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1 Introduction

This report presents a method for the study of sub-
synchronous resonance, and in particular of torsional
interaction, between the grid and turbogenerators, as deve-
loped by the Planning Department. The method is particularly
suitable for investigation of the effects of various opera-
tional modes of the grid, and is therefore an excellent tool
in network planning. One of the uses to which it has been
put is investigation of the resonance conditions of the
Forsmark sets, which led to work being carried out on the
grid. It is therefore important that knowledge of the method
should be disseminated to a wider public.

2. General

2:1 The phenomenon of subsynchronous resonance

Two failures occurred in 1970-71 in the Mohave power station
in southern California in the USA. Both cases involved an
insulation failure between the exciter slipring and the shaft
between the generator and exciter, due to excessive heating
of the shaft. This heating was caused by torsional oscilla-
tions in the whole shaft system, which in turn was due to
unfortunate resonance with the series-compensated grid. This
phenomenon is known as subsynchronous resonance (SSR), and
considerable work has been devoted to its study throughout
the world since these two breakdowns.

SSR 1s an umbrella name for three different phenomena, all
having the common feature of electrical oscillation at a fre-
quency in the range 0-50 Hz on the transmission grid, and
involving a generator. These phenomena are described on the

next page.



The asynchronous effect (Induction Generator Effect). As the

generators behave as asynchronous generators towards a sub-
synchronous resonance frequency on the grid, negative
resistance is supplied. 1If this resistance is greater than
the positive resistance of the grid, the resultant resistance
can be negative, causing self-induced electrical oscillation
to arise in the grid.

Torsional interaction. If the shaft of a turbogenerator unit

is made to oscillate in torsion, it will oscillate at certain
frequencies, of which some are subsynchronous (0-50 Hz). If
there happens to be an undesirable relationship between any
of these frequencies and the resonance frequencies of the
grid, torsional movements in the turbogenerator shaft line
can be amplified to such a degree that damage is caused to
the shaft.

Transient shaft stresses (Shaft Torque Amplification).

Switching sequences close to the turbogenerator unit can sub-
ject it to high instantaneous stresses. Resonances in the
grid can result in these stresses becoming many times
greater.

This Report deals only with torsional interaction. There is
no risk of induction-generator-induced oscillation on the
Swedish grid, and shaft torque amplification is dealt with in
other contexts.

2.2 Methods of investigating subsynchronous resonance

Many different methods of investigating SSR have been

developed. Three methods, used by the Swedish State Power

Beoard, are described overleaf.



The analytical method - the FRERED computer program, which is

described in this report. It is based on analysis of the

impedance conditions in the grid and generator.

Simulation. In this case, the time sequence is simulated

through careful representation of the generator and turbine.
This method is particularly suitable for investigation of
shaft stresses, but analysis of torsional interaction using
this method requires excessive computer time. An example of
such a modelling program is ASEA's MOSTA program, and the
EMTP program used at the Board.

Eigen value calculation. A system of equations for the

turbine-generator unit and the grid can be established, using
careful representation of the generator and turbine. The
natural frequency of the system can be calculated from these

equations, i.e. the resonance frequency with associated
damping. This method is of value in investigation of tor-
sional interaction. The calculations can be run on ASEA's
MOSTA program.

23 Definitions and nomenclature

There has been considerable confusion in terms of
nomenclature relating to sub-synchronous resonance. For
example, the term Sub-Synchronous Resonance has been used
without any form of discrimination for both torsional
interaction, transient moment and purely electrical natural
oscillations. An attempt to bring order into the somewhat
chaotic terminology has been made in Reference 1, the recom-
mendations of which have been used as far as possible in this
report.

The term 'Undamped' may need further elaboration. 1In this
context, an Undamped Sequence refers to a sequence having
constant amplitude. Increasing amplitude is indicated by use
of the term 'Negatively Damped' or 'Amplified'.



3. Theory

i % | Torsional oscillations and mechanical damping

A modern turbogenerator unit has a very long shaft, linking
and carrying several turbines, a generator, exciter, shaft
couplings and bearings, all rotating at high speed. Any
change or disturbance will cause torsional oscillations bet-
ween different parts of the shaft. When analysing these tor-
sional motions, the shaft string is usually represented by a
model consisting of disc-shaped elements linked by torsion
springs. The more accurately this model is to represent all
torsion frequencies, the greater the number of masses which
are required. This necessitates dividing the larger masses
(the turbines and generator) into several smaller masses, in
order to be able to represent torsional processes within
them.

At the frequencies which are of interest in SSR contexts

(< 50 or<60 Hz), however, it is the behaviour of these large
masses as units which is wholly predominant, and the smaller
masses (bearings, couplings) can be neglected or integrated
into the larger masses, as can torsional effects within the
larger masses. This means that, for these frequencies,
representation by a few masses is sufficiently accurate, pro-
vided that their data is modified to suit the more detailed

model.

Figure 3.1 shows the schematic appearance of one of the turbo-
generator units in Forsmark, and Figure 3.2 shows the
corresponding mass/spring model, with representation of the
moments of inertia of the masses, the inter-mass spring
constants and the mechanical damping constants for the masses

and springs.
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Figure 3-1 A Forsmark turbogenerator unit
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Figure 3-2 Mass/spring model

A system of this type, consisting of N masses, has (N-1)
fundamental frequencies of oscillation. At each of these
frequencies, the masses oscillate in relation to each other
in a defined manner in terms of amplitude and phase angle.
This gives rise to the concepts of mode frequency and mode
form. Every torsional motion in the set can be defined in

terms of a linear combination of the various mode forms.

The mode form for one of the fundamental frequencies can be
described by means of a diagram showing the greatest relative
angular amplitude for each mass, as shown in Figure 3-3.

All the masses oscillate in phase with each other, i.e. they
reach their amplitudes practically simultaneously. A mode
diagram can be drawn for each natural frequency. If the
points in the diagram are linked by straight lines, one line
will cut the zero axis for the first torsional mode, and N
lines will cut it for the Nth mode. Thus, Figure 3-3 shows
the third mode. A complete mode diagram (for five modes) is
shown in Appendix 1.
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Figure 3-3. Mode form for the third mode

The advantage of the torsion modes is that it is possible,
for a given mode frequency, to represent the whole shaft line
as seen from a given reference point (which can suitably be

the generator rotor), by a single mass and spring as shown in
Figure 3-4.
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Figure 3-4. Mode model
The equation of motion for this model is

Jm'€0 -i-Dm 9 +Km'¢’=0

where ¢ is the mechanical angle. Knowing the mode frequency
and the mode diagram, the parameters in this equation can be
calculated, as shown in Appendix 2.



Damping can be expressed in several ways. D, is known as the
mode damping, and is referred to the mechanical side of the
generator. 1Its units are [Nm/(rad/s)]. If it is referred to
the rated torque and synchronous electrical angular velocity
woof the generator, and called Dr' we obtain:

2

* w. /S

D =D &/ (8/9) = Dy o “n

E m

Other expressions for damping can be obtained directly from
the equation of motion:

Damping factor ¢ =

Logarithmic decrement & = o/fm [(-]
Time constant 1 = 1/ [s]

The function D, is used in the remainder of this analysis to
indicate mechanical mode damping, as it is directly com-
parable with the damping effects in the electrical network.

3.2 Electrical resonance

Natural resonance circuits exist in any mesh power network
containing series capacitors, and can occur as both series

and parallel resonance circuits.,

In the series resonance model, there is an inductance ol in
series with a capacitance 1/wC and a resistance R, as shown
in Figure 3-5. When, at some given frequency, w, the two
reactances wL and 1/wC are equal, there is a resonant con-
dition and the impedance of the circuit falls to a very low
value (R+3j0). If R 0, oscillation will be undamped, or

increasing.
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Figure 3-5. Series resonance circuit

A parallel resonance circuit can be considered as containing
capacitive reactance 1/wC in one arm, and inductive reactance
wL in series with resistance R in the other arm, as shown in
Figure 3-6. This presents a high impedance in the form of

high resistance at resonance.

Figure 3-6. Parallel resonant circuit

If a subsynchronous frequency fe is present on the power
system, the synchronous generators on the system will lag
this frequency by (fe - fo)/fe, where fo is 50 (or 60) Hz.

As this will be a negative lag, the machines will act as
induction generators with respect to frequency fe. Ln
simplified terms, an induction generator can be represented
by a negative resistance Rz/s. The generators connected to
the system thus supply negative resistance, as shown in

Figure 3-7.
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Figure 3-7. Equivalent asynchronous diagram of a generator

If a tuned circuit is in resonance at frequency fe, and if
the negative resistance contribution from the generator
exceeds the positive resistance of the network, undamped
oscillations will arise. This is what is known as electrical
resonance. Note that only the electrical functions of the
generators participate in this resonance, and no sub-
synchronous motions in the turbogenerator shafts are assumed.

The high transmission resistances on the Swedish grid system
in relation to the installed generating capacity mean that
there is no risk of purely electrical resonance with present

system configuration.

3.3 Torsional interaction

So far, we have described how the shaft motions of a turbo-
generator subject to subsynchronous torsional oscillation can
be represented, and how electrical resonance circuits arise
in a power system. Both these types of oscillation are nor-
mally damped, even if the damping effect on a turbine-
generator shaft line is small. However, under certain

unfortunate conditions of interaction between these two forms
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of oscillation, it is possible for negatively damped oscilla-
tion to arise, in which both the mechanical oscillation of
the turbine-generator shaft line and the electrical oscilla-
tion in the power system interact. This is known as tor-
sional interaction. An explanation for this phenomenon is

given below.

Assume that a rotor rotates at a velocity wy = 27 o fo.
Superimposed on this is an angular oscillation of the rotor
(Figure 3-8):

0=A sing - t, where pu =27 £

The superimposed velocity variation is:

szA-Lucoséz-t

Figure 3-8. A rotating rotor with superimposed oscillation
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The oscillations can be described in a dgq diagram, which is

regarded as rotating at synchronous speed wye A is normally
very small (< 1°).

It is assumed that the rotor and rotor flux coincide in

direction d', as shown in Figure 3-9.

Figure 3-9. An oscillating rotor

Oscillation of the rotor field can be represented by three
components (1if A 1s small) as shown in Figure 3-10:

g rotating attuo, or having a constant direction

along the direct axis in the dq diagram:

1 rotating at subsynchronous velocity (wo - ), OFT-
with angular velocity - x in the dq diagram:

09 rotating at supersynchronous velocity (wo +u), or
at angular velocity +u in the dq diagram.
A - mo
0g= 0o 1oyl =lo,| = ——— i.e. 0 and 0, & 0.
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Figure 3-10. Field flux components

Figure 3-11. Derivation of subsynchronous torque

The subsynchronous flux @, induces a voltage Eil' This

in the dq diagram. In

1
voltage, Eil’ rotates with (Dl

principle, the phase of E.q lags the flux by "/2. Bearing in

mind how the time axis rotates in the dq diagram, the direc-

tion of Ei can be obtained as shown in Figure 3-11.

1
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Voltage Eiq1 gives rise to a current I, in the grid. The
phase and amplitude of this current are determined by the
impedance of the grid network (including the impedance of the
generator) at the particular angular frequency (ab = u)
(corresponding to frequency [f0 - fm]) concerned. Similarly,
the supersynchronous flux gives rise to a voltage E; and

2
current I,.

2
Both these currents will interact with the rotor flux and
give rise to instantaneous contributions which can either
amplify or damp the mechanical oscillations. A derivation of
the magnitude and effect of these contributions can be found
in Reference 2. Here, we shall merely point out that if the
impedance presented to voltage Eil is represented by
(R + jX), the subsychronous current I1 will give a damping
contribution D

l.
B L (wo -M) ) R _ fl ' R
1 2 R + x° 2f R% + x°
where fl = (f0 - fm) is the frequency for which R and X are

to be calculated.

Similarly, the supersynchronous current I, gives a damping

2

contribution 02:

(w + ) R £ R
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SummariSing, it can be said that:
= A rotor which oscillates at a frequency fm gives rise to
a subsynchronous current of frequency fl = (f0 “ fm) and

a supersynchronous current of frequency f2 = (fo + fm).

- These currents interact with the rotor flux to produce a

damping contribution.

= These damping contributions can be indicated by:

£ R
D, = - .
1 2 2
2f RS + X
o £, . R
- me RZ + X2

where R and X are calculated for frequencies fl and
f2 respectively.

Using these functions, damping contributions Dl and D2 from
torsional interaction can be directly compared with the
purely mechanical damping Dr' Note that as long as R is
positive, Dl gives a negative damping contribution. D2 is
always positive, as R never becomes negative for super-

synchronous frequencies.

The determining criterion for avoiding any risk of SSR can
thus be formulated as:

-
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4, Method of analysis

The method of analysis for determining the risk of torsional
interaction which has been developed by the Board is directly
based on the simplified theory for the origin of this
interaction, described above. The . basis for the method has
been obtained from References 2 and 13. Although par-
ticularly simple in mathematical terms, it shows good
agreement with the results from more advanced methods. 1Its
major advantages are:

- simple calculations result in a minimum of computer
time, and permit the power network to be represented by
a guite large model network:

- a large number of different operational modes and load
cases can be investigated quite simply:

- the method provides a feel for the resonance behaviour
of the network, which can be applied in assessing the
behaviour of other cases, and

- damping from torsional interaction is calculated quite
independently of mechanical damping in the turbo-
generator, which is the most uncertain parameter. This
means that the risks can be assessed quite simply for
different levels of mechanical damping.

The principle of the method is simple. The subsynchronous
(Dl) and the supersynchronous (Dz) damping contributions from
torsional interaction are calculated for a certain mechanical
mode frequency, fm’ and are compared with the assumed mecha-
nical mode damping. If the condition D, + D, + D_ > 0 is not
fulfilled, there is a risk of subsynchronous resonance.
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4.1 Representation of the grid and turbogenerator

As derived above, the damping contributions from torsional
interaction can be calculated from the formulae:

fl R
D, = = 2t . = e where f, = (fo - £, = 150 = £.)
and
£, R
D, = me . g where f2 = (fo + fm) = (50 + ﬁ

where fm is the particular mode frequency concerned, and R and
X are to be calculated at frequencies fl and f2 respectively.

The stator emf E, varying sinusoidally at frequency £, faces
the impedance (R + jX) in the power network. This also inclu-
des the impedance of the generator. Figure 4-1 shows schema-
tically what (R + jX) represents.

R Jwl
r__l 1 | 5 1: @— "o
ijz T
; Re+ije
R2/S
Generator, Rotor External
induction mode oscillation network
(R + jX)

Figure 4~-1. Equivalent electrical circuit

All frequency-dependent impedances must be represented with
inclusion of their frequency dependence, i.e. it is essential
to differentiate between inductive reactances (wL) and capa-
citive reactances (l/wC).
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Only a minor portion of the power grid is represented in
detail in the calculations. Peripheral parts of the network
and the networks at lower voltage are represented by their
short-circuit impedance.

4,1.1 The generator being investigated

The generator being investigated is represented by its induc-
tion mode equivalent, as it behaves as an induction machine
with respect to frequencies fl and f2 with a slip of

s = (f - fo)/f, where f = fl or £2 and fo = 50 (or 60) Hz.

In general, the data for this arrangement is not given.

However, reactance (Xl + xz) can be expressed as (xg + xa)/z

i.e. the average value of the direct-axis and quadrature-axis
subtransient reactances. Xm and Rl can be neglected, and

R2 can be assumed to lie between 1-3% for large machines
(References 3 and 4).

4,1.2 Other generators and short-circuit impedances

Generators which are connected directly to the model network
should be represented by their induction machine equivalents,
while other generators should be represented by short-circuit
impedances at the nodes of the model network.

These short-circuit impedances must not be set at the maximum
'externally acting' short-circuit powers at the nodes, as
this will give altogether too low a value of impedance.

Instead, a network calculation program should be used to
calculate them for some given production situation, ensuring
that the whole power network is adequately represented. It
is then the short-circuit power at each node, with simulta-
neous short-circuiting of all the model network nodes which

is of interest.
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4.1.3 The Network

Lines and transformers on the distribution system can be
represented by their =~ links, i.e. with two 1/wC shunt
elements and an (R + jwL) series element. However, the shunt
elements have so little effect that they are often ignored.

4.1.4 Loads

System loads can be represented by shunt elements. If most
of the load consists of large motors, representation in the
form of short-circuit power is more relevant. However, com-
pared with the short-circuit impedances which represent the
rest of the network, the impedance of the load is quite high,
and so it can often be ignored in the calculations. This
applies, too, to the internal load of the turbogenerator
under investigation.

4,1.5 The mechanical parts of the turbogenerator

The mechanical parts of the turbogenerator being investigated
are represented only by their mode frequencies and associated
mechanical mode dampings.

4.2 Method of calculation

The calculations are performed by a computer program known as
FRERED (from Frequency and Reduction). The central calcula-
tion consists of reducing the impedance of the model network
to a single equivalent impedance, as seen by the generator.
This impedance must include the impedance of the generator
itself. The reduction is performed at the subsynchronous
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frequency fl (= fo - fm) and at the supersynchronous fre-
quency f2 (= fo + fm). From the equivalent impedances, the
subsynchronous and supersynchronous damping contributions
can then be calculated, and compared with the mode damping
for mode frequency fm'

This procedure should then be repeated for all mode frequen-
cies which are suspected of being dangerous, and for several
different operational and loading states of the distribution
grid. However, certain procedures are available for
simplifying calculation, and are described below.

4.2.1 Variation of frequency

The disadvantages of the method of calculating damping
contributions for certain given fixed mechanical mode fre-
quencies are that the calculation must be performed for each
mode frequency which is suspect, and that the damping effect
is quantified only at exactly that frequency. Inaccuracies
in input data may result in the real mode frequency differing
somewhat from the calculated mode frequency.

A better method than such specific point calculation is to
calculate the contribution for a group of frequencies around
the frequencies of interest, or for frequencies in the whole
subsynchronous and supersynchronous ranges. This enables
curves for the magnitude of the damping contributions as a
function of mechanical mode frequency to be drawn.

Figure 4-2 shows such curves for the subsynchronous contri-
bution (Dl), the supersynchronous contribution (D2) and the
total damping contribution from torsional interaction

(D; + D,). Note that the scales are dissimilar: a mechani-
cal frequency variation in the 10-40 Hz range corresponds,
for instance, to a subsynchronous frequency of 40-10 Hz and
a supersynchronous frequency of 60-90 Hz.
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Figure 4-2. Subsynchronous and supersynchronous damping
contributions

The curve of (Dl + D2) can be interpreted as follows. If the
turbogenerator has a mode frequency at fm' the mechanical
mode damping Dr for this mode must be sufficiently large to
ensure that the sum of D1 + D2 + Dr > 0. If the set has a
mode at fm = 25 Hz, Dr must therefore be greater than the

amplitude of the resonance peak.

This frequency scanning method enables the damping at all
mode frequencies, and the sensitivity to errors in calcula-
tion of the mode frequencies, to be estimated. It also pro-
vides a picture of the resonance conditions in the network.
Changes in the network structure and load level will affect

the appearance of the curves in a systematic manner.
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It might appear that the calculations could be further

simplified by performing joint calculation of D, and D and

'
thus calculating the sum (D; + D,) as a functioi of thi
corresponding mechanical frequency fm. However, this is
unsuitable for several reasons: partly because it would be
less clear which electrical frequencies occur on the grid,
and partly because less extensive calculations are needed for
D, than for D,. This is because the magnitude of D, is
small, and relatively constant for (smaller) changes in the
grid. This means that if D2 is calculated for a basic case
in some particular investigation, the values obtained can be
regarded as applicable to the whole investigation. Dr and

D2 can be added for the various modes, enabling the risk of

occurrence of subsynchronous resonance to be expressed as:

Dl< = (D2 + Dr)

D2 will not be considered in much detail in the rest of this
report.

4.2.2 Variations of network parameters

Another way of obtaining a picture of the resonance behaviour
of the distribution system is to investigate the damping for
varying values of some network parameter at a given electri-
cal frequency f, corresponding to a mode frequency, fm‘

Among the network parameters which can be of interest in this
application are the degree of compensation of series-
compensated lines, which can assume different values
depending on the number of series—-connected compensator banks
which are connected (in Sweden: two or three compensation
banks in series).
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The results of variation of the size of a series capacitor in
this manner are shown in Figure 4-3. D1 has been calculated
for 0-100% compensation for the reactance of the compensated
line, and at two frequencies, corresponding to two mechanical
oscillation modes.

D1
4
DEGREE OF COMPENSATION
50 100 %
. MODE 5
PN fm =32Hz
/ \
7 \\
-~ \
”,, \\
\
N
W
MODE 3
fm =23Hz

Figure 4-3. D, for various degrees of compensation

If several series-compensated lines are connected near to the
turbogenerator set being investigated, the resonance picture
can become quite complicated. Nevertheless, one method of

obtaining a grasp of it can be to calculate D, as a function

1
of the compensation on two different lines for a given mode.
The result can be expressed in the form of 'level contours'

in a diagram, as shown in Figure 4-4.

Note that this diagram only shows the resonance conditions
for one mode frequency. Although, from Figure 4-4, it seems
as if very high compensation could be successfully used, it
is often found that some other mode frequency will run into
trouble. This also applies for lesser degrees of
compensation,
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Figure 4-5 shows the conditions for a mode at a higher mode
frequency. If the mechanical damping Dr does not compensate
for these negative dampings, only a small amount of compen-
sation is permissible.

COMPENSATION
ON LINE 2

%4100+

D,>0

S
§§

/

2 §§u\%§§§§§§§§§§§§%m
2

D,>0 D=0

0 50 100%
COMPENSATION
ON LINE 1
EE MOST NEGATIVE VALUE

Figure 4-4. Dl as a function of compensation on two lines

COMPENSATION
Oq LINE 2

1

D >0

D1=>0

‘§§8§Nxmmuamunsm“m‘
\\\

SIS AT TSI TSI LIS S SIS SIS,

Dh:>0\ sl D1=0

‘COMPENSATION
ON LINE 1

L4 MOST NEGATIVE VALUE
Figure 4-5. Dl as a function of compensation on two lines
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4.2.3 Comparison of resistance

S0 far, this analysis has concentrated on investigation of
the variation in Dl. A lot can be learned about the power
network by investigating the calculated equivalent impedance,
(R + jX). This can be plotted as a function of the frequency
(Figure 4-6) in the same way as for D

1
R X
dpu
1 X
l\
_ ’I \R
i ~
ph\ g . g e e = S — T
20 30 ==40 fe
30 20 10 fy

Figure 4-6. Equivalent impedance at varying frequency

Resistance is an interesting factor. 1In the same way as
impedance can be converted to damping, mechanical damping can
also be converted to equivalent resistance, which can be com-
pared with the value calculated from the power network.

For subsynchronous freguency, we have:
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If the supersynchronous contribution is ignored, the
necessary condition for stability is:

Dr'> = Dl

If a 'damping resistance’ R+ corresponding to Dr' is defined
as:

R b .
n 2% D

we obtain:

£, 1 g 3
2f TR - ) 2 2

which can be developed to:

R + x2 > R * R
m
or
R R
m, 2 2 m, 2
B oIS g gk g g W
( - ) ( 2)

This corresponds to a circle in an R-X diagram, having its
centre at R = R /2, X = 0 and of radius R,/2. 1In order to
avoid subsynchronous resonance, R and X should lie outside
the circle. However, it order to avoid natural electrical
resonance, R > 0. Figure 4-7 shows the appearance of the

circle,
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oY

Figure 4-7. Forbidden area for R, X

If the calculated point R,X lands inside the circle,

Figure 4-7 can be used to read off the necessary resistance
and/or reactance which must be added in order to obtain
stability. This information is of value if filters are
employed in order to deal with sub-synchronous resonance.

4.3 Comparison with other methods of analysis

The results obtained from the method of analysis described on
the preceding pages, produced by the FRERED computer program,
have been compared with other methods of analysis. The two
most important comparisons are that with an IEEE Benchmark
Model (a reference model for test of analytical methods) and
a comparison with eigen-value calculations carried out by
ASEA's MOSTA program.

1EEE: Calculations have been carried out on the IEEE net-
work and compared with the 'answer'. Very good agreement has

been observed. The calculations are presented in Reference
12l
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MOSTA : The turbogenerator unit in MOSTA is represented by a
spring/mass model. The generator is represented in detail,.
This program was originally intended to be a simulation
program, but it can also be used to calculate eigen values
for the system under investigation. With certain assumptions
of turbine damping, it is then possible to determine the
damping at all natural frequencies in both the electrical and

mechanical systems.

Calculations have been made for Forsmark using both FRERED
and MOSTA. Appendix 3 shows comparison of some of the
results, from which the good agreement can be seen.

4.4 Parameter discussion

The above comparisons have enabled the validity of the analy-
tical method to be established. Having done so, the success
of any analysis depends upon proper representation of the

power system and on the accuracy of the data used.

Network representation is, in principle, similar for all

analytical methods. It is important that all nearby series-
compensated lines are represented, and that the short-circuit
impedances at the nodes of the model network which represent
the surrounding and basic system have been properly
calculated. 1In general, the value which is obtained if the
maximum 'externally acting' short-circuit power at the node
is assumed is too high. It is preferable, starting from a
detailed load distribution calculation on a network calcula-
tion program, to calculate the contribution at each node of

resulting from simultaneous short-circuiting of all nodes of

interest in the model network. This should be done for all
load and production cases to be investigated (low load, high
load, different operating conditions etc.).
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The effects of load, when load is represented by a shunt
impedance, are generally quite small. However, the contribu-
tion which the load can make to short-circuit power can be of
interest, although this contribution is not obtained from the
calculation described in the preceding paragraph.

Generator representation in FRERED is very simple in com-

parison with the majority of other methods of analysis.
However, it can be difficult to arrive at accurate data for
this simple representation. A discussion can be found in
References 3 and 4. A reactance value of X = (Xg + xa)/Z

and a resistance value of R2 = 1-3% are standard values.

Turbine representation is based on mode frequency and mode

damping. When comparing calculated and measured values of
mode frequency, an accuracy of +1 Hz can generally be assumed
(Reference 3). For mode damping, however, the accuracy is
not quite so good. Mode damping is obtained from the assumed
damping in ﬁurbines and shafts. 1In general, damping in
shafts can be ignored in comparison with damping in the
turbines. This latter effect arises primarily from interac-
tion between the turbine blades and the steam, and thus
varies with the load on the machine. It is least at no-load,
and then increases rapidly with increasing load.

Damping in the turbines is particularly difficult to
calculate. Measurements and calculations have been made in
other countries, but the results vary quite considerably
depending on the design of the turbines.
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Until more accurate values can be obtained, pessimistic
values must be assumed for the purposes of these investig-
ations. Appendix 4 is a presentation of a number of results
of measurements and calculations which have been made in
other countries, and of the values of damping assumed by the
Board. Section 3.1 explains the units which have been used.

5. Measures against sub-synchronous resonance

References 5 and 6 provide a good survey of various methods
of countering sub-synchronous resonance and of protecting
turbogenerator units against it. Nevertheless, a brief
discussion of the various ways open can be in place here.
Only measures intended to counter torsional interaction are
included: there are further means of protection available
against transient torques. Countermeasures can be divided
up into two types: those which operate continuously, e.q.
those which apply damping to the system, and those which act
first when subsynchronous resonance occurs. Examples of the

first type of measure are:

- altered network configuration (new lines, new routes,

removal of lines from service):
- alteration of network series compensation:

- filters of various types (tuned to the resonance
frequencies) in association with generators and/or
series capacitors:

= thyristor-controlled shunt reactors close to generators,

intended to control torsional oscillation of the rotor:

- additional facilities in the generator voltage
regulator, AVR (Speed Error Deviation Control, SEDC),
and

- special operating routines.
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Various types of relay protection are used to protect the
turbogenerator unit if subsynchronous resonance actually
occurs:

- Measurement of shaft movement of the set. Sub-
synchronous resonance causes the set to be tripped or
series capacitors to be shunted out.

= Measurement of the subsynchronous component in the
generator output current. Subsynchronous resonance
causes the set to be tripped or series capacitors to be
shunted out.

- Measurement of the subsynchronous component in series
capacitor current. Subsynchronous resonance causes the
capacitor to be shunted out.

Measures have been applied to the Swedish grid to counter the
risk of subsynchronous resonance at Forsmark. They consist
of permanent bypassing of a series capacitor, restructuring
of fault sectioning and special operating instructions.
However, some of these measures must be regarded as
provisional. For the future, other measures must be taken,
e.g. relay protection to provide protection against more
unlikely situations.

One of the projects (Project 32) included in the Swedish
State Power Board/ASEA joint development work involves the
study of countermeasures against subsynchronous resonance.
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FORSMARK 1 AND 2 Appendix 1

MODE FREQUENCIES AND MODE FORMS
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Appendix 2:1

MODE DIAGRAM AND MODE DAMPING

]

J1 J2 J3 Jg Js Je
Dy 12 D, K23 Dy K24 D, K4s D5 56 De
D12 D23 D34 D4s Dse

J: Moment of inertia [kgmzl
K: Spring constant [Nm/rad]
D3 Damping [Nm/(rad/s)]

Figure 1. Spring/mass model
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Figure 2. Mode form for mode frequency fm

Assume that a turbine~-generator unit is represented by the
spring/mass model as shown in Figure 1, and has a mode
diagram for mode frequency fm as shown in Figure 2. Seen
from the generator (mass 5), the behaviour of the shaft at a
mode frequency of fm can be symbolised by a single mass and

spring as shown in Figure 3.
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Figure 3. Mode meodel

This mode model is characterised by the functions:

Dm mode damping
Jm mode moment of inertia
Km mode spring constant

which are elements in the equation of motion for the mode:
Jm PRk, " ? + B, * % = 0, {1)

where ¢ is the mechanical angle of the rotor.

This equation can be rewritten to the well-known equation

0 .. 2. —] - — - 2-—
B+209 40 + 9 =0; 20=D/F; @ =K/I

where o is called the damping factor or damping constant, and
L is the fundamental angular frequency of the undamped
system., The solution to this equation is (if o < wm):

—O’.t

¢=1A + e + cos(wt + ¢ ) (2)
2 2
where w = e, =@ = For turbogenerator sets,oc K W

which means that it is acceptably accurate to say that =y



i.e. that the oscillation frequency (the mode frequency) is
not affected by the damping.

Parameters Jm, Dm and Km  included in the equation of
motion, can be calculated from:

2 2 2
= .9 L]
Jm (Jl 1t J2 92 b )/6g
= - . 2 5 2
O = (By =87 + D, * &5 + ...)/9g + (Dy, " (8 -8,)° +

Of these, the function which is of most interest in the con-
text of sybsynchronous resonance is mode damping, Dm' In the
equation, its dimensions are [Nm/(rad/s)], where rad/s rela-
tes to the mechanical rotation of the shaft. 1In order to be
able to compare this with damping in the electrical system,
it must be converted to electrical angular velocity. This
can be done by expressing it as a function of the generator
rated torque and synchronous angular velocity.

Rated torque Mvn = Sn/wo . where Sn is the rated

power of the generator.

Synchronous angular velocity oy -« 27 50,

2
P
where p = the number of generator poles.
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If the standardised damping is indicated by Dr' we obtain the

expression:
-
U
D =1 -* _ =D
#n B
Wo

Damping can be expressed in several other ways. The damping
factor O can be derived from Equation (2) above. 1Its
reciprocal is the time constantT . The ratio of two suc-
cessive amplitude peaks is another measure of the damping,
known as the damping ratio k. The logarithm of k is known as
the 'logarithmic decrement', indicated by d. The summary of
all these parameters, and their relationships, is given below.

Dm 'Absolute damping' [Nm/(rad/s)]

Dr = Dm 'cug/sn 'Relative damping' [p.u.torque/p.u.angular
velocity/s]

¢ =D /23 Damping factor.[s_l]

Ta 1f ' Time constant [s]

k = & *(1/fp) Damping ratio [-]

= 1ln k = c/f, Logarithmic decrement [-]



Physical values have been used throughout in the above
description. However, data for the spring/mass model is
often expressed in per unit values, referred to the generator
rated data, but still using mechanical angles. It should be
noted in this context that as the inertia constant H is
expressed in MWs/MVA referred to the rated generated power
Sn, and as other functions (below) are referred to the rated
torque of the machine, the synchronous angular velocity (and
thereby also the electrical angle) is hidden in these

equations through the relationship Sn = Mvn Wy If rela-
tive values are indicated by ', the following relationships

between relative and absolute values are obtained:

K! = K.. " w /S

i1 i3 LB [P.u. torque/(rad)]

Di = Di . wo/sn [p.u. torque/rad/s)]
[MWs/MVA]

The same relationships apply for mode quantities Ké, D& and
Hé, and so Egquation (1) transforms to:

2H$ o+ Dﬁ S . Y K& *w. * ¢ =0

(o o

These parameters are then obtained from:

y & By

Hy = U8y * 8 = 03



2

2 2 2
| — L L] .
Dm —(Dl 91 + ICJ‘.‘1 6‘2+ ...)/S'g + [D )

2 2
- . 0 2
Kpn = 2 Hyp' wp/wg

The various dampings then become:

= - 1
a Dr/4 Hm

T, k, and 8§ as before.



Appendix 3

A COMPARISON BETWEEN FRERED AND MOSTA

MOSTA

FRERED

The results of two operating examples follow.

By entering varying values of turbine damping

DT for a given system operating mode, a family of

values of total damping is obtained.

Linear

regression then enables the value of D_ which

corresponds to a total damping of zero to be

calculated,

The mechanical mode damping Dr which is necessary

to produce a total damping of zero is obtained by

addition of the subsynchronous damping contribution

D, and the supersynchronous contribution D..

1

2 As Dr

is proportional to the turbine damping D_, the

value of D, which corresponds to a total damping

of zero can be calculated.

the mechanical mode frequency is 23.3 Hz. o

In both cases,
total damping.

Operating mode MOSTA | FRERED
DT o l
Intact grid and 0.00300 =-0.16765 |D1 = -
full machine output 0.00030 -0.00049 | D, = 0.07
0.00015 0.00880 [Dr = 0.37 for ¢ =
0.00006 0.01436 |
0.00029 0.00000 fDT(tT= 0) = 0.00030
X (CL3) = -54 ohm: 0.00100 =-0.00803 |D1 = =1,
otherwise, intact 0.00050 0.02264 jD2 = 0.07
grid and full 0.00030 0.03494 iDr = 0.95 for o =
machine output 0.00015 0.04416 |
0.00087 0.00000 IDT(t?= 0) = 0.00078




Appendix 4:1

MECHANICAL DAMPING

Mechanical damping is a particularly uncertain, although
important, parameter in the investigation of torsional
interaction. Most of the damping originates in the turbines.
However, this turbine damping is difficult to measure, and so
it is generally the mode damping for the modes of the whole
turbogenerator set which is measured in tests. This is also
the damping which is generally stated in reports. Although
the mode damping depends on the turbine damping, it also
depends on the mode form of the whole set. It is therefore
preferable to compare turbine damping between different
turbogenerator sets than to compare mode damping.

Reference 7 describes simulation of the turbine blade
dynamics. It states the following damping for the various
turbine units (Pk/Pn are ratios which express the respective
contribution of each turbine to the total output power):

Turbine D, [MW/(MVA"rad/s) ] P, /P (%) D, "P /Py
High-pressure 0.00076 24 0.00317
Int.-pressure 0.00108 34 0.00318
Low-pressure 1 0.00045 14 0.00321
2 0.00045 14 0.00321

3 0.00045 14 0.00321

As can be seen, the assumed damping has been distributed

among the turbines in proportion to their different output
powers. If the same procedure is adopted for the Forsmark
sets, and the damping for a low-pressure turbine is assumed

to be 0.0004, the following dampings are obtained:



Turbine Pk/Pn Dt

Low-pressure 1 20 0.0004
2 20 0.0004
3 20 0.0004

High-pressure 40 0.0008

This gives the following mode dampings:

Mode number 1 2 3 4 5

Mode frequency fm [Hz] 5.6 12.8 23,3 30.0 31.7
Log. decrement § [-] 0.0061 0.0031 0.0022 0.0072 0.0008
Damping factor ¢ [s™1]  0.034 0.040 0.051 0.215 0.024
Time constant 7 [s] 29.5 25.3 19.7 4.65 42.0

As there is little or nothing to be found in the literature
in turbine damping, comparisons with other units must be
based on mode dampings. A number of such comparisons are
given below.

' i For the Mohave unit (483 + 426 MVA), the following
measured values of damping have been stated (Reference

8):
Mode number 1 2 3
Mode frequency fm [Hz] - 26.7 30.1 56.1
Logarithmic decrement § [-] 0.003 0.005 0.001
Damping factor o [s 1] 0.08 0.15 0.056
Time constant 7 [s] 12.5 6.7 17.9

These values apply for low load. At high output, § and ¢ must
be multiplied by between 2 and 5.
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2. For the Navajo unit (892 MVA) the following measured
values have been stated (Reference 9):

Mode number 1 2 3 4
Mode frequency fm [Hz] 15.8 20.2 26.0 33.2
Logarithmic decrement & [-] 0.0040 0.0065 0.0015 0.0010
Damping factor ¢ [s_l] 0.06 0.13 0.04 0.03
Time constant 7 [s] 15.8 7.6 25.5 30.1

For a loaded unit, & and ¢ must be multiplied by (mode number
in brackets): 4.0(1); 1.85(2); 16(3); 2.5(4).

3 For the same unit, Reference 3 gives the following
measured values of damping at no-load:

Mode number 1 2 3 4
Mode frequency fm [Hz] 15.75 20.35 25.94 32.28
Logarithmic decrement § [-] 0.0032 0.0056 0.0011 0.0009
Damping factor U_[s_l] 0.050 0.113 0.028 0.028
Time constant T [s] 20 8.9 35.7F 35.7

For a loaded unit, § and ¢ must be multiplied by: 5(1);
1.9(2); 19(3); 3.8(4).

4, For Cholla (321 MVA), measurements have been carried out
at a resonant frequency (Reference 10):

Mode frequency fm [Hz] 47.7

Logarithmic decrement 6 [-] 0.0085
Damping factor ¢ [s—ll 0.41

Time constant 7 [s] 245



B The following values of damping have been assumed in
connection with investigations for the Coronado station
{Reference 1l1):

Mode - frequency fm [Hz] 43.3
Logarithmic decrement & [-] 0.0009
13

i 0.04
Time constant 7 [s] 25

Damping factor ¢ [s






