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Abstract

Several systems have experienced voltage collapse, and the Task Force's question-
naire [4] indicates a need for a widely accepted procedure for dealing with the
voltage collapse problem in system planning. The object of this report is to pre-
sent.a procedure and to establish guide lines for the use of system planners in

order to prevent voltage collapse.

The report contains an explanation of the voltage collapse problem, and how it is
influenced by transmission system characteristics, the steady-state and the dyna-
mic behaviour of the load, as well as the overall system control. Experiences
from actual system disturbances are examined together with conclusions from the
questionnaire. Prefault conditions are discussed, and it is suggested that the
use of use n-2 security in reactive planning could be justified in order to ocb-
tain a probability of failure due to voltage collapse consistent with normal
practice regarding transient stability. A planning procedure based on a normal
load~flow program is established, and practical guide lines for planners are

drawn up.
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1. Introduction

i

It is well known that transmission of active power is depen-
dent on the voltages at both the sending and receiving ends

of a transmission systam.

The most well-known stesady state limitacion to power
transmission on a system cccurs when the electrical angle
between the wvoltage sources at the two ends reaches 90

degrees.

However, at this transmission angle there is a very high
requirement for the supply of reactive power at both the
sending and receiving ends. For example, wnile at 90 degrees
the maximum real power transmission possible in the system of
figure 1A is EU/Xp, at the same time the reactive power
reguirement is UZ/XL at the receiving end and 52/xL at

the sending end, both directed into the line. The reactive

power to be supplied at each end of the line is therefore of

the same order as the power transmitted.

Generators at the ends of a system mignt be able to supply
this reguirement, and hence maintain voltages, for short
times during power swings (by field forcing), but there are
very few situations in which such high reactive power supply
could be maintained for any length of time. With realistic
types of voltage support the reactive power supply will be
limited, and voltage will collapse at steady state angles

much less than 90 degrees.

After the vbltage has collapsed the power transfer capability
of the system disappears (because EU/Xp, = 0), and loss of
synchronism between generators at the two ends will follow.
However, it is an important characteristic of this kind of
system failure that loss of synchronism is a result of

voltage collapse, rather than a cause.

As stated, voltage collapse can occur at quite low transmis-

sion angles and, when the system is heavily overcompensated
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at the receiving end, at receiving system voltages which ara
not much lower than tie normal operating range. The Fai
process can be illustrated by using a transmission line per-
formance chart for the receiving end of the line as shown in
figure 1B. On the abscissa is the reactive power supoly or
absorption at the receiving end of the line and on the ordi-
nate the power transmission. Circles showing the relationship
between the power transmission and the reactive power supply
are drawn with U/E as parameter. As seen in figure 1B, there
is an absolute power limit which is highly dependent on the
resources available for reactive power supply at the re-
ceiving end. The eguations relating to these circles are

given in appendix 1.

The explanation of voltage collapse, referring to figqure 13,

is as follows:

At an initial per unit voltage of 1.0 in the receiving net-
work, reactive power Q, must be supplied to the line to sup-

port the power transmission.

Now one of the machines Py in figqure 14 is tripped, and we
assume that the missing active power is delivered from the
remote machine. To support this increased transmission, addi-
tional reactive power must be supplied to the line, if the
same veltage is to be maintained. If this is not available
(especially when the reactive power generating capacity of Pq
is lost), equilibrium will be established at a lower voltage
and with a lower transmission Py +APq - AP, where P is the

reduction in load due to the lower voltage.

In the following period, typically 1/2 to 5 minutes, the ex-
citation on synchronous generators will be returned either
automatically or manually to levels within their capabili-
ties, and the automatic tap—cﬁange: control on the load
transformers will bring the load back towards its former
value, and thertransmission from the remote machine will in-

crease towards Pg + Pq. With no increase in reactive support
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be seen from the Zigure that there exists
power which may be transmitted irrespective of volitace and
that an attempt to exceed this will result in a voltage col-
lapse. The transmission angle at wnich this ceccurs is far
less than 90°, For instance, the transmission angle for

U/E = 0.8 is shown by the designation ¥ (0.8} in figure 1B.

It is also important to notice that in the period before

the voltage collapse occurs, the frequency will be normal or
even slightly high (due tec 4P} for some contingencies. This
indicates that freguency-activated load shedding cannot save

the network from voltage collapse.

The additional power transmission alsc draws additional reac-
tive power from the sending end system. If the supply there
is also limited (ahd this is made worse by the need to supply
additional real power), the sending end voltage may also
begin to fall. The transmission limitation will then occur at

an even lower power transmission.

It should be noticed that the risk of voltage collapse is

connected to:

1. contingencies which weaken the local voltage control

(i.e. unit tripping)

2. contingencies which weaken the transmission system (i.e.

line and busbar faults)

3. contingenciés which increase the power transmission in the
network due to the primary control of the active power

(i.e. unit tripping, network separation, etc.).

Further, it should be noticed that voltage coilapse often
(not always) will happen after a time period determined basi-
cally by the timing of the automatic transformer tap-changer

control and of the reduction in generator excitation levels.



2. Interaction between transmission svstem characteristics

andéd load behaviour

When system conditions change, the behaviour of the load in-
taracts with transmission system chéracteristics to detsrmine
successive operating points on the performance chart of fi-
gure 1B. It is of interest to separately examine in more de-
tail the transmission system characteristics and both th

steady state and dynamic load behaviour,

2.1 Transmission system characteristics

Alternative charts can be derived from figure 1B to illu-
strate some fundamentally important properties of AC trans-
mission. The first such chart is the U-? curve (appendix 2),
witich shows the relationship between the voltage and the load
at the receiving busbar, with the assumption that load power
factor is constant. This can be devised from first principles
or by examining the intersections of straight lines through
the origin, representing various tg¢, with the voltage
circles of figure 1B. Examples of U-P curves are shawn on

figure 2.

For each load power factor there is a maximum transmissible
power. For any value of P below the maximum there are two
possible solutions for U. Normal operation of the power sy-
stem is always at the upper value, within narrow limits

around 1.0 p.u.

The load tg¢ has a strong influence on the receiving-end vol-
tage. For vecltages in operating range 0.9 to 1.0 p.u. loads
with positive tg¢, with zero, or with 16w negative tgg tend
to reduce U as the load P increases. With large negative tg9?
U increases until P reaches a much higher value. This repre-
sents an unstable operation condition fer the assumed con-

stant tg¢ load.

For studies of prevention of voltage collapse U~P curves are
not easy to use because the technique of adding variable
reactive power sources (for examples SVC's) means that load

tg¢ is not constant.
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A mcre useful chart is the Q-U curve, which can ke drawn to
show the characteristics of a line alone or of an entivs
transmission system including several lines and the load plus
compensation. General Q-U curves are derived in appendix 3.
Figure 3 shows an example for a purely inductive transmission
line alone with active load as parameter. These curves corra—
spond to intersections of horizontal straight lines with the

voltage circles of figure 1B.

Only the parts of the curves to the right of the minima are
stable (appendix 3) unless supported by additional reactive
power from an automatic source {static var compensator, syn-
chronous condensers, etc.) in which case stable operation can
be maintained as long as the source has a sufficiently high Q
versus U gain and is within its control range. It is also on=-
ly true provided the automatic reactive source controls the
voltage faster than the aciions that return the power to a
constant value, for instance tap-changer control. This is
normally the case, although it may not be the case in special
applications. For instance large induction metors may consume
a fairly constant power, but abruptly increase their réactive
power absorption when the voltage decreases. This response of
induction motors for voltage variations may be.faster than

the controls of automatic reactive sources.

2.2 Load characteristics

Loads whose real and reactive parts vary with voltage inter-
act with the transmission characteristics by changing the
flow through the system. The load and transmission effects
can be summated to show the overall response at the load bus-
bar to variations in voltage associated with changes in reac-

tive power injected.

The voltage dependence of the load has a tremendous influence
on the stable part of the curves in the period before the ac-
tion of primary controls. Figure 4 shows the simple case
where a purely active load of 0.5 p.u. is fed through a pure

inductive line. A reactive power injection of 0.13 p.u. at



the receiving end results in a voltage of 1 p.u. IS the rsac-

tive power injection of 2.13 p.u. is lost, the voltage at the

the voltage will settle at 9.89 p.u. If the load has constant
current characteristic, the voltage will settle at (.86 p.u.
But if the load is ‘constant, the system will reach the limi*

of voltage stability at a voltage of about 9.7 p.u.

A description of the voltage dependency of the lead and cha-

racteristic values are given in {1].

When making calculations on a transmission network it is nor-
mal to represent the lcad at a2 high voltage level. The dyna-
mic behaviour of the load in such calculations comes from two
different causes. The first is the dynamics of the con-
sumerxs. These dynamics will sum up as a voltage—dependent
load at the consumer voltage level and be transformed up to
the voltage level at which the load is represented in the
calculations. The second is the dvnamics of the system con-
trol, principally the autcmatic tap-changer c<ontrol of the
transformers. This will be dealt with in the following sec-

tion on system control.



L ygguin!

i ' [ JHIH
! | =3[
L | i
HIIR =
,M ; |
w1
”_..;,....f!.,.... m L H ,
.ﬁ..:....}...””::.: | ky | |
P T T LU} nitls
ﬁ.,:.._.....,.; ;;;H,, ....__ Y 1]
A A
Ity et
a "mm“"un.
0: ?...l M| H ..r
" ,,””,mu“m“”.T. |
XL o~ IS ﬁ.,_....,.nu..#f...z _r
N mo ..,.., 7..4:.,. m
" Rl e N R
o : r :1;1:@ 1::.,
_ N i T[T
ot 1] h h
_ 5 i il A
}
A FM bt il : ..,,
- o " :
APN 8 |1 e i \
A e o L L e T b
Q H :
A A i
-+ " it i
v '
Slle—1 9 ‘
; i ‘\
w XL o L)
ol Al ™ il i
AL < ]
_ a | i
n o, - e
q .
Lo
_5... - ™M — (e} i
o o a Y o n_u,

the influence of the load VS veoltage characte-

ing

Q-U curves show

Figure 4
ristic on voltage stabil

ity.

=



3. Influence of system control on voltace collapse

Only the planning aspects of system contrsol ars to be con-

sidered.
Discussion has been divided into three parts, namely system
voltage control, system power~frequency control and underveol-

tage load shedding control.

3.1. System voltage control

Referring to CIGRE SC38-02 TF03 [2], system voltage control
is organized in the form of a structured system (autcmatic,
to varying degrees) comprising three operational levels
(which we shall refer to as "Primary, Secondary, and Ter-
tiary"), and a forecasting level (referred to as "Security

Forecast").

From this work it can be concluded that it is necessary to
represent all primary voltage control actions correctly in
planning calculations to prevent voltage collapse. The prima-
ry voltage control actions are due to AVR's of generators and
synchronous compensators, static var compensators, automatic
tap—-changers, and capacitors and reactors switched automati-

cally on voltage criteria.

A description of the reactive power sources including their

response and control range is given in [3].

The planner should consider the actual transformer control
hierarchy, which controls are automatic and which are not,
and be careful in representing the effect of the voltage con-
trol on the reactive power losses and generation of the ele-
ments in the subtransmission and distribution network.
Further, the planner must investigate if the time grading of
the transformer tap-changer control wil; result in a tempora-
ry overshoot of the load. In this case there could be a
higher temporary deﬁand for injection of reactive power than

after action of the primary controls.
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Referring further to the voltage control struczure [ 21,

Fh

the aim of the secondary and tartiary voltace controls enéd
also the security ZIsrecast studies is to find an cotimal V-9
security-conditioned track in the daily operaticn of the
system. One should therefore not include these control
actions in the initial planning calculations to prevent
voltage collapse. But it should be checked that these control
actions will not result in a situation which is worse than
that which applies after action of the primary controls.

Changes in the future secondary voltage control also have to

be taken into account.

Further, it should be remembered that it is always easy for
the planner to fix an optimal pre-fault condition, but it is
not possible for the secondary and tertiary voltage control,
whether automatic or manual, or by usa of security forecast
studies, at any time to operate the system exactly on the op-
timal track. This could call for a certain margin when plan-

ning reactive power resources.

Finally, demand on reactive power reserve for equalizing the
deficit between an area and its surroundings, within a cer-
tain time (for instance 15 minutes), can influence the neces-

sary reactive power resources.

3.2. System power-fregquency control

What has been said about voltage control also applies to

power-frequency control.

It is important to represent all primary power-frequency
controls (fast automatic governor actions based on measure-
ment of the local fregquency) correctly in planning calcu-

lations to prevent voltage collapse.

Secondary power-frequency control {area control, automatic
generation control (AGC), etc.) can come into planning in the
sense that it has to be checked that the secondary control

actions will not result in a situation which is worse than



that wnich applies afier action of the »rimary concrols.

4y

uture secondary powar-frequency csntrol also

Changes in the

have to be taken intec accounz.

3.3 Undervoltage load shedding control

Undexvoltage activated load shedding can be used as an emer-
gency means of counteracting the influence of tap changer
contrel. It is not normal practice to use this measure to
prevent veltage collapse for faults which ars egqual to or
less severe than the chosen planning criterion, although in
cases where there are reasons for delay in needed system aug-
mentations it c¢an be used temporarily. Its application would
be to contain a local disturbance, perhaps in order to pre-

vent a major network voltage collapse.

Whatever planning criterion is chosen it is usually possible
for multiple contingencies to occur which are more severe
than it, although with a very small probability of occu-
rence. There might not be sufficient justification to install
transmission plant to prevent voltage collapse in such

cases. However, it might be consistent for those utilities
who use underfrequency load shedding to cover severe generat-
ing capacity loss to also use undervoltage load shedding, al-
though the probability of it being used may be less in the
latter case. The consequences of a major network collapse oc-
curing need to be weighted against the costs of such con-

trels.

The effectiveness of load shedding in an overloaded system
can be seen in figure 3, where a reduction of p = 0.25 p.u.
from p = 0.75 to 0.5 p.u. reduces the reactive power require-

ment by about 0.3 p.u.

A special case is industrial plants with local generation,
which disconnect from the network under severe disturbances.

This may be taken into account in the planning.



4. Experiences from svstem disturbances leading to voltacge

collapse

4.1 Example of a disturkance leading to voltage collapse

The Swedish contingency on 27th Decemberx, 1983 (figure 5) is

a good example of how a voltage collapse develops.

Figure 6 shows the 132 kV voltage at Stigsnms Power Station
in Sealand in Denmark during this system disturbance, which
started with a busbar fault at Hamra about 60 kxm northwest of
Stockholm (figure 5}. The fault disconnected both sections of
the 400 kV busbar. This fault is not considered as a dimen-

sioning fault in planning.

As will appear from the description in figure 6, no other
lines of importance are tripped immediately after the Hamra
fault in the first 53 seconds. Then during the next 2 seconds
a cascade tripping cf all northerly lines takes place, and

1 second later the lines to Worway are tripped. The reason is
the following: After the outage at Hamra, Halsberg is the
most important feed-in substation to the Stockholm area
{figure S5}. Here a heavy voltage drop occurs which reduces
the load in the area. The automatic upward adjustment of the
10 kV voltage involves a gradual rise in load towards the
normal wvalue during the following period. Because of this the
transmission from the north is increased, causing a further

drop in the 400 kv voltage at Halsberg.

After 53 seconds the voltage is so low and the current so
large that all northerly lines, and shortly after the iines
to Norway, are tripped by the impedance relays. Hereby.the
southern parts of Sweden and Sealand are isclated with a re-

lative production deficit between 50 and 60 %.

As appears from figure 6, the voltage collapses first at

Halsherg at t = 53 seconds and 3 seconds later in Sealand.
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Fortunately, the interties between Sealand and Sweden ars
tripped by the impedance relays aftar 55.3 seconds, after
wnich the network voltage in Sealand is restored {(figure §).

t this time the nstwork Ifreguency is 49.0 hz, i.e. higher
than the first freguency-activated load shedding step

(48.5 hz).
What can the planner learn from this incident?

Firstly, if correctly planned, power systams only reach a

condition of voltage instakility after a large disturbance.

Secondly, the voltage collapse is a process which often takes
some time (55 seconds on this incident) afier the initiating
disturbance. It is, therefore, the objective of planning to

specify the necessary local reactive supply or emergency con-

trols in this period to cope with the actual contingency.

Thirdly, this local reactive supply has to be activated auto-
matically by the local voltage, because the operator has no

time to interfere in the developing voltage collapse.

Fourthly, behaviour under multiple contingencies is very im-
portant, when planning the response of reactive power sources

and emergency controls.

This appears from figqure 6 where, after &£ = 55.7 seconds,
{point (3}) voltage collapse spreads the disturbance to a
very large area. This happens when South Sweden and Denmark/
Sealand are-isolated with a power deficit of 50 to 60 % from
the powerful systems in North Sweden and Norway. The genera-
tors in the isolated area have to deliver both the real and
reactive power deficits, until the fregquency-activated load
shedding has equalized the power deficit in the isolated
area. The result is a very low system voltage in the island,
where the generators are unéble to control voltage because

their excitation systems are overloaded, and they lose sta-



bility due to small synchronizing forces before function of

ot

the freguency-activated lecad shedding. For thes planner, when
considering the response of the reactive power sources and
emargency controls, it should be taken into acecount that

these will help such an islanded system to survive.

Finally, the planner must not either forget that all (maybe
even more) reactive resocurces, which are activated automati-
cally when the voltage in the island is low, may need to be
removed promptly a few seconds later, when the frequency-

activated load shedding has ecualized the active power defi-

cit [6].

4.2 Main results of the analysis made at EDF of 20 major

disturbances in the world leading to voltage collapse

Before the disturbance: The system is weakened due to ocutages

(lines or plants), maintenance or temporary operating condi-
tions (for example due to the installation of new equipment);

moreover the network is generally highly loaded.

The disturbance:

- In many cases (more than the half) the loss of only one
more element (line or power plant) is sufficient to
initiate the disturbance; in the other cases, successive

faults have lead to loss of more than cne element.

- In several cases, the initial fault has been a busbhar fault

during maintenance operations in a substation.

~ In all cases, there is at least one event "which should
never occur": e.g. human fault or misworking of equipment.
These situations are difficult to forecast because such

events have very low probabilities.

Reconnection of the system: Problems of high voltage levels

are often mentioned.
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5. Planning procedure and guide lines to prevent voltace

collapse

The questionnaire on "Use of Reactive Power Cptimization
Techniques in Systam Planning” [4] indicates a need for a
widely accepted procedure for dealing with the voltage col-
lapse problem in system planning.

If correctly planned, power systems only reach a condition of
voltage instability after a large disturbance. The process is
essentially non~linear in that it involves limiting of gene-
rator excitation systems and SVC's and usually the attempted

restoration of load by.transformer tap~changing.

Therefore, a correct representation of all important system
controls, including the control limits, is essential when

planning against voltage collapse.

The objective of such planning is to specify the amount and
response of the needed reactive sources at each busbar in the

transmission system.

Special cases like for instance a far away large local motor
load feed through a radial line, where the rapid.response of
the voltage dependency of the load, mentioned at the end of
section 2.1, may lead to a rapid voltage collapse, are out-
side the scope of this paper. Such cases have to be treated
separately by dfnamic simulations, representing the fast time

reéponse of the load and the system control correctly.

5.1. Selection of contingencies and pre-~fault conditions

The first problem is to identify the operation situation and
the contingencies which may lead to voltage collapse. For
small networks, the situation can be well defined. For bigger
networks, it is not so easy, and systematic checking must be

used to define the worst cases.

It should be noted that 3 to 4 utilities (appendix 4) use n-2

security critericn in reactive power planning (i.e. gene-
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rator + line or transformer or two lines, whichever is mors
severe). When planning for transient stability, many utili-
ties assume the most serious fault (3-phase) on the faulted
component, in spite of the fact that this has a low probabi-
lity. When planning against voltage collapse, the fault seve-
rity (1-, 2-, or 3-phase)'is of no importance. Therefore,
using n-2 security criterion when planning against voltage
collapse could be justified in order to obtain the same pro-
bability of failure in the system as one tries to obtain
against transient instability, when using the mest serious
type of fault together with an n-1 security criterion. In any
case many utilities consider the loss of both circuits of a
double~circuit line, or on a common corridor, to he a single

contingency for reactive power planning.

The planner should be very careful when choosing the number
of in-service breaker-switched capacitors in the pre-fault
conditions. It is always an advantage to run the generators
at low excitation by keeping as many capacitors as possible
‘connected without exceeding the maximum network voltages, be-
cause increased reactive reserve on the generators reduces the
risk of voltage collapse after the contingency. Other than
high system voltage the only limitation is due to the under=-
excitation limiters on the generators. But operators will
never run a network in that way. Therefore, the number of
capacitors in the pre-fault conditions should be based on a
realistic estimate of the operational practice, with an ade-
quate margin for instance due to‘clock-switched capacitors
etc. As 2 minimum, it must be ensured that natural changes in
the load, switching of capacitors, etc. and contingencies
will not bring any generator. to the limit of underexcitation

with an adequate margin.

Further, it should be noticed that a felatively high pre-

fault excitation on the generators gives a better transient
stability margin and the most efficient voltage control in
many other serious system disturbances (network separation,

load rejection, load shedding, etc.) [6]. This can lead to
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the conclusion generally not to operate the system with low

excitation en the generators.

In a long distance EHV transmission systsm generators often
have to absorb reactive power. This condition is inadvisable
due to reduced synchronizing power, and in such systems it is
generally preferred to install shunt reactors close to the
generators in order to load them with reactive power. During
disturbances (linertripping, generator tripping etc.) the
shunt reactors may be switched ocut. In long distance systems
it is necessary to achieve a near balance between reactive
power sources and loads separately at the sending and re-
ceiving ends, because transmission of reactive power over
such distances is very inefficient or, at high transfers,

technically impossible.

5.2. Planning procedure

A practical procedure can be based on the Q-U curves, (figure
4 and appendix 3), because these curves can be determined by
means of a normal load flew program for a normally meshed

network with the actual power units connected.

For the normal planning proklem of finding the necessary re-
active compensation to handle a contingency {i.e. buskar
faults etc.) at or near a certain busbar, the procedure could

be the following:

1. Starting from the pre-fault system make a series of load
flow calculations for the steady state post-fault system
to find the Q-U curve for the busbar with all manual con~-
trollers frozen in the pre-fault settings. The method is
to set the busbar to be P, U type with P = 0, and deter-
mine Q in or out of busbar to achieve a range of U
values. The load should be the pre-fault load and the di-
stribution of generation and contingency the worst case.
The influence of all autcomatic priﬁary controllers, espe-
cially automatic tap changers, should be taken into ac-
count. Special care has to be taken to correctly represent
the action of generator AVR's in keeping voltage constant,

while this is within the generator's capability, and
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further to limit the generator's Mvar production corract-
ly. A suggestion for representing the response of the ge-
nerators is presented in appendix 5. A description of the
reactive power sources including their respcnse and con-

trol range is given in {3].
Figures 7 and 8 show two different Q-U curves.

The right hand intersection of the Q-U curve.wiﬁh'the U
axis gives the "natural" voltage at the busbar. If the
Q-0 curves cut the U-axis, as shown in fiqure 7,7with an
adequate margin, it is an indication of no need for any
further automatic infeed of reactive power to cope with
the contingency in order to prevent voltage collapse. In
such a case the necessary reactive reserve has come From
existing sources (generators and/or SVC's). If there is a
requirement for a minimum post-fault voltage, it might be
necessary to supply a certain reactive power (Q-min in fi-
gure 7) automatically after the fault in order to keep the

voltage above this minimum value.

If the Q-U-curve is above the U-axis, as shown in fi-

gure 8, it is an indication of need for an additional
automatic infeed of reactive power Q-min to just prevent
voltage collapse, and a greater amount to achieve a margin

or to achieve a minimum post-fault voltage.

To determine the proportion of the required reactive power
injection to be automatic (e.g. SVC or synchronous compen—"
sator) and the part to be switched with a small time de-

lay, the following method can be used:
Plot another Q-U curve, as shown in figure 9, for the
short term post-fault condition and therefore with the

following changed assumptions:

1) Load transformer taps locked at pre-fault settings



23

- 1O
o

Qmin
U . U
Umin
Figure 7, Post-fault constant Figure 8, Post-fault constant
power O-U curve with intersec- power O-U curve without inter-
tions of the U-axis. sections of the U-axis.
Q
|
|
Compensator plus switchable capacito
Post-fault Q-0 characteristic P d
ceonstant Margin on QA+ QS
power Q-U

Switchable capacitor requirement Qs

Margin on QA

Compensa-
tor limi- : c s
\ Compensator Q-U caracteristic
ting charac- ~
teristic Automatic capacitor reguirement QA
Post-fault, Pre-fault Q-U caracteristic

short—-term
load charac;
teristic

= A

pre-fault

Maximum compensator slope due to stable
voltage control

Figure 9. Procedure to determine the total need and the proportion of

automatic and switchable reactive power injection at a certain busbar.
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2) Load vs voltage characteristic repragentad by

measured values, e.g.
_ U . a -
P = PO (qz) Q= Q0 (g3

The faster acting generator voltage and excitation
controls must, however, be represented as before and

also, if importaﬁt, the primary active power control.

For practical load-voltage characteristics, this curve
will be less onerous than the constant power curve and
may give an intersection with the U-axis (which will

show the immediate post-fault voltage).

The tap changing of the load transformers will cause a
gradual transition from this short-term Q-U characte-
ristic to the steady state constant-power characteri-
stic. The time co-ordination of the tap changexrs at
the various voltage levels should be examined to en-~
sure that this transition will occur without over-~

shooting the constant power characteristic.

If the immediate post-fault voltage is not satisfacto-
ry or, indeed, if there is no intersection with the
U-axis, then an automatic infeed of reactive power to
the busbar must be considered. The required response
of this compensation can also be fepresented on the
©-U plot, starting at the pre-fault voltage on the
U~-axis, and intersecting the short-term characteristic
at or above the regquired minimum voltage Upin on fi-
gure 9. The limiting behaviour of the cémpensation
must also be considered, because this will determine
the margin which is required.

Summarizing and referring to the definitionms in [5],
one could, for instance, plan the system shown in fi-

gure 9 by installing at the actual busbar a static var
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system (SVS) consisting of a static var compensator
(SVC} with the value Qp plus some margin and mecha-
nically switched capacitors with the value Qg, bhoth
controlled by a common SVS co-ordinator. 3oth Q. and
Qg are values at Upip and must ke converted to nomi-

nal voltage.

One should be very careful about using a correct re-
Presentation of the lecad vs voltage characteristic.
The knowledge of this is often very uncertain, and in
some cases it could be justified to choose the pessi-
mistic value, constant power. This leads to the con-
clusion that the whole amount Qp + Qg in figure 9
should be automatic, and indeed that some margin

should be added to this amount.

The slope of the SVC must be such that it intersects
with the 0-U curve well to the fight of the minimum

of the O-U curve, and must not be steeper than allowed
by stable voltage control under minimum short-circuit
conditions. A check must also be made that the fast
voltage-controlled mechanically switched capacitors
will not cause excessive overvoltages, for instance in
connection with system disturbances leading to load-
rejection or load-shedding (6]. Further, it has to be
checked that the natural fregquent changes in the

transmission network due to load variations, system

controls and system oscillations will not cause too

4. The
are

_(a)

frequent switching of the mechanically switched part

of the static var system.

amount of margin to be allowed from the minimum of the
curve should be considered. Some possible gquide lines
as follows:

Operation at or too near the minimum of the Q-U curve
will be unsatisfactory, because small variations in

system loading, tap-changing, etc. will cause large



{b)

{c)

(d)

(e}
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voltage variations with possible "hunting" of tap-

changers.,

A minimum slope of the Q-U curve at the final operat-
ing point could be chosen so that the switching of a
capacitor bank would not cause too large changes in

voltage,

Tt is possible for the voltage at the minimum point .of
the curve to be so low that maintenance of an adeqﬁate
post-fault voltage (e.g. 95 %) might give an adequate

margin.

A fixed Mvar margin based, for instance, on some per-
centages of the total load of the area and on conside-
ration of possible errors in forecasting this lecad

might be appropriate.

Consideration of the sensitivity of the movement of
the Q-U characteristic with changes (errors) in the
system MW load might lead to an equivalent Mvar mar-

gin.

An alternative to the Q-U procedure for planning against

voltage collapse which could be used in-densely meshed

networks with local generation on the primary network

{appendix 4, Belgium) is to install enough mechanically

switched shunt capacitors to Prevent any generator from

overloading its excitation system under all planned con-

tingency conditions. In such networks, voltage collapse

can be avoided simply by releasing enough primary reactive .

reserve (excitation margin) on the generators by instal-

ling enough mechanically switched capacitors in the net-

work.

5.3. Planning quide lines

In order to obtain a correct planning against voltage col-

lapse, the following guide lines could be of value:
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Define the criteria to be adopted regarding operation con-
ditions and the contingencies to be taken into account in

the planning.

Select potential dangerous aperating conditions in accor-
dance with the criteria. A way to rank the cases of in-

terest is to calculate the busbar voltage sensitivity to

‘the reactive power injections. Depending on the network,

two ways can be followed:

=~ to choose the contingencies to be studied and to define

the worst operating conditions for each contingency.

- to choose the operating conditions and to identify the

contingencies which lead to a voltage collapse.

Carefully consider the possibility of a single event
causing multiple contingencies. For instance line loading
under worst possible power flow and voltage conditions
should be checked against protective setiings. It is ne-~
cessary to develop a policy to either accept the conse-
quences of a contingency more severe than planned or adopt
a contreol strategy for dealing with this event (for in-
stance, underveoltage-activated load-shedding may be a way
to contain a local disturbance in order to prevent a major

network voltage collapse).

Find out for one set of contingencies, by means of an op-
timal load flow program or by hand, the best and most eco-
nomical location of compensation equipment in order to
avoid voltage coilapse. It should be noticed that, depend-
ing on whether the purpose of a substation is to. transmit
power through the high wvoltage network or to the low vol-~
tage network, the effectiveness of a Static .Var System can
depend highly on whether it is connected td,the high vol- -
tage or the low voltage side. of the transformers in the
substation. The dimensioning in size and response of the

reactive equipment can be done using the Q~U methodology.



S. Coordinate different solutions for different sets of con-

tingencies.

6. Consider contingencies after action of the primary con-
trols, and even in certain cases the influence of the se-

condary controls.

7. Carefully model of the response of generators to an over-

excitation demand from the system.

8. Carefully model the response of automatic transformer tap-
changers which are in series between the main system and
the load, to ensure that their time grading is such that
load overshoot does not occur (i.e. correction of the

lowest voltage before the higher wvoltage).

9. Consider the effect of the manual and automatic transfor-
mer tap-changers which are in series between the main sy-
stem and the load, to ensure a correct representation of
capacitors (and the network shunt capacitances) connected

between the load and the main system.
10. Maintain practical margins from Q-U limits.
-=-—000==~

An example to illustrate the use of the Q-U method is given
in appendix 6.
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Ganaral Exprassions and PQ-curvas for Linss

The 2lsctric powa2r transmission on a lins dapsnds on its
charactzaristics. For comparing diffarent casss, it is sasiar
to hava a gznsaral ekpression for the systam. In this appandix
these gansral =xprassions and PQ~curvas ara givan by

substituting ths per unit valuss for the guantitizas.

At first, the lin2 will b2 rapressntad in tha following way:

Iy ,Q

lE| £
ol £90

1
———
———

[
am

[

with ths a2qguations:

P = __.........__..Ex v sinxp
L
c = costy - U2
L4 T
L L

By isolating siny and cos¥ , squaring sach and adding tham,
you will get an expression which is squal to one. Isolating P

gives ths following axprassion:

2 2 2

2 _E U _ U 2
XL L

Whan this expression is rawrittan, it is possibla to changs

over to per unit values:

P 2 b 2 g 2 2 2
(— ) = (E) - (E) M e
E /XL ET/X



By substituting the following par unit valuss, you will gar

an sxprassion without the rsactanca X and ths voltaga

sourcs E:
D o= 2P f Q@ = 9 , and u = g
E /XL E-/XL

The par unit valus 2quation is as follows:

2

2 2
h=] =u2-(u + g}

pg-curves

2.2
92 +{g+u) =u

Grazatsast valu= of g

Envelops curvs

2

2 2 2
P =u - {(u + q)

max. p. with given g for

dp _
2P gag
2
q = 1/2 - u2 = p
2
p =14 +-gqg

2-

= 1/4 is obtainad

=q -

circlas with centrs

(peq) = (0, -u°) =

and radius = u

2 . .
max. g = - u + u with a given u
d .
(mZE a .. 2ua+1=20 fory =
/2 => g = 1/4

for u = 1/2 and p = 0

- =0

du

=2u-2 (uz +qg) 2u=0=>

2 1/4

This is a parabeola with focus in (0.0)

u (p, q) on anvaelope curva

(0’- 0-25)
1 (0.87, -0.5)

{1.41, =1.75)}




Pow2r transmission

U e . .
sin ¢ (% transmission anglz)

P4l

u sin ¥

o]
il

Transmission anglsa ¥

The sxpression abovs shows that this anglz can b2 found in
tha2 pg-diagram as ths angls betwaen th2 g¢-axis and a lina
connacting the point of operation with ths c¢a2ntre of the

actual constant u-circla,

'O

point of operation

8




G2naral Exprassions and UP-curvas for Linss

The line will b2 raprasantad in tha following way:

xRy P,Q

—
o
(=N G
(|3
=Rt
NN
[ IS

As will appear from Appendix 1, pags 2, the following
2quation is valid for a lin2 reprasantad as shown in tha
figura:

Graph 1 prasents the up-curvs for g 2qual to zaro.

The slope of this curvz is givean by the following 2xpra2ssion:

2
du - 1=
P 1 = 2u

The value of the slope at tha beginning and at the =nd of tha

. curve is statsd in the graph.

d \
The point Prax is found with E% = 0 and gives:

P = 0.5 and u = V0.5
max

for a rasistance load R = XL'

Professor A.J. Calvaer has genaralized this procedurs for

linear elactric multiports in [1].
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Instead of being constant the quantityvy O can ke made up of

two parts.

1) The reactive power produced bv a capacitor X with the

size of U2/%.

al]
g
]
¥
O

2) A consumption of reactive power with the size o

This is represented bv the following figure:

jX, P, Q
T
; P
J = P TANS
c p— Q
"Jx
LINE CAPACITOR LOAD

So the following expressions for Q and g can be written:

2
+ P TAN

O
n
]

xlc

+ p TAN® with x = i_.

L

xlc

By substituting this last expression for q in the egquation

for p2 a more detailed expression is obtained.

2
p2 = u2 - (u2 -.;_ + p TAN® )2

For a line with a capacitor ¥ at the receiving end and TAN® =
0 the slope of the up-curve is given by the following

expression:



cp 2
1
1—2\12(1—_.)
X
The slope for u = 0 is (du) 1
‘ pe = dp u=0

The slope is 0 for p =0, u =

. de _ ..
P . 1S found by = 0:

1 1

Ppay = — 71— + @ % =y
18 - ) VZ (1 - )

The curve connecting the points with ppay, for different tg?

{and no capacitor X) is found by:

2 2 2 . . . s . .
p =u = {u + p tg¢) => {(by implicit differentiation)

2
du _p (1 + tg2¢ ) + u” tagd

= 3 .
P Gy (1 -2u ~-2p tgd)

ép 2 .
A = ner 1 = - I = i<ri
t Pax To 0 and therefore 2 u 2 p tg 0 giving
5 . .
u + p tg¢ = 1/2
C . . . . 2 P
This inserted in the basic expression gives p° = u” - 1/4.

This is a hyperbela with asymptote u = p and intersecting the

u-axis at (u, p) = (0.5; 0) with a slope = 0.

The curve is shown on graph 1.

Refarences

[1] a.J. Calvaer
Cn the Maximum Loading of Active Linear Elactric Multi-
ports
Proceedings of the IEEE, Vol 71, n®2, Fabrunary 1983, pp.
282-283. '
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Gan2ral Exprassions and QU-curwvas for Linas

Tha necsssary amount of r2activa powar to get a givan voltags
at ths rac2iving end of the lin2 which transmits a fixad
amount of active pow2r can bz ra2ad from a QU-curve. Tha
characteristics of these curves will ba sxaminad. Ths

line will bas raprasantad in ths fellowing way:

X Q
L P /

bkl
N
O G

As will appear from Appandix 1, pag2 2, the next =guation is
valid for a lina raprasentad as shown in tha figura (sign has

been changed for Q):

2 2 2 2
p =u - (u - gqg)

By rswriting this equation, you will get the next 2xXprassion

for q:

g=1u -vu -p

The gensral qu-curves for saveral values of p have bzan drawn

in graph 2.

End-points
The amount of active powsr, which can be transmittad along a
reactance Xy at a voltage E at the sending and and a

voltage U at the rscziving and, is



b o U _._
-—_KZSJ.QJ

where ¥ is the angle between U and E. The maximum of P isg

reached when

NI 0 b= =
: S0°, max —

By rewriting this equation it is possible to change over to

per unit values:

_?E__ =Y => p=1u
E/XL =

The qu-curve ends con its left side in the point where ¢

o]
]
&

All the qu-curves lie in the area between the curve g = u

{where p = u) and the curve g = u? - u (where p =0).

The slope of the curves with p = constant is as follows:

da u
_— = 2n -
aug

dg -
du p=uf0

dg -
du p=u=0

Minimum of the qu-curve

The qu-curves are made up of two parts which both depend on

the voltage:

1) Qtransmitted

2) Qosses

These are shown in the next figure:

9
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The local minimum can be found by = = 9:

au
Vol + 1/a

a =p - 1/4

[
I

It is seen that this minimum always exists.

The curve q = u? - 1/2 in graph 28 contains all the minimum

points of the qu-curves.

Steady-state stability

We can examine the steady-state equilibrium in a certain
point of the curve by using the following methods with

constant P:

a) To make a small change of the voltase E and to keep O

consgtant.

b) To make a small change of the voltage E and to suppose
that Q is produced by a capacitor (or consumed by a

reactance) .

The curves for different values of the sending end voltage

can be found by using the next expression:

' 2
aq = u2 —-VQE /E) u2 - p2
where

E = the per unit voltage

E’ = the new voltage at the sending end

re point a)

E.g. point A in graph 2A. A smail decrease of E to E'

(E'/E = 0.98) at the sending end of the line causes a
decrease of the voltage U at the load at the raceiving end.

A new equilibrium is found in point B. Also a new equilibrium

is found when a small increase of E to £' (E'/E = 1.02) takes
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place, kut then in point C. When we choose a noint on the
P =

left side of the minimum of the curve, point D, a small
decrease of the voltage E to ©' (Z'/E = 0.98) causes a
decrease of U. Following the line ¢ = constant thers isg no
intersection with the curve with the same P and at the new
voltage at the sending end E' < E. When the voltage =
increases a little, we fallow the line g = constant in the
opposite direction. The qu-curve with E' > E (E'/E = 1.02}) is
not intersected in the neighbourhood of the starting point,
and the first eguilibrium will be point C. Therefore, the

part of the curve on the left of the minimum point has no

steady-state stability for constant 9.

In graph 2B the curve ¢ = u? - 1/2 between the area without
and with steady-state stability for constant Q is drawn. This
is the same curve as the one which contains all the minimum

points of the qu-curves.

re point b)

E.g. point A in graph 2C. A decrease of E causes a decrease
of U. An egquilibrium is found, when we assume that the
reactive power is produced by a capacitor at the intersection
of the curve with the same p and the new voltaée E' with the
curve q = 0.15 u2, point B. Alsc a new equilibrium is found
when the voltage E increases, but then in point C. When we
choose e.qg. point D, a small voltage drop causes a voltage
drop at the receiving end at the load. The qu-curve for E'
smaller than E is not intersected any more, and there is no
equilibrium. There is no equilibrium in the neighbourhood of

the starting point when the voltage increases a little. The
2

¥

limit case 1s when the curve g = ku? touches a qu-curve which
happens for k = 1 ~ 1/(2 p}. This is shown in graph 2D for
the qu—~curve p = 0.75 which touches the curve q = 0.33 uZ2,
The area on ﬁhe left of the curve g = u? - u/ V2 has. no
steady-state‘stahility when Q is produced by a condensator

{or reactor). On the right side it has.
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In graph 3 the qu-~curves are drawn for different values of
the current per unit value i. The value of i can anly vary
between 0 and 1. The curves for these two values also give

the two limit curves.

The expression for the qu-curves for constant i is as

follows:

The curve which goes through all the minimum points has the

next egquation:

The points of the qu-curves above this curve have
steady~state stability for constant i and constant g. The
explanation is similar to the one of the qu-curves for
constant p. The whole cqu-curve has steady-state stability

when q is produced by a capacitor or consumed by a reactance.

In graph 4 the qu-curves are drawn for different values of
the load resistance per unit wvalue, r. The qu-~curve for r = =
is cne of the limit curves, the other cne is formed by the
parabola g = u?. The expression for the qu-curves for

constant r is as follows:

/ 2,2
g = u2 -uv¥t -u/r

The curve which contains all the minimum points of the
qu-curves for constant r has the following equation:

q =.; u2 -] u Quz + 2

Zz

This curve gives the boundary for steady—-state equilibrium
with ¢ = constant. All parts of the qu-curves has
steady-state stability when g is produced by a capacitor or

consumed by a reactance.
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Answers to tha Quastionnaires on Us2 of Reactiva Powsr

Optimization Tachnigquses in Systam Planning
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August 1985
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Modalling of th2 Raspons:z of Ganarators to an Ovaraxcitation

D2mand From tha Svstam

1. Introduction

Synchronous ganerators ara the main sourca of raactivs powar
in most powar systams. A good knowladge of th2ir bahaviour
and of thair voltaga control system is na2cassary for tha
study of the natwork voltags stability and for tha sizing of

reactive sources and rassrves at the planning staga.

Her2 wa do not want to davalop th2 transient stability
modalling but only a guasi st=ady-stats modsl, which allows
the calculation of tha post-disturbancs aguilibrium stats

with a load flow computar program

2. Ganarator undar ths contzrel of its veltags ragulator

In ordar to calculatz the post-disturbancs 2quilibrium point
of the gena2rators aftar the tripping of a genaration unit or
a line, A.J. Calvasr ([1] to [4]) has dsvslopad a linsarized
moda2l of the gansrator and its auxiliariss. The main
advantage of the modal is the a2fficisnt choica of tha
independent variablas, mainly the rsactive currant In. This
choice allows a linear behaviour, as far as possibls, and a

fair simplicity of mathematical =guations.

Herzafter we will go through the model in a very shortsznad

way.

Let us consider a synchronous ganerator at a given oparating
point described by the injectsd resal power P, and rzactiva

power Q,, the terminal voltage being U,.



Around this (stabls) opsrating point, tha tarminal voltaga U
may be writtsn as follows {limiting ths Taylor's axpansion

formula to tha first ordar), naglacting ths fraguancy

daviation:
AU iU . iU
= - + I +
J Uo =T dIP z 4 g 30 dUc

where: dIp is the activs currant variation
dly is the reactiva current variation

dUc is the control voltags variation

Using thz fdllowing notation:

= - X - d +
U Uo mP cIIP me IQ KC dUC

on= can prove (s22 |4]|) that, in most common cassas:

Xsins " - Xcas3 X e 1
G - mQ G C

me=

whare: X is ths gsnarator synchronous rzactancsa

8 is the ganarator intarnal angla

G is the open loop static gain of the AVR.

The magnitudes of Xmy and Xpp ar2 about a faw parcent
(for normal value of G = 20, ..., 200). Their valuas dapand

on the machine opesrating point.

Now wa derive an equivalant circuit for the generator around

its oparating point, as shown in figqura 1.
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Figurs 1: The "Two-gsnarators" aquivalant circuit of a
synchronous machine around a givan cparating peint (Pe, Qg

Ug) »

In th2 casz2 of a purs natwork voltags disturbancs (without
parmanant fraguancy daviation, ons assumes dP = de = 0, and
the modal consists of adding onz P.V. nods bshind tha XmQ
r=2actance at 2ach gansration bus of the load flow calculation

process.

3. Excitation limitation

To tha increase of the rszactive powar, as a rasult of a
natwork disturbance for =xampls, corrasponds an incraass of
the fia=ld currxent ify. If tha lattar goss beyond a prasat
value, the rotor protection is activatad, and the fiald
current limitsr is put into sarvice, maintaining the fiald
currant’ at a fixed valus ify; (below tha peimangnt maximum

fiald currant).



Figure 2 shows tha above linear model characreriscic
{straight line a) and the boundary lines (1) and (2)
corresponding to the working of the field current limizer for

two values of the active power.

1.2 =%
-.,.---.
~ -
1.1 —
T —~ _
——
10-- "-.___-‘a
PO=O.S Pq
P0=Pn i__=1i .
— fd “fdm
£d "Zdm .
t * Rl
0.1 0.8

Figure 2: U-Ig characteristics and boundary lines

corresponding to the field current limiter.

The boundary lines are calculated by the Potier's method in

order to take into account the magnetic saturation effect of
the generators. To process a classical load flow calculation
on a network including generators working with field current
limiters; it is necessacy Lo coﬁvert the (U,IQ) curves into

(U,Q) tables and to use PV nodes with a special iteration

scheme.
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Appendix

Example to show the use of the ¢-U method to determine the

reactive power infeed at a certain busbar

The example is the 400 kV system shown on figure 10a with
five 400 kV lines feeding two substations equipped with one
transformer (500 MVA) and twa transformers (700 + 500 MVA)
respectively with a short-circuit reactance of 25 %. Both
substations are connected to a common meshed 132 kV system
with some generation. The reactive load in the 132 kV system
is compensated, so there is no transfer of reactive power on
the low voltage side of the 400/132 kV transformers. As re—
gards voltage collapse the worst operating condition occurs
when the 650 MW unit is running at full lcoad together with
700 MW power infeed from the larger neighbouring system. The
worst contingency is a busbar fault indicated by "fault 1" on
figure 10A. This fault disconnects the 700 MVA transformer
and two 400 kV lires. The fault increases the reactive power
losses by about 400 Mvar, which has to be supplied by genera-
tors far from the faulted busbar. The problem is to determine
the necessary infeed of reactive power in this substation to
prevent voltage collapse after the contingency. The infeed of
reactive power is done on the low-voltage side of the trans-
formers, which in this case has proved to be the most effec-

tive place.

The post-fault constant power Q-U curve is shown on figure
10B, and it indicates a need for automatic infeed of about
200 Mvar at 0.96 p.a. voltage. In other examples the minimum
can be at a lower value, maybe under an acceptabel minimum
voltage. In such cases the necessary reactive power infeed

may be larger than the minimum value of the Q-U curve.



Figure 10C and 10D show two alternative short-term characte-
ristics with the two different voltage dependencies of the
lcad indicated on the figures. These short-tsrm charactari-
stics include neither initial transients nor the longer-tern
tap-changing. The curve after tap-changing is alsc shown on

the figures and is similar to the one on figurs 10R.

From figqure 10C it appears that there is no need for thyri-
stor—-switched capacitors at all, but with the alternative
load response on figure 10D a thyristor-switched part of
about 120 Mvar is needed. The minimum slope of the compensa-
tor is also indicated, and it must be checked that the SVC is
not unstabkle with this slope under minimum short-circuit con~

diticon.

As mentioned, the mechanically switched condensers can cause
excessive voltage excursions. To check for this the system
must be investigated under other operating conditions and
contingencies. This is illustrated on figure 10E, which shows
the voltage due to "fault 2" in the neighbouring system,
which decreases the voltage at t = 0, resulting in automatic
switching in of the capacitors. At t = 2 seconds the fault
results in a load rejection due to tripping §f the lines to
the neighbouring system, resulting in an increase of the vol-

tage.

As illustrated on figure 1GE the delayed switching of the me-
chanically switched capacitors can result in very high tempo-

rary overvoltages.

Very often such calculaticns will determine the part of the

SVC, which has to be thyristor-switched.
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Example showing how the thyristor-switche
and the mechanically switched parts of a
SVC are determined.

A The system

B,C, and D: Post-fault Q-U curves due to

fault 1

Voltage due to fault 2 under
other operating conditions

—with all capacitors thy-
ristor-switched

----with all capacitors me-
cnanically switched
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