit breakers.
The switching of the varistors has to be coordinated
with other switching actions in the AC system as
well as with the converter controls. The varistor
energy rating is based on the expected recovery time
of the converter: they are designed to accommodate
one 80 msec discharge period (successful DC
restart), followed by a second period of 140 msec
(unsuccessful restart), for a total rating of 28 MTJ per
phase.

2.2 Power modulation. Power modulation to damp the
rotor swings of a nearby generator is activated in
response to generator shaft speed deviations. The
power is ramped down to reduced transmission
limits for the loss of key AC lines on either side.
Ramping is also used as a backup for the case where
the microwave signal from the generating station
is lost after the modulation process has been
activated.

2.3 Harmonic interaction. During commissioning a
potential for harmonic resonances near the fifth and
seventh harmonics were discovered in the eastem
network. Additional monitoring equipment was
installed and DC transmission is stopped to protect
the nearby generator if the fifth or seventh harmonic
currents are excessive as indicated by firing angle
imbalance or special harmonic relays.



APPENDIX VX

REQUIREMENT FOR DC MODEL FOR PLANNING OF AC SYSTEMS

by Dag Holmberg and Per Olav Lindstrém, Sweden

VIIL1. INTRODUCTION

Within CIGRE Task Force 38-05-05 a simplified model of
HVDC transmission has been discussed. The model should
be used for studies where the influence from the HVDC
on the AC system shall be analyzed.

The aim is to get a model with results that are not devia-
ting too much from the results from a more detailed mo-
del. The model should be as common as possible.

This simplified model is therefore general and is not repre-
senting any particular HVDC system or manufacturer. The
model shall be used to study the voltage, frequency and
power flow in the AC systems for the following cases:

a) Commutation failure with or without AC fault at the
inverter

b) AC faults at the rectifier

c) Intemal HVDC faults, temporary or permanent

d) a-c) in combination with power modulation or over-
load.

From the power system’s point of view, the only inter-
esting parameter is the consumed active and reactive po-
wer in the converters.

The easiest way to model an HVDC transmission is by
loads at the rectifier and inverter buses. With such a mo-
del, severe contingencies as blocking, commutation failure,
overload, etc. may be studied with acceptable accuracy.
The drawback is that the user must control all changes
manually. This paper describes a model which is rather
simple to use but gives results with good accuracy for
planning studies.

VIII.2 USER-SUPPLIED DATA

The number of parameters should be as few as possible in
order to facilitate the use of the model. Parameters that are
needed for system studies or substantially influences the
results shall be defined by the user. The following shall
the user be able to choose. or define:
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a) Side for DC current control (rect. or inv.)

b) Rated power [MW]

¢) Actual power [MW]

d) Rated DC voltage for the converter controlling the
voltage [kV]

e) DC line resistance [ohm]

f) Ratio for converter transformer. An appropriate value
is calculated automatically by the model if zero is
given by the user.

g) Reactance for converter transformer [%]

h) «-min at steady state [°] _

i} «-min during dynamic simulation [°]

) v-min at steady state [°]

k) v-min during dynamic simulation [°]

D) Switch for manual blocking, unblocking, commutation
failure, etc.

‘m) Overload capacity (%], see fig. 1

n) Delay time before overload is ramped down [s], see
fig. 1

0) Time for ramp down of overload to nominal power
{s], see fig. 1

Typical values for the parameters shall be given in the
documentation of the model.

VII.3 DESCRIPTION OF THE MODEL

Parameters which do not vary too much or parameters that
do not influence the results may be built into the model
and given normal values. Thereby the user does not need
to care for these parameters and he can concentrate his
efforts on parameters interesting for the AC system. The
following may be built into the model without limiting the
usefulness of the model:

a) 12-pulse converters

b) Rating of converter transformer is calculated using the
rated DC power and an appropriate power factor

c) Number of steps for tap changer, £ 10

d) Step size for tap changer, 1.25 %

¢) Current margin, 10 %

f) o-max and y-max for steady state condition is set so
stable operation is achieved



g) Voltage dependent current order limiter, VDCOL. A
typical curve is used. The overload capacity shall be
reflected in the VDCOL function.

VIII.4 CONTROL ACTIONS

The local converter controls and the associated response of
DC current and voltage are rapid in relation to the time
scale of simulations.

The modelling of DC transmission recognizes three dis-
tinct types of acton by the controls:

a) Normal regulation of DC converter operation to main-
tain specified constant power transfer with coordination
of rectifier and inverter current setpoints.

b) Temporary overriding of DC converter normal opera-
ting setpoints in response to disturbances of AC system
voltages during faults or internal DC faults.

¢) Modulation of the DC power setpoint by a supplemen-
tary signal. For example frequency control or damping
of system oscillations.

a) Normal operation

Transformer taps are adjusted if the firing angles are outsi-
de the steady state limits. The taps are normally not adju-
sted during dynamic simulations. The user sets the power
order in MW while the model internally works with cur-
rent order.

b) Disturbances

Commutation failure

The model shall not have any logic for determination of
commutation failure. The reason is that the commutation
depends on individual phase-to-ground and phase-to-phase
voltages and these are not available in dynamic simula-
tions which consider the positive sequence only.

The control actions at commutation failure should be initi-
ated by the user. He should set the switch (see above) to
a certain value. The model shall then reset the switch and
simulate a commutation failure. It shall be possible to
simulate consecutive commutation failures by setting the
switch several times.

AC faults at rectifier

A drop of the AC voltage results in decreased DC voltage
at the rectifier when the c-min limit is hit. The voltage at
the inverter is therefore decreased so the DC current conti-
nues to flow. The inverter has a practical maximum limit
of o of about 105°. Large voltage drops at the rectifier
leads therefore to zero power transfer. For small and mo-
derate voltage drops, the VCDOL will limit the DC cur-
rent and thereby the DC power.

When the fault is disconnected and the AC voltage rec-
overs, the power shall be automatically restored by the
control system. The user shall not need to take any actions
for the control of the HVDC for this kind of disturbance.
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HVDC faults
Internal faults in the HVDC transmission are studied by
manual blocking. The power is automatically restored by
the control system when the HYDC is unblocked. The user
changes the switch in order to block or unblock the DC
transmission.

¢) Modulation

Special control like frequency control, reactive power
control or power system oscillation damping shall not be
implemented in the simplified model. Such devices may be
modelled by separate models and their output shall be
added to the | - order of the HVDC model. This addi-
tional signal shall be in effect also during power recovery.

d) Overload

The overload capacity specified by the user shall be limi-
ted in time during dynamic simulatons. Figure 1 shows
the definition of the delay time and ramp down time. The
overload "protection” is trigged when the actual DC cur-
rent exceeds the rated DC current. After the delay time,
the maximum current limit is ramped down to rated DC
current. An example is shown where the actual current is
reduced to nominal current by the current limuit.

time delay before time for

ramp down ramp down
DC =t - >
current n current limit
H XC
L5
59 N
rated 5 % l /\/\ N
current !

actual dc current

Time:

Figure 1. Overload capacity and ramp down.



APPENDIX IX

EVALUATION OF THE QUESTIONNAIRE: "TRANSIENT FUNDAMENTAL

FREQUENCY STUDIES FOR AC SYSTEM ASPECTS OF AC/DC INTERACTIONS"

by H.L. Thanawala and J.C.W. Corcoran, UK.

IX.1 INTRODUCTION AND GENERAL REMARKS

Replies have been received from 24 participants to the
questionnaire on fundamental frequency transient ac/dc
interaction studies issued in 1991. A summarised
analysis of the replies is given here and it is believed that
it yields useful information under the five main headings
under which the 27 questions were posed. These
headings are:

Purpose and topics of the studies
Programs and experience
System modelling
Representation of controls
Future developments.

mouQwp

The original questionnaire included considerable detail,
suggesting possible forms of answer under each question.
These suggestions were not mandatory but were intended
to act as prompts where required. In Appendix A an
abbreviated form of the questionnaire is given in which
the 27 questions are recorded, with. only examples of the
suggested answer topics.

In the original analysis of the answers the results were
presented in 27 tables, one for each question, each table
having 24 columns representing answers from the 24
participants. The answers to the question in a particular
table were indicated down the left hand side of the table -
one per row - and a cross (or some other indicator) was
placed in each box representing an answer from a
particular respondent. An example is shown as Table 1,
indicating answers to Question Number One. Since the
presentation in this form requires 27 such tables the main
points of the replies are summarised here for brevity in
one small Table (2) together with notes in the following
sections, where the 27 questions are considered in the
five groups A to E indicated earlier. A list of the
organisations and individuals who responded to the
questionnaire is given in Appendix B.

In many places respondents not only answered the que-
stions but provided useful additional notes and elabora-
tions. It is not possible to do justice to these in this biief
document but some of the points made are included in
the summarising notes which follow.

IX.2 NOTES ON THE ANALYSIS

The 27 questions are now considered briefly in groups in
an attempt to summarise the most obvious or interesting
features of the answers. An overall observation that may
first be made concemns the difference between the trends
of answers when these were given as options in the
questions and when each respondent gave their own. In
the first case the ‘matrix’ of X’s in a Table such as Table
1 is very full - presumably because most organisations
are interested in the main subjects. In the second case
the ‘matrix’ is sparse because individual replies are all at
least a little different, indicating the variety of problems
identified by different groups.

It is-also evident that, inevitably, different organisations
are at different stages of studies of the types under consi-
deration and the replies of course reflect this. It is to be
hoped that the form of the total of replies will assist the
recognidon of topics which appear most important to
those with great experience. Some organisations
acknowledge their replies to be based on what they
expect to do_later. '~

~Group A: Questions 1 to 3 - Purposes of Studies

These questions concern the main study topics, and the
principle system disturbances of interest; also the related
subject of the real time period over which it is desirable
for particular studies to run during calculation.

_ Results showed that there is a large consensus of agree-
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ment on the main topics that should be addressed and the
disturbances most needing to be simulated to evaluate
ac/dc interactive system effects. These are largely those
subjects which one would expect for overall design
purposes but some authors have pointed to topics of
particular concern in their own work, and these may help
to remind other workers of unexpected features. Main
and other frequent replies are indicated in Table 2 with
the numbers of respondents giving each type of reply in
parenthesis following it.

Regarding study times (question 3) many replies gave, of
course, ranges for typical studies and overall ranges were
as follows:



Transient stability
Swing damping
Frequency transients
TOV

2 to 10 seconds
10 to 20 seconds
10 to 60 seconds

1to 5 seconds

Load shedding, run back and sub-synéhronous resonance
studies each had one reply. The associated times were
2.5, 5 and 50 seconds respectively.

Group B:
Experience

Questions 4 to 6 - Programs and

In answer to these questions a large variety of digital
computer programs were indicated, covering both
transient stability type of calculation and calculations of
EMTP-type for higher frequency effects. It is clear that
both PSS/E, a_transient stability analysis program, and
EMTP, an ‘electromagnetic transient program, are
favoured by a number of users. In fact these are the only
‘named’ programs identified by more than one respon-
dent.

Similarly the large number of physical simulators in use
is of interest but equally a significant number of
organisations are not yet availing themselves of such
techniques. Four organisations indicated use of
simulators developed in-house.

Question 6 both overlaps and complemiénts questions 1
and 2 but serves to highlight some additional topics of
concern. These included ‘Loss of DC interconnection,
Delayed clearing of a close fault, Dynamic interaction,
New generator integration, Series compensation, SSR and
multi-terminal links.

Group C: Questions 7 to 11 - System Modelling

These concern the important topic of system modelling
and bring out the fact that while the most usual type of
program for ~study clearly is that applying positive
sequence phasors (i.e. a program of ‘transient-stability’
type) for conducting AC/DC dynamic performance
studies there is some use also of programs of EMTP type,
employing full three-phase differential equations.

There is justifiable concern to be able to more accurately
model the effects on the DC link of single-phase ac
system faults and to predict the onset of commutation
failure. The need to be able to accurately model dc¢ link
effects while conducting ac system studies emerges here
and in later questions. Question 11 points to this and so
do the questions on control representation in Section D.
The use of User-defined modelling or of a program of
EMTP type is favoured by three respondents in each
case. The answers to question 8 indicate a large diversity
of approaches to methods for unbalanced faults.

The types of program in use of course affect the answers
to question 9 on the parameters included when represen-
ting the dc line between convertors for different types of
study. DC network modelling by R, R/L and R/L/C all
seem to be nearly equally favoured (R = 10 replies, R/L
10 and R/L/C = 13). Distributed parameters were
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mentioned (by two) as appropriate to EMTP type work.
Table 2A shows the replies.

The subject of interfacing ac system and dc link represen-
tation is addressed in ‘question 10 and the replies indicate
that in most cases, for the type of fundamental frequency
transient studies being dealt with, steady state convertor
equations are used to iterate injected currents and dc
voltages across the interface. The number of
correspondents using full 6 or 12-pulse bridge models or
simulators seems lower than might be expected (7).

Integration of full link representation and standard ac
transient study methods is being raised in some answers
to these and later questions. The use of a physical
simulator or EMTP-type program-as an additional facility
is clearly considered by some in question 11 to be highly
desirable. Four employ such additional facilities for
weak ac systems, and eight regard some use as a
necessity; five employ such faciliies as an additional
check.

Group D: Questions 12 to 21 - Representation of
Controls

The use of a simplified model, with ‘instantaneous’
control of dc link parameters is from the replies a
debatable issue. Eleven investigators have replied that
they do not use such a model; some evidently do. One
respondent, who gives useful additional notes, points to
the need to carefully confirm the use of ‘instantaneous’
controls when the dc link is the more important (or ‘more
powerful’) element in the studies, but feels that the
simplified model is accurate enough when the aim is the
assessment of system behaviour. Where the ac system is
weak, lack of control representations in the dc link model
can be a problem as the effects of frequency variations
will not be sensed.

A variety of different features of simplified control
models used is indicated in the-answers to guestion 13
but a few replies draw attention to standard models such
as CDC4 or 6. In question 14 the assessment of likely
commutation failure is addressed together with convertor
mode] changes used to deal with it, but in most cases it
seems that these issues are very difficult to deal with
directly. Methods of assessment of the occurrence of
commutation failure tend to be by monitoring of ac (or
dc) voltage and cos 4. Simulation may be by inverter
bypass (five replies). No approximate methods of these
types are yet fully adequate.

It is interesting that a number of respondents were able to
give quantitative replies to question 15 on the value of
short-circuit ratio below which they had found a
simplified model to be inadequate. A value of about
three seemed to be in evidence but one organisation
pointed to their own situation where the long distance of
transmission coupled with other effects including a low
SCR can lead to very complicated effects. Question 16
was of course not applicable for some but where
answered the main concerns are understandably with
accuracy, confidence in a simple model and inability to
observe any activity ‘inside’ the dc link when using a



TABLE 1
EXAMPLE OF REPLY RECORDING

A. PURPOSE AND TOPICS OF THE STUDIES

1. AIMS

Post-fault transient X X |1 XXX X X X
stability

Dynamic over- X 1X |X |X | XX X X
voltage/TOV

Frequency fluctua- X X1 X 1X | X X X
tion

Load shedding X |X |X X X
Frequency modul- X IX X |X 11X X 11X X
ation/control

Swing damping X X | X X |X X | X X
Danger to equip- X |X | X X X
ment

Control strategy X X |1X 11X | X XX |X X
Run-back X [X | X |X X
SVC requirements X X 1 X X X
Overall performance X X |1X |X X |X X
Operation strategy X

AC/DC paraliel X

scheme start-up

Post-fault steady X

state response

Transient over- X
voltage

Voltage stability X X X
Sub-synchronous

resonance

Harmonic genera- X
tion

DC transient rec- X

overy

System expansion

Protection operation X
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simple model. Lack of data is also suggested as a barrier
to better modelling.

Replies to question 17 on the modelling of action follo-
wing a dc line fault clearly show a great variation in
detail but evidently the problem is often addressed by the
monitoring of voltage and the subsequent application of a
predefined logic. A voltage-dependent current order limit
" is mentioned in six replies. In some cases (three) control
acton is only addressed by the use of physical
simulators.

Question 18 probably brought forth the expected trend of
replies, that more detailed modelling is necessary for dis-
turbances which directly affect the dc link in such a way
that special control features and responses must be consi-
dered. At least two replies said that more detailed
modelling should always be used and perhaps this is the
ideal. Replies to question'.19 indicate that detailed
controls are included by nineteen of the replying
organisations either by pre-defined models or by user-
defined models.

Multi-terminal dc links can it seems (question 20) be mo-
delled by fifteen responding organisations, and two say
they have very complete facilities. Some have methods
partially completed or under development, but in no case
is much detail indicated.

Fifteen respondents indicate that their programs cover
telecornmunication delays. Some detail is given as to the
methods erployed (e.g. represented as ‘true delay’ or
‘transport delay”’).

Group E: Questions 22 to 27 - Future Developments

This group of questions, being concemed particularly
with plans for future development, produced interesting
replies.  Each organisation, as would no doubt be
expected, tends-to point in question 22 to a restriction
which presumably it has individually had occasion to
particularly note and this should be of benefit to all
concerned. There is inevitably some duplication of points
between this and earlier questions, in particular where
internal dc link effects are concerned. The very
important questions arising for systems linked by dc to
load centres a long way off or island systems connected
by dc to mainland systems are mentioned here and under
other headings. Examples given of other restrictions are
‘Unbalanced faults difficult, Cannot study internal link
effects, Cannot study SSR, Representation of commuta-
tion failure’. DC line representation and lack of MTDC
facilities are also mentioned.

Combination of power frequency type dynamic programs
and EMTP-type programs (see question 23) does not
appear to be an intention of many organisations, but three
thought it a good idea. Complementarity (with some
overlap) may be the requirement rather than combination.
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In the answers to question 24, however, there is a call for
combination and for better facilities to represent
commutation failure; also for standard models from
manufacturers, and particular concentration on control
loop representation.

All forms of digital computer equipment are in use (qu-
estion 25) - main frame, mini-computer, work station and
PC, but the answers to question 26 suggest a
concentration in the future on work-stations (and
networking). One organisation suggests a combination of
workstations and main-frame.

The concept of digital simulators (with multiple central
processor units in parallel) is. clearly receiving and
gaining attention, although there is evidently some
suspicion in one quarter that they may not be user-
friendly. (Question 27).

IX.3 OVERALL SUMMARY

Table 2 gives a brief overall resumé of the replies analy-
sed in Section 2.

APPENDIX IX.A

THE QUESTIONS
(in abbreviated form)

A. PURPOSE AND TOPICS OF THE STUDIES

1. What are your aims in conducting AC/DC system
dynamic performance studies? (For example, post-
fault transient stability, dynamic overvoltage (funda-

- mental frequency temporary overvoltage TOV) etc.

2. What are the principal kinds of disturbance studied?
(For example, balanced faults, load rejection, etc).

3. What is the duration of study (in secs) for the above
different purposes of study (for example fault studies
may be 5 sec, TOV 1 sec, frequency sec, etc)?

B. PROGRAMS AND EXPERIENCE

4. What is the name of the program used (or programs if
different for the different aspects)?

5. If HVDC simulator is used, please state the manufac-
turer, size etc.

6. What type of studies have been camried out and what
are currently being undertaken?



TABLE 2

SUMMARY OF REPLIES

Group

Heading

Main Replies

Other Significant Replies

A Purpose and Topics

AC/DC fault transieats (23)

Control and frequency effects (23)
Load rejection/shedding (21)
Dynamic/temporary overvoltage (20)
Swing damping (18)

Commutation failure (16)

SVC requirements (12)

Run-back (10)

Voltage stability (4)

Danger to equipment (14)
Generator trips (5)

Typical study times quoted:
TOV 1-5 sec

Transient stability 2-10 sec
Swing damping 10-20 sec
Frequency transients 10-60 sec

B Programs and Experience

17 named programs mentioned, plus 4 ‘in-house’
14/24 replies quoted PSS/E

6/24 replies quoted EMTP

Studies of all likely types being undertaken or to be
undertaken

9/24 quote simulators

5/24 do not use simulators

6/24 mentioned modulation or control as a study
type

c System Modelling

18/24 use +ve sequence phasors

8/24 use 3 phase differential equations

SS convertor equations used by most for AC/DC inter-
action (question 10)

AC/DC interaction needs further attention

Unbalanced SC difficuit

(Many different approaches)

Physical simulator very desirable

See Table 2a for use of DC tie models (question 9)

Not much (but some) interest in combining TS and
EMTP types - use in complementary way
Need to improve ‘control’ representation

D Representation of Controls Use of instantaneous control debatable: Simple models need validating and are restrictive.
If AC system stronger - OK (Many types used)
If DC system stronger - need more detailed controls Representation of controls important for large dis-
turbances to link
Assessment of commutation failure (CF) by monitoring | Some orgapisations can handle MTDC links
voltage and cos ¥ (4 answers) Simulator necessary for some work
CF modelling needs further attention Detailed controls modelled by most (some pre-defi-
ned, some user-defined)
E Future Developments Many individual restrictions (see text) Work stations favoured for future but all forms of

computer in use now
Digital simulators being developed

9. MODEL OF DC NETWORK

TABLE 2A
(Question 9 Answers)

Tie not represented | X X X
No restrictions
(a) Resistive S I A D |A |DF A I P
(b) Resistive, D | X FL | D GR | B C 0 B X
inductive
) R,L C D D DE M | OC A ER D | A clAa XX
(d) Distrib para- D E w
meters
Not applicable X
Not answered X
Key: A = Al L = Load rejection
B = Back to back M= MIDC
C = Cable O =  Overhead line
D = Dynamic P = Power flow
E = EMTP-type R =  Subsynchronous resonance (SSR)
F = Frequency S = Steady state
G = Danger W =  Switching overvoltage
I = Initial (or simple) X =  ‘Applies’ (as in other tables)
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C. SYSTEM MODELLING

7.

10.

11.

12.

13.

14.

15.

16.

Is the ac network modelled as positive sequence
network using equivalent phasor quantifies (or by
full three-phase differential equations)?

How do you take account of ac system and conver-
tor performance for unbalanced (e.g. one-phase)
short-circuit faults?

For which disturbances or studies is the dc network
(other than convertor bridges) modelled as:

(2)
(b)
(©)
(@

Purely resistive?

Resistive inductive?
Resistive-inductive-capacitive?

Distributed parameter models for dc line or
cable?

(Please’ state for (a), (b), (c), (d) which model is
adopted for which type of study, e.g. for a dc cable
system the model (c) including its shunt
capacitance may be considered necessary for some
studies).

What theoretical model is used for the convertor
bridge to determine its ac injected current vector
and dc voltage?

(For example, is it steady-state .convertor
equations,or is it the full 6-pulse or 12-pulse
convertor model using topological differential
equations).

For which studies of the fundamental frequency
dynamic performance type do you consider it
necessary also to employ either a physical simulator
or an EMTP type program? Is it used as a
necessity or as an additional check?

REPRESENTATION OF CONTROLS

For which of the studies (if any) do you use a ‘sim-
plified’ control model which considers the control
to be instantaneous?

What ‘simplified’ control model is used?

What changes (if any) to convertor model equations
are employed for representing commutation
failures, and how is the likelihood of commutation
failure assessed by the program?

For what value of ac system relative strength (in
terms of the SCR, i.e. short-circuit ratio) have you
found the simplified model inadequate?

What restrictions has the simplified model imposed
in your studies?
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17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

How are the control actions for dc line faults model-
led; i.e. what aspects of low voltage current limits at
rectifier and inverter are modelled?

When do you find a more detailed control model
necessary or useful?

Does your program enable the detailed control model
of only a pre-defined structure, or does it allow a
user-defined control structure?

What faciliies does the program provide for multi-
terminal DC schemes (MTDC)?

Does the program cover telecommunication delays; if
yes, how? :

FUTURE DEVELOPMENTS

What restricions in the available study facilities
have you experienced in the studies conducted so
far?

‘What future, planned or current perspectives do you
have about combining in some manner the power
frequency type dynamic program (i.e. transient stabi-
lity program) and the EMTP type program? (For
example, EMTP for modelling the ac/dc network
close to the convertors and transient stability type
model for the remoter part of the system including
generators).

What improvements or other developments do you
consider would be of particular benefit for future
studies?

Do you presently run the program on a main-frame,
a mini-computer, workstations or PCs, (state one or
more options as actually employed)?

Which of the above typc'of computer hardware is
likely to be of greater use in the near future?

Have you considered employing digital simulators in
the near future for such studies (as distinct from
physical hardware simulatots presently in use and
digital computer programs presently in use)? (Digi-
tal simulators employ multiple-processors (CPU) in
parallel).



APPENDIX IX.B

List of responding organisations in order in which theirreplies appear
in the report table columns. Left hand column corresponds to number 1

No. Organisation Respondent Country
1 | Elkraft Ostrup Denmark
2 | Eskom Hadingham South Africa
3 | ESB Byrme Eire
4 | Statkraft Heggland Norway
5 | Tractabel Deuse Belgium
6 | Vattenfall Holmberg Sweden
7 | Hitachi Konishi Japan
8 | Westboro (Neplan & Tatro USA
Nepsco)
9 | United Power Association | Mortensen USA
10 | PTI de Mello USA
11 | Hydro Quebec Lemay Canada
12 | CRIEPI Takasaki Japan
13 | Imatran Voima Vajtomaa Finland
14 | Mitsubishi Iyoda Japan
15 | State Elec Comm, Vic- Bolden (via Burt, Australia
toria NZ)
16 | EDF Bomard France
17 | Transpower Control Burt New Zealand
Group
18 | Transpower Eng & Dev Burt New Zealand
Group
19 | Hydro-Elec Commission, | via Burt, NZ Australia
Tasmania
20 | ENEL Nicola/Pincella ITtaly
21 | ABB Power Systems Adielson Sweden
22 | Bayemwerk Gampeneider Germany
23 | FGH Wess Germany
24 | GEC ALSTHOM Corcoran/Thanawala | UK
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APPENDIX X

A DIGITAL MODEL OF AN HVYDC SYSTEM FOR SYSTEM PLANNING STUDIES

T. Adielson and G. Liss, Sweden

Summary:

The models of HVDC systems, which are presently
implemented in stability programs, seem to be -either too
simplified to be adequate, or too detailed to be general.

The intention with this work is to propose a digital model
of an HVDC system, which should be general and ade-
quate for planning studies of dc links. It should enable a
Utility to explore the properties of an HVDC system for
exploiting its inherent potential to control. the active
power and the reactive power of the converter stations, to
enhance the dynamic performance of its power system.

The modelling is focused on the properties of an HVDC
systermn seen as a system element and the representation
of the ac/dc interactions correctly. Hence, details on the
internal states of the HVDC system are not reproduced.

The HVDC system model is valid for the power fre-
quency components of ac voltages and currents, and for
the mean values of dc voltages and currents, which are
decisive for power flows and electromechanical
transients.

Effects of harmonics are neglected. The model is valid
for a multiterminal HVDC system, including series taps,
and for symmetrical operating conditions.

Basic theory only is employed for the modelling of the
HVDC converters. The model is here restricted to so
called single overlap of the commutation of the dc
current between the valves. It implies that it may not be
valid for very low ac voltages and high dc currents.
However, the model should be adequate for making
correct conclusions about the dynamic performance of the
system. The converter model can then be described by
means of a rather simple equivalent circuit.

The control system of an HVYDC system is represented by
means of simple transfer functions of the relevant
controllers:

- The Current Firing and Current. Controller, which
provides the delayangle to the converters and
controls the dc current.
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- The Current Order Limiter, which reduces the dc
currtent for low dc voltages, and facilitates the
recovery of an HVDC system after a disturbance.

- A higher level controller, Master Controller, by which
the current orders to the individual converter stations
are determined and coordinated.

- A Power Frequency Controller, by which the active
power of a converter can be varied to control the
frequency and to damp electromechanical oscillations.

- A controller for variation of the margin of commuta-
tion of an inverter, y-Controller, by which its reactive
power can be used to control and stabilize its voltage.

Disturbances in the converters, the ac and dc networks
are discussed and simple representations of protective
actions are proposed.

The mathematical basis of converters and controllers is
given, as well as typical numerical values of their
parameters. '

An application example, based on the Gotland HVDC
transmission is provided.

X.1 INTRODUCTION

A joint task force of CIGRE and IEEE has published an
extensive "Guide for planning dc links terminating at ac
system locations having low short circuit capacities”:

- PartI. AC/DC system interaction phenomena.
- Part II: Planning guidelines.

The guide stresses the need to carry out adequate studies
at all stages of planning and design.

In order to perform studies for the system planning,
Utiliies need a general and adequate HVDC system
model in their software for transient stability analysis.

The HVDC system models, which are presently
implemented in the stability programs, seem to be either



too simplified to be adequate, or too detailed to be
general.

The intention with this work is to propose a digital model
of an HVDC system, which should be general and
adequate for planning studies of dc links. It should enable
a Utdlity to explore the properties of an HVDC system for
exploiting its inherent potential to control the active
power and the reactive power (within the design limits)
of the converters, to enhance the dynamic performance of
its power system. The following description is brief. For
general converter theory and further details, reference is
made to {1, 2, 3, 10].

X2 REQUIREMENTS

The HVDC system model has been designed with the
following basic requirements in mind:

1. The model shall focus on the properties of an HVDC
system seen as an element in a power system. It
shall provide the correct interaction with the
other network elements. Hence, it need not reproduce
the detailed internal states of the HVDC
converters.

2. The model shall be consistent with those of other fast
acting system elements used in transient stability
programs, in particular static var systems and static
excitation systems of synchronous machines.

3. The model shall be valid for the power frequency
components of ac voltages and currents, and the mean
values of dc voltages and currents, which are decisive
for the power flows and the electromechanical
transients. Hence, the effects of harmonics are
neglected.

4. The model:should enable a system planner to explore
the dynamic performance .of a system for load
changes, for switching of capacitors and reactors, for
load rejection, for recovery from ac and dc faults and
commutation failures, and for investigation of control
for enhancing the performance of the power
system.

5. The model should be able to detect voltage instability,
when an HVDC converter is operating at a location
with low short circuit capacity. It shall be possible
to study control measures for stabilizing the
voltage.

6. The model should enable study of control measures
for damping of active power and frequency oscil-
lations.

7. The model should be as general and described by as
few parameters as possible. Details which may reflect
special design shall be avoided.
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X3 OVERVIEW OF THE CIRCUIT CONFIGU-
RATION AND THE CONTROL

X.3.1 Main circuits

A typical circuit configuration of an HVDC station is
shown in Figure 1. It consists of a number of line
commutated converters, each connected between two dc
nodes and an ac node on the valve side of the
converteriransformer. The converters are assumed to
commutate independently of each other.

The transformer is here considered as part of the ac
network. It may have a tertiary winding with a syn-
chronous condenser.

AC filters for absorption of. current harmonics are
normally connected on the network side of the converter
transformers.

Dc reactors and dc filters for smoothing the dc current
and absorption of the voltage harmonics, are nommally
connected on the dc side of the converters. An electrode
station may be connected between a dc-neutral and the
ground.

A converter station may be connected to a monopolar or
bipolar dc line.

An arbitrary de-circuit configuration should be built from
basic circuit elements, converters, transformers, lines,
reactors, capacitors etc, interconnected at nodes.

X3.2 Control

The basic means for the control of an HVDC converter
are the firing angle, c, of the converters and the turns
ratio, M, of the converter transformers, see Figure 1. The
dc voltage of a converter, and the magnitude and the
phase of its ac current, relative the commutation (ac)
voltage, can be varied continously and fast by means of
the converter control, which determines c.

The commutation voltage of the converters can be varied
in steps and slowly, by means of the LTC of the con-
verter transformer, which determines 7.

If a synchronous condenser is available, its excitation
control may be used for the control of the commutation
voltage of the converter, continuosly and relatively fast.

X.3.2.1 HVDC system with parallel converters

X.3.2.1.1 Systems control

In all existing commercial HVDC transmissions, the
HVDC stations are connected in parallel. A parallel
system is controlled according to the established current
margin principle [1, 2, 3, 4, 5, 6, 7). It implies that one
converter station controls the direct voltage and the other



stations control their direct currents. It is realized by
having current regulators acting on the firing angles of
the converters in all the poles, and selecting the current
orders such that the sum of those of the rectifiers
becomes equal to the sum of those of the inverters, and
subtracting a so called current margin at the current
regulator in an inverter or adding it at the current
regulator in a rectifier. It is illustrated for a two-terminal

transmission in Figure 2, and for a three-terminal system

in Figure 3.

The principal effect of the current margin is that the
current regulatorsincrease the direct voltage as long as all
the converter stations are able to control their direct
currents, because more electrical charges are then put into
the system than taken out of it. The direct voltage of a
converter has a maximum limit, see figure 2b and 3b.
The maximum voltage is determined by the ac voltage
and the minimum firing angle in a rectifier, and by the ac
voltage and the margin of commutation in an inverter.
When the maximum limit of the direct voltage is reached
in a station, that station is no longer able to control its
direct current, but acts as the slack for the other current
controlling stations. Hence, the direct voltages in the
systern are determined by the maximum voltage of that
station, and the voltage drops due to the direct currents.

The current margin principle assures that the power
transmission on the dc system is maintained, even during
disturbances in the connected ac systems, which may
change the ac voltages such that the station with the
maximum direct voltage may change. ’

The direct current in each station may deviate from its
current order by an amount equal to the current margin at
the most, during steady-state.

For the HVDC systems in Figure 2 and 3 it is assumed
that the direct voltage is controlled by means of the LTC
of the converter transformer in the main inverter, and that
the direct current is controlled by means of the current
controller in the rectifier(s). The application for an
arbitrary number of parallel stations is
straight-forward.

X.3.2.1.2 Station, pole and converter control

An overview ‘of the principal controllers of a converter
" station, which is connected in paralle] with other stations
in an HVDC system, is shown in Figure 4.

Each converter has a converter firing and curmrent con-
troller (CFCC), which provides the firing angle, ¢, to the
valves. It is identical for the converters connected in
series of a pole. It controls the direct current to follow a
current order. The input is the control error formed by the
difference between the current order, I, and the actual
direct current, I,, In one station a current margin,
typically about 10 % of the rated current, is also applied;
It is subtracted in an inverter or added in a rectifier. It is
noted that the dc and ac systems are parts of the closed
loop.
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The current order is obtained from a so called voltage
dependent current order limiter (COL). It reduces the
current order for low direct voltages during a disturbance
and facilitates the recovery of the power transmission
after the disturbance. .

The reference value of the current order, I, to the COL
is obtained from a master controller (MC). It also
coordinates the current orders of all the poles in the
system and assures that the conditions for the current
margin principle is fulfilled. An HVDC-pole may be
operated with constarit current control or constant power
control. In the latter case I, is determined by the
quotient between a power order, P, and the direct
voltage, U,.

The ability to control the active power of an HVDC
station may be used for the control of the frequency of a
system, or for damping of power oscillations. Then the
power order of a power controller is supplemented with
the output, AP, from a frequency controller or a damping
controller (PFC). It responds to deviations of the system
frequency, Af, the speed of a rotating machine, A, or the
power on a tie line, APg. Such controllers can also
supplement the current orders for constant current
control.

The ability to control the reactive power of a voltage
controlling HVDC inverter, may be used for the control
and stabilization of its voltage, when it is terminated at
an ac system location having low short circuit capacity. It
is achieved by modulating the margin of commutation, v,
by means of a voltage controller, which provides a Ay,
which is added to the normal value, v,. Ay can be varied
by means of an automatic voltage regulator, which
responds to deviations of the ac or dc voltage, AU.
Increased damping of the current control of an trans-
mission, for which the rectifier is controlling the dc
current, can be obtained by creating a positive slope of
the dc voltage-current characteristic of the inverter, by
increasing the margin of commutation in response to a:
decrease of the dc current, Al;, [1}. In this model, the
different means for the control of the margin of
commutation are assembled in a y-controller (YC).

The tap changer of the converter transformer may be
varied by a regulator, (LTCC), which may control the
firing angle of a current controlling rectifier, or the
margin of commutation of a current controlling inverter
within narrow limits, to compensate for changes of the
magnitude of the ac voltage (within the limits of the
tap-changer). The LTC-control is slow compared with the
converter control. The LTC-regulator may also be used
for control of the dc voltage of a station operating on a
limit of the firing angle, see Figure 2 and 3. The dc

" voltage may also be controlled by means of a voltage

regulator which provides the firing angle to the
converters, and the LTC used to control the firing angle
or the margin of commutation within narrow limits. The
excitation control of a synchronous condenser may be
employed for similar control as the LTC of a converter
transformer, or normally, for control of an ac bus voltage.



X322  Seres HVDC tap

Power may be tapped off a pole by means of an HVDC
converter connected in series with the pole. It is il-
lustrated in Figure 5. Then the direct current through the
converter is given by the power transmission on the main
HVDC system. Hence, the power of a series tap has to be
controlled by varying its direct voltage [8, 9]. In essence,
the voltage regulator in a series tap has the similar
function as the current regulator in a parallel converter.

The LTC of the converter transformer inay be controlled
such that the firing angle of the converters is kept within
narrow limits,

X.4 OBJECTIVE AND VALIDITY OF THE
HVDC SYSTEM MODEL

The model of an HVDC system, which is treated here, is
intended for analysis of power flows and electro-
mechanical transients in an electrical system. The model
shall focus on the properties of an HVDC system seen as
an element of an electrical power system. It shall provide
the correct interaction with other elements in the power
system. Hence, the HVDC system model shall be con-
sistent with those of synchronous machines, including
their excitation systems, static var compensators etc. used
for transient stability studies.

For electromechanical transients it is normally sufficient
to consider the power frequency component of voltages
and currents in an ac network and the mean value of the
voltages and cumrents in a dc network, as for power
flows. Harmonics are neglected, since they normally have
second order effects on the active and reactive power,
which influence the node voltages and the speed and
rotor angles of the rotating machines in the system.

Hence, the validity of this model is limited to the
fundamental frequency components of voltages and
currents on the.ac side, and the mean values of the same
quantities on the dc side of the converters. The electrical
state in the ac system is then assumed to be sinusoidal.
As a consequence, the ac voltages and currents are
described by phasors, defined by their magnitude and
phase angle. The phasors of the ac quantities and the
mean values of the dc quantities will vary in time for

. transient conditions.

The validity of the model is limited to symmetrical
conditions in the ac systems. The reason is that the
representation of the HVDC-converters correctly with a
phasor model for unsymmetrical conditions, typically a
single-phase fault, is not feasible at the present
state-of-the-art. Hence, the state in the ac system is
represented by the positive sequence phasors of the node
voltages.

The basic objective of the model is to provide the correct
interaction between the system elements, HVDC conver-
ters, converter transformers, dc lines, dc reactors, etc.
They interact with each other through their currents
injected to the nodes. The node voltages of the networks
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are determined by the Kirchoff’s law that states that the
sum of the injected currents to a node is zero.

It defines an equation for each node, from which the
node voltages can be solved, given the injected currents
as function of the node voltages, see next section. Hence,
the principal objective of the modelling is to provide the
equations of an HVDC converter, which give the phasor
of the fundamental component of its ac current and the
mean value of its DC current, which are injected into the
ac and the dc networks, respectively, as function of the
phasor of the voltage of the ac nodes, the mean value of
the voltage on the dc nodes, and the firing angle of the
valves.

The operation of a converter group is here restricted to
commutation with so-called single overlap {1, 2, 3, 10].
For normal delay angles, it is valid for ac voltages down
to about 0.1 pu, assuming normal dc currents, and up to
about 10 pu dc currents, assuming normal ac voltages.
This restriction should not be decisive for conclusions
about the dynamic performance of the system.

The direct voltage and the phase angle of the phasor of
the ac current of a converter are both very sensitive to its

" firing angle; The differences between the dc voltages of

the converters in an HVDC system determine the dc cur-
rents, and the the phasor of the ac currents of the conver-
ters determine their active and the reactive power. The
control of an HVDC converter may influence the dyna-
mic performance of a power system during and after dis-
turbances similar to the control of synchronous machines
and static var compensators. Therefore, it is of vital
importance that the firing angles of the converters are
determined accurately i.e. the converter control should be
represented adequately; Hence, the closed loop current
control of a converter has a decisive influence on the
stability and dynamic performance, especially for a
HVDC converter terminating at ac system locations hav-

ing low short-circuit capacities, because of the sensitivity

of the ac voltage to variations of the ac cument, in
particular its reactive component, or for a cable link.

The modelling of the transfer fuhctions of the other items
of the control system is left.open to a great extent. It
requires a software with a flexible modelling capability.

For most system planning studies, a symmetrical dc
system configuration should be sufficient. It can be
modelled by a monopolar equivalent, which however,
should be built by connecting converters, dc reactors, dc
lines etc. in an arbitrary multterminal configuration.

X.5 NODES, STATE VARJABLES AND
ELEMENTS OF THE AC AND DC
NETWORKS

A node voltage is defined as the voltage between the
node and a reference ground. A node voltage in the ac
network is here the phasor of the positive sequence
component of the ac voltage, i.e. a complex quantity. A
node voltage in the dc network is here the mean value of
the dc voltage, i.e. a real quantity.



At each node the continuity of the current (Kirchoff’s
current law) shall be satified. For the ac nodes it can be
written:

k=k

f_ll L@@, UD=0 =12, 5.1)
For the dc nodes:

k=k, 3

E"l Id}k ([UG] ’ [Ud]) =0 j=12,.. n, . (52)

“where:

[0.] is the vector of the node voltages of the ac
network; it has n, elements, and an element being the
phasor of the positive sequence component of the ac
node voltage.

n, is the total number of nodes in the ac network.

[Uy] is the vector of the node voltages of the dc
network; It has n, elements, and an element being the
mean value of the dc voltage.

Iy is the total number of nodes in the dc network.

I_ﬂ:([Ua],[Ud]) is the phasor of the positive sequence
component of the ac current injected to the j th node
from the k th system element connected to the node,
as function of [U,] and [U,].

Idk([ﬁ_],[Ud]) is the mean value of the dc current
injected to the j th node from the k th system element
connected to the node, as function of [U,] and [U,].

k; is the total number of system elements connected to
the j th node.

A system element may be a generator, a load, an HVDC
converter, a transformer, a line, a reactor etc.

Egs. (5.1) and (5.2) define the same number of equations
as the number of unknown node voltages, and may be
considered to determine the node voltages. With given
node voltages, the complete state in the ac and dc
networks can be determined e.g. the currents and the
power flow. Therefore, the node voltages can be con-
sidered to be the state variables for the networks.

For calculation of the unknown node voltages, the model
of a system element shall provide the injected current
from the element to its network nodes as function of the
node voltages. This functional relationship may be given
as a formula, or as a set of equations, when the system
element contains local state variables as well.

For an ac node, to which an HVDC converter and linear

ac network elements, lines shunt filters etc, are
connected, the node equation can be written:
)T Ty +T, =0 (5.3)
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where:

[;I'I]CT is the row of the admittance matrix of the ac
network corresponding to the node at which the
HVDC converter is connected.

[0 is the vector of the node voltages of the ac
network.

I, is the phasor of the fundamental frequency
component of the injected ac current from the HVDC
converter.

For a dc node, to which an HVDC converter and linear
dc network elements are connected, the node equation
can be written:

[Y(P)d]: [Ud] + Id =0 (54)

where:

[Y(p). is the row of the admittance operator matrix
of the dc network corresponding to the node at which
the HVDC converter is connected.

{Ug] is the vector of the node voltages of the ac
network.

I is the mean value of the injected dc current from
the HVDC converter.

Y(p)y implies that the dc network elements are repre-
sented by linear differential equations, and described by
R, L, C parameters. The state changes on the dc side is
relatively slow, which allows a dc line to be represented
by its lumped parameters. It should be sufficient to
consider only the effect of major inductances, capaci-
tances and resistances in the dc network. Hence, for an
overhead line, the shunt capa-citance may be neglected,
for a cable, the inductance may be neglected, and a dc
filter may be neglected.

The equations which are relevant for the modelling of an
HVDC converter, i.e. for the determination of I, I, are
treated below.

X.6 HVDC CONVERTER

X.6.1 Basics

An HVDC converter is connected between two dc nodes
or between a dc node and ground, to the ac node on the
valve side of the converter transformer, and to the
converter control system, which provides the firing angle,
o, Figure 1.

The basic unit of a converter is the line commutated
6-pulse group, Figure 6. A valve can conduct current in
one direction only, and it can fire when the voltage of the
anode relative the cathode is positive, u, > 0. The firing
instant is controlled by the delay angle o. In essence,
those pair of valves, one in the upper half and another in
the lower half of the 6-pulse group, are conducting which



are connected to the two phases which supplies the high-
est voltage in the forward conduction direction. For pos-
itive sequence conditions the valves fire in the order
1-2-3-4-5-6, see Figure 6a.

For a converter, which is connected to a stiff ac voltage
and for which the dc current is stff (constant and
infinitely smoothed), the instantaneous values of the dc
voltage and the ac current are illustrated in Figure 6b. A
valve conducts current during 1/3 of a cycle. The effect
of an increase of the delay angle, assuming constant dc
current, is a decrease of the mean value of the dc voltage,
and an increase of the phase shift of the ac current
relative the ac phase voltage.

For a converter, which is connected to an ac voltage
through a transformer, its leakage inductance makes the
commutations of the dc current between two valves
non-instantaneous. The time for the commutation is
measured by the overlap angle, u. The effect of the
overlap angle is an increase of the conduction time of a
valve, a further decrease of the mean value of the dc
voltage, and a further increase of the phase shift of the ac
current. It is illustrated in Figure 6c. The intemnal,
sinusoidal voltage seen from the valves is called the
commutation voltage, and the phase inductance seen from
the ac termninals of the 6-pulse group towards the commu-
tation voltage is called the commutation inductance.
Normally, the commutation voltage is the ac voltage of
the filter bus on the network side of the converter
transformer.

For further details reference is made to [1, 2, 3, 10].
X.6.2 Model

X.6.2.1 Ideal converter

An ideal HVDC converter, i.e. with zero commutation
inductance and a stiff dc current, can be modelled by the
equivalent circuit in Figure 7.~ .

Seen from the dc terminals it can be represented by a dc
voltage source in series with a diode, the latter one to
assure the unidirection of the dc current. The magnitude
of the dc voltage is the mean value of the dc voltage in
Figure 6b.

Seen from the ac terminal it can be represented by an ac
current source. The magnitude of the ac current is the
fundamental frequency component of the rectangular
current in Figure 6b. The phase angle of the ac current,
relative the ac voltage, becomes the delay angle, a.

The delay angle is limited between a minimum and a
maximum value, o_;, and ¢, respectively. A positive
voltage across a valve is required to obtain a
simultaneous firing of the series connected thyristors in
the valve, which is decisive for o ;.. A negative voltage
across the valve is required after the extinction of the
current in order to assure proper recombination of the
charge carriers in the thyristors, and avoid a firing when
the valve voltage becomes positive. The duration of this
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negative voltage is given by the margin of commutation
angle v, and «,,, = 7 - 7y for an ideal converter.
X.6.2.2  Real converter

A real converter has a nonzero commutation inductance.
It modifies the equivalent circuit slightly, see Figure 8.

The noninstantaneous commutation between the valves,
caused by the commutation inductance, decreases the dc
voltage by an amount which is proportional to the dc
current and the commutation reactance. It can be
considered by an equivalent resistance, (3/n) X, in series
with the internal dc voltage source of the equivalent
circuit. It is added to the resistance, R,, measured
between the dc terminals of the converter.

To be exact, the effect of the commutation inductance on
the rate of change of the dc current should also be
included. It can be considered by increasing the induct-
ance of the dc reactor outside the converter by an amount
corresponding to 1.5 - 2 times the commutation induct-
ance per converter.

The non-instantaneous commutation between the valves
modifies the shape of the ac current, see Figure 6¢, which
affects the magnitude and phase angle of its fundamental
frequency component, ie. the ac current source of the
equivalent circuit. The equations for consideration of this
effect are given in Figure 8. The commutation inductance
also causes an inductive voltage drop for the fundamental
frequency, between the commutation voltage and the
voltage at the ac terminal of the 6-pulse group. It is
considered by the commutation reactance, X_ in series
with the current source.

Compared with the ideal converter, the maximum delay
angle is decreased by the overlap angle, and now
becomes ,,,, = 7 - y - u. Hence, it becomes a function of
the magnitude of the commutation voltage and the dc
current.

- X.6.2.3 Main circuit parameters of a real converter

The principal main circuit parameters of a real converter
are X and R,.. These converter parameters are normally
given in pu according to the following definitions [1]:

g =3y Lo (62.1)
LS Udion
I
d =R, 2% (6.2.2)
Udlbn
where:

d, is the relative inductive direct voltage drop .
d, is the relative resistive direct voltage drop .
I, is the rated direct current .

Ulion is the rated ideal no load direct voltage .



Ulgion is normally defined for the rated conditions of

the converter, and calculated from the basic relations:

.E"l = cos(a,) - (d, + d) for a rectifier (6.2.3)
Uson
Vs = cos(y,) - (d, + d) for an inverter (6.2.4)
Udfﬂn

where:

Uy, is the rated direct voltage .
o, is the rated delay angle for a rectifier
v, is the rated margin of commutation for an inverter

The rated voltage of the valve winding of the converter
transformer, U,,, is normally chosen so that:

U = 242 Upg (6.2.5)

The rated current of the valve winding of the converter
transformer,l, , is normally defined according to:

: (62.6)

WS

Then d, of the converter is related to the normal
short-circuit reactance of the converter transformer, e,, in
pu of its rating, according to:

d=Lle (62.7)

R

1t is recommended to use the parameters I, Uy, d, and
d, as input data for a converter, because they may be
considered to be its "nameplate-quantities” .

d, is in the order of 0.06 - 0.09 pu for modern thyristor
HVDC converters, and even up to 0.12 pu for old
mercury-arc HVDC converters.

d, is in the order of 0.1 d,, and has a small influence on
the performance of the system.

The delay angle and the margin of commutation are
given as parameters of the control system.

X7 CONTROL OF AN HVDC SYSTEM WITH
PARALLE]. CONVERTERS
X.7.1 Introduction

For the calculation of the injected currents to the dc and
ac nodes of an HVDC converter, models of the con-
trollers are needed, which ultimately provide the firing
angle, &, to a converter, see section 4, 5 and 6. Basically,
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the firing angle of "a converter is used to vary the dc
voltage across its dc terminals. It is utilized by the
converter control to regulate the dc current or dc voltage .
of a converter. The firing angle can also be controlled to
vary the phase angle of the ac current to stabilize the
voltage, see section 3.

The tap-changer of a converter transformer is a slow
acting device. Its effect on the state of the system within
a normal time for exploring stability limits and dynamic
performance may be neglected. Hence, it may be kept
constant on the value established for the initial
steady-state condition.

The controllers are represented by their transfer functions,
including limits. They are here considered as modules
with defined input and output signals, and which are
combined to a complete control system. The following
description of the models of the controllers of an HVDC
system, starts from the valves of a converter, with the
converter firing and current controller and proceeds with
the converter and pole control towards higher level power
and systems control, see section 3 and Figure 4.

X.7.2 Converter firing and current controller (CFCC)

X.7.2.1 Model description

In an HVDC system with parallel converters, each
converter is equipped with a converter firing and . current
controller, CFCC. A model is described by the block
diagram in Figure 9.

The CFCC provides the delay angle o, which is used in
the model of the converter, Figure 8.

The input to the CFCC is the the current order, I, and
the measured dc current through the converter, I,. In one
converter station the so-called current margin, Al , is

om?

. also supplied. It is added in a.rectifier and subtracted in

an inverter, see section 3.

The CFCC is modelled by a transfer function of Pl-type,
and a first order output filter. The gain of the
proportional part may be modified by multiplying by the
factor sin ¢,(0)/sin o, where o, is the delay angle after
a measuring filter, and sin o, (0) is the value for the
initial steady state. It provides linearity between a change
of the dc current and the dc voltage. With a large value
of the time constant T,, linearity between a change of the
dc current and the delay angle is obtained.
The minimum value of the delay angle, o, can be
considered to be constant. The maximum value of the
delay angle varies with the direct current and the ac
voltage through the overlap angle, as described in clause
6.2.2. It may also vary due to a control of the margin of
commutation, if y is used for voltage stabilization, see
Figure 4.

In addition to the limits of the delay angle, limitations of
its rate of change are also included. It may be needed to
limit the rate of change of the reactive power of a
converter and as a consequence the change of its ac



voltage to improve the dynamic performance and avoid
commutation failures in an inverter.

To allow a user to control the delay angle, the model
should be provided with user defined control facilities,
UDC, at the indicated locations. The control may be
given functions of time. The may also be functions of the
dc and ac voltage to enable special control for the re-
covery of the HVDC system after a disturbance.

X.7.22  Parameters of a CFCC

The principal parameters of a CFCC are K, and T; of the
PI transfer function. They should be chosen such that the
response of the direct current on a change of the current
order becomes fast and well damped with a small over-
shoot. The following typical values may be given:

K, = 50 - 150°%l/pu of I,

=2-4%l [ puof I, | ms

XN=

If they are not given as a result of the design of the
converter, they may be determined by simulating a step
change of the current order and adjusted such that the
response of the direct current fulfils the above general
requirements. The time constant, T,, is chosen very large,
if linearity between a change of the delay angle and a
change of the direct current should be obtained, and very
small if linearity between a change of the direct voltage
and a change of the direct current should be obtained.

The time constant T, of the measuring filter for the
direct current may be a few ms or it may be neglected.

The time constant of the output filter, Ty, is typically 0.5
- 2 ms.

The rmmmumlhmt of the delay angle is a constant. The
following typical values may be given:

e = 5%l for a rectifier

Omin = 100 - 105%] for an inverter
The maximum limit of the delay angle is determined by
the actual direct current, the ac voltage and the margin of
commutation. The latter one is a constant, with the fol-
lowing typical values for an inverter as well as a rectifier:

v = 17°l for a.50 Hz ac system

v = 19%l for a 60 Hz ac system
The limits for the rate of change of the delay angle may
vary within a rather wide range. The following typical
values may be given: )

&, = (0.5 - 5)°€l / ms

&, = (1-10)l / ms

max

The delay angle for"a current controlled rectifier for rated
operation, is typically o, = 15%l.

The margin of commutation of a current controlled
inverter for rated operation is typically ¥, = 21-23%l. For
an inverter which operates on its maximum delay angle
the values, which determine the maximum delay angle
also become the rated ones i.e. 7y, = 17 - 19%l.

The current margin AL, is typically 0.1 pu of I,.

X.7.3 Current order limiter (COL)

X.7.3.1 Model description

A principal characteristic of a current order limiter, COL,
is given in Figure 10.

The COL limits the current order, I,,, which is provided
to the CFCC, between a maximum and a minimum value.
The input signal to the COL is the reference value of the
current order, I ., which is obtained from a higher level

» “oref?

* current or power controller.

For normal dc voltages, the current order is limited
between an absolute minimum value, I, ., and an
absolute maximum value, I, .. For dc voltages below a
given level, U,, the maximum current order is reduced
linearly with the dc voltage, until it reaches a value given

" by a lower level, U,, below which it is constant.
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The reason for the COL is that it can be used to facilitate
the start up of an HVDC converter, after a major
disturbance, by reducing the current order to the CFCC,
temporarily, The measuring filter of the dc voltage, has
two time constants, one for decreasing dc voltage, T;, and
another for increasing dc voltage, T,, T, < T,. A dc volt-
age below U, is an indication on a disturbance, and the
converter should be unloaded fast. When the dc volt-age
is increasing, the recovery can be controlled by a suitable
choice of T,. € is a small positive tolerance which should
be chosen to avoid a switching:between T, and T, for
smaller oscillating components of the dc voltage.

Different values of T, of the individual converters in an
HVDC system may be chosen, to control the speed of the
recovery of the system after a disturbance.

It should be noted that a COL-characteristic may vary for
different plants. The one given here, should be considered
as a basic one. Other characteristics may be modelled and
implemented by means of a user-defined language.

X.7.3.2  Parameters of a COL

I the minimum current limit, is typically 0.1 pu of

do min?

dn*

4o mao the maximum current limit, depends on the over-
load capability of the converter. Typical values may be in
the range 1-2 pu of 1.

U, the voltage below which the maximum current order
is decreased, may be 0.1-0.2 pu of U,



U,;,, the voltage below which the current order is
constant, is normally within the range .0.5-0.9 pu of U,,.

T,, the time constant of the measuring filter of the dc
voltage, for decreasing voltage, should be small, typically
10 - 20 ms.

T,, t.ﬁc time constant of the measuring filter of the dc
voltage, for increasing voltage, should be an order of
magnitude larger, typically 50-300 ms.

X.7.4 Higher level current and power control, master
control (MC)
X.74.1 Overview

The reference values of the current orders to the
individual converters in an HVDC system of parallel
converters, operating according to the current margin

principle, described in section 3, are determined in a-

higher level controller. It is here named the Master
Controller (MC). A functional diagram of a MC is shown
in Figure 11.

The reference value of the current order of .a converter,
can be chosen independently for n-1 converters in a
system with n parallel converters. It may be a given
quantity, in which case the converter is considered to
operate in cumrent control mode. It may also be deter-
mined by dividing a given power order by the direct
voltage of the converter, in which case the converter is
considered to operate in power control mode. These
alternatives are treated in the following two subclauses.
The determination of the reference value of of the current
order for the n:th, dependent, converter is treated in the
third subclause below. Finally, typical numerical values
of the parameters are given.

X.7.42  Current control mode of a converter

The output from the MC, to an independent converter, °

which is operated in the current control mode, is the
reference value of its current order, I, It is the input to
its current order limiter, COL.

The input to the MC is the constant current order for the
steady-state, initial power flow simulation, I, (0), and an
optional contribution from a controller which varies the
direct current of the converter in response to changes of a
frequency or a power, AL, see clause 7.5. In addition,
provision should be made for a UDC input.

X.7.4.3 Power control mode of a converter

The output from the MC to an independent converter,
operating in the power control mode, is also the reference
value of the current order, I__,.
The input to the MC is the constant power order for the
steady-state, initial power flow solution, P,(0), and an
optional contribution from a controller which varies the
power of the converter in response to changes of a
frequency or a power, AP, see clause 7.5. In addition,
provision should be made for a UDC input. :
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The reference valué of the current order is formed by
dividing the resultant power order by a filtered value of
the dc voltage of the converter. For too low dc voltages,
typically during a disturbance, it is not meaningful to
maintain the constant power control, because it would
result in large currents and eventually a collapse of the
voltage. Therefore, it is switched to constant current
control when the voltage has decreased below a level,
U, by dividing the resultant power order by a constant
voltage instead, e.g. the dc voltage prior to the
disturbance. The constant power control is switched back
when the voltage has increased above a level, Uy, > Uy,

Coordination of the current orders for parallel
converters

X744

A system of parallel HVDC converters are operated
according to the so-called current margin principle, see
clause 3.2. Then the sum of the current orders to the
rectifiers shall be equal to the sum of the current orders
to the inverters. It implies that the current orders can be
chosen independently in n-1 converters in a system of n
parallel converters, and that the current order in the nth
converter becomes dependent, see Figure 11. (It may be
intended to act as the slack, but which one that will be
the slack depends on the relative magnitudes of the
voltages).

If1 .. <0, then the choice of the reference values of the
current orders, i.e. the control, is not feasible and the
execution should be terminated, and a message shall be
given.

X.7.45  Parameters of a MC

The parameters of a MC are related to the power control
mode, and to a great extent determined by the required
performance. Generally, the constant power control
should not be too fast, because it may cause the ac

- voltage to go unstable, if the converter is connected at an

ac system location with a low short-circuit capacity [1].
The following typical values may serve as a guidance:

U, the voltage below which the control is switched
to constant current control: 0.8 pu of Uy,.

U,, the voltage above which the control is switched
back to constant power control: 0.9 pu of Uy,

T,, the time constant of the measuring filter: 50-500

ms.
X.75 Control of a power or a frequency by the
active power of a converter (PEC)

The active power of an HVDC converter may be varied
very fast and with large amounts, provided it can be
coped with by the ac systems, to which the HVDC
converters are terminated. This property may be
employed to improve the dynamic performance of the
system; The damping of electromechanical power oscil-
lations may be increased, possibly the first and second
swing may be influenced significantly. An HVDC link
can be used for control of the frequency of an ac system



ie. to keep the balance between the load and the power
infeed, typically an island without local generation.

Basically it is achieved by variation af the active power
of an HVDC converter, by means of a controller in re-
sponse to variations of a system frequency or a speed of
a rotating machine, or the power on a tie-line. It is here
named power - frequency controller (PFC), see Figure 11.

The output of the PFC forms an input to the master
controller (MC) of an independent converter in a parallel
HVDC system. It is ALy, if the MC is in the current
control mode, and it is AP, if the MC is in the power
control mode.

The input to the controller may be one of the following,
see Figure 4:

e ieo - Puer the deviation of an active power on
a tie-line from a constant order.

AP, =P,

Af = f, - f, the deviation of the frequency from a
constant order.

Aw = 0, - 0, the deviaton of the angular velocity of
a rotating machine from a constant order.

The transfer function of a PFC depends on the appli-
cation. Hence, it is left to the user to design a suitable
transfer functon.

X.7.6 Control of a voltage by the reactivc' power of
a converter (YC)
X.7.6.1 Overview

An inverter, which operates with its maximum delay
angle, determined by the margin of commutation, may be
used for control of its ac voltage by varying v. Basically,
the phase angle-of the ac current is then varied and, as a
consequence, the reactive power demand of the inverter,
which affects :the ac voltage, assuming a finite short
circuit capacity: The active power becomes changed as
well, but it is assumed to be compensated for, by a
change of the magnitude of the current by means of the
control of the dc current.

The variation of ¥ may be employed for voltage control
by means of an automatic voltage regulator. Hence, an
inverter may be used for ac voltage control, within its
design limits, as an alternative to a static var compen-
sator. It may be applied especially if the inverter is
operating at an ac voltage location with a low short
circuit capacity. Then the voltage may be unstable for a
small disturbance, for instance the disconnection of a
shunt capacitor. The basic mechanism is that the ac
voltage decreases, which causes an increase of the dc
current. Operation with a constant v, implies that the
overlap angle increases, and, as a consequence, also the
phase angle of the ac current, and hence the reactive
power consumption of the inverter. It causes a further
decrease of the ac voltage. The system may be stable, if
the inverter is operated with constant current control.

However, if it is operated with constant power control,
the decreased voltage is compensated for by an increased
current, which eventually will lead to a collapse of the
voltage.

It may also be employed for stabilization of the current
control of a HVDC link, which is performed by the
rectifier and with the inverter operating on its maximum
delay angle and which is terminated at an ac system
location having low short circuitcapacity, by a slight
modification of the dc voltage - current characteristic of
the inverter,

Both controls can be modelled according to Figure 12.
The modelling is described below.

X.7.6.2  Automatic voltage coiitrol

The margin of commutation, which is used for nominal
conditions, v, is modulated with the output, Ay,, from an
automatic voltage regulator, VC. The input to the VC is
the order and response of the controlled voltage. It may
be the ac voltage of the HVDC converter. It may also be
the dc voltage of the converter, which implies a small
interaction on the rest of the dc system. The effect on the
static dc voltage - current characteristic is shown in
Figure 12 b.

The transfer function of a VC depends on the application.
Hence, it is left to the user to design a suitable transfer
function. The margin of commutation may be decreased
temporarily below the normal value, ¥,. The lower limit,
Yo 18 determined by the increased  msk for
commutation failure. An absolut lower limit is of the
order of 12° el.

X.7.6.3

Stabilization of the current control

For an inverter in an HVDC link which is operating with
constant commutation margin, -its direct voltage is in-
creased for an increase of the-direct current. It can be
derived from the basic relations in Figure 8, or found in
{1, 2, 3, 10]. Hence, the equivalent internal resistance of
the inverter is negative, and-contributes to a decrease of
the damping of the current control, which is performed
by the rectifier. A further decrease of the dc voltage is
obtained due to the increased voltage drop in the ac
network, as a consequence of the increased consumption

of reactive power at an increase of the dc current.

The dc current control may be stabilized by varying vy in
response to the change in the dc current, such that ¥ is
decreased for an increase of the current. It implies that it
causes a decrease of phase angle of the ac current, which
compensates for the increase caused by the in-creased
overlap angle. It has the same effect on the reactive
power of the converter.

If v is vared linearly with the dc current around the
normal ¥,, then the dc voltage - current characteristic of
the inverter gets a branch with a positive slope according
to Figure 12c; it creates a positve internal resistance of

~ the inverter.
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The slope is controlled by the parameter Ay,, see Figure
12c. Typical values may be in the range 5-10° el

X.8 CONTROL OF A SERIES TAP

For a series tap in an HVDC system with parallel con-
verters, Figure 5, the direct current is given by the main
transmission. Therefore, the power of a series tap is
controlled by varying its direct voltage. It can be
achieved by means of a regulator of PI-type, similar to
the CFCC of a converter of a parallel converter, the
difference being that the input are the order and the
response of the dc voltage of the series tap.

Higher level control can be achieved by means of a
‘Master Controller. For . the power control mode, a
reference value of the voltage is determined by dividing a
power order with the direct current through the converter.

No commercial application has ‘yet been found for a
series tap.

X.9 DISTURBANCES. PROTECTIVE ACTIONS.
FAULT CLEARING
Disturbances, protective. actions and fault clearing

represent events, which are studied to explore the
performance of the system.

The protections of an HVDC system cope with dis-
turbances within the HVDC system ie. the converters,
the dc lines and cables. They shall be coordinated with
protections of equipment in the ac systems, and should
not operate for disturbances in the ac systems.

X.9.1 Disturbances in a converter

X.9.1.1 . Blocking and disconnection

A faulted 12-pulse converter, which is connected between
a pole and neutral, is blocked and disconnected from the
pole. :

For a 2-terminal transmission the second converter will
also be disconnected, hence the entire HYDC pole will be
shut down. The effect on the ac systems can be repre-
sented by simply forcing the dc current to zero by means
of the UDC of the CFCC.

For a multiterminal system the control of the converters
are often employed to force the current through the
faulted converter to zero, after which it can be blocked
and disconnected. It is performed by temporarily forcing
the rectifiers into inverter operation. It can be modelled
. by the UDC of the CFCC. At the restart of the system
the current orders of the remaining HVDC converters
have to be changed according to a new power schedule
such that the conditions for the current margin principle
apply.

In the future, dc circuit breakers may be employed, which
then disconnects the faulted dc line, similarly to a faulted
ac line.
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X.9.1.2 Blocking and by-passing

A faulted converter, which is connected in series with
another converter in a pole, or a faulted series tap, is
blocked, by-passed on the dc side and disconnected. The
principal effect is that the direct voltage across the
converter and the ac current of the converter both become
zero. It may be modelled by applying a.short circuit
between the dc terminals of the converter. If a
converter is represented by an explicit number of
identical series connected converters, the diconnection of
a faulted one. can be modelled by reducing that number
by one.

Sometimes a faulted converter is taken out of service by

first shutting down the HVDC system by forcing the

rectifiers into inverter operation. It can be modelled by
means of the UDC of the CFCC.

X.9.1.3 Commutation failure

Commutation failures may occur in an inverter, when the
negative voltage across a valve, after the current has
commutated to the next valve, becomes insufficient, a too
small magnitude or duration, such that the valve does not
block. Then the current is commutated back to the first
valve, and at the later firing of the other valve in the
same phase, a by-pass path for the direct current is
created [1, 2). As a consequence, the direct voltage and
the ac current of the converter becomes zero. Upon
detection of a commutation failure, the margin of
commutation is increased temporarily, and commutation
is restored after a cycle or so. Hence, a commutation
failure is a temporary disturbance.

A valve voltage, which is insuffient for the blocking of a
valve, may be obtained for disturbances in the ac system
to which the converter is connected. Then the voltage
may be distorted, its magnitude may be decreased and its
phase may be changed. Hence, the possibility to detect a
commutation failure for a system model with sinusoidal
ac voltages is very limited. Therefore, it is left to the
User to initiate a commutation failure simultaneously
with a disturbance in an ac network.

The principal consequence of a commutation failure is a
temporary zero of the direct voltage and the ac current of
the converter. It can be modelled by applying a short
circuit between the dc terminals of the converter for a
specified time.

It should be mentioned that the principal influence of a
commutation failure on the dynamic performance of the
system, may be obtained through the subsequent fast
current control of the rectifiers, which will sense an
overcurrent, and their current controllers may overreact
and force their direct currents to zero, temporarily.

X9.2 Faults in the dc network

A short circuit in the dc network of an HVDC system
may occur between a pole and ground, between the two
poles with or without connection to the ground. It is de-



tected by a dc line protection. In the present HVDC
transmissions the protection forces the rectifiers into in-
verter operation by applying a large negative signal to the
input summing junction of their CFCCs. Then the dc net-
work will be discharged and the dc currents become zero,
within a very short time. After a certain time the signal is
removed and the HVDC system is started up. In future,
dc circuit breakers may be employed, which then dis-
connects the faulted dc line, similarly to a faulted ac line.

A fault can be represented by applying a resistor between
a pole and ground, in the similar manner as the
application of a fault in an ac network.

A clearing of the fault by forcing the rectifiers into in-
verter operation, is modelled by means of the UDC of the
CFCAs. A large negative signal is applied, and after a
specified time] the fault and the signal to the CFCCs are
removed.

A clearing of ‘the fault by a circuit breaker, is modelled
by disconnection of the dc line and the fault after a
specified time.

X.9.3

‘Faults in an ac network

The general rule is to take no protective action in the
converters for a fault in the ac system outside the
converter station.

The model of the converters is valid stictly for
symmetrical conditions in the ac systems, see section 4.
Hence, the faults are restricted to 3-phase faults.

X.10 APPLICATION EXAMPLE

X.10.1  Introduction

As an example of the application of the HVDC model for
system planning studies, a 2-terminal transmission is
given. It is based on the Gotland HVDC link.

Descriptions. of the Gotland HVDC link can be found in
[1, chapter 9] and [11, 12}, to which are referred. Here,
the principal characteristics of the system are first given,
followed by the numerical values of the principal para-
meters, which are needed for the model building. It
should be noted that the controllers used here do not
agree in all details with those in the plant, but they
should be sufficiently close to provide realistic
performance of the HVDC transmission system.

The Gotland link has been chosen as example of the
following reasons:

- It contains a cable, the capacitance of which has a
significant influence on the current control and,
therefore, should be represented. It may not be
required for an overhead line.

- The receiving system may be weak.

- It controls the frequency of the receiving system.
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X.10.2 System characteristics

The system configu:atibn is shown in Figure 13.

During normal conditions, the HVDC link supplies the
electrical power to the loads on Gotland, without any
local production. The present peak load is about 160
MW. The HVDC link is a bipolar configuration rated 135
MW, 150 kV per pole. The converter stations are inter-
connected by dc cables, with a length of 100 km. The
link has an overload capability, which allows the peak
load to be supplied by means of one pole.

Three synchronous compensators are installed in the con-
verter station on Gotland. Without any other local syn-
chronous machines, these synchronous compensators pro-
vides the ac voltage on Gotland. Hence, they are neces-
sary for the commutation of the HVDC converters, and
should be considered as part of the HVDC trans-mission
system. The ac voltage on the 70 kV grid on Gotland is
controlled by means of automatic voltage regulators of
the synchronous compensators. Weak ac system condi-
tions may be present, when synchronous compensators
are out of service.

The HVDC link is operated with current control in the
rectifier and with constant margin of commutation in the
inverter. The direct voltage - current characteristic of the
inverter is given a positive slope within the current mar-
gin, to improve the stability of the current control. In
fact, the capacitance of the dc cable tends to decrease that
stability.

The frequency of the electrical system on Gotland is
controlled by means of an automatic frequency regulator,

which provides the current order to the HVDC link.

The electrical loads on Gotland are of resident, com-
mercial and industrial types.

The ac system at the rectifier is strong.

This example is limited to the representation of one pole
and two synchronous compensators of the HVDC
transmission system.

X.10.3  HVDC system

The notatons used below, are defined in section 6 and 7.
X.10.3.1 Converters

Rated direct current: I, = 0.9 kA

Rated ideal no load direct voltage on 12-pulse basis:

Rectifier: U, = 167.3 kV

dion
Inverter: Uy, = 167.3 kV
Relative inductive direct voltage drop: d, = 6.6%

Relative resistive direct voltage drop: d, = 0.35%



- X.10.3.2 Converter transformers

Rated power:
Rectifier: S, = 157.7 MVA
Inverter: S, = 157.7 MVA
Rated voltages, (network winding/valve winding):
Rectifier: U /U, = 135.0/123.9 kV
Inverter: U, /U, = 75.0/123.9 kV
Sho‘rt circuit reactance: e, = 13.2%
Short circuit resistance: e, = 0.5%

X.10.3.3 Converter firing and current controller (CFCC)

Gains of the PI transfer function:

L =320 eljpu of I ms
{

K, = 120.° elfpu of I; T
Time constant of the current measuring filter: T, = 0.05 s

Time constant of the linearizing filter: T, = 1000. s (very
large)

Minimum limits of the delay angle:
Rectifier: o, = 5.° el
Inverter: o, = 104.° el

Margin of commutation:
Rectifier: y= 17.° el
Inverter: y=19.%¢l

Limits of the rate of change of the delay angle:
Rectifier: &, = -3.4° el/ms; &,,, = 47.3° el/ms
Inverter: &, = -8.4° el/ms; &, = 3.4° el/ms

Current margin, subtracted in the inverter: Al = 0.09 kA

X.10.3.4 Current order limiter (COL)

Absolute maximum current limit: Iy, . = 1.62 pu of I,
Absolute minimum current limit: Ty, .. = 0.1 pu of I,

Voltage below which the current order is reduced: Uy, =
120. kV

Voltage below which the current order is constant: U, =
50. kv

Time constant of the voltage measuring filter for
decreasing voltage: T, = 0.022 s

Time constant of the voltage measuring filter for
increasing voltage: T, = 0.324 s

X.10.3.5 Frequency regulator (PFC)

The transfer . function of the frequency regulator is of
PID-type. A block diagram, including the numerical
values of the parameters, is shown in Figure 14. It
measures the frequency on Gotland, i.e. the speed of the
synchronous compensators, and provide a change of the
current order to the Master Controller.

X.10.3.6 DC reactors and DC cable

The rectifier and the inverter have identical dc reactors,
with an inductance of 0.66 H, which includes the contri-
bution from the commutation inductance of the HVDC
converters (0.06 H).

The principal parameter of the dc cable is its capacitance.
For the relatively slow state changes, which are con-
sidered here, it can be represented by its lumped value,
56. pF. Its inductance can be neglected in comparison
with those of the dc reactors.

The total resistance between the rectifier and the inverter
is 2.5 ohm.

X.10.3.7  AC filters
The ac filters of the converter stations are represented by
shunt capacitors for the fundamental frequency. They are
split in two banks: i

Rectifier: 35.3 + 33.1 MVAr at 135. kV
- Inverter: 18.1 + 15.5 MVAr at 75. kV

X.10.4 Svnchronous compensators

X.10.4.1 Machines

Two synchronous compensators are represented, with the
following parameters:

Rated power (MVA) : 70. 77.
Rated voltage (kV) : 13.8 152
Inertia constant, H (s): 1.7 2.5
X, (pu): 1.7 1.1
X, (pu): 1.0 0.6
Xy 33 0.29
X, (pu): .16 0.15
X, (pu): 0.21 0.21
X, (pu): 0.14 0.13
R, (pu): 0.003 0.002
T4 (8): 11.5 13.0
Ty (5): 0.085 0.09
T (8): 0.23 0.29

X.10.4.2 Transformers

The parameters of the transformers of the two
synchronous comepensators are, respectively:



Rated power (MVA): 70. 70.

Rated voltage (gen/netw) (kV): 12.4/75. 13.8/75.
0.10

Short circuit reactance (pu): 0.10

Short circuit resistance (pu): 0.005  0.005

X.10.4.3 Antomatic voltage regulators

Each synchronous compensator has an automatic voltage
regulator of the static type. A block diagram of the
transfer function, including numerical values of the
parameters, is given in Figure 15. It is supplied by the ac
voltage at the machine terminals.

X.10.5 Recelving ac system

During normal operating conditions, the electrical load on
Gotland is supplied by the HVDC inverter, without any
local production. The consumers are households, shops,
offices etc, the main load types of which are lighting,
refrigerators and electrical heating, and industries, with a
large portion of motor loads. The reactive power of the
loads is compensated almost completely in the distri-
bution networks. Here, the total load is lumped at the 75
kV bus at the inverter. It is represented by an active
power, with a constant current characteristic. The
frequency dependence is neglected.

X.10.6 Sending ac system

The ac system at the rectifier is strong, 2000 MVA. It is
represented by a Thevenin equivalent seen from the 135
kV bus. The angle of the internal impedance is 80°
el.

X.10.7 Operating parameters

A load level corresponding to the rated conditions of the
dc link is chosen, i.e. with a dc voltage of 150 kV at the
rectifier and a-dc current of 0.9 kA. The rectifier is con-
trolling the dc current with a delay angle o, = 15° ¢l, and
the inverter is operating with a constant margin of com-
mutation ¥, = 19° el during steady-state conditions. The
ac voltage at the rectifier is 135 kV, and at the inverter it
is 75 kV.

With two synchronous compensators at the inverter, the
receiving system has a high effective short circuit ratio,
about 4 pu, and with one synchronous compensator it has
a low short circuit ratio, about 2 pu.

X.10.8 Proposed analysis

X.10.8.1 Step change of the current order

With the gains of the current regulator given above, the
response of the dc current on a step change, say 10% of
the rated value, becomes fast and well damped. It is re-
commended to study the current response for different
gains.

C-82-

It may also be of interest to study the current response
without the cable capacitance.

X.10.8.2 3-phase short-circuit in the rectifier

A 3-phase ac short-circuit at the rectifier decreases the dc
voltage. As a consequence, the dc current decreases. For
a sufficiently low ohmic fault, the dc current becomes
zero. It is of principal interest to study the start up of the
dc link after the fault clearing. The recovery time can be
controlled by chosing different time constants of the COL
in the inverter and the rectifier.

X.10.8.3 3-phase short-circuit and commutation failure
in the inverter

A commutation failure may be .obtained in an inverter for
a relatively small decrease of its ac voltage. For a high
ohmic (remote) 3-phase fault at the inverter, for which
the ac voltage is reduced by 20%, a commutation failure
with a duration of one cycle of 50 Hz, may be assumed.
It causes zero dc voltage and ac current of the inverter.
The short-circuit on the dc side creates an overcurrent.
The current regulator in the rectifier may force the dc
current to zero. The dc link may start up during the fault,
however. When the fault is cleared, the restored ac
voltage may force the dc current to zero once more, after
which the dc link starts up and the prefault conditions are
restored.

X.10.8.4 Investications of the stability of the current
control

The stability of the current control may be explored by
disconnection and connection of an ac filter in the
inverter, with and without the positive slope of the
inverter dc voltage/current characteristic.

The current control becomes more stable if it is allocated
to the inverter. It implies that it shall operate with a
margin of commutation, y, > =19 el, say vy, = 23° el.
The performance may be comipared with that obtained
above.

11. CONCLUDING REMARKS

With the HVDC model given here, and implemented in a
transient stability program, a utility should be able to
simulate an HVDC system and to explore its dynamic
performance, in fact it may have its own digital HVDC
simulator. It is recommended to model the HYDC
system with a degree of detail that is consistent with the
models of other system elements, and the overall re-
quirement of the simulation.
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APPENDIX X1
STATIC CONTROL CHARACTERISTICS FOR

GENERATORS, SYNCHRONOUS CONDENSERS AND SVC

by J. Falck Christensen and T. @strup, Denmark

X1.1 QU DIAGRAM FOR A TURBO-GENERATOR

In case of changes in a network, for example due to a
fault, the active power of a turbogenerator often does not
change. It is normally the voltage and the reactive power
which are affected. Therefore, for many investigations on
power systems, QU diagrams showing the reactive power
production capability as a function of the voltage but with
fixed active power are more suitable than the PQ dia-
grams.

The area with the possible stationary operating points for
a given active power are bounded by three curves. These
are the rotor current limit, the stator current limit and the
rotor angle limit. (Minimum rotor current is not taken into
account). '

The rotor current limit will often determine the maximum .

reactive power production. However, for high active power
production or low terminal voltage, the maximum reactive
power production will be determined by the stator current
limit. This is a disadvantage because while the rotor cur-
rent limits are neary vertical curves, the stator current
limits are rather flat curves. This means that small voltage
variations can give large changes in the possible range for
reactive power production.

The minimum reactive power production is determined by
the rotor angle limiter. This limit is normally only of inter-
est for high system voltages.

For a turbo-generator with high active power load, the
possible range of reactive power production can become
very small if the voltage becomes low.

X1.2 REACTIVE POWER PRODUCTION SEEN FROM
THE NETWORK SIDE QF THE GENERATOR
TRANSFORMER

Figure 1 shows examples of QU diagrams for the network
side of a typical generator transformer with a reactance of
0.12 p.u. and a turns ratio of 1.

In Figure 1 are also shown curves for constant terminal
voltage for the generator. These are nearly straight lines
and if the voltage regulator keeps the generator terminal
voltage constant the operating point of the unit will move
along these lines when the network voltage varies until a
limit curve is reached. When this happens, the operating
point will follow the limit curve if the network voltage
changes further.
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The diagram for the generator at nominal active load, 0.85
p-u., shows that if the terminal voltage is reduced from 1
p-u. to 0.9 p.u. the possible range for reactive power varia-
tion is reduced from a fairly large range of 0.55 p.u. to
less than 0.2 p.u. :

Firstly, this shows directly that it is important to avoid low
generator terminal voltages because this can severely re-
strict the possibility of the unit to support the network
voltage.

Secondly, it indicates the importance of the turns ratio of
the generator transformer. Figure 1 is drawn for a turns
ratio of 1, but if this is changed it simply corresponds to
move from one constant terminal voltage characteristic to
another. If only voltage regulation considerations are taken
into account it would be advantageous to have a tap chan-
ger on the generator transformer. This would make it
possible, despite' the operating situation, to maintain a
generator terminal voltage of about 1 p.u. where the volta-
ge regulation properties are normally best.

At reduced load, the reactive power can vary in wider
intervals and the sensitivity to the generator terminal volta-
ge is, although still significant, of less importance.

X1.3 GENERATORS, SYNCHRONOUS CONDENSERS
AND STATIC VAR COMPENSATORS

For active voltage support in a system, three components
are widely used: generators, synchronous condensers and
static var compensators (SVC).

Figure 1 shows also a comparison between the voltage
regulating characteristics for these three components seen
from the network side of the step-up transformer.

The synchronous condenser has the same size (MVA) as
the generator. Maximum rotor current is supposed to be
the current at 1 p.u. load and 1 p.u. terminal voltage. In-
stead of a rotor angle limiter, a limit set by a minimum
rotor current of 0.1 p.u. is used. '

The SVC has the size of + 0.5 p.u. The slope of the cha-
racteristic in the active range of operation has been chosen
similar to those of the generator and synchronous conden-
ser, about 0.12 p.u./p.u.

Comparison shows that the synchronous condenser has the

greatest range of reactive power regulation, while the

generator at rated active power has the smallest. The ge-



nerator at 0.5 p.u. active load and the SVC have quite
similar ranges of operation. However, it should be noted
that the diagrams are for steady state operation. Dynamic
properties are commented in the next chapter.

It appears also from Figure 1 that the characteristics for a
given terminal or reference voltage have similar shapes in
all cases.

X1.4 Dynamic properties

The limits shown in Figure 1 are the steady state limits.
Some of these are related to thermal problems and these
limits can normally be transgressed for a certain time. This
applies to maximum rotor and stator current limits and
gives an advantage to the generator and synchronous con-
denser compared to the SVC in case of low voltage, for
instance whena voltage collapse is threatening. The possi-
bility to overload the component even a short time increa-
ses the possibilities of counteracting a disturbance. Limits
set by rotor angle or minimum rotor current cannot be
exceeded.

Supervision of the reactive power production from a devi-
ce and of its actual distance to the limits can provide valu-
able indications in case of low voltage, whether a voltage
collapse is threatening or not.

Reduction of active power from a generator to obtain a
larger range for reactive power production is of-question-
able value. To counteract a voltage collapse, the reactive

Turbo-generator,
Active power
0,85

0,57
P =

0,5 -{ ,” Synchronous
4 + condenser
I
11
1
1
]
| S S S T T T T T T o T T r>
-1,0 -0,5 0 0,5 1,0
Figure 1.

Q

power reserves must be present in the critical area where
the lowest voltage occurs. Reduction of active power pro-
duction in this area will increase the power import into the
area and this can cause a disastrous development of the
voltage collapse.

XI.5 CONCLUSION

A full loaded (0.85 p.u.) turbo-generator will normally
have a rather small range for reactive power production,
especially if the terminal voltage becomes low. Therefore,
the tums ratio of the generator transformer becomes an
important parameter. Also, therefore, the steady state vol-
tage regulating properties of a full loaded turbo-generator
is not necessarily better than that of a static var compensa-
tor at low voltages. However, the generator has an over-
load capability which can be used for shorter periods, and
at reduced load a large reactive power range can be avai-
lable even at low voltages. '

X1.6 LITERATURE
(1} "Reactive Power Production Capability Chart of "a
Generator" by T. @strup, NTUA/IEEE Joint Inter-
national Power Conference, September 1993,
Athens.

Reactive Power Sources” by M. Erche and T. Peter-
son. (App. 1 of Reactive-Power comparison analysis
and planning procedure). CIGRE TF 38-01-03, 1989.
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APPENDIX XJI

INCREASE OF THE REACTIVE POWER CONTROL RANGE OF A DC CONVERTER

by T. @strup, Denmark

XT.1 REACTIVE POWER CONTROL RANGE OF A
DC CONVERTER :

For a given active power transfer, the minimum reactive

power consumption of a converter is determined by the
minimum control angle, o for the rectifier, v for the in-
verter. Normally, the converter is designed to absorb as
little reactive power as possible. The maximum reactive
power consumption is déetermined either by a maximum
allowable control angle or a maximum allowable AC vol-
tage across the valves, a voltage proportional to the quanti-
ty Uy, For a typical DC link designed as described in litt.
{1] without special reactive power control possibilities, the
reactive power control range at full active power load is
small for the rectifier and zero for the inverter.

X11.2 POSSIBILITIES TO INCREASE THE REACTIVE
POWER CONTROL RANGE

If the reactive power control range is limited by the maxi-
mum allowable Uy, the Mvar control range can be increa-
sed by reducing the DC voltage, U, This makes it pos-

sible to use a larger control angle, which increases the '

Mvar consumption. The Mvar consumption is very depen-
dent on the control angle but only to a minor degree on U,
(Litt. {1] and [2]). However, as the DC current, L, is in-
creased when U, is reduced for fixed active power trans-
fer, the method cannot be used at maximum active power
transfer. Further, use of increased control angle and redu-
ced voltage have some drawbacks, such as increased har-
monics and increased losses.

The increased Mvar range can also be achieved if the
converter is designed for an increased maximum Uy,
Thereby the control angles and the Mvar absorption can be
increased without a decrease in U,.

A Mvar range at 1 p.u. active power transfer can also be
obtained by dimensioning the DC link slightly larger. This
will only give a relatively small Mvar range and for smal-
ler active power transfers, the Mvar range is unchanged. It
might therefore. be desirable .to. combine. the. increased
rating with the increased maximum Uy, or with operation
at reduced U,. The solution might be of interest where an
extra amount of active power transfer is needed only a
small part of the year or at a later stage in the future.

~

As long as Uy and I; are not affected, the two converters
of a DC link can be designed independently of one another

_ with regard to Mvar control. Therefore, it is possible to di-

mension only one of the converters for an increased Mvar
control range. This will then typically be a converter in a
weak network and this will often be the inverter.

XI1.3 SYSTEM NEEDS TRANSFERRED TO THE PQ
CONVERTER DIAGRAM

Figure 1 shows a PQ diagram for an inverter designed
according to litt. [1]. As curves for constant y and for
constant U, are nearly equal, the figure does not distin-
guish between these.

The three limit curves for the normally designed converter
with U, =1 are

(S =P + Q):

Ymin = 16° -

Utiomax = 1.05 " Uiy

S =11rpu

The Mvar control range is zero for an active power trans-
fer, P, of 1 p.u. where the reactive power, Q, is 0.48 p.u.
It appears from the figure that for P = 1 p.u. the maximum
Muvar control range that can be obtained for U, = 1 and
Ugiomee = 1.05 © Uy 1s 0.12 p.u. independently of how
large the plant is made.

In the following, a system need of 0,25 p.u. Mvar control
range at P = 1 p.u. is presumed.

In figure 1, the desired possible operating point with P =
1 p.u. and Q = 0.48 + 0.25 = 0.73 p.u. is indicated toget-
her with the constant Uy, curve through this point. With
U, kept at 1 p.u., Uy, becomes 1.12 * Uy * v is about 32°,
For a converter designed for this Uy, _,, and with unchan-
ged maximum I, the limit curves with U, = 1 become:

Ymin = 16° .
Ugiomx = 112" Uiy
P=1pu

If the total plant is designed for the apparent power in the
former mentioned operating point, P = 1 p.u., Q = 0.73

s . p.u. the maximum active power transfer is found as the



intersection between the constant apparent power S = 1.24
p.u. circle and the ymin = 16° curve. This gives a new
nominal active power P = 1.11 p.u. The limit curves for
this converter become:

ymin = 16°
Udiomlx = 112" UdioN
S=124pu.

The operating point P = 1 p.u., Q = 0.73 p.u. can be obtai-
ned with Uy, = 1.05 " Uy by reducing Uy to 0.93 pu.
The I, becomes 1.08 p.u. in this operating point. In figure
1, the curve for Uy = 0.93 p.u., Uy, = 1.05 - Uy is nearly
identical to the curve for Uy = 1 p.u., Uy, = 1.12 - Uy

It would be natural to design the converter to be able to
fully utilize the §; = 1.08 p.u. also for Uy = 1 p.u. This
will give a converter with maximum P = 1.08 p.u. Howe-
ver for P = 1.08 p.u., the voltage cannot be reduced, as I,
may not be increased further. An Uggpe = 1.05 ° Ugey
gives a maximum reactive power absorption of 0.66 p.u. at
P = 1.08 p.u. and a nominal apparent power of 1.27 p.u.
Between P = 1 and 1.08 p.u., the minimum allowed U,
must be gradually increased from 0.93 to 1 p.u. in order to
avoid an I, greater than 1.08 p.u. The limit curves for this
converter become: :

ymin = 16°

Usiomax = 1.05 * Uy with Uy = 0.93 pu.
I, = 1.08 p.u. with U = 1.05 " Ugon
P =1.08 p.u.

diomax

The illustrated methods to obtain an increased Mvar con-
trol capability are just examples. The possibilities and the
most suitable ways to obtain a desired Mvar range will
depend on the actual construction of a given converter. If
the Mvar control is only needed for a limited time in criti-
cal situations, it may be possible to use an overload capa-
bility of the converter instead of a converter designed for
continuous operation with increased Mvar absorption.

X114 SUMMARY

The report shows examples of how to obtain a desired
Myvar control range of 0.25 p.u. for an inverter operating at
a given active power transfer of 1 p.u. Increased AC volta-
ge across the valves, increased rating of the converter and
operation at reduced DC voltage have been used.

Figure 2 shows the possible areas of operation for the
examples.

XI1.5 LITERATURE
{1): "Reactive power control in HVDC. Capability of
reactive absorption in HVDC converters”, Gote Liss
and Ture Adielson, Sweden. Appendix I in this bro-
chure. :

[2]): "Reactive power capability diagram for a DC con-
verter”, Torben @strup, Denmark. Appendix II in this
brochure.
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Figure 1. Limit curves in a PQ diagram for an inverter.
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Figure 2. PQ-diagrams for an inverter.
Basic design plus three designs with a Q con-

trol range of 0.25 for a P of 1.00.
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