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Abstract:Thls paper presents a novel trend toward retirement of the strong oscillations 
which may exist if the power system is exposed to Subsynchronous Resonance(SSR) 
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 approp~iate design of the 
shaft-parameters such that the SSR 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, eigenvalue 
analysis, and nonlinear time simulation are used as tools to design a turbo-generator shak 
which achieve minimum oscillations. Practical constraints are raken 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 studiq and tests are established tlying to fmd 
out the reasons of such failures. Analysis reports showed that SSR was thereason of, 
this problem. SSR is an electric power syptern condition where the electric network 
exchange energy with a turbine generator at one or more of the natural frequencies 
of the combined system below the synchronop frequency of the system [3]. In the last 
two decades, the Egyptian Power ~e twork  (EPN) has been grown and different 
stations have been installed with units haying nearly the same ratings as used 
worldwide. Such accidents which has happe&d in Mohave were about to exist in the 
units of Shoubra El-kheima power station. t ow ever, this network has exposed to SSR 
problem during the month of November, 1992, 1211',and 1 8Ih ,at its 220 kv network 
because of the extremely bad weather conditions'pt that time [4]. 

Manuscript received from Dr. A. M .  Abdel- Hamid o n  : 24/ 5/2000 
Accepted on : 7/6/2000 
Engineering Research Bulletin, Vol 23,No 3, 2000 Minufiya University, Faculty o f  
Engineering, Shebien El-Kom , Egypt, ISSN 1110-1180 



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 models in 1977 
and 1985 for SSR simulations [5,6,7] beside two reports, published at 1980 and 1985, 
about the essential de f~ t ions  and terms which may help in searching this phenomenon 
[8,9]. The two Benchmark models and the proposed defmitions 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 [lo-131. These Countermeasures have been proposed in many forms, 
e.g. supplementary signals to the excitation system of the generator, tuned series and 
shunt filters, phase shifter, static var compensators and governors control 
arrangements. In four IEEE-SSR-Biographies, published at 1976, 1979, and 1991 
rupectively, 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 controllers can be categorized as 
electrical SSR countermeasures. Such electrical countermeasures have proved some 
shortages especially due to the parameters uncertainties [15, 161. 

In the contrary of all the above mentioned work, this paper presents a new t rkd  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 P O W E R  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 ream work has approximated the part of the network, 
at which the phenomenon has taka  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 
x ' ~  order equations for the gcncrator where the damper windings are represented by one 
coil at the direct axis and two coils at quadratureaxis [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 reheat turbine-generatur set, a 2"" order model for the 
exciter and voltage regulator and a 5Ih order model for the turbine governor system. This 
model can be expressed in the following standard statespace form : 

A(X, t) * x( t )  = B(X, t~ * XU) + v( t )  + r* z( t )  
Where; 

X(t) : is the system state vector having dimensiorl of (27x1). and can be expressed as: 



0 0 0 0 0 

0 0 0 0 - 1  
- 1 -1 -1  - I  - I  

0 0 0 0 0 - 
0 0 I 

Dctails of the matrices can be found in Reference [I31 and the system parameters are 
given in appendix (1). 

i 

i Fig(1) The Egyptian Network Used in The SSR study. 
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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 betweendifferent masses 

Wj), and the inertia constant of each mass(Hi) on the angular velocity ( w  ) 

(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 perfo~med 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 results 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:Hl, H2, H3, H4, H5, & H6. 

To achieve the procedure objective of getting the optimum parameters which may result 
in desired performance, one have a plenty of results. Only those significant ones will be 
given here. For the fmt 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 calculated. The results of 
this design procedure will be explained as follows: 

3.1 Efect of spring constants: 

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

3,5 , but for the modes 1,2 the value of angular velocity w 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 KI2 and decreasing with decrease of K12. Results of 
tablc (1) show the values of torsional torques between masses after a time of ( 5 sec ). 



Fig(3-b) shows the variation of real part of the eigenvalues with K12, from which one 
can fmd out the value of K12 that result in a stable mode (see table(7)). 

For K34, Fig(3-c) shows that the values of GJ 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 torquebetween 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 o increases with the increasment of K56 for all modes, except 

mode 5. For mode 5, when K56 reaches 10, w will increases with the increase of 

K56. In Fig(7), the torsional torque between different masses of the system are all 
decreasing with the increase of K56 and increasing with decrease of K56. The value of 
K56 that result in a 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(3-0. 

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

I. Referring to Fig(3-b), it is clear that large K12 values may leadto system 
instabilily 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 mods. 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 LEEE 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. Thjs 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 w decreases with the increasment of H3. After H2=0.4, 

all modes did not change with the variation of H3. In Fig(%) the torsional torquc 
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 



torques between masses after a duration of (5 sec). From Fig(4-b) one can fmd out the 
value of H3 that result in a stable mode (table(7)). 

Fig(4-c) shows that w decreases with the increasment ofH4 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 torsional torque between differentmasses 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 betweenmasses after a 
duration of (5sec). Fig(4-d) shows the variation of real part of the eigenvalues with H4, 
from which one can fmd out the value of H4 that result in a stable mode (see table(7)). 

Fig(4-e) shows that w decreases with the increasment of H5 for mode 4 . The 

nonlinear time simulation of the system with step change in electrical torque " Te " are 
shown in Fig(l0). In this figure the torsional torque between different masses of the 
system are all increasing with the decrease of H5 and decreasing with the increase of 
H5. 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 
H5, from which one can fmd out the value of HS that result ina stablemode(see 
table(7)). 

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

1. From Fig(4-b), it is clear that selecting H3 5 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 in a 
small range around the IEEE standard values. This because values of H4 more 
or less IEEE standard values will lead to unstable modes (mode 1, mode 3). This 
is also clear from both table (5) and Fig(9). 

3. Referring to Fig(4-0, it is clear that large H5 values may lead to system 
stability. Values of H5 which are less than the IEEE standard values lead 
always to unstable modes (mode 1, mode 3, and mode 4). [Refer also to table(6), 
and Fig(l0) 1. 

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 tcnds to be positive and vice versa. 

Finally, based on the above analysis, the best agreeable parameters for H's, and K's 
(which give no conflict with the practical considcration) are taken and a time simulation 
for this fmal model is performed. Fig(1 I) gives the results of this proposed model 
compared with those results for the IEEE Benchnark model. It is clear from these 
results that a proper desip of' the mechanical component< of the power system may 
avoid completely thc dangerous torsional oscillations wh~ch may happen if the system is 
exposed to faults which may excite SSR oscillations. 
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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 problems. 

Table(7) Recommended Vulues For The Different Shaj Parameters 

4. CONCLUSION 

Sugyested 
values 

2.0 - 22.0 

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, avoid 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. 

IEEE value 

19.3 

5. LIST OF SYMBOLS 

Spring const. 

WJ) 

K12 

:system matrices 
:Machine angle and speed 
:Resistance and inductance 
:Torque 
:Actuator signal 
:Governor opening 
:Moment of inertia 
:Currents 
:Voltage 

Suggested values 

~ 1 :  0.15 

Inertia 
Const. 
(Mi) 
HI 

Subscripts: 
dJl :d-axis and q-axis quantities 
F :Field circuit 
D :D-axis damper 

IEEE value 

0.1858 



:Q-axis damper 
:Series capacitor 
:Generator terminal 
: M i t e  bus quantity 
:High pressure turbine-section 
:Intermediate pressure turbine-section 
:Low pressure turbine -section 
:Electrical 
:Mechanical 
:Susceptance 

6.  APPENDIX 

System data: 

XL = 0.7 (P.u.) 
XC = 0.28 @.u.) 
RL =0.03 @.u.) 
P = 0.9 (P.u.) 
P.F = 0.90 
VT =1.05 (P.u.) 
K12 (HI) = 19.303 @. u. Thad) 
K23 (IA) = 34.929 @. u. Thad) 
K34 (AB) =52.038 @. u. Thad) 
K45 (BG) =70.858 @. u. Thad) 
K56 (GE) =2.822 @. u. Thad) 
HI = 0.1 85794 (sec.) 
H2 = 0.3 11 178 (sec.) 
H3 = 1.71 7340 (sec.) 
N4 = I .  76843 (sec.) 
HS = 1. 73699 (sec.) 

H6 =0.068433 (sec.) 
MQ =IS8 @.u.) 
LD = 1 . 79 @.u.) 
LQ = 1 . 71 @.u.) 
R = 0. 0015 @.u.) 
F1 = 0.3 
F2 = 0.26 
F3 = 0.22 
F4 = 0.22 
LQI = 1.695 @.u.) 
LQ2 = 1. 825 (P.u.) 
LF = I. 7 @.u.) 
LDD =1.666 (p.u.) 
Dl = 0.1 (p.u. sec.) 
D2 = 0.1 @.u. sec.) 

D3 = 0.1 @.u. sec.) 
D4 = 0.1 @.u. sec.) 
D5 = 0.1 @.u. sec.) 
D6 = 0.1 @.u. sec.) 
RF = 0.001 @.u.) 
LAD = 1.66 @.u.) 
KMF = 1.66 (pu.) 
KMD = 1.66 @.u.) 
MR = 1.66 @.u.) 
RQ1 = 0.0053 @.u.) 
RQ2 = 0.0182 (p.u.) 
KD = 0.0037 @.u.) 
LAQ = 1.58 @.u.) 
KMQl= 1.58 (p.u.) 
KMQ2 = 1 .SX (p.u.) 
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