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I. INTRODUCTION 

A. Purpose 

Due to the scarceness and rapidly rising price of conventional 

fossil fuels, considerable attention is currently being given to the 

development of small hydro sites. It is often suggested that a large 

number of these sites, either the ones that can be newly developed or 

the ones that can be improved upon, exist in the western, northeastern 

(New England), and southern part of the United States, and that these 

sites can be developed economically [1-5]. It is also assumed that the 

electric power generated at chese sites will be delivered to existing 

power networks. In addition, induction generation is sometimes 

suggested for these sites [3-5]. 

If low-head hydro sites are developed in large numbers, substantial 

low inertia generation in remote locations will be connected to existing 

power networks. Planning engineers have expressed some concern as to the 

possible adverse effects this may cause to the power system dynamic 

performance. The effect that this low inertia may have on the transient 

stability of the generators of the existing system as well as the remote 

generation itself is the focus of the investigation reported upon in this 

study. 

The remote generation, representing low-head hydro units, can be 

synchronous, induction, or a combination of both types. The study was 

conducted on a variety of system configurations and conditions. 
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B. Scope of the Work 

The objective of this research is to investigate the effect of the 

inertia of a remote generation on the transient stability of an existing 

power network, to which it is connected, as well as on the transient 

stability of the remote generation itself. 

For this study, a simple three-generator power system is selected as 

the existing system. The remote generation, represented by a fourth 

generator, is connected to the existing system by a suitable double-

circuit transmission line. This remote generation is to have unusually 

low inertia, characteristic of low-head hydro generators. The four-

generator network comprises the study system. 

First swing transient stability studies are made on the study 

system. The same disturbance is used for analysis in all the studies, 

namely, a three-phase fault cleared at 6 cycles by removing the faulted 

line. About 150 studies are selected for detailed analysis. The 

studies cover a variety of system configurations and conditions con­

cerning: 

the initial load flow (including load level), 

the connection of the remote generation to the existing system 

(point of connection; length of line), 

the location of the fault (inside the existing system, in the 

transmission line joining che remote generation to the existing 

power network), 

• the type of remote generation (synchronous, induction, and 

combination of synchronous and induction), 



www.manaraa.com

3 

the inertia of the remote generator, 

the parameters of the remote generator (induction case only), 

the penetration level, i.e., the fraction of the existing 

system load supplied by the remote generation. 

The results of the transient stability studies are subjected to 

detailed analysis, using a special computer program developed for this 

purpose. The influence of the above system parameters and conditions 

on the system transient behavior are examined. Conclusions are then 

drawn concerning the potential effect of substantial low-head hydro 

generation on the existing system as well as on the remote generation. 

In addition to the transient stability analysis, and to gain 

insight into the inherent dynamic characteristic of the power system, 

eigenvalues and eigenvectors analysis using small perturbation technique 

on the selected power network is also conducted (this type of analysis 

is also known in the literature as normal mode and mode shape analysis). 

The range of parameters covered is similar to that of the transient 

stability studies, except that studies concerning induction generation 

are not included. 
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II. LITERATURE REVIEW 

Since the energy crisis of 1973, a lot of attention has been given 

to the increased production of electric energy from hydro sources. About 

15 percent of the nation's electric-generating capacity is hydro 

electric and about 40 percent of this hydro electric capacity is 

federally owned [1]. The majority of these hydro plants are of medium-

head and high-head types. The capacity at some of these plants can be 

improved upon (up to 10 percent increase) by changing old turbine runners 

with the more efficient ones and by rewinding generators [1,2]. Even 

though this improvement is welcome, it does not change the level of 

electric energy production significantly. 

One form of hydro electric generation that can add significantly to 

the electric energy production is the low-head type. Generally, the low-

head hydro sites are limited to the ones having heads up to 50 feet and 

capacity less than 5,00 kW. According to the Federal Power Commission 

and the Corps of Engineers, there exists 305.5 million kW of undeveloped 

hydro capacity [3]. About one-third (105.5 million kW) of this un­

developed capacity belongs to sites having potential capacity more than 

5,000 kW each. The remaining two-thirds (200 million kW) is of the low-

head type. 

About one-eighth (26.6 million kW) of the electrically undeveloped 

low-head capacity already exists at small, low-head dams all over the 

country with the majority of them located in the northeastern states. 

The federal government, through the Department of Energy, initiated a 
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low-head hydro electric program in May 1977. The goals of this 

program are to put 1.5 million kW on line by 1985, another 20 million kW 

by 2000 and another 50 million kW by 2020 [3]. The escalating price 

and the uncertainty of supply of conventional fossil fuels made this 

form of electricity generation economically competitive. It is also 

non-depletable, pollution free, and environmentally acceptable. 

The existing technology in low-head hydro generation is to use a 

tube-turbine or bulb-turbine as a prime mover and the generator can be 

either synchronous or x. ucion [3-5]. Even though bulb-turbines can 

be superior to the other types of turbines in terms of efficiency and 

economics due to its compactness, self-containing, and operationally-

flexible installation, there are still some limitations to les use. 

One disadvantage is that its inertia is less than that . cypes 

including vertical-shaft Kaplan turbines, so that its use ir, limited to 

systems where there are other power sources available tc maintain an 

electrically stable system. 

Historically, the turbine-generator units in low-head installations 

have had low inertia constants (H). îtost of the existing low-head units, 

operated by the U.S. Bureau of Reclamation, have inertia constants of 

1 second (MWS/MVA) or less on machine rating base. 

Investigations concerning the effect of synchronous machines' 

inertia on the transient stability of a power system have appeared in 

the literature in the past. The results of these investigations which 

are relevant to this research topic are summarized below. 
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Due to advances in metallurgy, generator cooling methods, and 

insulation systems, the trends in designing steam turbine-generator units 

have continually shown an increase in power output per pound of material 

as well as per physical dimensions. Two significant parameters are 

adversely affected by these trends, namely, the direct axis transient 

reactance (Xp which increases, and the inertia constant "H" which 

decreases. According to the authors of references [6,7], these trends 

result in lower transient stability limits, 'is evidenced by the decrease 

in critical faclt clearing times by 2-3 cycles. They maintain that the 

shift in the two parameters will be significant enough to require 

considerable improvements in relay protection, higher response excita­

tion, improved turbine valve control, and other changes. 

The trends for hydro generator units tend to be opposite to those 

of steam units, however. As hydro machines with larger MVA ratings and 

higher speeds are undertaken, their direct axis transient reactance (X^) 

values will decrease and their inertia constant "H" will increase [8]. 

Basu and Nanda [9] investigated a two-machine power svstcan, one of 

them being a remote hydro unit. They reported that if the ratio of the 

inertia constants of the remote machine to the existing machine is much 

different from unity, the response, due to disturbance, will be more 

oscillatory and will require longer settling time than when the inertia 

ratio is close to unity. 

Most of the transient stability studies conducted so far treated 

the energy stored in the rotating masses per unit power (H) as a 
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constant, rather than as a function of sp^ed. According to reference 

[10] this can lead to optimistic results. 

Many investigators [11-13] reported on the means to identify 

groups of machines that tend to swing together following a disturbance-

Once these groups are identified, equivalent machines can be constructed. 

To save computing time and cost, the machines remote from the distur­

bance need not be represented in detail. In addition, each coherent 

group of machines is represented by an equivalent machine. References 

[14,15] propose means of constructing equivalents to represent a power 

area. 

Another important area in the study of power system dynamic per­

formance is power system damping. Reference [16] suggested different 

methods of power system damping. Reference [17] reports that even 

though the general practice is to distribute damping among several 

machines, the optimum distribution would be to place all of the damping 

in the machine with smaller inertia. This is especially true if the 

inertia of the receiving end source is large compared with that of the 

remote generation, damping of the remote generation will be of prime 

importance. 

E. W. Kimbark, in the discussion in reference [16], suggested that 

although there are several sources of positive damping in a power system, 

there are also sources of negative damping, notably voltage-regulating 

and speed-governing systems. Ordinarily the inherent positive damping 

predominates, although in some unusual circumstances, the net damping 

is negative. 
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The conventional method of studying transient stability, assuming 

constant voltage behind transient reactance for each generator (classical 

representation), neglects damping. In an undamped two-machine system, 

the amplitudes of successive swings remain approximately constant. In a 

system of three or more machines this is no longer so, and there is a 

possibility of losing synchronism on the second swing or even the third. 

With adequate damping, this is very unlikely, and the first swing 

criterion may be applied with confidence. 

The influence of generator model complexity on the accuracy of 

stability study results varies with many factors. The dynamic behavior 

of a real generator varies in a nonlinear way with the electrical load 

on the generator; therefore, a model chosen to represent the generator 

must be accurate over a wide range of operating conditions [18]. 

However, if we are only interesfad in the qualitative assessment of the 

system's first swing transient, then the classical model representations 

for all of the synchronous machines are quite accurate [19,20]. 

A real generator's dynamic performance also varies with the trans­

mission system to which it is connected and also with the electrical 

proximity between it and others of comparable size in the system. If it 

is closely coupled to the other generators of near equal size, its 

observed dynamic behavior, when subjected to a test disturbance, will be 

different from its behavior when electrically remote from other 

generators [18]. The effect of inertia on the coupling of generators of 

near equal size will also be observed in this research project. 
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Many investigators have reported on the use of induction genera­

tors in low-head hydro ganeration [3-5]. This is due to its ruggedness 

and simplicity, which contribute to the low operating and maintenance 

costs. Unlike the synchronous generator, the induction generator does 

not develop continuous current at its short circuited terminals, since 

the induction generator loses its excitation at short circuit. However, 

an induction generator develops an instantaneous short circuit current 

which decays rapidly [21,22]. The effect that this characteristic may 

have on the dynamic performance of the power system will also be observed 

in this research project. 

Linearized analvsis has been used as a means of gaining insight into 

the dynamic behavior of a power systec. In the literature, sometimes it 

is known as normal mode and mode shape analysis. This is the study of the 

eigenvalues and eigenvectors of a power system using small perturbation 

techniques. Byerly et al. [23] reported on such a study. When classical 

representations are used, a power system of n generators has (n-1) normal 

modes of oscillation (natural frequencies). The frequencies of oscilla­

tion are primarily determined by generator inertias, generation and 

network reactances, and average angular differences between generators. In 

the interconnected power network of North America, interarea inertial 

modes of oscillation fall in the range of 0.2-0.5 Hz. These modes are 

often poorly damped [23]. Frequencies of oscillation of individual 

machines are usually in the range of 1-2 Hz. The influence of low 

inertia of the remote, low-head, hydro generation on the power system's 

modes of oscillation will be investigated in this research project. 
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III. STABILITY ANALYSIS 

A. The Power System Investigated 

1. Existing system 

The existing power system used in this study is the nine-bus, three-

generator, and three-load system shown in Figure 1 (known in the litera­

ture as the WSCC test system) [19]. It has bnen modifiée from the 

original WSCC system to avoid excessive var situation by reducing the 

voltage level from 230 KV to 161 KV, The capacity of the existing gener­

ation is 520 MW and the base, or reference, case used is one with a total 

load of 315 MW. Under heavy load condition, the total load of the system 

is 630 MW. Generator data for this system are given in Table 1. 

Table 1. Generator data 

Generator 1 2 3 

Rated MVA 247.5 192.0 128.0 

KV 16.5 18.0 13.8 

P.P. 1.0 0.85 0.85 

Type hydro steam steam 

Speed 180 r/min 3600 r/min 3600 r/min 

Xj.pu* 0.0608 0.1198 0.1813 

Tdo'S 8.96 6.00 5.89 

H,S* 23.6 6.40 3.01 

^On 100 MVA base. 
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Figure 1. Nine bus system impedance diagram. All impedances in pu on 100 MVA base. 
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The base case (normal) loads are: 

Load A = 125 MW, 50 MVAR 

Load B = 90 MW, 30 MVAR 

Load C = 100 MW, 35 MVAR 

Under heavy load conditions, the three loads are given by; 

Load A = 200 MW, 80 MVAR 

Load B = 230 MW, 77 MVAR 

Load C = 200 MW, 70 MVAR 

2. Remote generation 

The remote generation is connected to the nine-bus system by a 

double circuit 161 kV transmission line to one of the load buses (bus 6 

or bus 8), forming a four-generator, eleven-bus system. This trans­

mission line is either 40 milec long (short line case) or 120 miles long 

(long line case). Two connections are used as shown in Figures 2 and 3 

for bus 6 and 8 respectively. This basic plan is changed only to accom­

modate the needs for the mix of induction and synchronous generation at 

the remote location as shown in Figure 4. 

3. Choice of inertia for remote generation 

Generator No. 2 of the existing system, which is rated at 192 MVA, 

has an inertial stored energy, at rated speed, of 640 MW.S. This 

corresponds to an inertia constant H = 3.33 S on the machine rating base, 

and 6.40 S on the system base of 100 MVA used in the study. This value 

of inertia constant is reasonable for a fossil fuel generator of this 

size, but is somewhat large for a hydro machine. 
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When a synchronous generator is used at the remote location, the 

same value of H as that of generator No. 2 is assigned to it, i.e., 

H =6.40 S on a 100 MVA base (or 3.33 S on machine rating base). This 

value of H is considered high and is designated as such in the study. 

This value is selected as a reference to which low inertias are compared. 

For the low inertia cases, at the remote synchronous machine, a value of 

H=1.0 S is used (which corresponds to 0.52 S on the generator rating 

base). This value of H, while being on the low side, is not too un­

realistic for small low-head hydro generators. In some studies, inter­

mediate values of H (e.g., H = 4.0S) ar^ used. 

When induction generation is used at the remote location, a 100 MVA 

generator is used with the normal load studies- A value of H=1.0S (on 

machine rating base) is assigned to it, which is consistent with the 

little data available to us on induction generators. For the heavy load 

conditions, two of those generators are assumed to be in use (even though 

they appear as one in the study), and thus the same value of H (on 

machine rating base) is assigned to them. For studies where H is 

different from the normal, H = 0.5 S (on machine rating base, for low H) and 

H= 2.0 S (on machine rating base, for high H) are used. 

When a mix of synchronous and induction generation is used at the 

remote location, the induction machine is exactly as described above, 

i.e., normally rated 100 MVA, H=1.0S. For the synchronous machine, 

however, a machine similar to that of generator No. 3 is used. The 

latter is rated 128 MVA, with a value of H= 3.01 S on 100 MVA base (or 

2.35s on its own base). This value is not varied in this series of studies. 
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B. Transient Stability Analysis 

1. Initial conditions 

Before the transient stability studies are conducted, the initial 

system conditions are established using a load flow computer solution. 

The basic combinations of load level, line length, and bus connection are 

g. 'en in the load flow cases and are used for purely synchronous or 

purely induction remote generation cases. A summary of these cases is 

given ir Table 2. 

Tabl ' 2. Load flow cases for remote synchronous or induction generation 

Case 
Number 

Load 
Level^ 

Line, 
Length" 

Bus 
Connection 

Remote Gen. 
Power 
MW 

Penetration 
Level 
% 

1 N S 6 85 27 

2 H S 6 160 25 

3 N L 6 85 27 

4 H L 6 160 25 

5 N S 8 85 27 

6 N L 8 85 27 

7 H S 8 160 25 

8 E L 8 160 25 

9 The same as LF-5 except for reduced voltage at bus 11 

= normal, H = heavy. 

= short line, L = long line. 
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For the studies where the remote generation is made up of a mix of 

induction and synchronous generation, variations of load flow cases 5-8 

are used to obtain the desired initial conditions. Seven additional load 

flow cases are needed for the range of induction generator parameters, 

and for the configuration and mix of the induction and synchronous 

generation. These are summarized in Table 3. 

Table 3. Additional load flow cases for configuration of Figure 5(b) 

Case 
Number 

Load 
Level 

Induction Gen. Synchronous Gen. 
Tot&l Penetra­
tion Level 

& 

Case 
Number 

Load 
Level 

Bus 
Connection 

Power 
MW 

Bus 
Connection 

Power 
MW 

Tot&l Penetra­
tion Level 

& 

10 N 12 42.5 11 42.5 27 

11 H 12 160.0 11 G 25 

12 H 12 80.0 11 80.0 25 

13 N 12 85.0 11 G 27 

14 N 12 42.5 11 42.5 27 

15 H 12 160.0 11 0 25 

16 H 12 80.0 11 80.G 25 

Tc study the effect of varying the penetration level, namely, the 

fraction of the existing load supplied by the remote generation, addi­

tional load flow cases are needed. These are summarized in Table 4 and 

are for remote synchronous or induction generation. 
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Table 4. Load flow cases for remote synchronous or induction generation 

Case 
Number 

Load 
Level 

Line 
Length 

Bus 
Connection 

Remote Gen. 
Power 
MW 

Penetration 
Level 
Z 

N S 8 40 13 

18 N L ô 40 13 

19 N 3 s 120 38 

20 N L 8 120 38 

21 H S 8 120 19 

22 H L 8 120 19 

23 H S 8 120+120* 38 

24 H L 8 120 + 120 38 

25 H S 5 160 25 

26 H L 5 160 25 

^Two identical generating units are assumed to be in use. 

2, The model used 

For transient stability analysis, a classical representation of 

synchronous generation is used throughout the project. This simple model 

is adequate for this study because only qualitative comparison is needed 

to conduct the desired investigation. The transient behavior of interest 

is the first swing inertial transient. The synchronous machine is thus 

represented by a constant voltage behind a transient reactance such as 

shown in Figure 5. 
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Figure 5. Synchronous machine model. 

AU the loads are represented by constant impedances and the trans­

mission networks are represented by their steady-state, 60 Hz, parameters 

(R, X, and B). 

The corresponding classical model for the induction generator is 

shown in Figure 6(a), where 

r^, r2 = stator and rotor resistances (0.015 pu each) 

X^, X2 = stator and 60 Hz rotor reactances (0.09 pu each) 

X^ = magnetizing reactance (4.0 pu) 

V = the terminal voltage 

s = per unit (pu) slip 

To incorporate the induction generator model in the stability 

program, the initial slip and terminal voltage used are calculated to 
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macch the initial conditions of the network and the induction machine's 

initial torque and power. For convenience, the circuit of Figure 6(a) 

is converted to the equivalent circuit shown in Figure 6(b), where 

Z m 

E' = V + îj^(V^ +jX') 

(3.1) 

(3.2) 

The induction machine is now represented by an equivalent circuit 

similar to that of the synchronous machine except that the voltage E' 

(behind the transient reactance X') is not constant. 

Il 

iTFL 
X„ 

Xm 

V 

(a) 

rsT). 

X" 

(b) 

Figure 6. Induction machine model. 

Ô-
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3. Power network disturbance 

In all of the transient stability studies conducted, the same 

disturbance is used, namely, a three-phase fault cleared at six cycles 

by removing the faulted line with no reclosing. 

4. Parameters under investigation 

"Tie effects of various parameters on the dynamic performance of the 

selected power network are observed. These parameters are; 

the inertia of the remote generation, 

the type of remote generation (synchronous, induction, and 

combination of synchronous and induction), 

the parameters of the remote generator (induction case only) 

the location of the fault (inside the existing power network or 

in the transmission line joining the remote generation to the 

existing power network), 

load level (normal or heavy), 

penetration level, 

the connection of the remote generation to the existing system 

(point of connection, length of line). 

C. Normal Mode and Mode Shape Analysis 

To gain better insight and understanding of the dynamic performance 

of the selected power network, a portion of this research is devoted to 

the study of the system's natural frequencies of oscillation, especially 

the dominant modes of oscillation. The technique used is the small 
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perturbation approached [19,23], from which the system's eigenvalues and 

eigenvectors, for a given operating condition, are computed. 

The study of normal modes and mode shapes is the direct analysis of 

the system's inherent dynamic characteristic. It is a valuable aid to 

the interpretation of simulations, giving valuable insight as to the 

origin of the phenomena observed. 

This portion of the study will cover only the remote synchronous 

generation. The parameters under investigation are the same as those 

covered in part B except that the cases concerning remote induction 

generation are omitted. 
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IV- MATHEMATICAL MODELS 

A. Transient Stability Analysis 

Since our interest is in the so-called "first swing inertia1 

transient," a simple representation of the synchronous machines, i.e., 

constant voltage behind transient reactance, is used. The system con­

figuration is schematically shown in Figure 7. 

Figure 7 shows, in addition to the reference node 0, n-nodes 

representing the n-generators in the existing system, plus node k where 

the new generation is to be located. The network interconnects these 

Network 

P,.. Q 

Figure 7. Schematic representation of the neCifcrk. 
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nodes and includes the load buses. For generator i the terminal voltage 

is V^, the current is I^, the power and reactive power are and Q^, 

the direct axis transient reactance is and the internal voltage 

behind the transient reactance is 

An admittance matrix representing the whole system is formed for a 

particular operating condition and network configuration. All the nodes 

in Figure 7, except the generator internal nodes, are then eliminated 

and the Y-bus admittance matrix is formed. 

1. The models 

a. The synchronous machine The basic equation to be solved, for 

machine i, is of the form [19,24]: 

2 H dw. 

"df ° (4-1) 

where = inertia constant in per unit MW.S/system MVA base 

= angular speed deviation from synchronous speed in 

radian/second 

= rated angular speed in radian/second 

P ., P . = mechanical and electrical power in per unit 
mi ei 

= damping constant 

In this study, the damping d^ is neglected and the mechanical power 

P . is assumed constant. The electrical power P . is calculated at a 
mi ei 
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given instant from the load flow solution o£ the network knowing the 

network constraints and the machine angle, 6^. For the case of constant 

impedance loads, we can show that [19,24] 

^e± ' <"±1 + EiSk ?ik - «1 + «le' 

n 
+ Z E, E. Y cos (6., - 6. +6.) (4.2) 

j _2 ^ J 1 ] 

j9^i 

where ï^i y/Gii = 

= driving point admittance at node i 

"id 

= transfer admittance between nodes i and j 

For the induction generator, the equivalent circuit shown in Figure 

6(b) is similar to the model used for synchronous machines, i.e., a 

voltage source behind a transient reactance. The only difference is that 

the voltage E' behind the transient reactance X of the induction machine 

is not constant, i.e., it varies with the slip s. Since s varies with 

time, the value of has to be computed and updated for every time step 

of calculation. Thus we can use the same form of equations that has been 

developed for the synchronous machine, i.e., equations (4.1) and (4.2). 

2. Relative motion of new generation with respect to the existing system 

In conventional stability studies, time solutions of the generator 

angles, 6^, are obtained. This is augmented with the investigation of 
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the relative motion of the new generator with respect to the motion of 

the inertial center of the machines in the existing system (6). 

By examining this relative motion, greater insight can be obtained 

as to the effect of the various factors on the first swing stability. 

The position of the inertial center 6 is given by 

- 1 n 
6 = é S H. Ô. (4.3) 

H i=l 1 1 

where H = Z  H. 
i=l ^ 

dô^ 
Using equation (4.2) in equation (4.1) with d^ = 0, ^ 

^ci ^mi " ̂i^^ii' \j ^i^j^ij' ®ij = "5^ - , we have 

2H^ d^ô^ 

Wr ^J.2 ^ci " ̂ik ^®ik ~ ̂ ik^ 

n 
- Z A.. cos (0.. - Ô ) (4.4) 
j=l 

By adding the set of equations (4.4) for i=l,2,...,n, and using 

equation (4.3), the equation of motion of the inertial center is 

obtained 

Ï 3=Ji -1 
n n 

-I E A., cos (6.. - 6..) (4.5) 
i=l j=l 

2 ^  
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The equation of motion of the remote machine at node k can be 

written as 

2BL n 
(4.6) 

By subtracting equation (4.5) from equation (4.6) and rearranging, 

we have 

^ck 1 -

+ g Ajk <W 

n n 
+ — Z Z A . cos (6..-Ô..) 
H i=l 3=1 

(4.7) 

Since A.. = A... 6.. =0.., and 6., = -6.., equation (4.7) can be 
JA iJ JJ- ij Ji 

rearranged as 

— ( 5 . - Ô )  =  fsh.i : p 

«k i i< 

n 
- Z 

3=1 
^ \j (®ki ~ \j^ " H ^®kj ^kj^ 

n n 
+ — Z Z A.. (cos 6^ . cos 6^ .+sin 6,. sin ô_,.) (4.8) 

j=l 

jfi 

H i=i j=i 

For any square, symmetric matrix having dimensions (nxn), 

n n 
Z Z is the sum of the off-diagonal elements and the subscripts 1 and j 
i=l j=l 
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of these elements are reversed in values, i.e., vs. therefore 

A.. (cos 6.. cos 6.. + sin 9.. sin 6..) 
ij Ij ij iJ ij 

+ A.. (cos 6.. cos Ô.. + sin 0.. sin 6..) 
]1 

= A.. (cos 0.. cos 5.. + sin 0,. sin 6..) 
± 3  I J  i j  I J  1 ]  

+ A.. (cos 0.. cos S . .  -  sin 0.. sin ô..) 
1] 1] ij iJ 

= 2 A.. cos 0.. cos 6.. 
1] 1] 

= 2 A.. cos Ô,. 
13 ij 

where A ^ ^ A,. cos 0.. 
iJ i] 1] 

Therefore 

. n n ^ n-1 n 
— E Z A.. cos (0..-Ô .) = — S Z 2 A.. cos ô . (4.9) 
a i=i j=i H i^a, j.i+i " 

jA 

The right hand side of equation (4.9) is the summation of the off-

diagonal elements by row-order. 

By using equation (4.9) in equation (4.8) we have 

2 d^ T, f^ck 1 

"R 

n 
- Z 

3=1 

n-1 n 
+  Z  Z  — A . ,  cos 6.. (4.10) 
i=i j.i+1 H 

Examining the various terms in equation (4.10) we note that; 
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1. The last term in equation (A.10) represents the synchronizing 

forces among the machines in the existing system. Its size is 

indicative of the influence of the disturbance on these machines. 

The smaller the term, the more coherent the motion of this 

group of machines with respect to the motion of the remote 

machine. 

2. The size of the swing (5^- 6) is a better indication of the 

stability of the new generation, with respect to the existing 

system, for a given disturbance. The third term (involving Aj^j) 

represents the synchronizing forces between the remote machine 

and the machines in the existing system. It is indicative of 

the interaction between the two groups of machines. 

3. The various influences can be analyzed for different values of 

the parameters under investigation, i.e., load level, 

penetration level, etc. 

We note that in both equations (4.5) and (4.10) there are terms 

indicative of the interaction between the new and the old generation; 

these have parameters with subscripts k,j or k,i. The terms with i,j 

subscripts, however, are indicative of the impact of the disturbance on 

the machines of the existing system. 

If the remote generation consists of two generating units, such as 

the case of mixed synchronous and induction generation, we can write 

the equations of motion of the two machines as 
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2iL 

T" " ̂ckl " \lk2 ^®kl k2 " k2^ 
U)R dt 

n 
- E A,,, cos (6.(4.11.a) 
jfi 4cij 

and 

2Hk2 4 a 

"R 
dt 

k2 
2~ '" ^ck2 " \2 kl ^®k2 kl - '^k2 kl^ 

\2j (®k2j " °k2j) 
/ / .  ll.b) 

From equation (4.5), the equation of motion of the irertial center 

can be written as 

— W" ^ci - *ikl "=°= 
dt 1=1 1=1 

*ik2 ^®ik2"*^ik2^ 
1=1 

n n 
- Z Z A., cos (0 -Ô .) (4.12) 

i=l j=l J 

jfi 

By subtracting equation (4.12) from equations (4.11.a) and (4.ll.b) 

and rearranging, we can. show that 
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dc2 (Gkl-*) - ( - a Pci 

n 
- Z 
j=l 

\i.i (®kij " "^kij^ " H \ij (^kij + a^j) 

1 n-1 n 
+ — Z Z 2 A.. cos 6.. 

H 1=1 i=i+i 

\l k2 cos (8^ k2 " "^kl k2^ 

g ^ik2 (®ik2 " ̂ikz) 
(4.13) 

and 

ck2 

w : Ji 

n 
- Z ——A, cos (9, „.-ô, „.) 

KXJ KXJ j=lL"k2 ""J 

_ n—1 n ^ 
+ — Z Z 2 A .. cos 5.. 

H i=l i=i+l ^ 

" H \2j (^k2j'*''^k2j) 

4c2kl ^®k2kl"'^k2kl^ 

H ifi ^ikl '®ikl ^ikl) 
(4.14) 

B. Linearized Equations for Eigenvalue Analysis 

The swing equation of machine i in an n-machine power system can be 

written as 
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2 H. d^ô. 
1 X 

- fei (4,15) 

"R 

n 

3=1 ^ j 
Y .  E.E.B.. sin ô.. 

i,j=l,2,. • « ,11 (4.16) 

where n is the totzl number of machines, including the remote machine. 

If the system is subjected to a small perturbation, the generator 

rotor positions will be slightly displaced from their quiescent values. 

Denoting the quiescent rotor position by subscript o, and the change in 

that position by the subscript A, the new rotor angles are then given by 

(4.17) 

and 

(4.18) 

From equation (4.18), and using the approximations 

(4.19) 

and 

(4.20) 
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we can show that 

cos = cos sin <4.21) 

and 

sin = sin 6.^) + cos (4.22) 

substituting equations (4.21) and (4.22) in equation (4.16), we get 

dt 

cos - («ii- «,&) sin («10-Sjo) 

jl'i 

Vl ®ij "io" '5jo> + "la- 4jA) (^io-^jo)] 

j3^i 

i=l,2,...,n (4.23) 

From steady-state condition. 

- Ei'Cii - :i:j =y «io'-jo^ 

- .1^ ̂ i^j ®ij (^io-^jo) = ° (4-24) 

j#i 

Consequently equation (4.23) is simplified to 
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^  i H  

j:/i"j=ij "io-«jo>«iA-V 

jA 

X~"X (4.25) 

Equation (4.25) can be rewritten as 

"l " «iA 

dt 
^iEj Gy sin (S.„- 5.„) - E. E. B^. cos («„-6,,) «iA 

' ^3 % «10 - %o) «jA + "io - 'jo)'jA 

jf'i j?«i 

X 1)2;...^n (4.26) 

which can be written in matrix form as 

— •" 

1 
" 

< 
®ij 

+ «iA 
= 

2H. .. 

^ *14 
(4.27) 

where [g^j] = (nxn) matrix having elements g^^ 

° -^1 ®i3 '•\o - 3jo) (4.27.a) 

Sil = jfi Bi::j Gij si* (Sio-Sjo) = Sij (4.2?-^) 

jî^i 
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[ ] = (n X n) matrix having elements b^^ 

(4.27.C)  

tii = -.Zi :i:j Bij CO: (*io- Gjo) 

jfi 

n 
- l b .  
j=l ij 

(4.27.d) 

For the system without phase shifters. 

and 

"ij - °ji 

Also 

and 

sin ( 6 - 6 .  ) = -sin (6. -5. ) 
lO JO ]0 ic 

cos (6 . - Ô . ) = cos (6. - Ô . ) 
XO JO JO lO 

Hence 
^ij Hi 

and 

"ij ' bji (4.28) 

It follows that [g^j] is a skew-symmetric matrix and [b^^] is a 

symmetric matrix. Since the conductance terms of a power system are 

usually small compared to the susceptance terms, [g^j] can be neglected, 

which simplifies the calculation considerably. 

Equation (4.27) can be simplified to 

f!i 

WR *iA 
(4.29) 
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2Hi 
Dividing each indivisual equation by the corresponding —— gives 

Â 6^ = 5^ (4.30) 

where 

ay = ̂  by (4.30a) 

Equation (4.30) is in the proper form of an eigenvalue problem. Now 

the calculation of normal modes and mode shapes can be expressed as an 

eigenvalue problem by using the technique described in references 

[19,23]. 

Let the incremental rotor angle oscillations be described by 

6^ = y sin (wt) (4.31) 

where ô and y are vectors of dimension n, then 

5^ = yw cos (u3t) (4.32) 

and 0^ = -yio^sin (ut) (4.33) 

Substituting equations (4.31) and (4.33) in equation (4.30) 

-2 
A TJ sin (wt) = -p w sin (ut) 

or 

(A + 0)^ I) u sin (wt) = 0 (4.34) 

where Ï is an (nxn) identity matrix. 

If equation (4.34) is to be valid for all values of t, then 



www.manaraa.com

37 

(Â + (jj^ î) y = 0 (4.35) 

musc be satisfied. 

If the eigenvalues X. and the eigenvectors y are found such that 

(Â - Aj Ï) pj = 0 (4.36) 

then the natural frequency of oscillations (normal modes) are given by 

of the generator rotor oscillations at a given frequency (mode shape) as 

shown by equation (4.31) and they also indicate the relative velocity 

deviations as shown by equation (4.32). 

The influences of different parameters on the normal modes and mode 

shapes will be investigated. The parameters under investigation will be 

similar to those used in the transient stability studies. 

w. 
3 

(4.37) 

The corresponding eigenvectors indicate the relative amplitudes 
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V. QUALITATIVE ANALYSIS OF TRANSIENT AXD DYNAMIC SYSTEM BEHAVIOR 

A. Transient Stability 

1. Stability criteria 

For the case of all synchronous machines, the stability of the 

generators is decided by examining their rotor angles, or the angles of 

their internal voltages. For stability, the angle between each pair of 

machines reaches a peak value during the transient and then decreases. 

If any of these angle differences increases indefinitely, the system, 

by definition, is unstable since at least one machine loses synchronism 

* 
with the rest of the system. 

When there is an induction generator at the remote location, the 

stability concept is not applicable. However, it is easy to detect 

situations of "unfeasible" operation, when the machine slip increases 

indefinitely and the internal voltage "collapses." These situations 

will be called "unstable" for easy reference, even though the meaning of 

instability will be somewhat different from loss of synchronism. 

2. Effect of disturbance on remote generation 

Tlie effect of disturbance on remote s]mchronous machines can be 

observed from the relative position of the rotor of the remote generator 

with respect co the positions of the rotors of the existing machines, 

namely, relative position and the 

In the transient stability program, the run is aborted if the angle 
exceeds a prescribed value. 
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relative acceleration of the rotor of the remote machine with respect 

to the inertial center of the existing machines, namely, (6 - Ô) and 

are also good indicators of the effect of disturbance on 

synchronous remote generation. 

For the remote induction richine, the effect of disturbance can be 

observed from the slip and the internal voltage. 

3. Effect of disturbance on existing machines 

The terms that are indicative of the effect rî disturbance on the 

existing machines are the motion of the inertial center (5 and 5) and the 

synchronizing forces among the existing machines 

n n 
S Z A.. cos (6.. - Ô..) 
i=i j=i 

4. Interaction between remote and existing generators 

The terms that are indicative of the interaction between remote and 

existing generators are the synchronizing forces between the remote 

generator and the existing generators 

ZA.^cos 

z _ = 
By comparing these terms ((ô^^ô^), (5^- Ô) , (ô^- ô) , 5, 6, ^ , 

and A^) the effects of inertia of the remote generation, as well as 

other parameters, on the dynamic performance of the power system can be 

observed and summarized. 
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B. Tools of Analysis 

1. Transient stability analysis 

Two main computer programs are used for transient stability analysis: 

the "transient stability program" and the "stability analysis program." 

A brief description of the functions of these programs is given below. 

a. Transient stability program The transient stability program 

is a modified version of the Philadelphia Electric Power System Stability 

Computer Program [25], available at the Iowa State University Power System 

Computer Service. For a given network configuration and parameters, 

initial operating conditions, and for a given disturbance, the program 

obtains a time solution of the generators' rotor positions, powers, 

voltages, etc.; and flows ia "monitored" lines. The program permits 

sc/eral models for the machines, loads, and control equipment (only the 

classical models are used for this project). It can also provide plots 

of selected quantities obtained in the solution. 

b. Stability analysis program ("STANAL") The stability analysis 

program makes an analysis of the interaction between a selected group of 

generators (usually one or two remote machines), and the rest of the 

generators in the system (existing generators). The former group can be 

synchronous, induction, or both. The latter group is assumed to be 

made up on synchronous generators. 

The Philadelphia Electric Transient Stability Program is modified to 

output the data required by the stability analysis program. These data 

include the system bus admittance matrix, machine parameters, and 

machine rotor angles at each time step. 
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The STANAL program performs the computer calculations specified by 

the equations in section A of Chapter IV. The results of these calcula­

tions are tabulated and plotted. The STANAL program accomplishes the 

following: 

1. Formation of the system bas admittance matrix and reduction of 

the matrix to the internal generator nodes. 

2- For each time step, calculation of: 

i. The inertial center of the "existing" system and the angle 

of each generator with respect to that inertial center 

(equation (4.3)). 

ii. The acceleration of the inertial center of the "existing" 

system and the relative acceleration of each generator with 

respect to the inertial ce.cer (equations (4.5), (4.10), 

(4.13), and (4.14)). 

iii. Each term of the previously mentioned equations separately ; 

to show the effect of each term as it relates to the "new" 

generator. 

2. Eigenvalue analysis 

For the linearized analysis, a third computer program called 

"CTLMAT" is used. This program is available at the Iowa State University 

Power System Computer Service. It can perform several real matrix 

operations and it can accommodate a (30x30) matrix, having up to 900 

elements. It is used in this research to find the eigenvalues and eigen­

vectors of the characteristic matrix A (equations (4.30) and (4.35)). 

The procedure is as follows. 
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The internal voltages and E. and the elements Y.. and 6. . of 
^3 1] 1] 

the reduced admittance matrix of the fault cleared network are obtained 

from the STANAL prograji. while the initial rotor angles 6^^ and 6^^ are 

obtained from the transient stability program. These are used to 

calculate the elements a.. of matrix A. 
ij 

= 2iq 

= 2^ "io-V 

° 2H^ 

After the matrix A is formed, the eigenvalues and the eigenvectors 

are obtainable from the CTLMAT program. 

A sample calculation of a., and the formation of matrix A is shown 

in Appendix A. 
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VI. TRANSIENT STABILITY ANALYSIS 

A. Scope of the Analysis 

Three series of studies were conducted, with each series devoted to 

one type of remote generation, i.e., synchronous, induction, or a mix of 

synchronous and induction generation. For each series, the system 

parameters were varied, and their effects on the system transient per­

formance were studied. 

The system parameters varied were: 

The existing network bus to which the remote generation is 

connected (this variation was used only for the synchronous 

generation case). 

• The location of the fault: external to the existing network or 

inside it, and close to or far from the remote generation. 

• The inertia of the remote generation. 

The system load level: normal or heavy. 

The penetration level, i.e., the ratio of the remote ger:eration 

to the system load. 

The type of remote generation (synchronous, induction, and 

combination of synchronous and induction). 

The length of the transmission lines connecting the remote 

generation to the existing network. 

The parameters of the remote generation (this variation was 

used only in the induction generation case). 

The series of studies conducted were: 

1. Synchronous generation at remote location 
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a. Series ST for "external" faults: 

studies ST-1 through ST-16 were conducted for bus 

6 connection, 

studies ST-17 through ST-36 were conducted for bus 

8 connection, 

studies ST-26A, 301, 46C, 56, 73, and 80 were con­

ducted to determine the critical inertia required 

by the remote generation for transient stability, 

studies ST-57 through ST-72 were conducted to 

determine the effect of variation in penetration 

level (between 13 and 38 percent). 

These studies are listed in Tables 5, 6, and 7. 

b. Series SR for "interral" faults: 

studies SR—1 through SR—25B were made for bus 6 

connection. 

These studies are listed in Table 8. 

Induction generation at remote location (Series SM): 

a. studies SM-1 - SM-16 were made for bus 8 connection, 

b. study SM-17 was made for bus 6 connection. 

These studies are listed in Table 9. 

Combination of synchronous and induction generation at 

remote location (Series SI): 

a. studies SI-1 through SI-22 were made for bus 8 connection 

and for the network configurations shown in Figure 4. 

These studies are listed in Table 10. 
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Table 5. Synchronous generator - ST Series 

Case New Generation Load Length of New 
Join the Existing Flow Transmission Lines 
System at Bue No, Case 

ST-1 6 LF-1 short 

ST-2 6 LF-1 short 

ST-3 6 LF-1 short 

ST-4 6 LF-1 short 

ST-5 6 LF-2 short 

ST-6 6 LF-2 short 

ST-7 6 LF-3 long 

ST-8 6 LF-3 long 

ST-9 6 LF-3 long 

ST-10 6 LF-3 long 

ST-11 6 LF-2 short 

ST-12 6 LF-2 short 

ST-13 6 LF-4 long 

ST-14 6 LF-4 long 

ST-15 6 LF-4 long 

ST-16 6 LF-4 long 

ST-17 8 LF-5 short 

ST-18 8 LF-5 short 

Load 
Level 

H, to 
100 MVA 

Base, sec 

Fault Condition 
Location, 
Bus No. 

normal high, 6.4 10 stable 

normal low. 1.0 10 stable 

normal high. 6.4 6 stable 

normal low, 1.0 6 stable 

heavy high, 6.4 10 stable 

heavy low, 1.0 10 unstable 

normal high, 6.4 10 stable 

normal low. 1.0 10 stable 

normal high. 6.4 6 stable 

normal low, 1.0 6 stable 

heavy high. 6.4 6 stable 

heavy low. 1.0 6 unstable 

heavy high, 6.4 10 stable 

heavy low. 1.0 10 unstable 

heavy high. 6.4 6 stable 

heavy low. 1.0 6 unstable 

normal high, 6.4 10 stable 

normal ]ow. 1.0 10 stable 
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ST-19 8 LF-5 short 

ST-20 8 LF-5 short 

ST-21 8 LF-6 long 

ST-2 2 8 LF-6 long 

ST-2 3 8 LF-6 long 

ST-24 8 LF-6 long 

ST-25 8 LF-7 short 

ST-26 8 LF-7 short 

ST-2 7 8 LF-7 short 

ST-2 8 8 LF-7 short 

ST-29 8 LF-8 long 

ST-30 8 LF-8 long 

ST-31 8 LF-8 long 

ST-32 8 LF-8 long 

ST-33 8 LF-8 long 

ST-34 8 LF-8 long 

ST-35 8 LF-7 short 

ST-36 8 LF-7 short 

normal high, 6.4 8 stable 

normal low, 1.0 8 stable 

normal high, 6.4 10 stable 

normal If V , 1.0 10 stable 

normal high. 6.4 8 stable 

normal low. 1.0 8 stable 

heavy Mgh, 6.4 10 stable 

heavy low, 1.0 10 unstable 

heavy high. 6.4 8 stable 

heavy low. 1.0 8 unstable 

heavy high. 6.4 10 stable 

heavy low. 1.0 10 unstable 

heavy high, 6.4 8 stable 

heavy low, 1.0 8 unstable 

heavy medium. 4.0 10 stable 

heavy medium. 4.0 8 stable 

heavy medium, 4.0 10 stable 

heavy medium. 4.0 8 stable 
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Table 6 . Synchronous generator - ST Series - critical inertia 

Case New Generation 
Join the Existing 
System at Bus No. 

Load 
Flow 
Case 

Length of New 
Transmission 

Lines 

Load 
Level 

H, to 
100 MVA 

base, sec 

Fault 
Location, 
Bus No. 

Condition 

ST-26A 8 LF-7 short heavy 1.44 10 marginally stably 

ST-30I 8 LF-8 long heavy 3.49 10 marginally stable 

ST-46C 6 LF-4 long heavy 3.69 10 marginally stable 

ST-56 6 LF-2 short heavy 1.44 10 marginally stable 

ST-73 5 LF-25 short hgavy 1.44 10 marginally stable 

ST-80 5 LF-26 long heavy 3.58 10 marginally stable 
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Table 7. Synchronous generator - ST series - variation of penetration level^ 

Case New Generation Load 
Join Existing Flow 
System @ Bus if Case 

Length of New Load 
Transmission Level 

Lines 

H, to 
100 MVA 
base. sec 

Fault Condition Penetration 
Location, Level, 
Bus No. Percent 

ST-57 8 LF-17 short normal high, 6.4 10 stable 13 
ST-58 8 LF-17 short normal low. 1.0 10 stable 13 
ST-59 8 LF-18 long normal high, 6.4 10 stable 13 
ST-60 8 LP-18 long normal low. 1.0 10 stable 13 
ST-61 8 LF-19 short normal high, 6.4 10 stable 38 
ST-61A 8 LF-19 short normal 1.44 10 stable 38 
ST-62 8 LF-19 short normal low. 1.0 10 stable 38 
ST-6 3 8 LF-20 long normal high. 6.4 10 stable 38 
ST-64 8 LF-20 long normal low, 1.0 10 unstable 38 
ST-64A 8 LF-20 long normal 3.69 10 stable 38 
ST-6 5 8 LF-21 short heavy high. 6.4 10 stable 19 
ST-65A 8 LF-21 short heavy 1.44 10 stable 19 
ST-66 8 LF-21 short heavy low, 1.0 10 stable 19 
ST-67 8 LF-22 long heavy high, 6.4 10 stable 19 
ST-68 8 LF-22 long heavy low. 1.0 10 unstable 19 
ST-68A 8 LF-22 long heavy 3.69 10 stable 19 
ST-69 8 LF-23 short heavy high. 6.4 10 stable 38 
ST-70 8 LF-23 short heavy low. 1.0 10 unstable 38 
ST-70A 8 LF-23 short heavy 1.44 10 unstable 38 
ST-71 8 LF-24 long heavy high, 6.4 10 unstable 38 
ST-7 2 8 LF-24 long heavy low, 1.0 10 unstable 38 

^Penetration level la the fraction of the system load that is supplied by the remote generation. 
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Table 8. Synchronous generator - SR Serleo - faults located inside the existing system 

Case New Generation Load Length of New Load H, to Fault Condition 
Joins Existing Flow Transmission Level 100 MVA Location, 
System 0 Bus // Case Lines base. sec Bus No. 

SR-1 6 LF-1 short normal high, 6.4 6 (6-4)* stable 
SR-2 6 LF-1 short normal low, 1.0 6 (6-4) stable 
SR-3 6 LF-2 short heavy high. 6.4 6 (6-4) stable 
SR-4 6 LF-2 short heavy low. 1.0 6 (6-4) unstable 
SR-4A 6 LF-2 short heavy 1.44 6 (6-4) stable 
SR-5 6 LF-3 long normal high, 6.4 6 (6-4) stable 
SR-6 6 LF-3 long normal low, 1.0 6 (6-4) stable 
SR-7 6 LF-4 long heavy high, 6.4 6 (6-4) stable 
SR-8 6 LF-4 long heavy low. 1.0 6 (6-4) unstable 
SR-BA 6 LF-4 long heavy 3.69 6 (6-4) stable 
SR-9 6 LF-4 long heavy high, 6.4 6 (6-9) stable 
SR-10 6 LF-4 long heavy 3.69 6 (6-9) stable 
SR-11 6 LF-2 short heavy high. 6.4 6 (6-9) stable 
SR-12 6 LF-2 shot . heavy 3.69 6 (6-9) stable 
SR-13 6 LF-2 short heavy 1.44 6 (6-9) stable 
SR-13A 6 LF-2 short heavy low. 1.0 6 (6-9) unstable 
SR-14 6 LF-2 short heavy high. 6.4 9 (9-6) stable 
SR-15 6 LF-2 short heavy 3.69 9 (9-6 stable 
SR-16 6 LF-2 short heavy 1.44 9 (9-6) stable 
SR-16A 6 LF-2 short heavy low. 1.0 9 (9-6) stable 
SR-17 6 LF—4 long heavy high, 6.4 9 (9-6) stable 
SR-17A 6 LF-4 long heavy 3.69 9 (9-6) stable 
SR-17B 6 LP-4 long heavy high. 6.4 9 (9-8) stable 
SR-17C 6 LF-4 long heavy 3.69 9 (9-8) stable 
SR-17D 6 LF-2 short heavy 1.44 9 (9-8) stable 
SR-17E LF-2 short heavy 3.69 9 (9-8) stable 
SR-17F LF-2 short heavy high, 6.4 9 (9-8) stable 
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SR-17G 6 LF-2 short 
SR-18 6 LF-2 short 
SR-18A 6 LF-2 short 
SR-18B 6 LF-2 short 
SR-19 6 LF-2 short 
SR-19A 6 LF-2 short 
SR-19B 6 LF-2 short 
SR-20 6 LF-2 short 
SR-20A 6 LF-2 short 
SR-20B 6 LF-2 short 
SR-21 6 LF-2 short 
SR-21A 6 LF-2 short 
SR-21B 6 LF-2 short 
SR-22 6 LF-2 short 
SR-22A 6 LF-2 short 
SR-22B 6 LF-2 short 
SR-23 6 LF-2 short 
SR-23A 6 LF-2 short 
SR-23B 6 LF-2 short 
SR-24 6 LF-2 short 
SR-24A 6 LF-2 short 
SR-24B 6 LF-2 short 
SR-25 6 LF-2 short 
SR-25A 6 LF-2 short 
SR-25B 6 LF-2 short 

^Fault located at Bus 6 In the transmission 

heavy low, 1.0 9 (9-8) stable 
heavy 1.44 5 (5-4) stable 
heavy low. 1.0 5 (5-4) stable 
heavy high. 6.4 5 (5-4) stable 
heavy 1.44 5 (5-7) stable 
heavy low. 1.0 5 (5-7) stable 
heavy high. 6.4 5 (5-7) stable 
heavy 1.44 7 (7-5) stable 
heavy low. 1.0 (7-5) stable 
heavy high. 6.4 7 (7-5) stable 
heavy 1.44 7 (7-8) stable 
heavy low, 1.0 7 (7-8) stable 
heavy high. 6.4 7 (7-8) stable 
heavy 1.44 4 (4-5) stable 
heavy low. 1.0 4 (4-5) stable 
heavy high. 6.4 4 (4-5) stable 
heavy 1.44 4 (4-6> stable 
heavy low, 1.0 4 (4-6) stable 
heavy high, 6.4 4 (4-6 stable 
heavy 1.44 8 (8-7) stable 
heavy low. 1.0 8 (8-7) stable 
heavy high. 6.4 8 (8-7) stable 
heavy 1.44 8 (8-9) stable 
heavy low, 1.0 8 (8-9) stable 
heavy high. 6.4 8 (8-9) stable 

lines joining Bus 6 to Bus 4. 
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Table 9. Induction generator - SM Series 

Case New Gen. Load Length of Load Fault 
Induction Gen. Parameter 

Initial Comment 
Joins Exist­
ing System 
at Bus No. 

Flow 
Case 

New Trans. 
Line 

Level Loca­
tion at 
Bus No. 

H, to 
100 MVA 
base, sec 

^2 
pu 

t*do 
sec 

Slip 
% 

SM-1 8 LF-5 short normal 10 1.0 0.015 0.7233 1.2605 stable 

SM-2 8 LF-5 short normal 10 0.5 0.015 0.7233 1.2605 unstable 

SM-3 8 LF-5 short normal 10 2.0 0.015 0.7233 1.2605 stable 

SM-4 8 LF-5 short normal 10 1.0 0.045 0.2411 3.7815 stable 

SM-5 8 LF-9 short normal 10 1.0 0.015 0.7233 1.5910 stable 

SM-6 8 LF-5 short normal 10 0.5 0.045 0.2411 1.5910 stable 

SM-7 8 LF-5 short normal 10 2.0 0.045 0.2411 3.7815 stable 

SM-8 8 LF-5 short normal 8 0.5 0.015 0.7233 1.2605 unstable 

SM-9 8 LF-5 short normal , 8 1.0 0.015 0.7233 1.2605 stable 

SM-10 8 LF-5 short normal 8 2.0 0.015 0.7233 1.2606 stable 

SM-11 8 LF-5 short normal 8 0.5 0.045 0.2411 3.7815 stable 

SM-12 8 LF-5 short normal 8 1.0 0.045 0.2411 3.7805 stable 

SM-13 8 LF-5 short normal 8 2.0 0.045 0.2411 3.7805 stable 

SM-14 8 LF-b long normal 10 1.0 0.015 0.7233 1.2605 unstable 

SM-I5 8 LF-7 short heavy 10 2.0 0.0075 0.7233 1.1840 unstable 

SM-16 8 LF-8 long heavy 10 2.0 0.0075 0.7233 1.1840 unstable 

SM-17 6 LF-1 short normal 10 1.0 0.015 0.7233 1.2605 stable 
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Table 10. Synchronous and induction generators - SI Series 

Case No. New Generation Load Length of Load Fault 
Joins the Existing Flow New Trans. Level Location 
System at Bus No. Cases Line at Bus No. 

SI-1 8 LF-5 short normal 10 

SI-2 8 LF-5 short normal 10 

SI-3 8 LF-5 short normal 10 

SI-4 8 LF-5 short normal 10 

SI-5 8 LF-10 short normal 10 

SI-6 8 LF-10 shore normal 10 

SI-7 8 LF-11 short heavy 10 

SI-8 8 LF-12 short heavy 10 

SI-9 8 LF-13 long normal 10 

SI-10 8 LF-14 long normal 10 

SI-11 8 LF-15 long heavy 10 

SI-12 8 LF-16 long heavy IC 

SI-13 8 LF-11 short heavy 10 

SI-14 8 LF-13 long normal 10 

SI-15 8 LF-15 long heavy 10 

SI-16 8 LF-16 long heavy 10 

SI-17 8 LF-11 short heavy 10 

SI-18 8 LF-15 long heavy 10 

SI-19 8 LF-16 long heavy 10 

SI-20 8 LF-11 short heavy- 10 

SI-21 8 LF-15 long heavy 10 

SI-22 8 LF-15 long heavy 10 
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Synch. Generator Induction Generator 
Parameter Parameter _ , 

Condition 
H, P, Bus H, T2 t'do Initial P, Bus 
sec MW Conn. sec pu sec slip, % MW Conn. 

3.01 0 11 1.0 0.015 0.7233 1.2605 85 11 stable 

3.01 42. .5 11 1.0 0.015 0.7233 0.6237 42. .5 11 stable 

3.01 0 11 0.5 0.015 0.7233 1.2605 85 11 stable 

3.01 42. 5 11 0.5 0.015 0.7233 0.6237 42. 5 11 stable 

3.01 

C
M
 

5 11 1.0 0.015 0.7233 0.6751 42. 5 12 stable 

3.01 42. 5 11 0.5 0.015 0.7233 0.6751 42. 5 12 stable 

3.01 0 11 0.5 0.0075 0.7233 1.4623 160 12 unstable 

3.01 80 11 0.5 0.015 0.7233 1.3144 80 12 stable 

3.01 0 11 0.5 0.015 0.7233 1.3796 85 12 unstable 

3.01 42. 5 11 0.5 0.015 0.7233 0.6617 42. 5 12 stable 

3.01 0 11 0.5 0.0075 0.7233 1.4689 160 12 unstable 

3.01 80 11 0.5 0.015 0.7233 1.3089 80 12 unstable 

3.01 0 11 1.0 0.0075 0.7233 1.4623 160 12 unstable 

3.01 0 11 1.0 0.015 0.7233 1.3796 85 12 stable 

3.01 0 11 1.0 0.0075 0.7233 1.4689 160 12 unstable 

3.01 80 11 1.0 0.015 0.7233 1.3089 80 12 unstable 

3.01 0 11 2.0 0.0075 0.7233 1.4623 160 12 unstable 

3.01 0 11 2.0 0.1075 0.7233 1.4689 160 12 unstable 

3.01 80 11 2.0 0.015 0.7233 1.3089 80 12 stable 

3.01 0 11 4.0 0.0075 0.7233 1.4623 160 12 stable 

3.01 0 11 4.0 0.0075 0.7233 1.4689 160 12 unstable 

3.01 0 11 8.0 0.0075 0.7233 1.4689 160 12 marginally 
stable 
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B. Numerical Results 

T/pical results from the series of studies listed in Tables 5 

through 10 are given in Appendices B-G (Figures 8-451). Reference [20] 

contains a complete set of the series listed in Tables j, 9, and 10. 

The effect of variation of system parameters on the dynamic 

performance of the power network can be grouped in four main areas for 

detailed examination: 

• The effect of the disturbance on the overall power network, 

both existing system and added remoce generation. The criterion 

used is transient stability. 

• The effect of the disturbance on the remote generation. The 

factors examined pertain to the relative motion of the rotor(s) 

of the remote generation, e.g., relative angles and accelera­

tions, and, for the induction generation cases, slip and 

internal voltage. 

• The effect of the disturbance on the generators of the existir g 

system. The factors examined are the collective mofion of the 

generators of the existing system (their inertial centers) and 

the mutual interaction among those generators. 

The mutual interaction between the new generation and the 

machines of the existing system, following the disturbance. 

A summary of the findings is given below. 

1. Transient stability 

a. Remote synchronous generation When the remote generation 

is made up of synchronous machines and the faults are located in the 



www.manaraa.com

55 

transmission line joining the remote generation to the existing system 

and the penetration level is not greater than 27 percent, instability 

occurs only at heavy load and low inertia situations (Cases ST-6, 12, 

14, 16, 26, 28, 30, and 32). From the listing in Table 5, the fault 

location, the length of the transmission lines to the remote generation, 

and the point of connection to the existing network have very little 

influence. When the inertia is increased from H=1.0 to H=4.0 or 6.4, 

for identical network configuration and disturbance, the system becomes 

stable, as is evident from comparing Case ST-26 to Cases ST-35 and 

ST-25. 

Even though the influence of the length of the transmission lines 

to the remote generation does not show in Table 5, its influence shows 

up clearly in Table 6. The data in this table concentrate only on the 

heavy load level, fault on bus 10, and penetration level of 25 percent. 

Table 6 clearly shows that, for the same disturbance, long trapemission 

line (120 miles) requires much higher inertia constant, H, than short 

transmission line (40 miles) for stability to be maintained. This is 

evident from comparing Case ST-36A to Case ST-30I and Cast ST-46C to 

Case ST-56. Table 6 also confirms the observation made earlier (from 

discussion of Table 5) that the point of connection to the existing 

network has very little influence. This is evident from comparing Case 

ST-26A (bus 8 conae^tion) to Case ST-56 (bus 6 connection) or Case ST-73 

(bus 5 connectlon). These three cases require identical critical inertia 

of H=1.44. The critical inertia requirement for the other three re­

maining cases for long transmission line varies only slightly from 
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H=3.49 (Case ST-30I, bus 8 connection) to H=3.69, (Case ST-46C, bus 6 

connection). 

The influence of the penetration level can be observed from Table 7. 

High penetration level (38 percent), long transmission line, and low 

inertia can cause instability even at normal load level (Case ST-64). By 

reducing the length of the transmission line, the power network became 

stable (Cas2 ST-62). Stability can also be maintained by reducing the 

penetration level, e.g., by comparing Case ST-64 to Case ST-22. This is 

as expected because the higher the penetration level, the higher the 

loading of the remote machine and the weaker becomes its synchronizing 

forces to the existing machines. For example, under normal load condi­

tion, when the penetration level is increase^ from 27 percent to 38 

percent, the generation of the remote machine increased from 85 MW 

(neglecting transmission line loss) to 120 MW. 

The combination of heavy load level and low inertia is even more 

detrimental to the stability of the overall power network and especially 

to the remote machine itself. At 25 percent penetration level, the 

output of the remote machine must be 157 MW which is 96 percent of its 

rating. Under this operating condition, the power network became un­

stable for this disturbance (Cases ST-26 and ST-30). By raducing the 

penetration level to 19 percent, the remote machine is operated at 43 MW 

below its rating. This operating condition is still not enough to 

maintain stability after the disturbance, if the transmission line to 

the remote generation is long (Case ST-68). However, the power network 

became stable if the transmission line is short (Case ST-66). Indeed, 
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the influence of the transmission line on the stability of the remote 

generation is clearly shown again. 

When the fault is located outside the existing power network, the 

overall syacem loses Suability under heavy load and low inertia condi­

tions (Table 5). It makes very little difference whether the fault is 

located at the sending end (bus 10) or at the receiving end (bus 6 or 

bus 8), e.g.. Cases ST-6 and ST-12. Even though the sending-end fault is 

expected to be more severe than the receiving-end fault, the conclusion 

cannot be drawn at this point. Faults located inside the existing system 

but close to the point of connection (bus 6) yielded the same results, 

e.g.. Cases SR-4, SR-8, and SR-13A of Table 8. The overall system became 

stable when faults were moved further inside the existing system. These 

are clearly demonstrated by comparing Case SR-4 to Case SR-23A and Case 

SR-13A to Case SR-16A. Hence, when the inertia of the remote generation 

is low and the load level is high, faults located electrically far away 

from the remote generation are less severe than the faults that are 

electrically close to the remote generation. 

b. Remote induction generation For the cases where the remote 

generation is made up of induction machines, the effect of the remote 

generator inertia is even more pronounced. Not only were the heavy load 

cases unstable (Cases SM-15, 16), but also were some of the normal load 

and low inertia runs (Cases SM-2, 8, and 14). It is interesting to note 

that for the normal load cases, stability was maintained when either H 

or the rotor resistance r2 was increased, as is evident from comparing 

Case SM-2 to Cases SM-1 and SM-4. The Case SM-14, which is unstable. 
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indicates that the operation of the induction generation is quite sensi­

tive to the transmission network impedance, since it differs from Case 

SM-1 (stable) only by the length of the transmission line. 

c. Remote synchronous and induction generation Analysis of the 

cases where there is a mix of synchronous and induction generation at the 

remote location is more complex because of the relatively large number of 

variables involved. However, there are certain patterns of behavior that 

can be detected from Table 10: 

Division of the generation among the induction and synchronous 

machines improves stability (e.g., compare Cases SI-7; 8). 

Low inertia makes the system vulnerable to instability even at 

normal load (Case SI-9) but more so at heavy load (Cases SI-7, 

11, 12, 13, 15, and 16). 

It appears to be more beneficial to conrect the synchronous and 

Induction generation on the same bus. 

Eor the induction machine, dynamic behavior is influenced by the 

values of r^ and the transmission line impedance (Cases SI-17, 

18, and 19). 

* TJhen "worst" combinations of the above factors are used, even 

high values of inertia will not be sufficient to maintain 

stability (Cases SI-20, 21). 

2. Effect of disturbance on remote generation 

a. Remote synchronous generation Tables 11 through 14 give 

information on the peak of the relative position of the rotor of the 
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remote generator with respect to the positions of the rotors of the 

existing machines and their inertial centers for the synchronous genera­

tion case. Examining the data in these tables we note the following. 

1) Effect of inertia of remote generation From the data in 

Table 11, we can easily see the effect of the inertia on the motion of 

the remote synchronous generator. All the cases where the value of H is 

low have much higher "swings" (e.g., compare Cases ST-8 with ST-7 and 

ST-22 with ST-21). This is consistent with the discussion in the 

previous section. 

It was also found that for a given system configuration and 

operating condition, and for the same disturbance, there is a critical 

value of the remote machine inertia, for which the system is barely 

stable. The critical inertia cases, for heavy load condition and 25 

percent penetration level, are given in Table 12. Information in this 

table reveals the following interesting aspects of these cases: 

The maximum relative swings of the rotor of the remote generator 

with respect to the rotors of the machines in the existing system 

and its inertial center change very little with various combina­

tion of the remote inertia and the impedance of the transmission 

line, e.g., compare Cases ST-26A to ST-30I. 

The maximum relative swings change very little with different 

points of connection to the existing system, e.g., compare 

Cases ST-26A to ST-56 and ST-73. 

• Stability limit (maximum relative swing) seems to be governed by 

the pair of generators having the largest difference in inertia. 
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e.g., the remote generator and the generator No. 1 in the 

existing system. 

2) Effect of transmission line length The effect of the 

increase in the length of the transmission line seems to be to increase 

the angular swings but to lower accelerations (e.g., compare Cases 

ST-8 with ST-2 and ST-24 with ST-20). It is also evident that these 

effects are accentuated at heavier loads (e.g., compare Cases ST-1, 5 to 

ST-7, 13). 

3) Effect of fault location When the fault location is 

moving away from the remote machine toward the existing system, the 

cffect of disturbance on remote machines is reduced, e.g., compare 

Cases ST-33 and ST-34 of Table 11. The effect of disturbance on the 

remote machine becomes much less when the fault is located inside the 

existing system itself which is clearly shown in Table 14. A close 

observation of this table reveals many interesting points: 

The disturbance on the remote machine is most severe when the fault 

is located close to the machine with the highest inertia, e.g., 

fault at bus 4, Cases SR-22A and SR-23A. 

The opposite of the above observation is not true, i.e., fault 

located close to the machine with the lowest inertia (fault at 

bus 9) does not produce the least disturbance on the remote 

machine. 

When the fault is located outside the existing system, the 

relative swing of the rotor of the remote generator with respect 

to the existing machine with the highest inertia, i.e.. 
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(Ôj^-Ô^), is consistently larger than those with respect to the 

lighter machines; this is no longer true when the fault is 

located inside the existing system, e.g., compare Cases SR-16Â 

with SR-17G. 

The lower inertia of the remote machine produces greater swings 

and accelerations, e.g.. Cases SR-14 and SR-loA; this is con­

sistent with earlier observation. 

4) Effect of penetration level Table 13 demonstrates that 

the combination of high penetration level and low inertia, even under 

normal load condition, can be detrimental to the remote machine 

especially when the transmission line joining the remote machine to the 

existing system is long. The relative swings of the rotor of the 

remote generator with respect to the rotors of the machines in the 

existing system and its inertial center increase very rapidly with the 

increase in penetration level. For example, (5^- 6^) is 29 degrees when 

the penetration level is 13 percent (Case ST-58); it jumps to 89 degrees 

when the penetration level is 27 percent (Case SÏ-18); it further in­

creases to 156 degrees when the penetration level is 38 percent (Case 

ST-62). Heavy loads and long transmission lines simply accentuate the 

problem even more. For this studied system, penetration level greater 

than 25 percent cannot be tolerated under heavy load and low inertia 

condition. 

b. Remote induction generation In Table 15, a selected number 

of remote induction generation cases are presented, showing the effect 

of the disturbance on the remote machine. Again, the effect of the 
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inertia on the machine's dynamic behavior is easily demonstrated. Low 

inertia results in a higher maximum slip and lower internal voltage. 

These effects are reduced when the rotor resistance T2 is increased. The 

effects are comparable for receiving-end and sending-end faults. 

c. Remote synchronous and induction generation In Table 16, a 

selected number of cases where the remote machines are made up of a mix 

of synchronous and induction generators are presented. The same basic 

case is shown with different induction generator inertia, distribution 

of load, and load level. Again, we can see that: 

The lower inertia produces greater swings and accelerations of 

the rotors of both remote generators (e.g.. Cases SI-5, 6 and 

SI-7, 8, 20)r 

• The same effect is observed with higher load level, as seen when 

Cases SI-6 and SI-8 are compared. 

* The effect of the generation distribution among the remote 

machines is demonstrated by comparing Cases SI-8 and SI-7. 

This unstable heavy load condition became stable when the 

generation was equally distributed among the synchronous and 

induction machines. 

3. Effect of disturbance on existing machines 

a. Remote synchronous generation In Tables 17 through 20, terms 

that are indicative of the effect of the disturbance on the existing 

machines, as well as on their interaction with the remote synchronous 

generation, are displayed. These terms give information on the motion of 

the inertia! center (6 and 5), the synchronizing forces among the 
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existing machines (Equation (4.9)) and the synchronizing forces between 

the remote generator and the existing machines 

"ifi *ik <'ik - W-

These synchronizing force terms are given in column AIJ and AIK 

respectively. Examining the data in these tables we note the following. 

1) Effect of inertia of remote generation From the data in 

Table 17, the low inertia at the remote generation causes the rotors of 

the existing machines to move at a higher pace and acceleration (e.g., 

compare Cases ST-2 to ST-1 and Cases ST-22 to ST-21). Also, the 

existing machines are disturbed to a greater extent for heavier loads 

than for lighter loads, e.g., compare Cases ST-25 and ST-17. It is 

interesting to note that the term indicative of the synchronizing forces 

among the existing machines (AIJ column) is not greatly influenced by 

the inertia of the remote machine (e.g., compare Cases ST-7 and ST-8). 

Rather, it is more influenced by the load level (e.g., compare Cases 

ST-5 and ST-1) and the impedance between the remote generation and the 

existing system (e.g., compare Cases ST-7 to ST-1). 

It appears that, when the power network is critically stable under 

heavy load condition and 25 percent penetration level, the existing 

machines are disturbed to a greater degree from the combination of short 

transmission lines and low inertia (H=1.44) than from the combination of 

long transmission lines and medium inertia (e.g., compare Cases ST-26A 

to ST-30I of Table 18). 
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2) Effect of transmission line length The effect of the 

increase in the length of the transmission line appears to depend on the 

system load level. Under normal load condition, the disturbance on the 

inertial center is more severe for short transmission line cases than for 

long transmission line cases (e.g., compare Cases ST-1 to ST-7 and ST-2 

to ST-8). But, under heavy load condition, the opposite results are 

observed, i.e., long transmission line has more effect on the motion of 

the inertial center than short transmission line (e.g., compare Cases 

ST-5 to ST-13 and ST-35 to ST-33). 

3) Effect of fault location Fault locations seem to have 

great influence on the degree that the existing machines are disturbed. 

The motion of the inertial center of the existing machines varies widely 

with different fault locations. It appears that the existing power net­

work is disturbed the least when the fault is located at the machine with 

the smallest inertia, i.e., fault at bus 9 in the transmission line 

joining bus 9 to bus 6. The opposite is true when the fault is located 

at the machine with the largest inertia, i.e., fault at bus 4 in the 

transmission line joining bus 4 to bus 5 These are shown clearly by 

Table 20, e.g., compare Cases SR-14 to SR-22B. Low inertia of the remote 

generation and long transmission line to the remote generation enhance the 

severity of the disturbance, e.g., compare Cases SR-22A to SR-22B and 

SR-17 to SR-14. The AIJ term is also influenced considerably by the 

fault location, e.g., compare Cases SR-14 to SR-24B. 

4) Effect of penetration level Table 19 shows that 

penetration level has a direct influence on the degree that the existing 
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machines are disturbed, i.e., the higher the penetration level, the 

more severe the disturbance on the existing machines will be. This 

observation is true for both normal load condition (e.g., compare Cases 

ST-57 to ST-61) and heavy load condition (e.g., compare Cases ST-65 to 

ST-25 (Table 17)). Low inertia of the remote generation accentuates the 

problem even more (e.g., compare Cases ST-58 and ST-62 with Cases ST-57 

and ST-61). The AIJ term is not strongly influenced by the variation of 

penetration level (e.g., compare Cases ST-57 to ST-61). 

b. Remote induction generation Some selected remote induction 

generation cases are displayed in Table 21. The acceleration of the 

inertial center of the existing machines is less sensitive to the inertia 

of the remote generation than in the corresponding remote synchronous 

generation cases. 

c. Remote synchronous and induction generation Similar effects 

are obtained with a mix of induction and synchronous generation at the 

remote location, as seen in the data presented in Table 22. The same 

trends discussed in Part b are observed, but the magnitude of the 

interaction among the machines of the existing system (AIJ term) is 

less severe. 

4. Interaction between remote and existing generators 

The last column of Tables 17 through 20 (AIK term), the last row 

of Table 21 (AIK term), and the last two columns of Table 22 (AIKl, AIK2 

terms) are indicative of the synchronizing forces between the remote 

generation and the machines in the existing system. From these tables 

the following conclusion can be reached. 
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a. Remote synchronous generation 

For stability to be maintained, low inertia of the remote 

generation requires stronger synchronizing forces between 

the remote generation and the machines of the existing 

system than high inertia (e.g., compare Cases ST-2 to ST-1 

and Cases ST-18 to ST-17 of Table 17). 

For stability to be maintained, heavy load level requires 

stronger interaction between remote and existing generators 

than normal load level (e.g., compare Cases ST-5 to ST-1 

and Cases ST-25 to ST-17 of Table 17). 

Short transmission line joining the remote generation to the 

existing system results in stronger interaction than long 

transmission line (e.g., compare Cases ST-1 to ST-7 and 

Cases ST-5 to ST-13 of Table 17). 

When the overall power network is critically stable, the 

combination of low inertia and short transmission line 

requires much higher interaction than that of medium inertia 

and long transmission line (e.g., compare Cases ST-26A to 

ST-30I of Table 18). 

High penetration level results in stronger interaction than 

low penetration level (e.g., compare Cases ST-62 to ST-58 

and Cases ST-25 to ST-65 of Tables 17 and 19). 

Fault location has strong influence on the synchronizing 

forces, i.e., the interaction is strongest when the fault is 

located at the remote machine and getting weaker when the 
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fault is located inside the existing system (e.g., compare 

Cases ST-5 and ST-11 of Table 17 to Cases SR-14, 18B, and 

223 of Table 20). 

b. Remote induction generation When the remote generation is an 

induction machine or the mix of synchronous and induction machines, the 

same trends are observed. Since severe disturbances are associated with 

low inertia and heavy load and the more severe disturbances require 

greater synchronizing forces to "hold the system together," corre­

spondingly high values of AIK (or AIKl, AIK2) are observed. This is 

evident in the selected data presented in Tables 21 and 22. 



www.manaraa.com

Table 11. The effect of disturbance on remote synchronous machine 

Case No. max. max. max. (ô^ - 6) max. (6^ - 6) max. 
degree degree degree degree rad/aec^ 

(@ time, sec) (@ time, sec) (@ time, sec) (0 time, sec) (0 time, sec) 

ST-1 26.86 17.09 -11.64 23.38 22.54 
(0.25) (0.25) (0.60) (0.25) (0.60) 

ST-2 74.11 66.30 69.51 70.93 455.06 
(0.15) (0.15) (0.45) (0.15) (0.9) 

ST-3 24.61 13.08 -12.39 20.59 20.18 
(0.25) (0.25) (0.60) (0.25) (0.60) 

ST-4 79.03 67.67 74.09 74.69 471.75 
(1.65) (1.65) (9.35) (1.65) (1.8) 

ST-5 35.39 31.26 29.72 34.07 34.59 
(0.25) (0.25) (0.25) (0.25) (0.6) 

ST-7 40.21 32.36 27.31 37.48 18.54 
(0.3) (0.3) (0.35) (0.30) (0.75) 

ST-8 93.90 86.15 87.73 90.78 334.11 
(0.2) (0.2) (1.35) (0.2) (1.95) 

ST-9 35.71 30.74 27.85 33.73 16.15 
(1.2) (1.2) (1.25) (1.2) (1.6) 

ST-10 75.78 75.63 65.28 71.43 266.40 
(1.65) (2.05) (1.3) (1.65) (1.85) 

ST-11 30.73 24.92 24.91 28.99 28.71 
(0.25) (0.25) (0.30) (0.25) (0.6) 

ST-13 74.38 72.22 70.76 73.63 30.97 
(0.4) (0.4) (0.4) (0.4) (0.95) 

ST-15 59.53 59.43 62.33 59.72 22.48 
(0.45) (0.45) (0.4) (0.45) (0.95) 

ST-17 33.57 14.26 11.47 27.54 18.00 
(0.25) (1.95) (0.35) (0.25) (1.55) 

ST-18 89.36 72.76 81.33 82.52 511.71 
(1.05) (1.625) (1.95) (1.05) (2.1) 
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ST-19 33.34 9.75 16.49 26.75 20.66 

(0.3) (0.3) (0.4) (0.3) (0.65) 

ST-20 70.94 58.12 56.60 63.03 362.22 
(1.0) (0.7) (0.45) (1.0) (0.85) 

ST-21 46.29 30.31 28.36 41.47 15.29 
(0.35) (0.3) (0.35) (0.35) (1.8) 

ST-22 102.77 85.02 78.88 97.16 319.41 
(1.7) (1.7) (1.7) (1.7) (1.525) 

ST-23 44.67 32.08 35.58 40.37 18.11 
(1.25) (1.15) (0.4) (1.25) (0.8) 

ST-24 79.32 59.96 48.17 72.04 220.80 
(0.2) (0.15) (0.15) (0.15) (1.45) 

ST-2 5 48.05 23.12 29.01 41.28 27.69 
(0.3) (0.25) (0.3) (0.3) (1.65) 

ST-27 46.35 17.28 29.56 38.83 27.56 
(0.3) (0.35) (0.35) (0.3) (0.7) 

ST-29 85.16 64.39 68.89 79.41 31.01 
(0.45) (0.4) (0.4) (0.4) (2.075) 

ST-31 76.14 67.90 70.30 72.14 26.90 
(0.45) (0.5) (0.45) (0.4'1 (0.95) 

ST-33 113.95 85.62 89.99 106. . 51.31 
(0.45) (0.4) (0.4) (0.4) (0.925) 

ST-34 91.01 65.74 76.84 84.76 45.92 
(0.4) (0.45) (0.4) (0.4) (0.85) 

ST-35 61.28 36.16 39.30 53.70 54.86 
(0.25) (0.2) (0.2) (0.25) (1.5) 

ST-36 54.88 28.06 28.91 46.44 47.52 
(0.25) (0.2) (0.25) (0.25) (1.5) 
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Table 12. The effect of disturbance on remote synchronous machine - critical inertia 

•J. 
Case No. (ôk~ ̂ l) max. (6k - 82) max. (6k - 63) max. (6k- 6) max. (6k - 6) max. 

degree degree degree degree rad/sec2 
(@ time, sec) (@ time, sec) (@ time, sec) (@ time, sec) (@ time, sec) 

ST-26A 135.57 104.73 105.09 126.04 318.77 
(0.225) (0.2) (0.2) (0.225) (0.45) 

ST-30I 137.93 111.66 117.14 129.03 -29.98 
(0.55) (0.825) (0.7) (0.6) (0.2) 

ST-46C 121.21 120.94 118.68 120.26 -28.18 
(0.65) (0.85) (0.7) (0.725) (0.2) 

ST-56 125.16 119.08 110.68 122.58 412.26 
(0.225) (0.225) (0.2) (0.225) (0.475) 

ST-73 126.30 114.10 119.44 122.69 422.71 
(0.25) (0.2) (0.2) (0.25) (0.475) 

ST-80 121.35 112.40 120.13 119.23 -30.30 
(0.60) (0.7) (0.65) (0.6) (0.2) 
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Table 13. The effect of disturbance on remote synchronous machine - variation of penetration level 

Case No. (ôfc- 6^) max. 
degree 

(@ time, sec) 

(6^" *^2^ max. 
degree 

(@ time, sec) 

(6^- 6^) max. 
degree 

(0 time, sec) 

(5^-6) max. 
degree 

(0 time, sec) 

(ôj^- 6) max. 
rad/sec^ 

(0 time, sec) 

ST-57 -11.30 - 8.71 -18.56 -11.11 13.54 
(0.70) (0.75) (0.65) (0.65) (0.65) 

ST-58 28.73 19.86 11.32 25.04 -198.57 
(0.15) (0.125) (0.125) (0.15) (0.125) 

ST-59 14.51 6.78 7.85 12.25 - 8.48 
(0.35) (0.40) (0.40) (0.35) (0.40) 

ST-60 35.78 28.56 21.65 33.09 -148.31 
(0.15) (0.15) (0.15) (0.15) (0.15) 

ST-61 53.14 27.83 22.29 45.43 -27.71 
(0.25) (0.25) (0.25) (0.25) (0.25) 

ST-61A 97.30 76.59 68.26 90.65 -237.57 
(0.15) (0.15) (0.15) (0.15) (0.15) 

ST-62 156.24 127.30 114.18 146.81 -329.14 
(0.20) (0.20) (0.20) (0.20) (0.1125) 

ST-63 74.68 52.17 48.75 67.96 -20.94 
(0.35) (0.35) (0.35) (0.35) (0.35) 

ST-64A 84.86 62.64 57.26 77.80 -39.25 
(0.30) (0.25) (0.25) (0.30) (0.30) 
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ST-65 25.62 7.92 
(0.30) (0.30) 

ST-65A 69.48 56.37 
(0.15) (0.15) 

ST-66 114.49 96.09 
(0.175) (0.15) 

ST-6 7 45.93 34.82 
(0.35) (0.3f)) 

ST-68A 57.24 43.66 
(0.30) (0.25) 

ST-69 65.76 30.36 
(0.35) (0.35) 

17.41 
(0.35) 

58.21 
(0.15) 

97.34 
(0.15) 

41.32 
(0.35) 

48.16 
(0.25) 

37.06 
(0.35) 

21.36 
(0.30) 

65.92 
(0.15) 

108.93 
(0.175) 

43.36 
(0.35) 

53.70 
(0.30) 

56.29 
(0.35) 

- 2 0 .2 2  
(0.30) 

--245.66 
(0.11*0 

"365.50 
(0.11';.5) 

-18.99 
(0.35') 

-37.1% 
(O.ÔO) 

-18.04 
(0.35) 
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Table 14. The effect of disturbance on remote synchronous machine - faults located inside the 
existing system 

Case No. ("S r- 6]^) max. 
degree 

(@ time, sec) 

(6r- ôg) max. 
degree 

(@ time, sec) 

(6r- ÔG) max. 
degree 

(0 time, sec) 

(Ô r- 6) max. 
degree 

(0 time, sec) 

(6r- 6) max. 
rad/sec 

(0 time, sec) 

SR-14 11.21 (0.25) 
-  4.74 (0.60) 

-15.77 (0.35) 
27.31 (0.75) 

-19.54 (0.20) 
27.72 (0.85) 

5.40 
-  2.12 

(0.20) 
(0.50) 

-  5.93 
P. 03 

(0.20) 
(0.50) 

SR-16A 39.08 (0.125) 
-22.65 (0.3) 

32.17 (0.125) 
-45.33 (0.3) 

20.21 (0.125) 
-47.21 (0.25) 

36.02 
-29.23 

(0.125) 
(0.3) 

-228.43 
261.92 

(0.125) 
(0.3) 

SR-17 21.54 (0.25) 
2.84 (0.65) 

-  0.99 (0.3) 
34.11 (0.7) 

-  8.40 (0.2) 
35.99 (0.85) 

15.39 
8.36 

(0.2) 
(0.55) 

-  4.64 
5.97 

(0.25) 
(0.60) 

SR-•17A 29.47 (0.2) 
2.33 (0.55) 

-  5.81 (0.4) 
43.39 (0.75) 

0.49 (0.2) 
46.80 (0.825) 

24.06 
0.40 

(0.2) 
(0.5) 

-20.21 
23.55 

(0.2 
(0.5) 

SR-•17B 28.79 (0.35) 
1.13 (0.70) 

46.70 (0.5) 
9.47 (0.85) 

-11.48 (0.2) 
31.74 (0.5) 

29.76 
2.12 

(0.40) 
(0.75) 

5.91 
-17.57 

(0.15) 
(0.45) 

SR-•170 35.95 (0.3) 
-  7.00 (0.625) 

40.92 (0.4) 
18.53 (0.7) 

-  3.54 (0.25) 
20.69 (0.5) 

32.42 
-  1.13 

(0.3) 
(0.65) 

-18.66 
35.69 

(0.4) 
(0.675) 

SR-•17F 21.53 (0.35) 
-11.80 (0.65) 

34.84 (0.45) 
6.59 (0.75) 

-20.54 (0.20) 
18.69 (0.45) 

21.43 
-  8.66 

(0.4) 
(0.7) 

8.73 
-22.15 

(0.15) 
(0.40) 

SR-•17G 39.31 (0.125) 
-  0.75 (0.25) 

32.67 (0.125) 
-  8.58 (0.25) 

-48.15 (0.25) 
27.67 (0.4) 

36.24 
-  6.58 

(0.125) 
(0.25) 

-211.84 
229.43 

(0.125) 
(0.25) 

SR-•18A 34.42 (0.15) 
-12.46 (0.25) 

30.15 (0.15) 
-13.86 (0.25) 

28.53 (0.15) 
-20.33 (0.25) 

33.05 
-13.45 

(0.15) 
(0.25) 

-215.97 
225.00 

(0.15) 
(0.25) 

SR--IBB 7.59 (0.25) 
-10.26 (0.65) 

36.74 (0.65) 
2.02 (1.125) 

18.67 (0.5) 
3.03 (1.125) 

8.08 
1.32 

(0.3) 
(0.6) 

-  5.18 
6.15 

(0.35) 
(0.65) 

SR--19A 33.28 (0.15) 
-15,44 (0.25) 

27.65 (0.15) 
-30.58 (0.25) 

26.80 (0.15) 
-29.24 (0.25) 

31.60 
-19.63 

(0.15) 
(0.25) 

-222.47 
245.33 

(0.15) 
(0.25) 
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SR-•19B 9.22 
0.64 

(0.3) 
(1.0) 

-13.50 
7.06 

(0.45) 
(0.85) 

- 2.41 
10.39 

SR-•20A 31.27 
- 5.86 

(0.15) 
(0.25) 

-46.71 
- 3.63 

(0.275) 
(0.4) 

-34.52 
23.88 

SR-•20B 16.59 
- 9.42 

(0.4) 
(0.85) 

-27.59 
15.63 

(0.3) 
(0.75) 

- 9.41 
15.04 

SR-•21A 29.55 
- 9.63 

(0.125) 
(0.25) 

-47.64 
-14.62 

(0.275) 
(0.4) 

18.95 
-20.81 

SR-•21B 9.67 
-13.72 

(0.25) 
(0.6) 

-35.36 
12.00 

(0.4) 
(0.8) 

31.28 
- 5.22 

SR-•22A 60.17 
-29.95 

(0.15) 
(0.3125) 

59.40 
-21.60 

(0.15) 
(0.25) 

56.89 
-25.98 

SR-•22B 10.03 
-12.23 

(0.2) 
(0.6) 

31.77 
1.74 

(0.675) 
(1.125) 

16.52 
17.85 

SR-•23A 67.40 
-24.96 

(0.15) 
(0.3) 

64.73 
-41.65 

(0.15) 
(0.3625) 

60.14 
-54.89 

SR-•23B 8.45 
-39.73 

(0.2) 
(0.75) 

7.05 
-16.93 

(0.15) 
(0.7) 

8.09 
- 5.59 

SR-24A 31.11 
- 5.96 

(0.15) 
(0.25) 

18.15 
-36.40 

(0.1) 
(0.25) 

16.58 
-24.03 

SR-24B 10.83 
-15.79 

(0.25) 
(0.60) 

-30.69 
11.30 

(0.45) 
(0.85) 

34.68 
- 9.14 

SR-•25A 29.95 
3.52 

(0.125) 
(0.25) 

19.71 
-11.07 

(0.125) 
(0.25) 

16.58 
-34.51 

SR-•25B 18.73 
- 8.24 

(0.35) 
(0.70 

- 5.27 
37.34 

(0.15) 
(0.55) 

-15.54 
13.44 

(0.55) 
(0.85) 

5.50 
1.72 

(0.2) 
(0.55) 

- 3,39 
3.56 

(0.2) 
(0.55) 

(0.25) 
(0.4) 

25.83 
-15.97 

(0.15) 
(0.25) 

-173.48 
222.48 

(0.15) 
(0.25) 

(0.25) 
(0.8) 

7.41 
- 2.96 

(0.45) 
(0.9) 

4.13 
- 4.87 

(0.2) 
(0.45) 

(0.125) 
(0.25) 

25.78 
-17.72 

(0.125) 
(0.25) 

-181.63 
204.51 

(0.125) 
(0.25) 

(0.4) 
(0.675) 

-12.32 
14.97 

(0.575) 
(0.9) 

- 7.55 
19.05 

(0.35) 
(0.625) 

(0.125) 
(0.2375) 

59.55 
-28.07 

(0.15) 
(0.3125) 

-360.62 
365.62 

(0.15) 
(0.3125) 

(0.45) 
(0.8) 

11.04 
- 1.38 

(0.25) 
(0.6) 

- 9.55 
10.18 

(0.25) 
(0.6) 

(0.15) 
(0.3) 

66.22 
-30.73 

(0.15) 
(0.3) 

-257.17 
272.90 

(0.15) 
(0.3) 

(0,25) 
(0.65) 

8.06 
-32.07 

(0.2) 
(0.7) 

-11.86 
10.27 

(0.2) 
(0.65) 

(0.1) 
(0.25) 

26.39 
-13.50 

(0.15) 
(0.25) 

-171.62 
181.53 

(0.15) 
(0.25) 

(0.45) 
(0.70) 

4.17 
-15.22 

(0.25) 
(0.60) 

-10.82 
24.31 

(0.35) 
(0.65) 

(0.1) 
(0.25) 

26.65 
- 2.77 

(0.125) 
(0.25) 

-153.47 
171.31 

(0.125) 
(0.25) 

(0.2) 
(0.45) 

18.45 
- 3.36 

(0.4) 
(0.7) 

9.26 
-18.29 

(0.15) 
(0.45) 
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Table 13. The effect of disturbance on remote induction machine 

Sending End Fault 

TdO = 0.7233 sec "^dO = 0.2411 sec 

^2 = 0.015 pu ^2 = 0.G45 pu 

®0 = 0.7563 Hz So - 2.2(589 Hz 

H, MW.S/MVA H, MW.S/K7A 

0.5 1.0 2.0 0.5 1.0 2.0 

Case No. SM-2 SM-1 SM-3 SM-6 SM-4 SM-7 

Max. slip, Hz 33.82 4.1222 2.6582 8.0352 5.3788 3.8912 
Time @ max. slip. 
sec 1.0 0.2 0.2 0.15 0.15 0.15 

Internal voltage @ 
max. slip, pu 0.0561 0.5727 0.6748 0.7222 0.8035 0.8295 

Terminal power 0 
max. slip, pu 0.0470 1.0871 0.9169 1.2425 0.9802 0.7463 

Max. internal 
voltage, pu 0.3708 0.9922 0,9957 0.9943 0.9945 0.9948 

Time @ max. 
voltage, sec 0.15 1.0 0.95 0.85 0.85 1.45 

Slip @ max. 
voltage, Hz 7.3056 1.2098 1.0797 2.5796 2.5092 2.4716 

Terminal power @ 
max. volt,, pu 0.6486 0.8248 0.8048 0.8393 0.8354 0.8320 

Max. terminal 
power, pu 0.6709 1.1005 1.2587 1.2425 1.2602 1.1222 

Time @ max. 
power, sec 0.2 0.25 0.3 0.15 0.2 0.2 

Slip @ max. power. 
Hz 7.3931 3.6328 2.1477 8.0352 4.8719 3.8102 

Internal volt. @ 
max. power, pu 0.6709 0.5373 0.7260 0.7222 0.8313 0.9125 

0) 
tH 

u 
CO 
c p 
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Receiving End Fault 

t^o - 0.7233 sec T^O ~ 0.2411 sec 

r2 = 0.015 pu X2 = 0.045 pu 

Sq = 0.7563 Hz SQ = 2.2689 Hz 

H, MW.S/MVA H, MW.S/MVA 

0.5 1.0 2.0 0.5 1.0 2.0 

SM-8 SM-9 SM-10 SM-11 SM-12 SM-13 

33.67 4.0068 2.5983 8.2672 5.5032 3.9574 

1.0 0.2 0.2 0.15 0.15 0.15 

0.0488 0.5747 0.6801 0.7162 0.8030 0.8306 

0.0312 1.0624 0.9013 1.2415 0.9783 0.7342 

0.3534 0.9900 0.9939 0.9939 0.9936 0.9969 

0.15 1.0 0.95 0.85 0.85 1.45 

7.1372 1.2827 1.1462 2.6578 2.5850 2.5224 

0.6073 0.8262 0.8047 0.8392 0.8342 0.8163 

0.6846 1.1003 1.2467 1.2415 1.2447 1.1091 

0.2 0.25 0.3 0.15 0.2 0.2 

7.3273 3.5474 2.1225 8.2672 5.0059 3.8841 

0.3286 0.5487 0.7315 0.7162 0.8205 0.9056 

(U 
iH 
cd 
u 
CO 

•§ 
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Table 16. The effect of the disturbance on remote machines -
synchronous and induction generation mix 

Case No. H, MW.S/MVA Load Load Distribution 
Level 

Synch. MW Ind. MW 

SI-5 1.0 normal 42.5 42.5 

SI-6 0.5 normal 42.5 42.5 

SI-7 0.5 heavy 0 160 

SI-8 0.5 heavy 80 80 

SI-20 4.0 heavy 0 160 



www.manaraa.com

78 

(ô^ - ô) max. (5;^- 5) max. (5^1-5) max. (5^ - ô) max. Max. Slip 
Degree Degree Rad/sec^ Rad/sec^ Hz 

(@ time, sec) (@ time, sec) (ê time, sec) (@ time, sec) (@ time, sec) 

27.13 35.14 29.53 -99.58 1.9935 
(0.3) (0.25) (0.55) (0.25) (0.15) 

30.72 44.99 -49.64 -270.81 3.2331 
(0.3) (0.2) (0.3) (0.2) (0.15) 

< Induction Generation unstable s» 

48.17 93.91 40.65 246.89 6.6546 
(0.35) (0.1) (1.6) (0.1) (0.15) 

32.07 52.84 -53.70 61.79 2.7073 
(0.45) (0.45) (0.45) (0.1) (0.2) 
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Table 17. Effect of disturbance on existing machines - remote synchronous generation 

Case No. 
6 max. 
Degree 

((§ time, sec) 

5 max. 
Rad/sec^ 

(0 time, sec) 

AIJ ./sec AIKj/sec 
Case No. 

6 max. 
Degree 

((§ time, sec) 

5 max. 
Rad/sec^ 

(0 time, sec) mln. max. 
max. 

(0 time, sec) (0 
mln. 

time, sec) 

ST-1 99.60 3.87 .0286 .0297 .0190 -.0198 
(2.1) (0.25) (0.6) (0.25) 

ST-2 203.95 13.29 .0282 .0297 .0649 -.0697 
(2.1) (0.15) (0.9) (0.15) 

ST-3 102.91 3.10 .0287 .0297 .0170 -.0155 
(2.1) (0.25 (0.6) (0.25) 

ST-4 196.17 13.64 .0279 .0297 .0669 -.0712 
(2.1) (1.65) (1.8) (1.65) 

ST-5 304.91 6.89 .0639 .0665 .0396 -0.0231 
(2.1) (0.25) (0.6) (0.25) 

ST-7 96.89 3.41 .0339 .0347 .0069 -.0256 
(2.1) (0.35) (0.75) (0.35) 

ST-8 191.10 8.32 .0315 .0347 .0399 -.0514 
(2.1) (0.2) (1.95) (0.2) 

ST-9 116.24 2.88 .0337 .0347 .0049 -.0229 

(2.1) (1.2) (1.6) (1.2) 

ST-10 180.72 7.30 .0322 .0347 .0308 -.0458 

(2.1) (1.65) (1.85) (2.05) 

ST-11 316.18 5.56 .0644 .0665 .0351 -.0159 

(2.1) (0.25) (0.6) (0.25) 

ST-13 421.24 7.33 .0766 .0776 .0187 -.0430 

(2.1) (0.4) (0.95) (0.4) 

ST-15 436.87 5.88 .0766 .0776 .0113 -.0354 

(2.1) (0.45) (0.95) (0.45) 

ST-17 114.51 3.46 .0259 .0281 .0160 -.0160 

(2.1) (0.25) (1.55) (0.25) 

ST-18 247.77 14.50 .0244 .0281 .0718 -.0756 

(2.1) (1.95) (2.1) (1.95) 
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ST-19 131.82 3.37 
(2.1) (0.35) 

ST-20 223.44 11.27 
(2.1) (1.00) 

ST-21 105.29 3.36 
(2.1) (0.35) 

ST-22 209.87 8.58 
(2.1) (1.7) 

ST-2 3 148.62 3.40 
(2.1) (0.4) 

ST-24 223.36 7.02 
(2.1) (0.15) 

ST-2 5 322.26 6.78 
(2.1) (0.3) 

ST-27 362.30 6.08 
(2.1) (0.3) 

ST-29 418.76 7.44 
(2.1) (0.45) 

ST-31 486.07 6.73 
(2.1) (0.45) 

ST-33 578.21 9,66 
(2.1) (0.45) 

ST-34 551.84 8.06 
(2.1) (0.4) 

ST-35 412.30 9.70 
(2.1) (0.25) 

ST-36 410.63 7.81 
(2.1) (0.25) 

0256 .0282 .0183 -.0158 
(0.65) (0.35) 

0245 .0282 .0536 -.0565 
(0.85) (1.00) 

0322 .0341 .0043 -.0247 
(1.8) (0.35) 

0300 .0341 .0382 -.0519 
(1.525) (1.7) 

0316 .0341 .0068 -.0252 
(0.8) (0.4) 

0294 .0341 .0247 0.0429 
(1.45) (0.15) 

0600 .0672 .0314 -.0224 
(1.65) (0.25) 

0612 .0672 .0313 -.0184 
(0.7) (0.35) 

0727 .0794 .0161 -.0445 g 
(2.075) (0.4) 

0699 .0794 .0126 -.0429 
(0.95) (0.5) 

0628 .0794 .0185 -.0527 
(0.925) (0.4) 

0695 .0794 .0155 -.0466 
(0.85) (0.4) 

0551 .0669 .0377 -.0383 
(1.5) (0.2) 

0592 .0673 .0341 -.0255 
(1.5) (0.25) 



www.manaraa.com

Table 18. Effect of disturbance on existing machines - remote synchronous generation -
critical Inertia 

Case No. 

6 max. 

Degree 
(0 time, sec) 

6 max. 

Rad/sec^ 
(0 time, sec) 

AU. 

min. 

/sec 

max. 

AIK,/sec 

max. 
(0 time, sec) (@ 

mln. 
time, sec) 

ST-26A 1007.67 19.33 0.0307 0.0672 0.0821 -0.0663 
(2.1) (0.275) (0.15) (0.45) 

ST-30I 848.99 10.11 0.0587 0.0792 0.0542 -0.0230 
(2.1) (0.5) (0.95) (1.35) 

ST-46C 878.09 9.08 0.0747 0.0776 0.0520 -0.0276 
(2.1) (0.4) (0.4) (1.5625) 

ST-56 978.02 17.78 0.0470 0.0665 0.0796 -0.0777 
(2.1) (0.3) (0.15) (0.475) 

ST-73 1035.60 17.79 0.0561 0.0688 0.0820 -0.0795 
(2.1) (0.3) (0.15) (0.475) 

ST-80 797.20 9.0 0.0756 0.0800 0.0538 -0.0292 
(2.1) (0.35) (0.35) (1.275) 
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Table 19. Effect of diaturbance on existing machines - remote synchronous generation -
variation of penetration level 

Case No. 
5 max. 
Degree 

(@ time, sec) 

6 max. 
Rad/8ec2 

(@ time, sec) 

AIJ ./sec AIK,/aec 
Case No. 

5 max. 
Degree 

(@ time, sec) 

6 max. 
Rad/8ec2 

(@ time, sec) min. max. 
max. 

(0 time, sec) (@ 
rain, 

time, sec) 

ST-57 104.81 2.0 0.0270 0.0279 0.0253 0.0041 
(2.1) (0.35) (0.65) (0.35) 

ST-58 140.49 6.27 0.0266 0.0279 0.0182 -0.0384 
(2.1) (0.125) (0.125) (0.25) 

ST-59 90.76 1.66 0.0332 0.0337 0.0028 -0.0118 
(2.1) (0.4) (0.4) (0.75) 

ST-60 121.35 4.97 0.0326 0.0336 0.0201 -0.0231 
(2.1) (0.15) (0.15) (0.35) 

ST-61 130.87 5.39 0.0242 0.0286 0.0361 -0.0084 
(2.1) (0.25) (0.25) (0.60) 

ST-61A 277.42 13.07 0.0214 0.0286 0.0773 -0.0542 
(2.1) (0.15) (0.15) (0.35) 

ST-62 501.11 13.70 0.0164 0.0286 0.0751 -0.0672 
(2.1) (0.2625 (0.2625) (0.40) 

ST-63 136.70 4.63 0.0305 0.0348 0.0414 0.0034 
(2.1) (0.35) (0.35) (0.80) 

ST-64 155.50 5.56 0.0276 0.0349 0.0462 -0.0014 
(2.1) (0.30) (0.25) (0.65) 
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ST-65 

ST-65A 

ST-66 

ST-6 7 

ST-68A 

ST-69 

270.43 
(2.1) 

547.68 
(2.1) 

926.89 
(2.1) 

272.31 
(2.1) 

316.28 
(2.1) 

340.69 
(2.1) 

4.26 
(0.30) 

15.06 
(0.15) 

19.78 
(0.175) 

4.96 
(0.35) 

6.40 
(0.3) 

8.12 
(0.35 

0.0647 

0.0595 

0.0525 

0.0763 

0.0744 

0.0543 

0.0670 

0.0667 

0.0666 

0.0786 

0.0786 

0.0647 

0.0357 
(0.65) 

0.0578 
(0.15) 

0.0813 
(0.15) 

0.0216 
(0.35) 

0.0287 
(0.3) 

0.0221 
(0.35) 

0.0001 
(0.30) 

-0.0697 
(0.35) 

-0.0780 
(0.325) 

-0.0167 
(0.80) 

-0.0189 
(0.65) 

-0.0075 
(0.85) 
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Table 20. Effect of disturbance on existing machines - remote synchronous generation - faults 
located inside the existing system 

Case No. 
6 max. 
Degree 

(@ time, sec) 

6 max. 
Rad/sec^ 

(@ time, sec) 

AIJ ./sec AIK./sec 
Case No. 

6 max. 
Degree 

(@ time, sec) 

6 max. 
Rad/sec^ 

(@ time, sec) min. max. 
max. 

(@ time, sec) 
'oin. 

(@ time, sec) 

SR-14 2/9.19 1.91 (0.2) 0.0534 0.0570 0.0261 0.0139 
(2.1) -0.88 (0.5) (0.5) (0.2) 

SR-16A 441.86 8.91 (0.125) 0.0530 0.0568 0.0252 -0.0532 
(2.1) -5.60 (0.3) (0.125) (0.3) 

SR-17 311.09 1.90 (0.25) 0.0579 0.0620 0.0125 0.0027 
(2.1) -0.37 (0.55) (0.55) (0.25) 

SR-17A 341.80 3.57 (0.2) 0.0583 0.0620 0.0063 -0.0203 
(2.1) -1.88 (0.5) (0.2) (0.5) 

SR-17B 461.07 5.50 (0.45) 0.0461 0.0539 0.0176 -0.0060 
(2.1) -1.98 (0.775) (0.45) (0.15) 

SR-17C 508.82 4.64 (0.35) 0.0492 0.0539 0.0130 -0.0200 
(2.1) -1.40 (0.675) (0.35) (0.675) 

SR-17F 450.18 6.02 (0.45) 0.0417 0.0460 0.0081 -0.0206 
(2.1) -2.97 (0.70) (0.40) (0.15) 

SR-17G 603.71 9.65 (0.125) 0.0377 0.0460 0.0282 -0.0448 
(2.1) -3.42 (0.25) (0.125) (0.25) 

SR-18A 871.74 11.89 (0.15) .0.0390 0.0467 0.0313 -0.0420 

(2.1) -1.88 (0.25) (0.15) (0.25) 

SR-18B 697.89 4.87 (0.35) 0.0403 0.0467 0.0153 0.0063 

(2.1) 3.21 (1.20) (0.65) (0.35) 

SR-19A 438.51 8.98 (0.15) 0.0422 0.0447 0.0222 -0.0548 

(2.1) -5.44 (0.25) (0.15) (0.25) 
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SR~19B 308.20 1.45 (0.25) 0.0433 
(2.1) 0.38 (0.55) 

SR-20A 518.23 7.18 (0.15) 0.0384 
(2.1) -3.92 (0.25) 

SR-20B 376.84 2.53 (0.4) 0.0394 
(2.1) -0.20 (0.95) 

SR-21A 689.95 8.64 (0.125) 0.0327 
(2.1) -2.13 (0.25) 

SR-21B 558.75 5.12 (0.35) 0.0330 
(2.1) -0.91 (0.625) 

SR-22A 1059.68 18.57 (0.15) 0.0388 
(2.1) -5.40 (0.3125) 

SR-22B 743.53 5.53 (0.25) 0.0411 
(2.1) 3.23 (0.55) 

SR-23A 625.76 12.39 (0.15) 0.0439 
(2.1) -4.54 (0.3) 

SR-23B 352.86 2.49 (0.2) 0.0504 
(2.1) -0.28 (0.6) 

SR-24A 673.13 8.44 (0.15) 0.0308 
(2.1) -1.77 (0.25) 

SR-24B 531.01 5.52 (0.4) 0.0323 
(2.1) -1.75 (0.65) 

SR-25A 578.61 7.29 (0.125) 0.0369 
(2.1) -2.17 (0.25) 

SR-25B 465.87 5.34 (0.45) 0.0389 
(2.1) -1.33 (0.725) 

0.0447 0.0239 0.0181 
(0.55) (0.2) 

6.0445 0.0116 -0.0503 
(0.15) (0.25) 

0.0447 0.0239 0.0160 
(0.2) (0.45) 

0.0421 0.0110 -0.0499 
(0.125) (0.25) 

0.0421 0.0392 0.0154 
(0.625) (0.35) 

0.0467 0.0666 -0.0608 
(0.15) (0.3125) 

0.0467 0.0190 0.0025 
(0.06) (0.25) 

0.0549 0.0387 -0.0539 
(0.15) (0.3) 

0.0549 0.0317 0.0137 
(0.65) (0.2) 

0.0421 0.0092 -0.0407 
(0.15) (0.25) 

0.0421 0.0434 0.0126 
(0.65) (0.35) 

0.0460 0.0158 -0.0370 
(0.125) (0.25) 

0.0460 0.0043 -0.0213 
(0.45) (0.15) 
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Table 21. Effect of disturbance on existing machines - remote 
induction generation 

Sending End Fault 

TdO ~ 0.7233 sec 

II o
 0.2411 sec 

r2 = 0.015 pu ^2 = 0.045 pu 
sq = 0.7563 Hz ®o - 2.2699 Hz 

H, MW.S/MVA H, m.S/MVA 

0.5 1.0 2.0 0.5 1.0 2.0 

Case No. SM-2 SM-1 SM-3 SM-6 SM-4 SM-7 

2.5914 
-0.0198 

81.96 
-29.37 

-0.0317 
-0.0302 

0.0167 
0.0  

î; unstab. 
6, rad/sec , 
first swing, 

max. 3.5715 5.0464 4.4379 4.6387 4.0049 
min. -0.0116 -0.0486 -0.1908 -0.0865 -0.0720 

first swing, 
max. 276.13 140.55 73.52 326.01 163.26 
min. 34.85 -63.38 -46.70 -166.17 -85.98 

AIJ,/sec 

max. -0.0314 -0.0317 -0.0317 -0.0317 -0.0317 
min. -0.0296 -0.0296 -0.0301 -0.0295 -0.0300 

AIK,/sec 

max. 0.0217 0.0294 0.0279 0.0274 0.0241 
min. 0.0035 0.0031 0.0019 0.0 0.0 
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Receiving End Fault 

"dO = 
^2 = 

SQ — 

0.7233 sec 
0.015 pu 
0.7563 Hz 

TdO = 
r2 = 
SQ = 

0.2411 sec 
0.045 pu 
2.2689 Hz 

H, MW.S/MVA H, MW.S/MVA 

0.5 1.0 2.0 0.5 1.0 2.0 

SM-8 SM-9 SM-10 SM-li SM-12 SM-13 

unstab. 

3.7816 5.1675 4.7429 4.7475 4.1852 2.7731 

-0.0115 -0.0183 -0.1438 -0.1316 -0.1741 -0.1465 

237.90 123.18 66.71 326.20 163.33 81.93 
30.82 -62.85 -45.43 -166.22 -83.25 -28.30 

-0.0314 -0.0317 -0.0317 -0.0317 -0.0317 -0.0317 
-0.0285 -0.0288 -0.0291 -0.0286 -0.0290 -0.0292 

0.0217 0.0289 0.0273 0.0276 0.0241 0.168 
0.0031 0.0040 0.0024 0.0 0.0 0.0 



www.manaraa.com

Table 22. Effect of the disturbance on the existing machines -
remote synchronous and induction generation mix 

Case No. H Load Load Distribution 5 max^ 
MW.S/MVA Level Rad/sec^ 

Synch. MW Ind. MW (@ Time, sec) 

SI-5 1.0 normal 42.5 42.5 4.84 
(0.25) 

SI-6 0.5 normal 42.5 42.5 5.20 
(0.2) 

SI-8 0.5 heavy 80 80 10.17 
(0.35) 

SI-20 4.0 heavy 0 160 9.39 
(0.45) 
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AU, /sec AIKl,/sec AIK2 ,/sec 

min. max. min. max. min. max. 
(@ time. sec) (@ time, sec) ((§ time. sec) (@ time, sec) 

.0252 .0273 -.0086 .0136 -.0139 .0052 
(0.3) (1.5) (0.25) (1.5) 

.0248 .0273 -.0111 .0150 -.0170 .0066 
(0.3) (1.5) (0.2) (0.5) 

.0557 .0643 -.0178 .0213 -.0180 .0094 
(0.3) (1.6) (0.2) (1.6) 

.0600 .0630 -.0097 .0250 -.0240 .0045 
(0.45) (0.2) (0.45) (1.95) 
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VII. EIGENVALUE ANALYSIS OF THE FAULT-CT.FARED NETWORK 

A. Scope of the Analysis 

Eigenvalue analysis of the fault-cleared network of the studied 

power system is conducted to investigate the effect of the variation of 

the parameters of interest on the normal modes and mode shapes of this 

system. These parameters are: 

the inertia of the remote generation, 

load level, 

penetration level, 

length of the new transmission lines, 

the point of connection of the remote generation to the existing 

system. 

Cases NM-1 through NM-12 are conducted to cover these parameters. 

The results are tabulated in Table 23. From this table, the influence 

of the above parameters are identified and summarized. For the selected 

power system, there are three natural uodes of oscillation, with each 

mode associated with the oscillation of one group of machines with 

respect to another group. The grouping depends on the system configura­

tion, i.e., the impedance between the machines, the machines* inertias, 

the load levels, the penetration level, the point of connection, etc. 

This is reflected in the data displayed in Table 23 (in the frequencies 

of oscillation and the mode shapes). 

The response of the power network to severe disturbances, such as 

displayed by the swing curves of Chapter VI, is influenced by these 

natural modes of oscillation. One or more of these modes may show up as 
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the dominating modes. Thus, comparing Table 23 with the swing curves of 

Chapter VI will help us understand the influence of these parameters on 

the dynamic performance of the selected power network. 

B. Numerical Results 

1. Eigenvalue analysis 

From Table 23, the influence of various parameters on the normal 

modes and mode shapes of the fault-cleared network are summarized below. 

a. Effect of the inertia of the remote generation High inertia 

of the remote generation yielded three natural modes of oscillation. 

The mode shape of the lowest mode of oscillation is such that machines 

no. 2, 3, and the remote machine are swinging together as one group 

against machine no. 1 and the remote machine has the largest relative 

swing. For the next higher mode of oscillation, machines no. 2 and 3 are 

swinging together as one group against both machine no. 1 and the remote 

machine as a group. For the highest mode of oscillation, machines no. 1, 

2, and the remote machine are swinging together as one group against 

machine no. 3, e.g.. Case NM-1. 

Low inertia of the remote generation results in higher frequencies 

of oscillation and somewhat different grouping of coherent machines. In 

the lowest mode of oscillation, the grouping of coherent machines is the 

same as that of the high remote inertia case, i.e., machines no. 2, 3, 

and the remote machine are swinging together as one group against machine 

no. 1 (e.g., compare Cases NM-2 to NM-1). The grouping of the coherent 

machines for the next mode of oscillation is such that machine no. 3 
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and the remote machine are swinging together as one group against 

machines no. 1 and 2 which form another group. The highest mode of 

oscillation is very interesting because the remote machine is swinging 

against the three existing machines (e.g.. Case NM-2) which remain 

relatively stationary. 

b. Effect of load level Load level has a minor influence on 

the frequencies of oscillation but it has no effect on the grouping of 

coherent machines. Heavier loads tend to decrease the frequencies of 

oscillation slightly. This trend is consistent for both high and low 

inertia cases, e.g., compare Cases NÎI-3 to NM-5 and NM-4 to NM-6. 

c. Effect of penetration level In this study, penetration level 

seems to have negligible effect on neither the frequencies of oscillation 

nor the grouping of coherent machines, e.g., compare Cases NM-1 to NM-3 

and NM-2 to NM-4. 

d. Effect of length of the new transmission lines Long trans­

mission lines (high impedance) between the remot* generation and the 

existing system tends to decrease the frequencies of oscillation slightly, 

but has no effect on the grouping of the coherent machines. This trend 

is consistent for both high and low remote inertia cases, e.g., compare 

Cases NM-5 to NM-7 and NM-6 to NM-8. 

e. Effect of the point of connection The effect of the point 

of connection of the remote generation to the existing system seems to 

depend on both the inertia of the remote generation and the length of 

the transmission network joining the remote generation to the existing 

system. For long transmission line cases, the point of connection affects 
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Table 23. Normal modes and mode shapes of the fault-cleared network 

Case Remote Gen. Length of 
No. Joins the Existing New Trans-

System at Bus No. mission 
Lines 

Load Penetra-
Level tion 

Level, 
Percent 

Remote 
Inertia, 
to 100 M7A 
base, sec 

NM-1 

NM-2 

NM-3 

NM-4 

NM-5 

NM-6 

NM-7 

NM-8 

NM-9 

NM-10 

NM-11 

NM-12 

8 

8 

8 

8 

6 

6 

short 

short 

short 

short 

short 

short 

long 

long 

long 

long 

short 

short 

normal 13 

normal 13 

normal 

normal 

heavy 

heavy 

heavy 

heavy 

heavy 

heavy 

heavy 

heavy 

27 

27 

25 

25 

25 

25 

25 

25 

25 

25 

6.4 

1.0 

6.^ 

1.0 

6.4 

1.0 

6.4 

1.0 

6.4 

1.0 

6.4 

1.0 
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Natural Modes Normalized Mode Shapes Group of 
(Relative Rotor Angle Deviations) Coherent Machines 

Frequency, Period, Bus 1 Bus 2 Bus 3 Bus 11 Group 1, Group 2, 
Hz sec Machines Machines 

No. No. 

1.21 0.82 -0.5003 0.6401 0.4418 1.0 2,3,11 1 
1.74 0.57 -0.0720 1.0 0.1497 -0.8043 2,3 1,11 
2.20 0.45 -0.0346 -0.1968 1.0 -0.1457 3 1,2,11 
1.39 0.72 -0.3706 1.0 0.5944 0.5711 2,3,11 1 
2.14 0.47 -0.0407 -0.3556 1.0 0.2277 3,11 1,2 
3.67 0.27 -0.0084 -0.0651 -0.1276 1.0 1,2,3 11 
1.21 0.83 -0.5037 0.6474 0.4535 1.0 2,3,11 1 
1.75 0.57 -0.0701 1.0 0.1429 -0.8083 2,3 1,11 
2.20 0.45 -0.0338 -0.1964 1.0 -0.1490 3 1,2,11 
1.38 0.72 -0.3722 1.0 0.6040 0.5799 2,3,11 1 
2.14 0.47 -0.0397 -0.3595 1.0 0.2296 3,11 1,2 
3.68 0.27 -0.0082 -0.0653 -0.1288 1.0 1,2,3 11 
1.18 0.85 -0.5068 0.6481 0.4763 1.0 2,3,11 1 
1.74 0.57 -0.0704 1.0 0.1625 -0.8163 2,3 1,11 
2.17 0.46 -0.0312 -0.2061 1.0 -0.1489 3 1,2,11 
1.36 0.74 -0.3784 1.0 0.6432 0.6099 2,3,11 1 
2.12 0.47 -0.0356 -0.3729 1.0 0.2171 3,11 1,2 
3.65 0.27 -0.0078 -0.0675 -0.1278 1.0 1,2,3 11 
1.08 0.93 -0.3712 0.2777 0.1989 1.0 2,3,11 1 
1.55 0.65 -0.1759 1.0 0.4482 -0.5609 2,3 1,11 
2.14 0.47 -0.0357 -0.2716 1.0 -0.0670 3 1,2,11 
1.35 0.74 -0.3771 1.0 0.6179 0.6556 2,3,11 1 
2.11 0.47 -0.0385 -0.3750 1.0 0.2976 3,11 1,2 
2.94 0.34 -0.0052 -0.0653 -0.1525 1.0 1,2,3 11 
1.16 0.86 -0.2871 0.0226 0.0809 1.0 2,3,11 1 
1.40 0.72 -0.2545 1.0 0.5384 -0.3130 2,3 1,11 
2.14 0.47 -0.0292 -0.3002 1.0 -0.0622 3 1,2,11 
1.37 0.73 -0.3562 1.0 0.6009 0.2108 2,3,11 1 
2.10 0.48 -0.0465 -0.3558 1.0 0.3661 3,11 1,2 
2.83 0.35 -0.0193 -0.0181 -0.1423 1.0 1,2,3 11 
1.34 0.75 -0.6194 1.0 0.7192 0.9495 2,3,11 1 
1.53 0.65 -0.0032 -0.8770 -0.2361 1.0 1,2,3 11 
2.17 0.46 -0.0210 -0.2682 1.0 -0.1244 3 1,2,11 
1.39 0.72 -0.3542 1.0 0.5918 0.1914 2,3,11 1 
2.12 0.47 -0.0448 -0.3445 1.0 0.2531 3,11 1,2 
3.55 0.28 -0.0210 -0.0265 -0.1109 1.0 1,2,3 11 
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only the frequencies of oscillation, but has no effect on the grouping 

of the coherent machines. This observation is true for both high and low 

remote inertia cases, e.g., compare Cases NM-7 to NM-9 and NM-8 to NM-10. 

Short transmission lines and low remote inertia yield similar results to 

those obtained for long transmission line, i.e., the frequencies of 

oscillation may change but the grouping cr coherent machines are not 

altered (e.g., compare Cases NM-6 to NM-12). However, the combination of 

short transmission line and high remote inertia may influence both the 

frequencies of oscillation and the grouping of coherent machines, e.g., 

compare Cases NM-5 to NM-11. 

2. Analysis of the swing curves of Chapter VI 

The response of the power network due to severe disturbances, such 

as displayed by the swing curves of Chapter VI, can be analyzed from the 

understanding of the natural modes of oscillation and the mode shapes 

discussed in the previous section. The swing curves chosen for analysis 

are those of the ST-Series. 

a. Effect of high inertia of the remote generation High inertia 

of the remote generation consistently yields one dominating mode of 

oscillation having the frequency ranging from 1.0 Hz to 1.34 Hz depending 

upon load level, penetration level, the point of connection, and the 

length of the transmission line joining the remote generation to the 

existing system. It is interesting to note that the dominating mode 

that appears in the swing curves of Chapter VI is always the lowest mode 

of oscillation predicted by the linear analysis of Chapter VII (Table 23). 
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The mode shape of this mode of oscillation (as shown in Table 23) is such 

that machines no. 2, 3, and the remote machine are swingiug together as 

one group against machine no. 1 and tbit the relative rotor angle 

deviation of the remote machine is larger than those of machines no. 2 

and 3. The swing curves of Chapter VI agree very closely with this 

prediction. 

The other two higher modes may or may not show up as secondary modes 

superimposed on the dominant mode. If any of these secondary modes do 

show up noticeably, it is the one dominated by machine no. 3. The effect 

of this mode is mora noticeable if the fault is moved from bus 10 to bus 

6 or bus 8, i.e., closer to the existing system. The effect of this 

secondary mode is more pronounced when the penetration level is low. 

Higher penetration level or heavier load level appears to suppress this 

secondary mode. 

Long transmission line between the remote generation and the existing 

system not only reduces the frequencies of oscillation, but also accen­

tuates the relative swings between the remote machine and the machines of 

the existing system. 

Moving the point of connection from bus 8 to bus 6 results in two 

dominant modes of oscillation. These two modes, which are influenced by 

machine no. 2 and the remote machine, interact strongly. The result is 

that machines no. 2, 3, and the remote machine do not swing as a group 

against machine no. 1. 

b. Effect of low inertia of the remote generation For low 

inertia of the remote generation, the single dominant mode of oscillation 
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that causes machines no. 2, 3, and the remote machine to svlag together 

against machine no. 1 disappear. In its place, three interacting modes 

of oscillation can be detected. The result that we can observe in the 

swing curves of Chapter VI is that the remote machine is swinging at a 

high frequency (ranging from 2,83 Hz to 3.68 Hz) against machine no. 1 

and this high frequency swing is superimposed on a slower swing (ranging 

from 1.35 Hz to 1.39 Hz) that is dominated by machine no. 2. Since the 

interaction among the three modes of oscillation is strong, the swing 

curves of machines no. 2 and 3 against machine no. 1 appear as severely 

distorted sine curves. 

The effects of penetration level, load level, length of the trans­

mission line and point of connection are consistent with those discussed 

previously under items b through e of Section 1. 
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VIII. CONCLUSIONS 

A. Effect Various Parameters 

From the analysis given in Chapters VI and VII the following 

conclusion can be reached. 

1. Effect of low inertia 

Low inertia, at the remote generation, made the system more 

vulnerable to a disturbance either on a transmission network between the 

remote generator(s) and the existing network or on a transmission network 

of the existing system close to the bus to which the remote generation is 

connected (bus 6 or bus 8). With other factors the same, the inertia 

at the remote generator(s) means: 

• For the remote generator(s), higher rotor angle sifings and 

greater tendency toward instability. 

• For the existing system generators, higher rotor swings and 

greater magnitude of synchronizing forces among the groups of 

machines to hold the system together. 

- The system, due to disturbance, is oscillating at a higher 

frequency. 

For the fault in the transmission line joining the remote genera­

tion to the existing system, stability limit (maximum relative 

swing) seems to be governed by the remote machine (lowest inertia) 

and machine no. 1 (highest inertia) of the existing system. 

• Coherency among machines no. 2, 3, and the remote machine that 

exists when the remote machine has high inertia, is gone. Thus, 
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all three modes of oscillations show up distinctly rather than 

just one dominant mode to be found. 

• With the lack of any one dominant mode of oscillation, the 

relative swings of machines no. 2, 3, and the remote machine with 

respect to machine no. 1 appear as severely distorted sine 

curves, in contrast to the undistorted sinusoidal swings obtained 

under high remote inertia cases. 

2. Induction versus synchronous generation 

The remote induction machine is particularly vulnerable to instabil­

ity when the inertia is low. On the other hand, the existing system 

generators are less affected by the disturbance for remote induction 

generation than for the synchronous case. 

The effect of the disturbance on the remote induction machine is 

much reduced when its rotor resistance is increased. This is because 

the maximum torque occurs at a higher slip, allowing a larger region 

of "feasible" operation. 

A mix of synchronous and induction generators at the remote location 

appears to improve the system dynamic behavior. To take full advantage 

of that effect, equal sharing of the remote generation among the synchro­

nous and induction generators appears to be desirable. 

3. System load level and penetration level 

In the major portion of this study, the remote generation wa:; held 

to about 27 percent of the total system generation, but the overall load 

and generation levels were changed. The normal load represented 315 MW 
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load while in the heavy load condition a 630 MW load was used. The 

generation capacity was about 683 MW. 

At this level of penetration of the remote generation, it is 

critical that higher (or at least normal) values of inertia constants be 

used for remote generation. If this is not provided for, poor dynamic 

behavior at heavy load conditions, including instability, is often 

encountered. 

The effect of the variation of the penetration level (13-38 percent) 

can be summarized as follows: 

• For the overall system, the relative swings of the rotor of the 

remote generator with respect to the rotors of the machines in the 

existing system and its inertial center increase very rapidly 

with the increase in penetration level. 

• The effect of disturbance on the existing machines is more 

severe under high penetration level. 

• High penetration level appears to suppress the higher (secondary) 

modes of oscillation, making the lower, and dominant, mode stand 

out by itself (this is true only when the remote generation has 

high inertia). 

4. Fault location 

Faults external to the existing network are more severe than the 

internal faults. Thus, faults that are electrically close to the remote 

generation adversely affect the transient stability of the overall power 

network. The opposite is true with faults that are electrically far 
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away from the remote generation. The effect of fault location can be 

SU=arized below: 

• For an external fault, the relative swing of the rotor of the 

remote generator with respect to the rotor of the existing 

machine with the highest inertia is consistently larger than 

those with respect to the lighter machines; this is not always 

true for internal fault. 

For an internal fault, the remote machine is most disturbed when 

the fault is located close to the machine with the highest 

inertia (machine no. 1). However, the opposite is not true, i.e., 

a fault located close to the machine with the lowest inertia 

(machine no. 3) does not necessarily cause the least amount of 

disturbance to the remote machine. 

• For both external and internal faults, lower inertia of the 

remote machine produces greater swings and accelerations of the 

remote machine. 

• For internal faults, it appears that the existing power network 

is least disturbed when the fault is located at the machine with 

the smallest inertia, and it is most disturbed when the fault is 

located at the machine with the highest inertia. 

Fault location has strong influence on the synchrondLzing forces 

between the two groups of machines. 

5. Network configuration 

The existing network bus to which the remote generation is connected 

has not been critical in this study; other factors are more important. 
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The dynamic behavior of the remote Induction generation appears to 

be more sensitive to the impedance (the length) of the transmission 

network joining the remote generation to the existing system than that of 

the remote synchronous generation. 

For critically stable remote synchronous generation cases, long 

transmission lines required an inertia constant at the remote machine 

almost three times as much as that required by short transmission lines. 

The effect of the disturbance on both the remote machine and the 

existing machines is greater when the transmission lines joining them 

are long. The machines* relative swings are accentuated, but the 

accelerations appear to be reduced and the frequencies of oscillation 

are also reduced. The reduction in frequencies of oscillation can be 

observed fros both the swing curves of Chapter VI and the small 

perturbation analysis of Chapter VII. 

When a mix of remote synchronous and induction generators is used, 

it appears to be more beneficial to connect them to the same bus, i.e., 

to have them electrically close. 

From the above discussion, it is clear that low inertia at the 

remote generation, long transmission network joining the remote generation 

to the existing power system, heavy load level, and high penetration level 

are all detrimental to the dynamic behavior of the power system. Each 

of these parameters by itself has an adverse effect on the dynamic 

performance of the power system. The combined effects of these parameters 

acting together are even worse and should be avoided. 
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Under transient condition, remote induction generation rppears to 

benefit from higher rotor resistance; but, this means higher losses and 

lower efficiency under normal operating condition. So, a compromise 

among these conflicting requirements must be made in the choice of the 

value of the rotor resistance. 
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XI. APPENDIX A: COMPUTATION OF THE CHARACTERISTIC MATRIX A 

A. Case NM-3 

This case covers the remote synchronous generation series ST-17 

through ST-20 (short line, bus 8 connection, normal load, and penetration 

level = 27%). 

From the data of case ST-17, we have 

0^0 = 2.03°, 520 = 11-67°, = 14.64°, 5^^ = 13.60° 

A^2 = 1.325078, A^^ = 1-106276, A^^ = 0.769159 

a^2 = 0.200157, = 0.143811, A.^ = 0.095433 

9^2 = 81.31°, = 82.53°, 6^^ = 82.87° 

H^ = 23.64s, H2 = 6.40S, H^ = 3.01 S, H^ = 6.40 S. 

From equation (4.27.a). 

Also from equation (4.27.b), 

'""A 
2^ 

Thus the first row of matrix Ig^^] can be calculated as follows. 

Hz " -0*200157 sin (2.03- 11.67°) = 0.033518 

= -0.143811 sin (2.03°- 14.64°) = 0.031396 

gl4 =-0.095439 sin (2.03°-13.60°) = 0.019141 
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= -(gi2 + 613 + 814) = -0.084054 

From equation (4.27.c) 

b = A., sin 0.. cos (6. - 6. ) 
1] 13 1] 10 30' 

and from equation (4.27.d), 

n 
b_,_, = - Z b_„ 

3 
ii .=1 13 

Thus the first row of matrix [b^^] can be calculated as follows. 

b^2 = 1.325078 sin 81.31° cos (2.03° - 11.67°) = 1.291377 

= 1.106276 sin 82.53° cos (2.03°- 14.64°) = 1.070430 

b^^ = 0.769159 sin 82.87° cos (2.03°- 13.60°) = 0.747707 

= -(b^2 + + b^^) =-3.109515 

From the above calculations, it is clearly shown that is very 

small compared to b^^. The effect of omitting g^^ from the character­

istic matrix A will be shown below. 

First, the matrix A is formed with [g^^] included. The ith row of 

matrix A is then given by an adapted form of equation (4.30.a), 

\j " 2HT (Sij 

For example, the elements of the first row of matrix A are; 
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a,, = 377 

a, - = 

a,, = 

2x 23. 64 

377 
2x23. 64 

377 
2x 23. 64 

377 
14 2x 23.64 

(-0.084054 - 3.109515) = -25.464795 

(0.033518 + 1.291377) = 10.564412 

(0.031396 + 1.070430) = 8.785711 

(0.019141 + 0.747707) = 6.114672 

The matrix A (including Fg^jl) is given by 

A = 

-25.4648 

37.0478 

65.0690 

21.4585 

10.5644 

-94.5144 

52.6337 

32.1067 

8.78571 

25.1249 

-168.446 

6.11467 

32.3416 

50.7437 

23.9643 -77.5295 

The corresponding matrix A neglecting [g^^] is given by 

-24.7946 10.2971 8.53536 5.96204 

38.0350 -95.1988 24.9396 32.2242 

67.0352 53.0277 -170.912 50.8488 

22.0223 32.2242 23.9148 -78.1613 

A = 

The effects of [g^jl on the normal modes and mode shapes of the 

characteristic matrix A are summarized in Table 24. As is evident 

in this table, the effects of [g^^] on the normal modes (natural 

frequencies) and mode shapes (normalized generator relative rotor angle 

deviations) of matrix A are extremely small. Indeed, the information 

concerning the normal modes and mode shapes has not been lost at all by 
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omitting Hence, the assunçtion made earlier in Chapter IV that 

[g^j] is negligible is valid. The direct benefit of this assumption is a 

substantial saving in computation. 
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Table 24. Normal modes and mode shapes - Case NM-3 

[gj^j] Included te^j] Not Included 

Natural 
Modes, 
in Hz 

Normalized Mode Shapes 
(Relative Rotor Angle Deviations) 

Natural 
Modes, 
in Hz 

Normalized Mode Shapes 
(Relative Rotor Angle Deviations) 

Natural 
Modes, 
in Hz 

Bus 1 Bus 2 Bus 3 Bus 11 

Natural 
Modes, 
in Hz 

Bus 1 Bus 2 Bus 3 Bus 11 

1.21 -0.5308 0.6464 0.4520 1.0 1.21 -0.5037 0.6474 0.4535 1.0 

1.74 -0.0732 1.0 0.1432 -0.8058 1.75 -0.0701 1.0 0.1429 -0.8083 

2.19 -0.0351 -0.2008 1.0 -0.1505 2.20 -0.0338 -0.1964 1.0 -0.1490 
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XII. APPENDIX B: OUTPUT OF STABILITY ANALYSIS 
COMPUTER PROGRAM FOR CASE ST-1 

Case ST-1 is representative of the original ST-series. The complete 

list of this series (ST-1 through ST-36) is shown in Table 5. The output 

of STANAL computer program for this series is shown in the appendix of 

reference [20]. As a sample, only Case ST-1 will be shown in this 

chapter via Figures 8 through 17. The variables chosen for demonstration 

in this series are listed below. 

1. Angles 6^, ^3» Ô (Figure 8). 

2. Angles 6^ and o (Figure 9). 

3. Relative angles (6^-6), (ô^- 5), and (0^ - Ô) (Figure 10). 

4. Relative angle (ô^-ô) (Figure 11). 

5. Accelerations 6^, ô^, and 6 (Figure 12). 

6. Accelerations and 6 (Figure 13). 

z . :: z 
7. Relative accelerations (ô^-S), (62" S), and (ô^-ô) (Figure 14). 

8. Relative acceleration (ô^- ô) (Figure 15). 

9. Terms of equation (4.10) (Figure 16): 

SSPC = 
H i=l 

n 
SSUMA = Z 

j=l 
^ + g "w * 

n-1 n 2 -
SSUMAH = Z Z 5 A., cos Ô.. 

i=l j=i+l H 
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Terms of equation (4.5) (Figure 17) 

° ^ci 
SPCP = z , 

i=l H 

^ '^ik 
SUMK = - I cos (e.. -Ô.,) , 

i=l H 

n n 
SUMIJ = - Z Z A . cos (6,.-g. ) 

i=l j=l ^ ^ 



www.manaraa.com

114 

en 
CD 

'ZT 
en 
c 

g 

£ 
g 

R 

SWaïUTT CBSC ST 1 
mtsu OCU 
RMBU OCU 
IMBU 0U3 

Oe' 

O»' 
w _l 
o 

i.n i.sa ,0.75 l.ZS O.ZS B.SO 0.00 
TIME 

Figure 8. Case ST-1: angles 5^, 6^, 6^, and 6. 
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T^igure 9. Case ST-1: angles 5^ and 6. 
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Figure 10. Case ST-1: relative angles (ô^ -ô), (Ô_-Ô), and (6_-ô) 
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Figure 11. Case ST-1; relative angle (ô^- 6). 
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Figure 12. Case ST-1: accelerations 5 , 6 , *6,, and g 
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Figure'13- Case ST-1: accelerations 5^ and ô. 
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Figure 14. Cc.se. ST-1: relative accelerations (6 -6), (5 -0), and 
•• -X ^ 
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Figure 15, Case ST-1: relative acceleration 
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XIII. APPENDIX C: OUTPUT OF STABILITY ANALYSIS 

COMPUTER PROGRAM FOR CASE SM-1 

Case SM-1 is representative of the SM-series. The complete list of 

this series (SM-1 through SM-17) is shown in Table 9- The output of 

STANAL computer program for this series is shown in the appendix of 

reference [20]. As a sample, only Case SM-1 will be shown in this 

chapter via Figures 18 through 23. The variables chosen for demonstra­

tion in this series are listed below. 

1. Angles 5^, 62» Ô3» and 6 (Figure 18). 

2. Angles 5^ and 6 (Figure 19). 

3- Relative angles (6^-6), (dg- 6), and (ô^-ô) (Figure 20). 

4. Relative angle (5^- Ô) (Figure 21). 

5. Accelerations 6^, '^"3» 5 (Figure 22). 

6. Accelerations 5^ and 5 (Figure 23). 

7. Relative accelerations (6^-6), (ôg-G)* and (6^ - Ô) (Figure 24) 

8. Relative acceleration (5^-5) (Figure 25). 

9. Teirms of equation (4.10) (Figure 26): 

\ 

SSPC = 
\ H 1=1 

n 
SSUMA = - Z 

j=l 
^ \j +§ \j ^®kj + 

^ 2 
SSUMAH = Z I é A., cos 6.. . 

i=l i=i+l H 
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10. Terms of equation (4.5; (Figure 27): 

n Pci 
SPCP = z ~ , 

i=l H 

SUMK = - Z cos (8,^-5,.) , 
i=l H 

n n 
SUMIJ = - Z Z A_,^ cos (9,-4-5^_,) . 

i=l 3=1 
ij ij Ij' 

11. Internal voltage, slip, terminal power, and terminal reactive 

power (Figure 28). 
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Figure 19. Case SM-1: angles 5^ and ô. 
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Figure 21. Case SM-1: relative angle (0^-5). 
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Figure 23. Case SM-1: accelerations 6^ and 6. 
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Figure 26. Case SM-1: terms of equation (4.10). 
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Figure 27. Case SM-1: terms of equation (4.5). 
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Figure 28. Case SM-1: internal voltage, slip, terminal power, and 
terminal reactive power. 
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XIV. APFEIDIX D: OUTPUT OF STABILITY ANALYSIS 
COMPUTER PROGRAM FOR CASE SI-1 

Case SJ-1 is representative of the Sl-series. The complete list of 

this series (SI-1 through SI-22) is shown in Table 10. The output of 

STANAL computer program for this series is shown in the appendix of 

reference [20]. As a sample, only Case SI-1 will be shown in this 

chapter via Figures 29 through 40. The variables chosen for demonstra­

tion in this series are listed below. 

1. Angles 0^, 62» and Ô (Figure 29). 

2. Angles 5^^, 0^, 6 (Figure 30). 

3. Relative angles (6^-6), (ôg - 6), and (Ô^-Ô) (Figure 31). 

4. Relative angles (6^- 5) and (Figure 32). 

5. Accelerations 5^, ^3» 5 (Figure 33). 

6. Accelerations 6^, 6^^, and 6 (Figure 34). 

7. Relative accelerations (Sj^-ô), (62-6), and (G^-ô) (Figure 35). 

8. Relative accelerations (5^- 5) and (5^^ - S) (Figure 36). 

9. Terms of equation (4.13) (Figure 37): 

SSPCI = Ï-Î J/-
n 

\lj - ̂klj) \lj SSUMAl = - Z 
3=1 

1 
SSUMAH = - Z % Z Z 2 Â.. cos Ô 

H i=l j=i-H ^ 
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SK1K2 = - ^ 
\lk2 ^®klk2"'^klk2^ ' 

SUMIX2 Z cos " ̂ik2^ * 
ti 1=1 

10. Terms of equation (4.14) (Figure 38): 

n r, 1 
SSUMA2 = jâ^A^j cos A^j cos (B^Zj + ̂IcZj 

^ n-1 n 
SSUMAH = e z Z 2 Ajj cos 6,.^ , 

j= H i=l 1=1+1 

SK2K1 = - ^kl ^®k2kl" '^k2kl^ ' 

SmiKl = # Z, Aikl c°: («ikl-«ikl)-
n 1=1 

11. Terms of equation (4.12) (Figure 39); 

1 * 
SPC6 = e Z P . , 

H i=i CI 

SDMQ = - I ? COS . 
n 1=1 

SUMK2 Z cos (9ik2~'^ik2^ ' 
n 1=1 

n n 
SUMIJ = - -5 Z Z A,, cos (0..-ô,.J 

H i=i j=i 

iH 
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Internai voltage, slip, terminal power, and terminal reactive 

power (Figure 40). 
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Figure 29. Case SI-1: angles 6^, 6^, 5^, and 6. 
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Figure 30. Case SI-1: angles 6^^, 6^, and 6. 
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Figure 31. Case SI-1; relative angles (ô^-ô), - 5), and (5^ - 5). 
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Figure 33. Case Sl-1: accelerations 6^, 6^, and g. 
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Figure 35. Case SI-1: relative accelerations (g^-6), (g -g), and 

(63-6). 
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Figure 37. Case SI-1: terms of equation (4.13). 
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Figure 38. Case SI-1: terms of equation (4.14). 
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Figure 39. Case SI-1: terms of equation (4,12). 
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XV. APPENDIX E: OUTPUT OF STABILITY ANALYSIS COMPUTER PROGRAM 
FOR REMOTE SYNCHRONOUS GENERATION - CRITICAL INERTIA 

This portion of runs is an addition to the original ST-series 

(Cases ST-1 through ST-36). The purpose of these runs is to find the 

Tm'm'Tmnn inertia constant "H" of the remote synchronous machine required 

for stable transient response due to the specified disturbance (three-

phase fault at bus 10, cleared at six cycles by removing the faulted 

line). The power system is assumed to be under heavy load condition 

with the penetration level of 25 percent. Critical inertia constants 

for various power system configurations (point of connection, length of 

line) are determined. The complete list of these runs is listed in 

Table 6. The complete output of STANAL computer program for this series 

is shown via Figures 41 through 100. The variables chosen for demon­

stration in this series are listed below. 

1. Angles 52^, Ô2, Ô3» and 6 (Figures 41 through 46). 

2. Angles and ô (Figures 47 through 52). 

3. Relative angles (5^- 5), (62" and (ô^-ô) (Figures 53 

through 58). 

4. Relative angle (5^- 5) (Figures 59 through 64). 

5. Accelerations 5^, ^*3» and 6 (Figures 65 through 70). 

6. Accelerations and 5 (Figures 71 through 76). 

7. Relative accelerations (5^- 6), (ôg- * and (Ô3-Ô) (Figures 

77 through 82). 

8. Relative acceleration (5^- ô) (Figures 83 through 88). 
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9. Terms of equation (4.10) (Figure 89 through 94): 

SSPC = 
^ck 1 " 

- - Z P . 
\ H i=i ci 

SSUMA. = - Z 
3=1 

cos (8^j + g A^j cos + \j) 

^ 2 
SSUMAH = Z Z = A., cos 6... 

i=i j=i+l H 

10. Terms of equation (4.5) (Figures 95 through 100): 

^ Pci 
SPCP = z 

i=l H 

^ ^ik 
SUMK = - Z cos (6 - 5 ) , 

i=l H IK XK 

n n 
SDMIJ = - Z Z A., cos (6..-6..) 

i=i j.i W 
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jTflOlLlTT OBC STïflB 
mwsLC oai 
AWCIC 002 
Stctc DOS W 
MGU 008 / CD 

C\1 

CO 
CD 
LO 
OJ 
CO 

v> 
lU 
Ui 

1.7S o.zs .0.75 l.SO 2.00 0.00 
TIME 

Figure 41. Case ST-26A: angles 0^, 6^» 
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O 
en 
1— 
en 
m 
m 
CM 
en 

STS81UTT DISC 5T301 
Msuc oai o 
«MCLC DEU A 
mCLC 003 + 
max OOB X 

SECONDS 

Figure 42. Case ST-30I: angles 5^, 5^, and Ô. 

SIS81L2T7 OBC SKBC 
MCLE OELI 
RNCLC 002 
tWSLC 003 
(WGLE DOS 

°'̂ °TIME°'̂  SECONDS 
a. m 

Figure 43. Case ST-46C: angles Ôg, 5_, and ô. 
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ST«8JLUT OaC 5T-58 
nuGU 0Q.1 
MSU 002 
fumx 003 
RNBZ 008 

cn 
CD 
LI 
C\J 
CD 

in 
LU 

l.ZS Z.OO ,0.7S 1.7S 0.00 o.so o.zs 
TIME 

Figure 44. Case ST-56: angles 5^, ô^, 6^, and 6. 

STS8IL1TT esse ST-73 
flKGu oai 
ANGLE 002 
WCLC 0O3 . 
AWLC 008 CO o_ 

V) 
UJ 
UJ 

0.00 o.zs o.so O.TS l.ZS l.SO 1.7S Z.OQ 
TIME 

Figure 45. Case ST-73: angles 0^, Ô g, 5^, and 6. 
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5TR811.1TT DCE ST-23 
RHTCC OCLJ 
>MSLC 0CL2 
«WSLC KLS 
nxCLC OOJS 

CO 
LU 
W 

W 

1.00 
SECONDS 

o.po 0.2S l.TS O.SO ,0.7S l.ZS z.co 
TIME 

Figure 46. Case ST-80: angles and g. 

STflSJLITT CBSE STZOT 
ANGLE OELKl 
ANGLE 0EL8 

CO 
UJ 
UJ 

o,--
tu 
—I u 
is 

o.as o.so O.TS 1.00 
SECONDS 

l.ZS 1.7S 0.00 l.SO Z.00 
TIME 

Figure 47. Case ST-26A: angles 6^ and 6, 
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STRSILITT ease ST30I 
(Msiz can 
RNOC OOJ 

t/i 

l.SO l.TS 2.00 l.ZS O.SO 
TIME^" SECO'NDS 

0.00 Q.ZS 

Figure 48. Case ST-30I: angles 5, and 6 

STR8ILITT DOt 5TMC 
RNSLC OOKl 
•wax eaa 

trt lU w 

0.00 Q.2S O.SO .0.7S l.ZS l.SO 1.00 
SECONDS 

l.TS 2.00 
TIME 

Figure 49. Case ST-46C: angles 6^ and 6. 



www.manaraa.com

144 

STS81L1TT CSS£ ST-S8 
«N3.E OEUCl 

OOB 

1.50 1.75 0.50 0.75 2.00 0.00 0.25 I.CO 
SECONDS TIME 

Figure 50. Case ST-56: angles 6 and 6 

STOaitlTT CBSC ST-73 
«H5LC OCLKl J 
UNCLE BOA f 

CC 

UJI 

UJ 

1.75 0.50 1.2S l.SO 2.00 0.00 0.25 
TIME 

Figure 51. Case ST-73: angles 5^ and 6. 
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sTftaiLiTT cnx sT-ao 
mux KLKl 
MSLC oeu 

w 

o' 
0.00 0.50 .0-73 l.ZS 1.50 0.23 

SEcé'NOS 
2.00 

TIME 

Figure 52. Case ST-80: angles 6^ and 6. 

O 
?o 

cr> 
w 
LUO 

o 

STfaiLiTT esse STzan 
«K3LC oai - OCt.9 o 
RNSLC DSX2 - OQ.B A 
ANCLE OOJ - OELB + 

0.00 0.23 SEcèfffe 
—I— 
l.SO 

—I— 
1.75 

—: 

2.00 

Figure 53. Case ST-26A: relative angles (6^-6), (dg-ë), and (ô^-ô). 
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STR8IL1TT CRSC ST30I 
«MSLC CS.1 - OCLB 
«UCLC 0CL2 - OOB 
(MCLC 003 - DOS 

0.75 J.00 
TIME, SECONDS 

Figure 54. Case ST-30I: relative angles (5^-5), (gg-G), and (5^ 

STOIUTT CRSt 5T*CC 
ANGLE DCLI - 0CL9 O 
ANGLE 0EL2 - 0EL8 A 
ANGLE DELS - DELO + 

xf i  
w 
g 

Wo 

p 
c 

0.00 0.2S 0.50̂ ^̂ 0̂.75 3g^.«jjgg «•» 1.50 I'.TS 
—I 
2.00 

Figure 55. Case ST-46C: relative angles (6^-6), (ôg " and (5^ 
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STB8IL1TT CSSE ST-S8 
mwcic OtLl - CCLB 
RNSLC 002 - DOB 
MSLC K>1- DOS 

SECONDS 

Figure 56. Case ST-56: relative angles (ô^-ô), and (S^ 

sTBoam CRSC ST-TI 
fixn-E KL! - 00.9 
MSLE 002 - DOB 
waz DOS - DOB 

,0.75 t.OO 
SEcnwDS 

Figure 57. Case ST-73; relative angles (5^-5), ( S ^ - S ) ,  and (6^-
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STR8ILITT CR5C 5T-W 
RNSLC Cai - DCLB O 
AfCLE DCL2 - OELB A 
ANGLE DCL3 - 008 + 

t / i  
w 

p 
o 

cc 

2* 

0.00 o.a sEcâ 

Figure 58. Case ST-80: relative angles (ô^-ô), (G^-G), and (0^ 

STRSILITT CASE STZOfl 
fWilC CCLKI - 008 • 

0.00 0.2S 
°'"tihe?'" seconds_ 

Figure 59. Case ST-26A: relative angle (6^- 6). 
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5TB8ILITT esse ST30I 
MOZ OCLKl - OflB 

V> 
W 

UJ 
O 

0.00 o.so O.TS 0.25 I.TO 
SECONDS 

1.25 1.50 2.00 1.75 
TIME 

Figure 60. Case ST-30I: relative angle (5^- 5). 

STRBaiTT CRSC ST««C 
MfULZ OOKl - OOB 

1.00 
SECONDS TIME 

Figure 61. Case ST-46C: relative angle 
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STMILITT CMC ST-S8 
MCLC oaxt - oae » 

1.00 
SECONDS TIME 

Figure 62. Case ST-56: relative angle (ô^-ô). 

STSBILITT CflSC 37-73 
RKStE otLKi - oao • 

°'"tihe°'^ SECO'NDS 

Figure 63. Case ST-73: relative angle (6^-6). 
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STR8JL1TT cms; 3T-M 
RKSLC OCLKl - OCLB • 

1.00 
SECONDS 

Figure 64. Case ST-80: relative angle (5^-ô). 

siaaiLiTT ease st2« 
C23EL1 O 
M3C12 * 
023CL3 • 
OZOCLS X 

Figure 65. Case ST-26A: accelerations 5^, ô^, and 6. 
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STSSIUITT oat ST301 
cjoa: 
oioa.2 
C23CL3 
czooa 

«-

U: 

o.zs o.sa 1.00 
SEC0ND3 

1— 
I.so I'.TS l.ZS o'.oo 0.7S 2.00 

TIME 

Figure 66. Case ST-30I: accelerations 6^, 6^, and 6. 

w tn 

& 
& 

STBBILin CftSC suae 
nZDCLI o 
D20CL2 * 
DZDEU + 
OZCCLS X 

1 1 1 1 1 : 1 1— 
0.00 o.zs o.so 0.75 1.00 l.ZS I.SO l.TS 2.00 

TIME. SECCNDS 

Figure 67. Case ST-46C; accelerations 5^, 6^, 0^» and 5. 
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3TO9:litt one sr-so 
WKLl 
OÎSCLZ 
023EL3 
ozcoa 

w tn 

"8 

8 
-I— 
:.7S 

-I— 
o.zs 

-I— 
l.ZS 

-I— 
l.SO 

-I— 
2.00 

-I— 
0.50 .o'.TS 

1 
l.CQ 

SECONDS 
0.00 

TIME 

Figure 68. Case ST-56: accelerations 5^, 6^, and 6. 

STPBILITT act ST-73 
/•îcai f\ 
•SîscLZ / : 
Ksoa / 
CMELS 7 

1.00 
SECONDS 

Figure 69. Case ST-73: accelerations 6^^, 5^, 63, and 6. 
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STSJILITT C«St 5T-B0 
C2:CL1 
C20EL2 
r.fas 
C£Kt.S 

*•>-u -UJ tn 

7: 

-J— 
z.oo 

-I— 
1.50 

1 
I.es 

-I— 
o.zs 

-I— 
0.53 

-I 
0.7S 

1 
i.ca 

SECONDS 
l.7i 0.00 

TIME 

Figure 70. Case ST-80; accelerations 6^, ô^, 6^, and Ô. 

P81UTT aet 5TZ8B 

0.00 o.zs o.so . 0.7S l.OO l.ZS 1.50 l.TS Z.OO 
TIME, SECONDS 

Figure 71. Case ST-26A: accelerations 6^ and 6. 
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STBBJLITT nOE ST30J 
taotxKi * 
OZOCLB JC 

P-W in 

h <=ô-

is 

****** 

I'.TS O.OQ O.ZS 
SECOfioS 

l.ZS l.SO z.oo 

Figure 72. Case ST-30T; accelerations 5^ and Ô. 

STAaiLirr ooc snec 
020CLKI 
Dsoeu 

u 

l.ZS l.SO l.TS Z.00 o.so .0.7S O.OQ 1.00 
SECONDS 

O.ZS 
TIME 

•• •  

Figure 73. Case ST-46C: accelerations 6^ and 6. 
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ïioeiLm rase ST-SO 
020CI.M 

o 
w 
Ui 

g. 

x.so t.zs O.SO .0.75 l.W 
SECONDS 

0.00 0.25 
TIME 

Figure 74. Case ST-56: accelerations 6^ and 6. 

STMILITT CRSE 3T-73 
oaocuci 
020EL5 

1.00 
SECONDS 

Figure 75. Case ST-73: accelerations 5^ and 6. 
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STRBlLm ose ST-80 
ozocua 
02008 

I.CO 
SECONDS 

Figure 76. Case ST-80: accelerations and 5. 

STRSIUTT OBC STZSB 
ozocLi - oznn.8 
D2CEL2 - 0200.8 
OZOCU - 0200.8 

Figure 77. Case ST-26A: relative accelerations (6 -6), (ô'-ô), and 

( 6 3 - 6 ) .  
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fU 
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3 W 
K8 
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g 
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8, 
7+ 

0.00 

STRBIUTT use ST301 
020CLI - ozooA a 
OZXLZ - 02X18 A 
02003 - 020CLB 4 

—1 
Q.ZS 

SECONDS 

Figure 78. Case ^-301: relative accelerations (5 -5), (6 -6), and 
— 1 z 

(63-Ô). 

STS8IL1TT CBSC 5T*8C 
1 - 02003 O 
- 020ELB * 
- ozoos + 

TIME, SECONDS 

Figure 79. Case ST-46C: relative accelerations (6 -6), (5 -6), and 

(03-t). 
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Figure 80. Case ST-56: relative accelerations and 

(63-ô). 

ss 

I cc c 

cc 

STBBIUTT ooe 5T-73 
ozon.1 - ozone s 
02002 - OZOCLS A 

OCOOS + 

'time?-" SEcéiSs ' = " 

Figure 81. Case ST-73: relative accelerations (ôj^-ô), (ô^- 5), 

( Ô 3 - 6 ) .  
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smiun case sr-ao 
OZOCLl - OZOEIB . e 
020CL2 - OSOCLB * 
02003 - 02008 * 

SECONDS 

Figure 82. Case ^-80: relative accelerations (5 -6^, and 

CÔ3-Ô. 

srmiun case srzm 
020CLXI - 02DO* 

u 

cr 

0.0a 0.25 0.50 .0.75 1.00 
SECONDS 

1.25 1.75 
TIME 

Figure 83, Case ST-26A; relative acceleration (^" ̂)« 
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Figure 84. Case ST-30I: relative acceleration (ô^-ô). 

STR8JL1TT 0«se ST*BC 
13200X1 - 0200.8 • 

t.00 
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Figure 85. Case Sr-46C: relative acceleration 
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STRBILITT CRSC ST-S8 
0200X1 - OZOCLS * 

Figure 86. Case ST-56: relative acceleration ( 6 ^ - 5 ) .  
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Ss 

C\J X 
% u wg too 

(T 
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8 

sraeiurr cast ST-73 
oeocuo - OZSXL» • 

0.00 0.2S 0.50^^^^0.75 l.eS 1.50 ,.75 2.00 

Figure 87. Case ST-73: relative acceleration (5^ - 6). 
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STR8JUTT DOC ST-BO 
OZOCLKl - OZOOB 
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to' 

fU 

(_) 

a-

g 

1.7S z o o  I.so l.ZS .0.73 0.50 O.ZS c.oo 
TIME 

I'igure 88. Case ST-80: relative acceleration (5^- 5). 

stbsjutt cnsc STZ» 
ssrci 
SÏUMJ 
SSUHAH 

o.zs 
°'"tIHE?'" SECONDS 

Figure 89. Case ST-26A: terms of equation (4,10). 
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SToaiUTT ease STMI 
SWC) 
SSWAJ 
39UWM 

u 

t.TS t.SO z.oo (.25 0.25 0.50 ,0.75 t.OO 
SECONDS TIME 

Figure 90. Case ST-30I: terms of equation (4.10). 

STRSILITT cnsc STUC 
SSPCI 
SSUMl 
SSUWM 

0.2S 0.00 0.50 ,0.7S t.2S 1.50 1.00 
SECONDS 

1.75 2.00 TIME 

Figure 91. Case ST-46C; terms of equation (4.10). 
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STR81UTT CnSE 37 5* 
ssrci o 
ssumi A 
SSWtflH + 

xteaaenasaxm 

0.00 
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Figure 92. Case ST-56: terms of equation (4.10) 

STflSlLITT CR5C 5T-73 
SSPCl 
ssumi 
S3UMH 

oasBft-eseMBB 

1.00 
SECONDS 

Figure 93. Case ST-73: terms of equation (4.10). 
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STnSlLlTT CftSC ST-aO 
ssrci e 
SSUW] * 
SSUWH 4-

Kccecppprpg 

I---u w 

1 1 1 1 1 1 1 ! 
0.00 O.ZS O.SO 0.7S «-00 1.2S l.SO 1.75 2.00 

TIKE. SECONDS 

Figure 94. Case ST-80: tems of equation (4.10). 

srasiuTT ose STzsa 
SfC8 
SUMXJ 
9UM1J 

t.oo 
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Figure 95. Case ST-26A: terms of equation (4.5). 
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SmSJUTT cox ST30] 
tra e 
SUMKl A 
SIMJ * 

g-
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I  I  A * .  Illlllll»»* 

0.00 
••"TIHE;-" SEciiSs '•= 

1.75 2.00 

Figure 96. Case ST-30I: terms of equation (4.5). 
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Figure 97. Case ST-46C: terms of equation (4.5). 
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Figure 98. Case ST-56: terms of equation (4.5). 

STSBILIIT BBC ST-73 
src8 
SUWl 
9UN1J 

O.ZS 0.00 
SECONDS 

l.ZS l.SO I.7S 2.00 

Figure 99. Case ST-73: terms of equation (4.5). 
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O.ZS o.so ,0.75 1.50 l.ZS 2.00 
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Figure 100. Case ST-80: terms of equation (4.5). 
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XVI. APPENDIX F: OUTPUT OF STABILITY ANALYSIS COMPUTER PROGRAM 
FOR REMOTE SYNCHRONOUS GENERATION -

VARIATION OF PENETRATION LEVEL 

This portion of runs is an addition to the original ST-series 

(Cases ST-1 through ST-36). The purpose of these runs is to study the 

effect of variation of penetration level on the dynamic performance of 

the machines in the existing system and the interaction between the 

remote machine and the existing machines. The complete list of these 

runs is listed in Table 7. The output of STAÎIAL computer program for 

the selected cases in this series is shown via Figures 101 through 211. 

The variables chosen for demonstration in this series are listed below. 

1. Angles 6^, 5^, ô^, and ô (Figures 101 through 111). 

2. Angles Ôj, and 5 (Figures 112 through 122). 

3. Relative angles (6^- 5), (62-6), and (gg-g) (Figures 123 

through 133). 

4. Relative angle (5^-g) (Figures 134 through 144). 

«• •• •• " 

5. Accelerations g^, 62» gg, and g (Figures 145 through 155). 

6. Accelerations g^ and g (Figures 156 through 166). 

7. Relative accelerations (g^-g), (g2-g)> and (g^-g) (Figures 

167 through 177). 

8. Relative acceleration (g^^-g) (Figures 178 through 188). 

9. Terms of equation (4.10) (Figures 189 through 198): 
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SSTJMA = -
1=1 . 

L 

n-1 n 

ii; Akj=°: (*kj- Skj)"": Akj cos CSy + ôy) 

SSUMAH = I Z = A.. COS 5,. . 
i=l j=i+l H « 

10. Terms of equation (4.13) (Figure 199): 

SSPCl = 
kl H i"l 

SSUMAl = - Z 
j=l 

H \lj ^®klj " "^klj) " H \lj ^®klj "^klj) 
kl 

1 n-1 n 
SSUMAE = é I Z 2 A., cos 5.. , 

K i=l j=i+l 

' \l ^®klk2" "^klkZ^ ' 

= I Aik2 cos (8ik2-*ik2) ' 

11; Terms of equation (4.14) (Figure 200): 

SSPC2 = - i ? P . 
\2 5 i=] cx 

SSUMA2 = - Z 
j=l 

4c2j ^®k2j " ̂kZj) " H 4:2] ^®k2j ''' 

1 n-l n 
SSUMAH = é Z Z 2 A., cos 6.. , 

H i=l j=i+l 

SK2K1 " - — \2kl ^®k2kl" '^k2kl^ ' 



www.manaraa.com

172 

SDMiia=| 

12. Terss of equation (4.5) (Figures 201 through 210); 

1 ° 
SPCB = é Z P . , 

H i=i ci 

= -1 J, \k («Ik- «Ik) • 

, n n 
SUMIJ = - 5 Z Z A,, cos (8,.- 6..) . 

« i=i j=i 

13. Terms of equation (4.12) (Figure 211): 

1 ^ 
SPCB = 5 Z P . , 

H i=i ci 

sran = -| ? A cos (6 - s,^) . 
n 1=1 

S-UMW . - I Z A,^ «S (6^- 6,^2) , 
n X=1 

n n 
SUMIJ = -5 Z Z A.. cos (6., - 6..) . 

H i=l j-l '•i 

iA 
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ÎTROrUTT 
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Figure 101. Case ST-57: angles 6^, ô^. ô^» and ô 
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Figure 102. Case ST-58: angles o^, 5^, Ô^, and 6, 
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Figure 103. Case ST-59: angles 5^, ô^, ô^, and 6. 
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STRSJLITT OOC ST flO 
IWOl£ OOJ 
RMCUE OCLZ 
ONSDC OCLS 
RNCIX OOB 

SEcèifoS 

Figure 104. Case ST-60: angles 6^, 5^, 6^, and 

STB8IUTT aeZ ST B1 
max 00.1 
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fWELC ooa 

°'̂ TIME°'̂  SECONDS 
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Figure 105. Case ST-61: angles ô. and ô. 
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STHSILi • f Cfoc. 31 
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WTIE 0E12 
wax 003 
OMOC OC.S 

Figure 106. Case ST-62: angles "5^, and 6. 

CO 
CO 
h-
CO 
m 
LO 
C\J 
£D 

g 
g 

STRSILITT esse ST 63 
RN5U: OTLl O 
RNSLE 002 A 
HNSiC 003 + 
RNCLC OOB X 

"'"TIHE''"" SECONDS 
2.00 

Figure 107. Case ST-63; angles 0^, ô^, 6^» and 6. 
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Figure 108. Case ST-65: angles 5^, ô^, û^, and 6 .  
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Figure 109. Case ST-66: angles 6^, gg, Ô3, and 6. 
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Figure 110. Case Sr-67: angles 5^, ô^, 6^, and 5. 
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Figure 111. Case ST-69: angles 5^, 5^, 5^, and g. 
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Figure 112. Case ST-57: angles 5^ and ô. 
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Figure 113. Case ST-58: angles 5^ and ô. 
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Figure 114. Case ST-59: angles 5^ and 6. 
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Figure 115. Case ST-60: angles 5^ and 5. 
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Figure 117. Case ST-62: angles 5^ and 6. 
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Figure 118. Case ST-63: angles 6^ and Ô. 
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Figure 119. Case ST-65: angles 5^ and 5. 
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Figure 120. Case ST-66; angles and 6. 
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Figure 121. Case ST-67: angles 6^ and Ô. 
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Figure 122. Case ST-69: angles ô^, and ô. 

1-

UJa 

aTRaiLlTT CR5C 5T 57 
ANGLE CCLl - OCLR O 
flN&U 0CL2 - OCLÔ 
fWCLC OOJ - DktO + 

o.ca o.zs 1.30 
SECONDS 

1.25 l.SO 1.7S 
—I 
2.00 

Figure 123. Case ST-57: relative angles (ô^-ô), (dg-ô), and (5 



www.manaraa.com

185 

S 

CO UJ 

s w o 

Wo 
is-
a 

3TPSILITT ATX 3T S» 
BKCLT 00.1 - OCUJ O 
OKZLt ocu - ecu * 
RNCLC 0CL3 - OCLB * 

~i 1 r 
0.00 0.25 0.50 0.7S 1.00 I.ES 1.5S 1.75 

TIME. SECSMOS 
z.co 

Figure 124. Case ST-58: relative angles (6^-6), (6^-5), and (5, 
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Figure 125. Case ST-59: relative angles (<5^ -6), (Ôg -5), and (6^ 
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Figure 126. Case ST-60: relative angles (ô^-ô), (ô^ - 6), and (6 
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Figure 128. Case ST-62: relative angles (6^-5), (Ô -ô), and (6^ 
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Figure 129. Case ST-63: relative angles (0^ - ô), (ô^ - and (5^ 
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Figure 131. Case ST-66: relative angles (6^-6), (ô^-ô), and (6^ 
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Figure 133. Case ST-69: relative angles (6^-6), (ô^ - ô), and (6 
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Figure 135. Case ST-58: relative angle (6^- 5). 
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Figure 137. Case ST-60: relative angle (ôj^-ô). 
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Figure 141. Case ST-65: relative angle 
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Figure 142. Case ST-66: relative angle (5^-5). 
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Figure 143. Case ST-67: relative angle (5^- 6). 
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Figure 145. Case ST-57: accelerations ô^, ô^, and ô. 
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Figure 146. Case ST-58: accelerations 6^, 6^, ô^, and 5. 

Figure 147. Case ST-59; accelerations 5^, ô^» *^3» and 6. 
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Figure 148. Case ST-60: accelerations 5^, 5^, 5^, and 5. 
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Figure 150. Case ST-62: accelerations 5^, ô^, 
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Figure 151. Cass ST-63: accelerations 6.. ô^, 6^, and 6. 
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Figure 152. Case ST-65: accelerations 0^, o^, 5^, and 5. 
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Figure 153. Case ST-66: accelerations Ô, and S, 
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Figure 154. Case ST-67: accelerations 6^, 0^, and 5. 
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Figure 155. Case ST-69: accelerations 6^, 5^, ô^, and 
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Figure 156. Case ST-57: accelerations 5^ and 6. 
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Figure 157. Case ST-58: accelerations ^ and 5. 
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Figure 158. Case ST-59: accelerations and ô. 
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Figure 159. Case ST-60: accelerations 6^ and 6. 
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Figure 160. Case ST-61: accelerations 5, and 6 
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Figure 161. Case ST-62; accelerations 0^ and 5. 
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Figure 162. Case ST-63: accelerations 5^ and 6. 
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Figure 163. Case ST-65: accelerations 5^ and ô. 
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Figure 164. Case ST-66: accelerations 6^ and 6. 
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Figure 165. Case ST-67: accelerations 5^ and 6. 
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Figure 166. Case ST-69: accelerations 6^^, 6^, and 6. 
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Figure 167. Case ST-57: relative accelerations (6 - 6 ) ,  (g - 5 ) ,  
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Figure 168. Case ST-58: relative accelerations (5^-5), (Gg-G), and 
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Figure 169. Case ST-59: relative accelerations (O- -o), (Ô -5), and 

(63 -5). 
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Figure 170. Case ST-60: relative accelerations (6. -6), (ô„-ô), and 

(Ô3- 6). 
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Figure 171. Case ST-61: relative accelerations (Ô - 5), (ô - 5), and 

(63 -%). 
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Figure 172. Case ST-62: relative accelerations (6^ -5), (6. - 6), and 
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Figure 173. Case ST-63: relative accelerations (ô. -6), (ô_-ô), and 

(63-5). 
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Figure 174. Case ST-65: relative accelerations (5^-5), (Gg-d), and 

(63- 5). 

Figure 175. Case ST-66: relative accelerations (6_ -6), (5« - Ô), and 
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Figure 176. Case SE-67: relative accelerations (6, -6), (6_-ô), and 
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Figure 177. Case ST-69: relative accelerations (5^ - 5), (Gg-G), and 

(Ô3-Ô). 
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Figure 178. Case ST-57: relative acceleration 
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Figure 179. Case ST-58: relative acceleration (5^-Ô). 
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Figure 180. Case ST-59; relative acceleration 
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Figure 181. Case ST-60: relative acceleration (5^- 6). 
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Figure 182. Case ST-61: relative acceleration (5^-6). 
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Figure 183. Case ST-62: relative acceleration (5^- Ô). 
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Figure 184. Case ST-63: relative acceleration (5j^-ô). 
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Figure 185. Case ST-65: relative acceleration 
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Figure 186. Case ST-66: relative acceleration 
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Figure 187. Case ST-67: relative acceleration (6^-6). 
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Figure 188. Case ST-69: relative accelerations (5^^ - 5) and 
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Figure 189. Case ST-57: terms of equation (4.10). 
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Figure 190. Case ST-58: terms of equation (4.10). 
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Figure 191. Case ST-59: terms of equation (4.10). 
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Figure 192. Case ST-60: terms of equation (4.10). 
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Figure 193. Case ST-61: terms of equation (4.10). 
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Figure 194. Case ST-62: terms of equation (4.10). 

Figure 195. Case ST-63: terms of equation (4.10). 
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Figure 196. Case ST-65: terms of equation (4.10). 
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Figure 197. Case ST-66: terms of equation (4.10). 
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Figure 198. Case ST-67: terms of equation (4.10). 
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Figure 199. Case ST-69: terms of equation (4.13). 
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Figure 200. Case ST-69: terms of equation (4.14). 
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Figure 201. Case ST-57: terms of equation (4.5). 
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Figure 202. Case ST-58: terms of equation (4.5). 
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Figure 203. Case ST-59: terms of equation (4.5). 
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Figure 204. Case ST-60: terms of equation (4.5). 

Figure 205. Case ST-61: terms cf equation (4.5). 
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Figure 206. Case ST-62: terms of equation (4.5). 
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Figure 207. Case ST-63: terms of equation (4.5). 
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Figure 208. Case ST-65: terms of equation (4.5). 
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Figure 209. Case ST-66: terms of equation (4.5). 
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Figure 210. Case ST-67: terms of equation (4.5). 
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Figure 211. Case ST-69: terms of equation (4.12). 
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XVII. APPENDIX G: OUTPUT OF STABILITY ANALYSIS COMPUTER PROGRAM 
FOR REMOTE SYNCHRONOUS GENERATION - FAULTS 
LOCATED INSIDE THE EXISTING SYSTEM (SR-SERIES) 

This series of runs (SR-series) is similar to the original ST-

series (Cases ST-1 through ST-36); the only difference is the fault 

location. In the SR-series, faults are located inside the existing power 

network rather than in the transmission line joining the remote genera­

tion to the existing network as in the ST-series. The complete list of 

these runs is listed in Table 8. The output of STANAL computer program 

for the selected cases in this series is shown via Figures 212 through 

451. The variables chosen for demonstration in this series are listed 

below. 

1. Angles 5^, Ô2» 5 (Figures 212 through 235). 

2. Angles 5^ and 6 (Figures 236 through 259). 

3. Relative angles (5^ - 5), (ô^-ô), and (ô^ - ô) (Figures 260 

through 283). 

4. Relative angle (5^- 5) (Figures 284 through 307). 

5. Accelerations 6^, Ô2» à y and 6 (Figures 308 through 331). 

6. Accelerations 6^ and ô (Figures 332 through 355). 

7. Relative accelerations (ô^-ô), (ôg - ô), and (ô^-S) (Figures 

356 through 379). 

8. Relative acceleration (0^- 5) (Figures 380-403). 
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9. Terms of equation (4.10) (Figures 404-427): 

P k 1 

SSUMA = - ̂  cos (B^j -Gkj) + = Akj cos (6^. + 
j 

a 2 -
SSUMAH = Z Z = A., cos Ô,. 

i=l j=i+l H ^3 

10. Terms of equation (4.5) (Figures 428-451): 

1 " 
SPCB = é Z P_. , 

H i=i 

1 " 
SUMK = - i Z A.. cos (6.. - 5..) , 

H I=I 13 13 1] 

n n 
SUMIJ = - é Z Z A. . cos (6, .-Ô..) 

H i=l j=l ^ 

jfi 
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Figure 213. Case SR-16A: angles 5ô^, 5^, and 6. 
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Figure 214. Case SR-17: angles 5^, and 6 ,  
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Figure 215. Case SR-17A: angles 6^, 5^, ô^, and 6. 
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Figure 216. Case SR-17B: angles 5^, ^2* 6. 
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Figure 217. Case SR-17C: angles 5^, 5^, ô^, and 6. 
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Figure 218. Case SR-17F: angles 5 1 » 2' 3 = and 5. 

at 

r-
1 —1 
cc 
en 
CD 
m 
(\j 
CD 

sts8il1tt wse 3i117c angle bel: o angle 0cl2 a 
KtSlZ caj + angle ocls x 

°'^TIHE?'" SECONDS 

Figure 219. Case SR-17G: angles 6 
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and 5, 
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Figure 220. Case SR-18A: angles *5^, 6^^ 6^^ and 5. 
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Figure 221. Case SR-18B: angles 6^, ô^, 5^. and 6, 
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Figure 222. Case SR-19A: angles ô^, ô^, ô^, and ô. 
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Figure 223. Case SR-19B: angles ô^, 5^, <5^, and ô. 
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Figure 224. Case SR-20A: angles 6^, and 6. 
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Figure 225. Case SR-20B: angles 5^, 5^, and S. 
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Figure 226. Case SR-21A: angles 6^, ô^. ô^, and ô. 
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Figure 227. Case SR-21B: angles 6^, ô^, 
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Figure 228. Case SR-22A: angles 6^, "5^, and 6. 
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Figure 229. Case SR-22B: angles 6^, ^3» and ô 
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Figure 231. Case SR-23B: angles 6^, ô^» <5^, and 5. 
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Figure 232. Case SR-24A; angles 6^, 0^, ^nd 6. 
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Figure 233. Case SR-24B: angles 5^, 6^, 5^, and 5. 
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Figure 234. Case SR-25A: angles ô^, ô^, 5g, and 6. 
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Figure 235. Case SR-25B: angles 5^, ô^, 
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Figure 236. Case SR-14; angles 5^ and 6. 
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Figure 237. Case SR-16A: angles 6^ and 6. 
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Figure 238. Case SR-17: angles and 6. 
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Figure 239. Case SR-17A; angles 5^ and ô. 
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Figure 240. Case SR-17B: angles 6^ and 6. 
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Figure 241. Case SR-17C: angles 6^ and ô. 
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Figure 242. Case SR-17F: angles 6 and 6 
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Figure 243. Case SR-17G: angles 6^ and 5. 
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Figure 244. Case SR-18A: angles 6, and 6 
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Figure 245. Case SR-18B: angles 5^ and 5. 
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Figure 246. Case SR-19A: ingles 5^ and <S. 
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Figure 247. Case SR-19B: angles 6^ and 6, 
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Figure 248. Case SR-20A: angles 5^ and 6. 
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Figure 249. Case SR-20B: angles 5^ and 5. 
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Figure 250. Case SR-21A; angles 5^ and 6. 
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Figure 251. Case SR-21B: angles 6^ and 6. 
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Figure 252. Case SR-22A: angles u, and 6 
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Figure 253. Case SR-22B: angles 5^ and 6. 
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Figure 254. Case SR-23A: angles 6^ and 6. 
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Figure 255. Case SR-23B: angles 5^ and 5. 
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Figure 256. Case SR-24A: angles 5^ and 6. 
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Figure 257. Case SR-24B: angles 5^ and 6. 
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Figure 258. Case SR-25A: angles 5^ and 6. 
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Figure 259. Case SR-25B: angles 6^ and 6. 
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Figure 261. Case SR-16A: relative angles (5^ - *5) , 
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Figure 263. Case SR-17A: relative angles (ô^-ô), (Ôg-G), and (6 
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Figure 265. Case SR-17C: relative angles (5^-6), (S^-ô), and (5^ - Ô). 
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Figure 266. Case SR-17F: relative angles (ô^-5), (ô^-ô), and (6 
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Figure 267. Case SR-17G: relative angles (ô^-ô), (ô^- 5), and (ô^ 
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Figure 269. Case SR-18B: relative angles (5^-6), (ôg-G), and (S 
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Figure 270. Case SR-19A: relative angles (5^-5), (ô^-ô), and (5 
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Figure 271. Case SR-19B: relative angles (- 5), (Ô2-Ô), and (6^ 
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Figure 272. Case SR-20A: relative angles (5^-0), (5 g " ̂ * and (5 
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Figure 273. Case SR-20B: relative angles (5^-6), (Ô^ - ô), and (6 
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Figure 274. Case SR-2LA; relative angles (d^-ô), and (5 
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Figure 275. Case SR-21B: relative angles (ë^-ô), (ô^-S), and (6^ 
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Figure 276. Case SR-22A: relative angles (ô^-ô). and (Ô 
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Figure 277. Case SR-22B: relative angles (5^-6), (dg-G), and (6 
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Figure 278. Case SR-23A: relative angles (6̂ -6), ( ô ^ - ô ) ,  and (Ô 
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Figure 279. Case SR-23B: relative angles (0^-6), and (6^ 
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Figure 280. Case SR-24A: relative angles (Ô^-Ô), (Sg-G), and (6 
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Figure 281. Case SR-24B: relative angles (ô^^-ô), (6^ - 6), and (g. 
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Figure 282. Case SR-25A: relative angles (5^-5), (Ô2-Ô), and (6 
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Figure 283. Case SR-25B: relative angles (6j^-ô), (6^ - 6), and (6 
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Figure 284. Case SR-14: relative angle 
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Figure 285. Case SR-16A: relative angle 
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Figure 287. Case SR-17A: relative angle - 6) . 
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Figure 288. Case SR-17B: relative angle (5^-Ô). 
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Figure 289. Case SR-17C: relative angle (6^- Ô). 
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Figure 290. Case SR-17F: relative angle ( 6 ^ - 6 ) .  
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Figure 291. Case SR-17G: relative angle (5^- 5). 
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Figure 292. Case SR-18A: relative angle (5^- 5). 
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Figure 293. Case SR-18B: relative angle 
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Figure 294. Case SR-19A: relative angle -ô). 
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Figure 295. Case SR-19B: relative angle . 
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Figure 296. Case SR-20A: relative angle 
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Figure 297. Case SR-20B: relative angle (ôj^-ô). 
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Figure 298. Case SR-21A: relative angle 
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Figure 299. Case SR-21B: relative angle (5^- 5). 
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Figure 300. Case SR-22A; relative angle (6^- 6). 
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Figure 301. Case SR-22B: relative angle 
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Figure 302. Case 3R-23A: relative angle 
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Figure 303. Case SR-23B; relative angle (ô^- 6). 
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Figure 304. Case SR-24A: relative angle (6̂ -6). 
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Figure 305. Case SR-24B: relative angle (6^-5). 
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Figure 306. Case SR-25A: relative angle « 
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Figure 307. Case SR-25B: relative angle (6^- 6). 
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Figure 309. Case SR-16A: accelerations 5^, 5^, and 6. 
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Figure 310. Case SR-17: accelerations 6^, ^3» and 5, 
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Figure 311. Case SR-17A; accelerations 5^, 5^, and 6. 
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Figure 312. Case SR-17B: accelerations 6^, ô^, 5^, and 6. 
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Figure 313. Case SR-17C: accelerations 0^, ô^, 5^, and 5. 
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Figure 314. Case SR-17F: accelerations ôj^, Ô^, 5^, and S, 
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Figure 315. Case SR-17G: accelerations 5^^, 5^, and 5, 
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Figure 316. Case SR-18A: accelerations 6., and 6 
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Figure 317. Case SR-18B: accelerations 5^, ô^, 6^, and 6. 
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Figure 318. Case SR-19A: accelerations 6^, 5^, 5^, and Ô. 
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Figure 319. Case SR-19B: accelerations 6^, ^'3» and &. 
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Figure 320. Case SR-20A: accelerations 5̂ , 5̂ , 6̂ , and 6. 
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Figure 321. Case SR-20B: accelerations 5^, '5^, and ô. 
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Figure 322. Case SR-21A: accelerations 6^, 6^, 6. 
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Figure 323. Case SR-21B: • accelerations 6^, ô^, 6^, and 6. 
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Figure 324. Case SR-22A: accelerations 6^, 0^, ô^» and 5. 
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Figure 325. Case SR-22B: accelerations 6^, 6^, ô^, and 6. 
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Figure 326. Case SR-23A: accelerations «Sj» and g. 
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Figure 327. Case SR-23B: accelerations g^, g^, ô^, and g. 
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Figure 328. Case SR-24A: accelerations 5^, ô^, 5^, and 5 
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Figure 329. Case SR-24B: accelerations 5^, and 6. 
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Figure 330. Case SR-25A: accelerations 5^, ô^» and 6. 
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Figure 331. Case SR-25B: accelerations 6^, ô^, ô^, and 6. 



www.manaraa.com

291 

STB9IL1TT DBC SW» 
ozocun 
OZOCLB 

2" w 
tn 

0.» o.so 1.7S 0.7S 1.25 2.00 
TIME 

Figure 332. Case SR-14. accelerations and 6. 
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Figure 333. Case SR-16A: accelerations 6^ and 5. 
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Figure 334. Case SR-17: accelerations 5^ and 6. 
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Figure 335. Case SR-17A; accelerations 0^ and 6. 
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Figure 336. Case SR-17B: accelerations and ô. 
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Figure 337. Case SR-17C: accelerations ô.^ and ô. 
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Figure 338. Case SR-17F: accelerations 5^ and 6. 
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Figure 339. Case SR-17G: accelerations 5^ and 6, 
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Figure 341. Case SR-18B: accelerations 6^ and 6, 
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Figure 342. Case SR-19A: accelerations 5^ and 6. 
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Figure 343. Case SR-19B: accelerations and 6. 
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Figure 344. Case SR-20A: accelerations 0^ and 5. 
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Figure 345. Case SR-20B: accelerations 5^ and Ô. 
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Figure 346. Case SR-21A: accelerations 5^ and 6. 
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Figure 347. Case SR-21B: accelerations 5^ and Ô. 
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Figure 348. Case SR-22A: accelerations 5^ and Ô. 
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Figure 349. Case 3R-22B: accelerations 5^ and o. 
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Figure 350. Case SR-23A; accelerations and ô. 
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Figure 351. Case SR-23B: accelerations 6^ and ô. 
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Figure 352. Case SR-24A: accelerations and 6 .  
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Figure 353. Case SR-24B: accelerations 5^ and 5. 
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Figure 354. Case SR-25A; accelerations 6^ and <5. 
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Figure 355. Case SR-25Bi accelerations 5^ and 6, 
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Figure 356. Case SR-14: relative accelerations (6^ -5), and 

(63-Ô). 
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Figure 357. Case SR-16A; relative accelerations (6 -g), (ô.-ô), and 

(63 -ô ) .  
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Figure 358. Case SR-17: relative accelerations (5., -Ô), (ô -Ô), and 

(Ô3-Ô)-
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Figure 359. Case SR-17A: relative accelerations ( 5 ^ - 6 ) ,  a n d  

(63-6). 
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Figure 360. Case SR-17B: relative accelerations (ô. -6), (6--6), and 

(Ô3-Ô). 
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Figure 361. Case SR-17C: relative accelerations (5.-6), (ô.-ô), and 

(Ô3 - Ô). 
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Figure 362. Case SR-17F: relative accelerations and 

(0*2 - 5)-
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Figure 363. Case SR-17G: relative accelerations (G^-5), and 

(63-6), 
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Figure 364. Case SR-18A: relative accelerations (5^-6), (Ô2"5), and 

(63 -6). 
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Figure 366. Case SR-19A: relative accelerations (6^-0), (Ôg-G), and 

(0*3-6). 

SECONDS 

Figure 367. Case SR-19B; relative accelerations (0. -6), (ô - 5), and 
u 12 



www.manaraa.com

309 

STSSIUTT CPSt smzop 
0230.1 - OZOCLS e 
020£L2 - D20CL# A 
02003 - D20CLB + 

0.00 
°'̂ °TIHE?'̂  SEcè'NOS 

Figure 368. Case SR-20A: relative accelerations ( 6 ^ - 5 ) ,  ( 6 2- 5 ) ,  and 

(Ô3-Ô). 

CRSC SR20S 

°'"TIHE?'" SECN'NDS 

Figure 369. Case SR-20B: relative accelerations (5 -6), and 
z 1 2  

(63-61). 



www.manaraa.com

310 

ru 

Œ 
az 

# a 

a 
«ô. 

0.00 

CASC skzir 
020CL8 0 
D2DELB A 
OaXLd 4" 

STABl 
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Figure 372. Case SR-22A: relative accelerations (6 -6), (6_-G), and 

(63 -5). 
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Figure 374. Case SR-23A: relative accelerations (S^-S), and 
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Figure 375. Case SR-23B: relative accelerations (ô^^-ô), (Gg-G), and 
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Figure 376. Case SR-24A: relative accelerations (5^-5), (5^ - 5), and 

(Ô^ - 6). 
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Figure 378. Case SR-25A: relative accelerations (5 -5), (6* -6), and 
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Figure 380. Case SR-14; relative acceleration (ôj^-6). 
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Figure 381. Case SR-16A: relative acceleration 
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Figure 382. Case SR-17: relative acceleration (5j^-6). 
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Figure 383. Case SR-17A: relative acceleration (5^- 6). 
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Figure 384. Case SR-17B: relative acceleration 
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Figure 385. Case SR-17C: relative acceleration (5^- 5). 
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Figure 387. Case SR-17G: relative acceleration (5^- 5). 
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Figure 391. Case SR-19B; relative acceleration (5^- 5). 
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Figure 392. Case SR-20A: relative acceleration 
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Figure 393. Case SR-20B: relative acceleration (ôj^-6). 
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Figure 394. Case SR-21A: relative acceleration (ô^-ô). 

STR8IL2TT OSE SfClB 
ozoan - ozooB * 

•ig 

c\j 
3 X 
CJ 

P-
d 

z8 

a 

T -r 
-0.00 0.Z5 °'"TIHE°'̂  SEcàN°gs '=•'» 

Figure 395. Case SR-21B: relative acceleration (0,-6). 
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Figure 396. Case SR-22A: relative acceleration (5j^-5). 
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Figure 397. Case SR-22B: relative acceleration 
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Figure 398. Case SR-23A: relative acceleration (ô, -ô). 
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Figure 401. Case SR-24B: relative acceleration (6^- 5). 
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Figure 404. Case SR-14: terms of equation (4.10). 

5TR81UTT CMC SBIB»» 
SSfCl ssumi 
SSUKSK 

o" 

O. 

o 

0.00 O.ZS O.SO ,0.75 1.50 1.00 
seconds 

l.TS 
time 

Figure 405. Case SR-16A: terms of equation (4.10). 
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Figure 406. Case SR-17: terms of equation (4.10). 
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Figure 407. Case SR-17A; terms of equation (4.10). 
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Figure 408. Case SR-17B: terms of equation (4.10). 
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Figure 409. Case SR-17C: terms of equation (4.10). 
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Figure 410. Case SR-17F: terms of equation (4.10). 
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Figure 411. Case SR-17G: terms of equation (4.10). 
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Figure 413. Case SR-18B: terms of equation (4.10). 
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Figure 414. Case SR-19A: terms of equation (4,10) 
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Figure 415. Case SR-19B: terms of equation (4.10). 
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Figure 416. Case SR-20A: termS' of equation (4.10). 
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Figure 417. Case SR-20B: terms of equation (4.10). 
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Figure 418. Case SR-21A: terms of equation (4.10). 
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Figure 419. Case SR-21B: terms of equation (4.10). 
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Figure 420. Case SR-22A: terms of equation (4.10). 
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Figure 421. Case SR-22B: terms of equation (4.10). 
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Figure 422. Case SR-23A: terms of equation (4.10). 
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Figure 423. Case SR-23B: terms of equation (4.10). 



www.manaraa.com

337 

mim mi i i iH i  

Z' 

0.50 0.25 l.ZS 1.50 2.00 0.00 
time 

Figure 424. Case SR-24A: terms of equation (4.10). 
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Figure 425. Case SR-24B: terms of equation (4.10). 
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Figure 426. Case SR-25A: terms of equation (4.10). 
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Figure 427. Case SR-25B: terms of equation (4.10). 
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Figure 428. Case SR-14: terms of equation (4.5). 
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Figure 429. Case SR-16A: terms of equation (4.5). 
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Figure 430. Case SR-17: terms of equation (4.5). 
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Figure 431. Case SR-17A: terms of equation (4.5). 
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Figure 432. Case SR-17B: terms of equation (4.5). 
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Figure 433. Case SR-17C: terms of equation (4.5). 
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Figure 434. Case SR-17F: terms of equation (4.5). 
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Figure 435. Case SR-17G: terms of equation (4.5). 
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Figure 436. Case SR-18A: terms of equation (4.5). 
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Figure 437. Case SR-18B: terms of equation (4.5). 
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Figure 438. Case SR-19A: terms of equation (4.5). 
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Figure 439. Case SR-19B: terms of equation (4.5). 
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Figure 440. Case SR-20A: terms of equation (4.5). 
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Figure 441. Case SR-20B: terms of equation (4.5). 
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Figure 442. Case SR-21A: terms of equation (4.5). 
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Figure 443. Case SR-21B: terms of equation (4.5), 
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Figure 444. Case SR-22A: terms of equation (4.5). 

Figure 445. Case SR-22B: terms of equation (4.5). 
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Figure 446. Case SR-23A: terms of equat-^'su (4.5). 
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Figure 447. Case SR-23B: terms of equation (4.5). 
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Figure 448. Case SR-24A: terms of equation (4.5). 
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Figure 449. Case SR-24B: terms of equation (4.5). 
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Figure 450. Case SR-25A: terms of equation (4.5). 
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Figure 451. Case SR-25B: terms of equation (4.5). 
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