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Abstract: This paper presents a novel trend toward retirement of the strong osciflations
which may exist if the power system is exposed to Subsynchronous Resonance (SSRj
phenomenon. Since these harmful oscillations are mainly due to the oscillatory modes of
the turbo-generator shaft, the idea of this trend is to suggest an appropriate design of the
shaft-parameters such that the $SR phenomenon may be fundamentally avoided. The
effect of shaft parameters like the spring constant and the inertia constant on the shape
and location of these oscillatory modes is extensively studied. Modal analysis, elgenvalue
analysis, and nonlinear time simulation are used as tools to design a turbo-generator shaft
which achieve minimum osciliations. Practical constraints are taken In consideration in a

way that the proposed design can be agreeably manufactured.
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1. INTRODUCTION

In 1970 and 1971, two shaft failures at Mohave power station (United State of
America) have occurred [1,2], Extensive studies and tests are established trying to find
out the reasons of such failures. Analysis reports showed that SSR was the reason of.
this problem. SSR is an electric power system condition where the electric network
exchange energy with a turbine generator atoneor more of the natural frequencies
of the combined system below the synchronoys frequency of the system [3]. In the last
two decades, the Egyptian Power Network  (EPN) has been grown and different
stations  have been installed with units haying nearly the same ratings as used
worldwide. Such accidents which has happened in Mohave were about to exist in the
units of Shoubra El-kheima power station. However, this petwork has exposed to SSR
problem during the month of November, 1992, 12" and 18" atits 220 kv network
because of the extremely bad weather conditions at that time [4].
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The SSR-phenomenon has been brought to great attention worldwide and in order to
consolidate the studies in this area, the IEEE has patterned a special task force for SSR
problem. The IEEE-SSR working group has published two Benchmark modeis in 1977
and 1985 for SSR simulations [5,6,7] beside two reports, published at 1980 and 1985,
about the essential definitions and terms which may help in searching this phenomenon
[8,9]. The two Benchmark models and the proposed definitions were broadly used by
numerous research works in order to reduce the severity of SSR. Many SSR-
Countermeasure are proposed in many forms to increase the damping capability of the
electric system [10-13]. These Countermeasures have been proposed in many forms,
e.g. supplementary signals to the excitation systermn of the generator, funed series and
shunt filters, phase shifter, static var compensators and governors control
arrangements. In  four JEEE-SSR-Biographies, published at 1976, 1979, and 1991
respectively, holding more than 300 papers for SSR studies, it is found that in many
of them the SSR-Countermeasures are only concerned with application of excitation
system enhancement controllers for damping the SSR oscillations. Advanced control
strategies such as fuzzy logic controllers and neural networks are also introduced to the
power system stabilizers [5,14}. All the above confrollers can be categorized as
electrical SSR countermeasures. Such electrical countermeasures have proved some
shortages especially due to the parameters uncertainties [15, 16].

In the contrary of all the above mentioned work, this paper presents a new trend which

. not only reduces the danger of the harmful oscillations, but also may, fundamentally,

avoid the occurrence of this phenomenon. The trend is based on answering the question
of the possibility to prevent the occurrence of SSR phenomenon through the early
design of different turbo-generator shaft parameters.

2, MODELLING OF POWER SYSTEM
FOR SSR STUDY

In the literature, there are plenty of models which are suggested to study SSR
phenomenon. The previously mentioned two Benchmark models proposed by IEEE-SSR
working group may be used to represent any power system having SSR problems. The
EPN shown in Fig(1) is suffering from this phenomenon. Accordingly, the Egyptian
Electrical Authority (EEA) has appointed a team work to study and diagnose this
phenomenon on it’s network. The team work has approximated the part of the network,
at which the phenomenon has takeu place to the IEEE First Benchmark model of Fig(2).
This model consists of a 27 order stiff non linear differential equations of which a full
8™ order equations for the gencrator where the damper windings are represented by one
coil at the direct axis and two coils at quadrature axis [5,6]. The rest 19" order
equations include a 12" order equation model to represent the mechanical mass-spring
system of a three stage with rcheat turbine-generator set, a 2" order model for the
exciter and voltage regulator and a 5™ order model for the turbine governor system. This
model can be expressed in the following standard state space form :

A D * X() = Bluth* X(1) + V() + T* Z(t)
Where:

X(1) :is the system state vector having dimension of (27x1), and can be expressed as.
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Dectails of the matrices can be found in Reference [13] and the system pararmeters are
given in appendix (1).
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3. PROPOSED SSR COUNTERMEASURE THROUGH
MECHANICAL DESIGN

The system parameters, specially those for the mechanical part are very important for

the shaft oscillatory modes. This leads to the question if it is possible to prevent the

occurrence of SSR problem through the early design of the different components

constituting the power system design. This paper presents a new method for the design

of the shaft parameters to reach reasonable parameters which avoids the danger of shaft

failure.

The proposed workwill be organized as follows:

1- The effect of shaft parameters, i.e the spring constant between different masses
(Kij), and the inertia constant of each mass(Hi) on the angular velocity (@ )

(imaginary part of the eigenvalues) for the shaft modes will be shown in details for
different values of Kij's and Hi’s. This study will be performed on a wide range of
these parameters. This will be an indication which oscillatory mode will be excited
or damped .

2- The results of nonlinear time simulation will be given for the power system at these
parameters and compared to the power system response for the nominal parameters
of the Benchmark model.

3- The variation of real part of the eigenvalue with these parameters will be given to
show which parameters will result in a stable modes. This will be again assured
through the resuits of the nonlinear time simulation.

The above three-step procedures have been extensively performed overall the eleven

parameters of the spring constants:K12, K23, K34, K45, & K56, and the inertia

constants:H1, H2, H3, H4, HS, & Hé.

To achieve the procedure objective of getting the optimum parameters which may result
in desired performance, on¢ have a plenty of results. Only those significant ones will be
given here. For the first step, the proposed design strategy is performed such that Kij’s
and Hi’s nearly been in the range of £20% more or less than the standard values given
by the IEEE Benchmark model and the deviation of the torsional oscillations for the
proposed shaft parameters from the steady state values will be caleulated. The results of
this design procedure will be explained as follows:

3.1 Effect of spring constants:

The results show that the sysiem stability decreases with the increasment of K12
values. Fig(3-a) shows that the value of angular velocity @ increases for the modes

3,5 , but for the modes 1,2 the value of angular velocity ¢ did not change after

K12=12. For the modes 0,4, the change of K12 didn’t have any effect. The nonlinear
time simulation of the system with step change in electrical torque " Te " are shown in
Fig(5). In this figure the torsional torque between different masses of the system are all
increasing with the increase of K12 and decreasing with decrease of K12. Results of
table (1) show the values of torsional torques between masses after a time of (5 sec ).
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Fig(3-b} shows the variation of real part of the eigenvalues with K12, from which one
can find out the value of K12 that result in a stable mode (see table(7)).

For K34, Fig(3-c) shows that the values of @ increases with the increasment of

K34 values for modes 1,4. Fig( 6 } give the nonlinear time simulation of the system
with the same fault as before. In this figure the torsional torque between different masses
of the system are all increasing with the increase of K34 and decreasing with decrease of
K34, Also the torsional torques between masses after a duration of (5 sec ) can be found
in table (2). The value of K34 that result in a stable mode can be clearly observed from
the results of Fig(3-d). Later this value will be recommended for K34 as in table(7).

Fig(3-e) shows that @ increases with the increasment of K36 for all modes, except
mode 5. For mode 5, when K56 reaches 10, @ will increases with the increase of

K56. In Fig(7), the torsional torque between different masses of the system are ail
decreasing with the increase of K56 and increasing with decrease of K56. The value of
K56 that result ina stable mode can be found in table (7) which is based on the results
given in both table (3) and the eigenvalues shown in Fig(3-f).

From the above results one can use the following observations as guide for selecting the
different spring constants:

1. Referring to Fig(3-b), it is clear that large K12 values may lead to system
instability as shown for mode 3. Values of K12 which are more than double of
the standard IEEE value will lead always to system instability. On the other side
values of K12 which are less than 25 represent a tendency toward stability. Any
value of K12 between 2 and 22 will give relatively stable modes. To ensure such
results refer also to the change of torsional torques between different masses .
given in both table (1) and Fig(5).

2. Similar results of K12 show that smaller values of K34 will lead to system
stability till a limit of K34=32 (Fig(3-d)). Afterward, modes 1, 4 will be
unstable. Values of K34 ‘which are more than the IEEE standard values lead
always to unstable modes. This is also clear from the change of torsional torques
between different masses given in both table (2} and Fig(6).

3. The system will be unstable for values of K56 more than 18 and remain
unstable for all these values (Fig(3-f)). Stability can be guaranteed if K56
values are slected less than standard values. This is also obvious from the
change of torsional torques between different masses given in both table (3)

and Fig(7).

3.2 Effect of inertia constants:
For H3. Fig(4-a) shows that @ decreases with the increasment of H3. After H2=0.4

all modes did not change with the variation of H3. In Fig(8) the torsional torque
between different masses of the system are all increasing with the decrease of H3 and
decreasing with the increase of H3. The results of table(4) show the values of torsional
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torques between masses after a duration of (5 sec). From Fzg(4-b) one can find out the
value of H3 that result in a stable mode (table(7)). :

Fig(4-c) shows that @ decreases with the increasment of H4 for mode 4. The

nonlinear time simulation of the system with step change in electrical torque " Te " are
shown in Fig(9). In this figure the forsional torque between different masses of the
system are all increasing with the increase of H4 and decreasing with decrease of H4.
The results of table(5) show the values of torsional torques between masses after a
duration of (5sec). Fig(4-d) shows the variation of real part of the eigenvalues with H4,
from which one can find out the value of H4 that result in a stable mode (see table(7)).

Fig(4-e) shows that @ decreases with the increasment of HS for mode 4 . The

nonlinear time simulation of the system with step change in electrical torque " Te " are
shown in Fig(10). In this figure the torsional torque between different masses of the
system are all increasing with the decrease of HS and decreasing with the increase of
HS. The results of table(6) show the values of torsional torques between masses after a
duration of ( 5 sec). Fig(4-f) shows the variation of real part of the eigenvalues with
HS5, from which one can find out the value of HS5 that result in a stable mode (see

table(7)).

Similar observations showing the effect of changing the different inertias on the
oscillatory modes can be summarized as follows:

1. From Fig(4-b), it is clear that selecting H3< 2.3 will lead to system stability.
Other values of H3 may lead to unstable modes of oscillation. [ Refer also to
table (4),and Fig(8) 1.

2. The stability zone of H4 is a narrow one Fig(4-d). careful seof H4 should be ina
small range around the IEEE standard values. This because values of H4 more
or less IEEE standard values will lead to unstable modes (mode I, mode 3). This
is also clear from both table (5) and Fig{9).

3. Referring to Fig(4-f), it is clear that large HS values may lead to system
stability. Values of HS which are less than the IEEE standard values lead
always to unstable modes {mode 1, mode 3, and mede 4). [Refer also to table(6),

and Fig(10) ].

An important step in the proposed design procedure is to check the above results
through an extensive eigenvalue analyses of the model under study for the different
proposed parameters. In summary, it is clear that the real parts of the eigenvalues for a
selected parameters which give high oscillations tends to be positive and vice versa.

Finally, based on the above analysis, the best agrecable parameters for H’s, and K’s
(which give no conflict with the practical consideration) are taken and a time simulation
for this final model is performed. Fig(il) gives the results of this proposed model
compared with those results for the IEEE Benchmark model. It is clear from these
results that a proper design of the mechanical components of the power system may
avoid completely the dangerous torsional oscillations which may happen if the system s
exposed to faults which may excite SSR oscillations.
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Fig (5) Eiect Of(K 12) On The Torsional Torques Biween Masses.

1.00 200 .00 400 5.00

spring Ki2= 19.3 25 14
{prefault) IEEE ~  +20% ~ -20%
torque Initial value value Yeerror value Yeerror valug Yeertor
T{H-Y) 0.35 0.66 -85% 0.8 -129% 0,347093 1%
T(I-L) 0.541 1.2 -87% 1.5 -134% 0.624325 3%
T{L-G) 0.571 1.1 -26% 1.13 -30% 0797672 | : &%
TIG-E) 1.1 1.8 -G4% 1.95 -17% 1.009402 | ¢ .0%
Table (1) Eftect Of The Spring Constant(K 12 ). .
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Fig (6) Ettect OF (K 34) On The Torsional Torques Btween Masses.

spring K34= 52.04 75 36
{prefault) IEEE ~ +20% ~  -20%
torque Initial value value %herror value Yeerror value Yherror
T(H-1) 0.35 0.66 -89% 4 -1043% 0.352922 -1%
T{-L) 0.641 1.2 -B7% & -836% 0.651278 -2%
T(L-G) 0.871 1.1 -26% 3.6 -313% 0.940763 -8%
T(G-E) 1.1 1.8 B4% 7 -536% 1.141983 4%

Table (2} Effect OF The Spring Constant(K 34 ).
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(prefault) IEEE ~  +20% ~  -20%
lorgue Initial value valug Yeerror value Yerrar value Yeerror
T(H-) 0.35 0.66 -89% 0.365 -4% 0.5 ~44%
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T(L-G}) 0.871 1.1 -26% 0.95 -9% 0.88 -1%
T{G-E) 1.t 1.8 -64% 1.15 -5% 1.25 -14%
Table (3) Effect Of The Spring Constant (K 56 ).
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Fia (8) Ettect Of (H3 ) On The Torsional Torques Btween Masses.

Table () Effect OF The fuertia Constant (H3 ),

inittia H3= 1.7173 2.0 0.717 ;
(prefault) |EEE ~  +20% ~  -20% I

torque Initial value value Yoerror value Yeerror value S%error |
T(H-D) 0.35 0.66 -89% 0.37 6% | 2887043 | -725%
T(-L) 0.641 1.2 -87% 0.66 -3% 4433455 -592% ‘
T(L-G) 0.871 1.1 -26% 0.93 7% 1.4672 -68% :
T(G-E) 114 1.8 64% 1.15 5% 2.658562 -142% !

I

|

|

156



(-1}

Y(H-1}

.00 —
E NI
0.00
a -
4 ]
3 &
] =
-1.00
RYE
E
~5.00 Fereerererr e
006 G0 200 380 4@ 50 600 0.0 1.0¢  ZOD 300 400 500 690
tme(ser} time{sec) '
Fig (9) Lticet OF(H4) On The Torsional Torques Brween Masses.
inirtia Ha= 1.7684 2.4 768
{prefauit) IEEE ~  +20% ~ 20%
torque Initial value value Yoerror valug Yeerror value %error
T(H-1} 0.35 0.66 -89% 2 -471% 0,284119 16%
T(I-L} 0.641 1.2 -87% 3.5 -446% 0.552673 14%
T{L-G} 0.871 1.9 -256% 1.75 -101% 0.933744 -7%
T(G-E) 1.1 18 -64% 4.4 -300% 1,218445 -11%
Table (5) Effect Of The Inertia Constant (H4 ).
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Fia ( 10) Effect Of(H5 ) On The Torsional Torques Btween Masses.

nirtia H5= 1.74 2.5 736
onst.| (prefaull) [EEE ~ +20% ~ 20%

torque Initial value value Yerror value Yeerror value Yeerror

T{(H-) 0.35 0.66 -0.88571428 0.357 -0.02 2815972 -705%

T{-L) 0.641 1.2 -(0,87207488 0.654 -0,02028081 4.0B013 -537%

T(L-G) 0.571 1.1 -0.26291619 0.92 -0.05625718) 2.073565 «138%

T(G-E} 11 1.8 -0,63636364 1.14 -0.03636364] 2.797455 “154%

Table {6) Effect OF The Inertia Constant (H5).
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Table(7) give a recommended parameters for a power system having the same ratings
as given by the IEEE Benchmark model may be in these ranges to avoid or reduce the

effects of SSR probiems.
Inertia | IEEE vaiue | Suggested values [Spring const.| 1EEE value Suggested
Const. (Kij) values
(Hi)
HI 0.1858 ~ 0.15 K12 19.3 2.0-22.0
H2 0.3112 1.3-2.5 K23 34.929 2.0+-32.0
H3 1.7173 1.3-3.1 K34 52.04 35.0-55.0
H4 1.7684 ~ 2.3 K45 70.9 i4.0-50
H5 1.74 0.8-1.8 K56 2.82 2.0-12.0
Hé 0.0684 = 1.1

Table(7) Recommended Values For The Different Shafi Parameters

4. CONCLUSION

Many SSR countermeasures are presented in the literature. Only few of themare
concerned with mechanical countermeasures. This is mainly because the ordering and
manufacture of the turbine-generator has often been done long before the SSR problem
happened. This paper has presented a new method toward avoiding this phenomenon by
suggesting an appropriate design of the shaft parameters. Such a new trend not only
reduces the danger of the harmful oscillations, but also may, aveid the occurrence of this
phenomenon or at least minimize the shaft torsional oscillations. Results of this paper
has led to agreeable values for the shaft parameters, which can be used safely to get an
acceptable shaft ctorsional oscillations.

5. LIST OF SYMBOLS
General
AB ‘system matrices
S,w :Machine angle and speed
RL ‘Resistance and inductance
T ‘Torque
a :Actuator signal
g :Governor opening
M(ZH) ‘Moment of inertia
[ :Currents
v :‘Voltage
Subscripts:
d,q :d-axis and g-axis quantities
F :Field cirenit
D :D-axis damper
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QL,Q2  :Q-axis damper

C :Series capacitor

T :Generator terminal

N Infinite bus quantity _

HP :High pressure turbine-section

Ir :Intermediate pressure turbine-section

LPA,LPB :Low pressure turbine -section

E :Electrical

m :Mechanical

B :Susceptance

6. APPENDIX

System data:
XL=0.7 (pn.) H6 =0.068433 (sec.) D3=0.1 (p.u. sec.)
XC=0.28 (p.u.) MQ =1.58 (p.u.) D4 =0.1 (p.u. sec.)
RL =0.03 {p.u.) LD =1.79{p.u.) D5 =(.1 (p.u. sec.)
P =09(pu) LQ =1.71 (pu.) D6 = 0.1 {p.u. sec.)
PF=090 R =0.0015(p.u) RF =0.001 (p.u.)
VT =105 (p.u.) FI. =03 LAD = 1.66 (p.u.)

K12 (HI) =19.303 (p. u. T./rad)
K23 (1A) =34.929 (p. u. T./rad)
K34 (AB)=52.038 (p. u. T./rad)
K45 (BG) =70.858 (p. u. T /rad)
K56 (GE}=2.822 (p. u. T./rad)
Hl=0.185794 (sec.)
H2=0.311178 (sec.)

H3 = 1. 717340 (sec.)

H4 = 1. 76843 (sec.)

HS = 1. 73699 (sec.)

F2 =026
F3 =022
F4 =022

LQ1l =1.695 (p.u.)
EQ2 =1.825 (p.u.)
LF =1.7{(pu)
LDD =1.666 (p.u.)
D1 =0.1 (p.u. sec.)
D2 =0.1 (p.u sec.)
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