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Absiract

Studies of the application of series capacitor compensatian
in integrated power systems lead to consideration of the effects
of the compengaticn upon the contribution arising from the natural
damping of the generators.

In general, the series compensation is chosen because of
the reduction in transfer reactance, but th{s paper shows that
there is also an improvement in the natural positive sequence
machine damping. futomatic voltage regulator effects and the
effects of feedback szignals in such contrels have been studied.

The possibility of sub-synchronous resonance is iaken into

account,
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Tmiraduction

Thne positive sequence danping power of each component symehronous
renerator is a simificant factor in the overall stability of an
interconnected synchronous power system. It is seen from egquation
(1) that it is a function of the machine design [1] and indeed it
is usually necessary to design damping into a generator, pernhaps
the best example being the damper windings built inte the pole
faces of salient pole generator which have laminated field systehs.
High speed generatros with solid rotors usually rely upon the
damper current paths in the solid rotor. With higher specific
cutputs in such machines, additional Bamping has been provided
by damper windings in the slots above the field winding, and by

long and electrically continuous slot wedges.
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As damping is affected by the connection to the power sysiem,
the transfer impedance must also be of significance, a iightly coupled
system being more heavily damped than a tenuous system.

With hydro—generators situated a long way from the main load
centre, it is useful to improve the coupling by reducing the
trangfer reactance, using series capacitor compensation. It is
important to understand the effect of such compensation upon

damping, and this factor has been studied on a representative
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rapacitior relative in the renerator is simificant |2
gynchronous eeneratsor is now connected to a system without

an automatic voltage regulator., It 15 well known that the system

and not the zenerator, decides the ousbhar voltage, so that the

automatic voltage regilator, (or more accurately the automatic

excitation control) controls reactive power sharing rather than

voltage. It can also make a2 substantial contribution towards

stability by increasing excitation during system distrubances

such as faulis which tend to reduce busbar voltage [3] .  This

leads to a substantial reduction in load angle excursion, but

at the expense of appreciable negative damping. For this

reason, a aw or similar state-related feedback signal in the

excitation conirol is now standard for all generators except

those on a tightly interconnected system. This feed-back signal

produces a significant damping contribution and can restore all

of the positive damping lost by automatic voltage regulator

action.

Finally, no system containing series capacitor compensation

is now envisaged unless the possiblity of sub—synchronous resonance

can be completely excluded. Early generator shafi failures due
to such rescnance were associated with series capacitors giving
resonant frequencies close to a shaft natural mode of oscillation.
Frequencies =r1ound 10, 16, or 23 Herz, which are near %o the
possible natural modes of oscillation of generator shafts, are to
be avoided, and 1t is necessary for the manufarturer to identify
with accuracy all the possible natural frequencies co that they

and their harmonirs can be aveided under =211 possihle system
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T+ 1 well known that the nerative damping praduced by the
\WLWV.T. efferts can be substantially reduced by the use of 2 aw
feedback sismal, where the effects of rotor velority and a~rceleration
relative to symchronous speed can be used 1o improve the stability
contribution [6:} .

This 1s clearly seen in Fig. (8) and Fig. (9), whilst Fig. (10}
shows that this is achieved without a large machine natural damping
contribution. This effect is most clearly seen in Fig. (10).

The effects of inclusion of the A.V.R. with and without aw feedback
are shown, in the absence of any series capcitor compensation.

The machine natural damping is seen to be considerably reduced,

if Fig. (10) is compared with Fig. (7).

Shaft Torsional Effecis

The shaft stiffrness and the shaft natural modes of oscillation
can no longer be neglected with the modern generators of high
specific output, and the problems of shaft life duration are now
taken into account in all serious studies.[7]

The mathematical modelling usually represents rigid masses,
welghiless springs and danping sources. The parameters of such
a model are set up in a matrix form covering a specific number
of points over the required frequency range. As the basic parameters
are not known to any high degree of accuracy, extreme accuracy is
not possible in determining natural freguencies of oscillation.

The matrix of the electrical power system is used to
determ}ne“the eimpen values with the preferred magnitude and
location of the series compensation. Tt is then only necessary

to ensure that there will be no possibility of resonance between
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masser des~rived abnve.

Conclusions — Detailed

The rearest point to the actual generator is the most suitable
place for positioning the series cﬁmpensation 1o obtain the best
improvement in transient stability. Tnis does not conflict with
the machine natural damping power contribution, for this is maximized
when the compensation lies beitween the generator and its terminal
busbar.

The usual requirement of series compensation to reduce the
transfer reactance, also does not conflict with the damping re-
quirements, as machine natural damping is increased by the series

compensation.

Conclusions ~ (enerzl

The natural machine damping should bte taken inte account
in determiriing the magnitude and location of series compensation
capacitors in an integrated power system.

When such calculations are made, they may affect the decisions
taken purely on grounds of itransmission line transfer impedance,
important though these may be.

Automatic voltage regulator effects must alse be considered,
egpecially with the attenuated transmission lines which are normally
associated with the need for series compensation. In such conditions,
the A.V.R. may be expected to produce appreciable negative damping,
and it will usually be necessary to include a state/space feedback
in the excitation contrel, such as Aw, %0 restore positive dampigé

from the A.V.R. Even in these circumstances, the natural machine

ion is not negligl
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, 11 13 neceagary tn deiermire tne natural freguencies
of escillationsg associated with the svstem including series
compensation, and compare these with the natural frequencies in-
herent in the generator and prime mover shafis 1o ensure that
there is no possibility of sub—synchrbnous resonance.

Further studies are in progress, on a system which could not
be operated without sereis capacitor compensation, and where the

multi-machine modes of oscillation are of importance.
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Appendicies

Appendix (1) : List of Symbols used

Fa
E
£

A

Lt

damping power Xe =
voltage of terminal 7
bus do ~
frequency S

change of laod angle X&I =

27Tx rated frequency Xaa =

4

change of time T =

qo

direct axis transient
reactance

direct axis subtransient
reactance

Appendix (IT)

external reactance in series with
armature

direct axis subtiransient open-circuit
time constint
rotor angle

quad.—axis transient reactance
quad.-axis subiransient reactance

gquadrature-~axis subitransient opén-—
circuit time constant

The data of the system shown in Pig. (1)

a — the impedances in p.u. on a 100 MVA base

Bus

from To R X B/2
1 4 0.0 0.0576 0.0
4 5 0.01 0.085 0.088
4 6 0.017 0.092 0.079
5 7 0.032 0.161 0.153
6 9 0.039  0.17 0.179
7 2 0.0000  0.0625 0.0
7T 8 0.0085 0.072 0.0745
8 9 0.0119  0.1008 0.1045
9 3 0.0 0.0586 0.0
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b - Load data

Load at P {p.u.} 2 (p.u.)
A 1.25 0.5
=S 0.90 0.3
c 1.00 0, 35
¢ - Generators data
Generator Gl 62 G3
rated MVA 247.5 192,0 128.0
KV 16.5 18.0 13.8
p.f' 1'0 OrBS 0585
Type hydro steam steam
speed 180,0 3600.0 3600.0
Xd . 146 0.8958 1.3125
>cc’1 0. 0608 0.1198 0.1813
xq 0. 0969 0.8645 1.2578
xa 0. 0969 0.1969 0.25
‘ » L IS
Tdo 8.96 6.0 5.89
Tdo 0.03 — e
T’ 0.0 0.535 0.60
aqo
T 0. 06 e ——
Go
%; 0.0517 0.1018 0.1541
X 0.06 —— —
g
H 5.55 3.33 2.35

Appendix (III)

The block diagram of the used A.V.R. (excitation control system)

in IEEE standards including w feedback signal is shown in Fig., (11). The

values of the parameters Ko s T. and T, are determined fram computer

studies which showed that a2 gain of these magnitudes wes desirable.
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Fig.(3): Rotor angular velocity vs., tloe,Generator No.l
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Figs, [5,647) are drawn for generator Mo.l,taking into
consideration both of positive sequence damping power
and A V.R. effect. The curves a,b,c,dle are at the tame
cowpensation , as in Figs. (2,3 34} , where xc is the
is the {nductive
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Fig. {7): Natural damping power of Generator HNo.l
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