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ABSTRACT

The Blue Nile Grid of Sudan, which supplies Electrical
Power to the central region including the capital,
Khartoum, has experienced a history of problems, of which
the most important are the instability of the system and
the generation shortages, which become particularly acute
during certain months of the year. These problems have been
complicated by a lack of real understanding of the systen's
behaviour, especially as it grows in size and complexity,
and as the demand increases. The planning department in the
National Electricity Corporation of Sudan has carried out
load forecasts for the near future and has drawn up
definite proposals for the intended generation
reinforcements during this period. These estimates,
however, have not been accompanied by studies on the impact
of additional load and generation on the performance of the
system. -

This study attempts to close some gaps in the planning
requirements for the Blue Nile Grid by answering questions
regarding the steady state, transient and dynamic stability
- performance of the system in response to possible
contingency situations in the future.

The study, also, in recognition of the need of the
Electricity Corporation to acquire the means of carrying
out studies on the Blue Nile Grid and to adapt these
studies according to their specific criteria, suggests the
use of unsophisticated computer software structures which
can easily be implemented on any suitable computer. In
developing these computer modules particular attention was
paid to some of the latest developments in the areas of
contingency selection and ranking and steady state,
transient and dynamic stability. Certain modelling and
mathematical aspects in these areas were studied in detail
and suggestions for improvements in terms of accuracy or
efficiency are put forward. These suggestions are not
necessarily restricted to the Blue Nile Grid and apply, in
general, for any power system.
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CHAPTER ONE
Introduction
The main objectives of power system planning are!V® ;

1. To minimize future power generation and transportation
costs, ' '

2. To increase the power system reliability according to
specified conditions; system planning should be
accomplished so that power system reliability is
increased within the specified voltage and frequency
required by the consumer.

3. To predict the future electric energy requirements.

In order to achieve these objectives, the electricity
authorities in charge of the power system have to equip
themselves with means of performing studies on the systenm
and predicting in the medium and long term how the system
would behave under normal or abnormal conditions. The need
for increasing the reliability stems from the fact that, as
the system increases in size, an improvement in the
efficiency of operation is possible using larger machines
and interconnections, but the inherent gtability margins
are reduced. It is hence vital that planning studies
include an assessment of the future securjty of the system
and its ability to maintain stability in the event of a
disturbance. _

In real time operation of the system, the total
transmission capacity of a network is determined by the
stability characteristics of the system®. In addition,
physical limitations on transmissions capacity exist. The
most important functions of the central control engineers
are therefore, +to monitor the actual power and voltage
situation and to prepare the system to withstand possible

contingencies. These contingencies may be:

(a) Sudden generator outages.
(b) Tripping of transmission lines or transformers.




(c) Transient faults.

The scope for appropriate action by the control engineer
before or after the contingency occurs would be extremely
limited if the contingency in question had not been
foreseen and accounted for in the planning studies that had
been undertaken for the expansion and reinforcement of the
system. In this context planning studies make use of the
tools of gecurity analvsis in an off-line approach to
assess the reliability of the future performance of the
system.

Security analysis is thus designed to ensure that,
following the occurrence of a sudden disturbance, the
system will survive the ensuing transient and move into an
acceptable steady-state condition and, in this new steady-
state condition, all power components are operating within
established 1limits®. The first step in performing the
security analysis is to submit a set of postulated
contingencies to be studied with the tools of this
analysis. This is done using contingency selection methods
which were originally developed with the aim of providing
a fast on-line contingency screening and ranking to reduce
the number of potential contingencies submitted for further
analysis. The same concept can be adopted in planning
studies, after relaxing the time constraints on the study
duration to a certain extent so that increased accuracy can
be achieved.

The second step is carrying out the Stability Analysis on
each of the selected contingencies. Stability analysis,
which is mainly performed off-line, is used to determine
whether or not the system is able to restore a steady state
condition identical or close to the conditions prior to the
disturbance. Conversely it can be used to determine
specific stability boundaries, such as the evaluation of
critical clearing times in transient stability studies.

Depending on the magnitude of disturbance and the




subsequent time interval of study, stability studies are
generally categorized as either dealing with the steady
state, transient or dynamic stability of the system. The
methods and models used in each of the three types differ
widely to the extent that each in its own right has become
an independent area of research. A practical planning study
for a power system should, however, perform all three types
of analysis and integrate the findings with the overall
objective of promoting a design criteria which enhances the
general stability of the systemn.

Power systems in developing countries such as the Sudan
cannot be compared in size or performance to the highly
reliable interconnected networks of the industrialized
world. However, they are built on the same principles and
often offer interesting cases in terms of their operation
because of differences in the climate and environment and
available energy resources. The Blue Nile Grid (B.N.G.) of
Sudan is an example of such a system. It retains some
features similar to the British system in terms of the
operating frequency and voltage 1levels. The highest
transmission level, however, is 220 KV and this level is
used to transmit hydro generated electricity from the
remote South end of the Grid to the remote North end. This
gives the system the general topology of a radial network,
and as to be expected, causes a stability problem in the
operation of the Grid. The thermal generation in Khartoum,
the consumer of the bulk load, is not sufficient at times
of low hydro generation to meet the peak demand. The Grid
has hence experienced a history of programmed and
unprogrammed sheddings, particularly in April, when the
hydro resources are at the lowest. There is evidence, as
mentioned, of a stability problem manifested in the
vulnerability of the Grid to contingency situations. A
generator outage or a three phase fault on the transmission
level is more likely than not to cause a total blackout on




the systen.

Because of its limited financial resources the National

Electricity Corporation (N.E.C.) of Sudan, which owns and
operates the Blue Nile Grid has not been able to increase
the generation and transmission capabilities to an extent
that reduces the security problems significantly. Again
because of lack of resources, the engineering staff has not
been trained sufficiently to carry out studies that would
probe the problems of the system and suggest remedies that
are based on a firm ground.

1.

It is therefore aimed in this study to;

Develop proper models for the Blue Nile Grid suitable
for the analysis of contingencies on a complex power
system operating in the steady state, transient or
dynamic mode. The analytical methods are based on
numerical analysis for application on digital computers
and should include some of the latest developments in
computer power system analysis with a critical approach
to achieve efficiency in applicaticn of the methods to
the B.N.G.

Develop the software models such that they are
machine-independent, taking into consideration that they
are to be used in the Sudan. Hence the desire that the
mathematical routines and modules be entirely developed
as part of ¢the computer programmes in a popular
scientific computer language such as fortran77, offering
a flexibility for use on different mainframes as well as
PCs such as, for example, the IBM or compatible
machines.

Survey the present and forecasted lcad and generation
of the system documented by the planning department of
the N.E.C., and to compile a list containing the most
strained loading conditions expected over the forecasted




period.

4., Carry out selected contingency studies on these extreme
conditions and test the response cof the system to these
contingencies under steady-state, transient and dynamic
modes of behaviour.

5. Suggest possible improvements and reinforcements to
the system based on the results of the studies and in
the direction of improving the stability and security of
the systemn.

The work was carried out such that the applications of
contingency and stability analysis are discussed first in
a general sense using the Blue Nile Grid and other smaller
systems only as example networks. Then follows the
application to the specific case of the Blue Nile Grid
using the loading and system configuration in accordance
with the National Electricity Corporation plans up to the
year 1997.

In chapter 2, a review of some of the methods used in
power system contingency selection and ranking is
presented. Two of the methods frequently referred to in the
literature are discussed and applied to a power system to
investigate their accuracy in terms of contingency ranking
according to specific power and voltage criteria.

Chapter 3 is devoted to stability analysis and covers the
steady state, transient and dynamic modes in a power
system. Certain modelling aspects are highlighted in the
steady state section, particularly with regards to
generators and on-lcad tap-changer transformers. The second
section on transient stability particularly emphasizes
techniques used in evaluating the transient stability
boundaries of a power system measured from the systenm
energy peoint of view and embodied in the so called direct
methods of Lyapunov. Approximate methods for speeding up




the conventional transient stability simulation, such as
the Taylor Series Expansion method are also studied. In the
dynamic stability section the emphasis is again directed
towards system modelling, in particular the nonlinear
equations describing the synchronous machines and the
equations describing the dynamics of the control equipment;
the automatic voltage regulators, governors and
stabilizers. Throughout the three sections the methods are
applied to large or small power systems and suggestions for
improving certain structures in the methods are discussed.

A description of the Blue Nile Grid system structure and
protection system is given in chapter 4. The present
control practices in the system and a brief history of some
of the recent blackouts and their causes is also provided.

The present. load and generation conditions and the
forecasts prepared by the planning department of the
National Electricity Corporation are considered in chapter
5. For the purposes of the study attention was directed to
the load conditions that were expected to be the most
demanding in terms of system generation and compensation
resources. On this basis lists of the expected peak load
conditions during two months of the year, April and October
- selected because of their special significance with
regards to generation availability -, were prepared.

The analysis is finally performed on the Blue Nile Grid
and the results are outlined in chapter 6. The contingency
ranking methods discussed in chapter 2 were used to select
contingencies that are likely to be the most problemistic.
The stability analysis methods of chapter 3 are then
applied to investigate these contingencies and examine the
behaviour of the system in the steady state, transient and
dynamic mode. |

The findings of these studies with regards to the
weaknesses of the system are discussed and suggestions for
improving the stability and security of the Blue Nile Grid
are listed in chapter 7.




Finally, general concluding points on the methods
reviewed and studies performed are summarized in
chapter 8.




CHAPTER TWO

SBecurity Analysis: contingency Selection
and_Ranking

2.1 Introduction

Steady state contingency analysis consists simply of
simulating selected outages on one or more generating units
and transmission facilities to investigate their effects on
bus voltages and line power flows. Traditionally, in on-
line studies the analysis is performed on a pre-prepared
list of meaningful contingencies. In order to minimize the
total execution time, the analysis employs fast load flow
techniques such as Stott's Fast Decoupled Load Flow'®’, the
linearized a.c load flow'®, etc.

The selection of potential candidates from a large number
of possible contingencies is perhaps the most crucial step
in security analysis. There is always the risk of
eliminating events that should be analyzed further. It is
possible, though not economical, in planning studies to
test all contingencies sequentially to evaluate systenm
performance and reliability and hence to prepare a short-
list of meaningful contingencies for an on-line
application. However this method sometimes fails ¢to
recognize that system conditions assumed for the
preparation of the 1list may be far from real tinme
conditions. Screening exhaustive contingency 1lists is,
itself, not desirable in planning studies and the last
decade has witnessed an evolution of automatic contingency
selection methods7HMNINUD yith the objective of reducing
the number of possible cases for consideration and at the
same time the determination of a ranking or ordering of
these cases according to severity, for further study.




2.2 A Review of Some Contingency Selection Algorithms

An automatic contingency selection method, described by
Ejebe and Wollenberg'”” in 1979, and based on a measure of
the system performance; the Performance Index (PI), paved
the way for subsequent research into contingency selection
and ranking. In their work a method for ranking
transmission 1line contingencies by evaluating the
normalized first order sensitivities of the performance
index given in equation 2.1 was proposed. As pointed out by
the authors, this technique was prone to yielding
unreliable results and efforts to extend the method to
include second and higher order sensitivities were made in
later work.®X® |

An ambitious goal would be to achieve efficient automatic
contingency selection techniques that deal with the
following five applications!®;

1. Selection of transmission branch contingencies
adversely affecting the real power flow (MW) at the
transmission facilities.

2. Selection of transmission branch contingencies
adversely affecting the voltage profile at the load
buses.

3. Selection of transmission branch contingencies
adversely affecting the reactive power injections
(MVAr) at the generation buses.

4. Selection of real power (MW) injection contingencies
adversely affecting the real power (MW) flow at the
transmission facilities.

5. Selection of reactive power (MVAr) injection
contingencies adversely affecting the reactive power
flows at the transmission facilities or bus voltage
profile.

Fast contingency ranking methods developed so far have




been successful in dealing with the first application
(branch MW contingencies) =~ and the DC loadflow method
described by Irasarri, Sasson and Levner‘® " has been shown
to be superior to previous methods based on sensitivity
evaluation.

Various techniques have been investigated for the second
and third type of contingencies (branch contingencies
affecting voltage and reactive power), which do not lend
themselves easily to linear approximation, but most of the
techniques seem to stem from the Single Iteration Fast
Decoupled (1P-1Q) method described by Albuyeh, Bose and
Heath!?, One of the latest developments in this regard is
an attempt by Ejebe, Meeteren and Wollenberg!'®’ to reduce
the computational time for the 1P~1Q method by identifying
a voltage subnetwork and applying sparsity and adaptive
network reduction techniques.

The performance index used by Irisarri, Sasson and
Levner® in their DC loadflow method was the same as that
defined by Ejebe and Wollenberg,

w W, |p] 2n
P1m= T ——— (_—.)
max
h1 2n Pl * P S 8BS0 80P e 2.1

Where,

P, megawatt flow in line ¢

P,™* megawatt capacity of line ¢

W, real non-negative weighting coefficient
(assumed equal to unity in the sequel)

NL number of lines in the system

n specified exponent (n=1 used in the
sequel)

The DC flow in line ¢ (between nodes p and q) is,

Pl=-8‘ et AR R R R T 2.2




where B, is the susceptance of line £ and 6, is the angle
across the line (9, = SP-Sq) . The authors showed that for a
change in susceptance AB in line ¢ the new MW flows in the

lines of the network are given by,

P+ b, (M B'M) B 6, , ket

Pl = {
(P, = AB,)[1 = b,(M,S B ¥,)] , k=¢

e * s 2-3

where P! is the new flow in line k for a change in
susceptance AB, in line ¢ and,

b, = (A, + ¥, B ¥)! ceceeees 2.4
M, column vector (NBx1l) which is null except

for elements p and ¢ which are equal to 1
and -1 respectively. (NB=number of nodes)
B susceptance matrix (NBxNB)

Therefore, the effect of the outage can easily be
simulated by calculating the approximate line flows from
equation 2.3 and substituting in the performance index of
equation 2.1.

Irisarri et al later took their method one step forward
by directly obtaining the updated performance index as,

le(mu) = pxm(old) + cteter. + ;‘ctzati!(gc 72-12-1!!‘ )
- X(P/P)2[1 - C (M,BM)IZ ....... .. 2.5
where,
c, = = (b, ' = 4,78, ceessesen 2.6
B "adjoint" network susceptance matrix
obtained as

- 1 2 2 T
B= £ ((— ¥ b uu"
=1 Pt-x i jj s s e s e 2.7
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0, angle across line ¢ in the adjoint network
given by M,'§ and § is a vector of adjoint
nodal angles (NBxl) computed from
Bid=2 and,

NL Pl
P = {({(— ) bM)]}
t“ P‘m jj 7......... 2.8

In the 1P-1Q method, Albuyeh et al''?? define two
performance indices, one for MW overloads and one for load
busbar voltages and reactive power injection. This |is
possible because of the weak coupling between the real and
‘reactive power equations. The MW performance index is,

|| 2
PI,= T W, (— )
& P‘m AR EEEEEEEYR] 2.9

where,

W, real power weighting factor
P, MW flow in line
P MW capacity of limit

a set of overloaded lines

It should be noted that the summation is carried out on
overloaded lines only to avoid the masking problem reported
in [7),09).[14],[16]. If summation is done over all lines
the masking problem may arise because a contingency which
causes a number of lines to be heavily loaded but not
overloaded can end up with a performance index equal or
'higher than a contingency that produces a small number of
actual overloads.

The voltage-reactive power performance index is,

12




as eSS e e e 2010

where,

VvV, voltage magnitude at bus i

v,!"™ voltage magnitude limit at bus i

W, voltage weighting factor

Q; reactive power injection at bus i

Ql”" reactive power limit at bus i

W, reactive power weighting factor

] set of buses at which the voltage magnitude is
either below a specified minimum or above a
specified maximum

Y set of buses at which the reactive power is
either below a specified minimum or above a
specified maximum

One iteration of the Fast Decoupled Power Flow is used to
calculate the performance indices for every outage. Outages
are then ranked on the basis of their corresponding
performance indices. Ranking for overloads and ranking for
voltage problems are done separately since the two were
found to be uncorrelated.

2.3 Testing the Blue Nile Grid System with Automatic
Ccontingency Belection Methods

The contingency selection algorithms described in the
previous section are well established and tested and can
easily be iﬁplemented for any system. Although research
continues for faster on-line screening technigues for the
voltage related problems, off-line studies can be performed
with acceptable accuracy'™® using the 1P-1Q method.

13




The DC load flow method for ranking MW contingencies was
first tested on the Blue Nile Grid system of Sudan, a
moderate size system of about 54 busbars. A complete
description and layout of the system is given in chapter
four, but a single line model diagram is shown in figure
2.1. Peak load conditions of October 1986 were assumed. A1l
possible branch contingencies (disconnection of generators
and loads were omitted) were tested and table 2.1 shows the
results of the study.

In the second study the 1line and transformer
contingincies affecting both the real power and voltage
performance of the Blue Nile Grid were ranked using the 1P-
1Q method. The system angles and voltages after introducing
a contingency are simply evaluated using '

[AP/V] = [B ][ As] ceceeccenseese 2.11
and,
[AQ/V] = [B” ][ AV] teeseeescerene 2.12

where B° and B”” are the fast decoupled matrices for the P-§
and the Q-V models respectively. AP and AQ are the MW and
MVAR nmismatches caused by line and transformer outages. AS§
and AV are the post contingency changes in the nodal
voltage angle and magnitude.

There is some controversy concerning the integration of
a voltage and reactive power index together as in equation
2,103 seome researchers feel that the reactive power
percentage value of violation can be higher than the
percentage value of voltage violation, and this leads to
a masking phenomenon (where the 1limit violation is not
recognized). One way to avoid masking is to separaté the
two performance indices. Another is to adjust the weighting
factors W, and W.

In the test study here only the voltage performance index
is used as an indicator for voltage problems. The results
of the study are given in table 2.2 (a) which shows the MW
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Fig 2.1 Blue Nile Grid Model Diagram




type bet. busbars perf. index
trans 23-22 T.766
trans 12-14-13 7.398
line 2-21 3.836
trans 11-26-32 3.487
trans 14-16-15 3.307
trans 28-2 3.303
trans 20-19 3.270
line 26+25 3.178
trans 10-29-30 3.163
Line 21-19 3.150
line 21-17 3.143
Line 29-28 3.1
line ¢-10 3.1
line 27-26 3.0
line 18-17 3.058
trans 21-20 3.066
Line 28-27 3.063
line 11-10 3.054
line 19-18 3.017
line 25-24 3.003
line 26+14 3.001
Line 23-20 2.998
trans 52- ¢ 2.998
trans 21- 5 2.998
trans 54-23 2.998
trans 53- ¢ 2.998
trans 27-41-40 2.998
trans 16« 6 2.998
Line 20-14 2.998
line 12-1 2.997
line 17-16 2.955

Table 2.1 Blue Nile Grid MW Contingency Ranking
Using the DC Load Flow Method




type

tine
trans
tine

25-26
12-14-13
16-17
10-11
14-16-15
28-2
20-19
10-29-30
18-19
11-12
28-29
14-20
26-27
27-28
14-24
20-23
9-53
9-52
26-48-47
23-54
16- 6
21- 5
24-25
21-22

perf. Index

----- T R L T T Y Y R P T P S T T S

11.699
4.063
3.787
3.m
3.342
3.z
3.182
3.153
3.166
3.145
3.136
3.135
3.122
3.094
3.048
3.048
3.041
3.040
3.037
3.013
3.012
3.006
2.999
2.998
2.998
2.998
2.998
2.998
2.998
2.996
2.579

Table 2.2 (a)

Blue Nile Grid MW Contingency Ranking

Using the 1P-1Q Method
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type bet. busbars perf. index
line 9-10 B8.477
line 25-26 6.124
trans 14-16 3.185
Line 10-11 2.961
Line 14-24 2.M6
Line 11-12 2.77%
Line 24-25 2.530
trans 11-26 2.315
trans 10-2¢ 1.934
line 27-28 1.79
Line 26-27 1.750
line 28-29 1.712
Line 17-21 1.705
trans 22-23 1.674
line 21-22 1.671
line 17-18 1.667
Lline 16-17 1.663
trans 27-41 1.661
trans 24-48 1.661
trans 23-54 1.66%
trans 21- 5 $.66%
trans 9-53 1.661
trans 16- 6 1.661
trans 9-52 1.661
trans 28- 2 1.661
Line 18-19 1.658
trans 20-19 1.656
lire 19-21 1.655
line 20-23 1.651
trans 20-21 1.5
line 14-20 1.579
trans 12-14 1.444

Table 2.2 (b) Blue Nile Grid Voltage Contingency Ranking
Using the 1P-1Q Method
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contingency ranking and table 2.2 (b) which shows the
voltage contingency ranking.

The ranking of line and transformer outages based on the
real power and voltage performance indices discussed above
would, of course, be meaningless without a thorough
comparison with results obtained from a full a.c load flow
study. In this comparison a useful measure of accuracy is
the "capture ratio", r,, defined as the fraction of the N
worst contingencies appearing in the first N entries in the
ranking. (&

A full a.c. load flow contingency study was performed and
a contingency list prepared. When this list was compared
with those cbtained by the ranking methods discussed it was
found that the capture ratios for the first 15 entries in
the DC method for MW contingencies was 0.73 (11 out of 15).
The capture ratios for the 1P-1Q method were 0.93 (14 out
of 15) and 0.73 (11 out of 15) for the MW and voltage
contingencies respectively.

It is to be noted that the obviously severe contingencies
that involve a disconnection of a generator or load
transformer or a single transmission line feeding a remote
load are not included in the contingency analysis. These
types of contingencies yield extremely high performance
index wvalues in the ranking methods and result in a
convergence failure when performing a full a.c load flow.
If these contingencies were added to the contingency lists
they would merely improve the capture ratios since all the
methods seem to agree very well on the most severe cases.
It is when these obvious cases are removed that the
differences between the methods become clearer.

Faster methods of obtaining contingency ranking are not
attempted here as the object is to achieve a 1list of
contingencies that can be analyzed in off-line studies, and
because of the decline in accuracy reported with such
methods. The matrix inversions involved in equations 2.11
and 2.12 somewhat increase the overall execution time for
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the 1P-1Q method, although not prohibitively.

Finally, contingency selection requires a "stopping
criterion" for submitting only the most severe cases for
further detailed analysis. A stopping criterion of the form
"Study the top N cases in the ranked list of outages" is
attractive because it reduces the execution time if the
nunber N kept low but It does not analyze outage cases
ranked below N, even when they cause severe violations. On
the other hand a stopping criterion of the form "No
overloads during M successive outage cases" for the real
power outage list or "No voltage deviations during X
successive outage cases" for the voltage outage list is
more flexible and decreases the chance of overlooking
severe cases. Another advantage of this stopping criterion
is that it filters out misrankings that may be present
during the ranking phase of the method. However, one
disadvantage is that the number of cases to be analyzed
varies along with the system conditions.

Off-line studies, however, can afford to devote time to
screening more cases than on-line studies so whichever
stopping criterion of the two mentioned above is used the
numbers N or M -depending on the criterion- can be selected

judiciously after carefully examining the ranked list of
contingencies.




CHAPTER THREE

Povwer System Stability Modelling and Methods

3.1 General Introduction

The power transmission capacity of a network depends on
its stability characteristics. CBntingencies vhich result
in a loss of a transformer or a transmission line can lower
the stability boundaries and result in a failure by the
system generators to meet the demand at the correct voltage
levels.

Faults (of which the worst is a solid three phase)
dramatically reduce the power transfer capabilities of the
system and drive the generators into acceleration. If the
energy gained by the generators exceeds a certain level
determined by the transient stability boundaries of the
system then one or more of the machines will step out of
synchronism.

The interaction of the automatic voltage requlators with
the system dynamics, if not properly designed for, may lead
to a building up of oscillations of various mcdes. Systens
with long lines especially exhibit this kind of behaviour.

All these problems can be investigated on a system using
stability analysis. The methods and models for  this
analysis are discussed in the following sections. The
stability problem is subdivided into steady state,
transient and dynamic analysis since the methods and models

employed in each type are radically different.




3.2.1 Introduction

A power system is said to be steady state stable for a
particular operating condition if, following any small
disturbance, it reaches a steady state operating condition
which is identical or <close to the pre-disturbance
operating condition.¢?

Voltage stability, on the other hand, is the ability to
maintain load voltage magnitudes within specified operating
1limits under steady state conditions ¥, voltage stability
problems are particularly evident where.electric power is
transported over large distances from remote power stations
to the consumers.

Steady state stability for a complex power system is
best invéstigated by consideration of gsteady state
stability limits. These are the operational limits within
which the power system components must remain constant as
they would otherwise cause unstable conditions. Having set
limits on the operation of generators, transmission
lines, transformers and voltage levels, it is possible to
investigate steady state stability by adjusting the load of
the system by small increments and carry out a load flow
study for each adjustment. This 1s repeated until a
condition of instability is reached.

The important effects on steady state stability of
voltage scheduling through coordination of reactive power
sources has been emphasized in the 1literature!™. In a
practical operation of a complex power system, gradually
increasing the locad will result in operation of the on-load
tap-changing transformers to compensate for the
accompanying voltage drop. Reactive power generation is
increased by adjusting generator excitations or by
switching in static equipment either manually or
automatically. When all methods of compensation reach their
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limits, the system voltage will start to fall and
eventually will fail to meet the stability requirements.

In the following sections, modelling aspects of power
system equipment are treated, with consideration given to
the steady state operating 1limits in formulae that are
suitable for application using digital methods.

3.2.2. Synchronous Machine S8teady state Model

Basically, a synchronous machine can be represented in
load flow studies by a generator busbar fixed at a
predetermined voltage magnitude and delivering a fixed
active power component. The reactive power is allowed to
vary within limits that depend on the characteristics of
the machine. To determine the boundaries of operation of
a synchronous machine, the so-called operating chart of the
machine is consulted. This is a diagram in which the
machine is assumed to be connected to infinite busbars,
with excitation adjusted to meet the required terminal
conditions of power, power factor and voltage magnitude. An
example of an operating chart for a cylindrical rotor
generator is shown in figure 3.1. To avoid undue
complexity, saturation and resistance effects on the charts
are omitted. It is based on the simple phasor relationship
where the e.m.f. E is given by adding the phasors ¥V (the
terminal voltage) and I.X, where I is the current at a given
output power and power factor and X, is the unsaturated
synchronous reactance.

Referring to the diagram the circles centred at ©
represent constant p.u. stator current (ie constant
apparent power since terminal voltage is fixed) and the
segment ng sets the upper limit for this current. The
second set of circles centred at 0, shown dotted in the
figure, represent constant excitation circles. Excitation
increases in the lagging region and the limit is set by the
maximum allowable heating of the rotor winding. This
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corresponds to segment mn in figure 3.1. The upper limit of
active power is given by the horizontal line gps, where
point g is determined by the design requirements that this
machine delivers rated power at 0.9 p.f. lagging. The
theoretical steady state limit for a cylindrical machine is
reached at a load angle of 90 degrees and for practical
operation a safe margin to gquard against venturing into the
unstable region should be observed. The method first
proposed by Szwander'®® jis to limit the machine to a loading
condition which is about 0.1 p.u. less than the theoretical
maximum for a given excitation. Consider point v for 1.0
p.u. excitation; reduce 0°v to Ow by the amount vw = 0.1
p.u. power. Then wu, cutting the excitation circle at u,
fixes the point for which there is 0.1 p.u. power in hand.
The complete working area, is mngpsut.

For a salient pole alternator the difference is due to
the values of X; and X, (the direct and quadrature axis
reactances). The operation chart for the salient pole
machine, which is shown in figure 3.2 is substantially the
same as for the non-salient machine except in the low
excitation region. Due to saliency, the theoretical
stability 1limit occurs at angles which are less than 90° and
which vary with the excitation as shown by the dotted curve
in the diagram. The modification of the cylindrical rotor
chart for salient machines was described by Walker‘®" and
the practical stability limit is constructed following the
same steps proposed for the cylindrical machine with a 0.1
p.u. power margin. The boundary ut in the diagram is a
restriction imposed by the requirement that there shall
always be a positive field excitation, since it is possible
for the machine to run with zero or slightly reversed
excitation®®?,

Generator operation should be confined to the region
bounded by the limits discussed above. The situation can be
greatly simplified, particularly for computer applications,
by fitting the largest possible rectangle inside the
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Fig 3.1 Operating chart for a cylindrical-rotor generator
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Fig 3.2 Operating chart for a salient-pole generator




operating region of figure 3.1 . In this case it is only
necessary to provide three numbers; Q. ., Qug and P, to
define the operating region. Alternatively, if greater
accuracy is necessary for the steady state boundary in the
leading power region, which varies with the locad, then a
simple formula for a cylindrical machine can be derived as
follows, |
Reactive power delivered by the machine
Q = EV/X,.cos8 - V¥/X, P I 1

the steady state stability limit is reached at § = 90°
and Q@ beccmes

Q.in=-v2/xd N EEEE NN NN NI NI 3-2

if the machine is delivering P watts then
P=EV/deSin6 .......Ill"........‘sﬂs

at the theoretical steady state limit then
P'=Ev/xd 0 P # S 0 P A AL E S ED SR 3'4
To provide a safe operating margin of, say, 0.1 p.u. of
rated power then the working load should be able to
increase by 0.1 P, 4 before reaching the theoretical limit.

Thus,

P+OD1PR=EVIXd .-.....0..;....0... 3.5

substituting in equation 3.3

P=(P+o.1p.) sins ...............-.... 3.6

27




from which

Bv/xdcoss={°.z PPI+ .olp“ ¢ 8 85 5SS SO S S aw 3'7

and hence equation 3.1 becomes

Q= '{002 PP,"‘ OOIPnZ- VZ/XG tsaneasanensesns 3.8

Another way to arrive at this formula is to use the
geometric relationships hetween points 0°, w, u, and v on
figure 3.1. If equation 3.8 is plotted for different values
of P it is seen that Q follows the practical stability
l1imit curve of figure 3.1 . The quantity v¥/Xd is fixed and,
since most machines are specified in terms of their p.u.
reactances and rated power then,

ﬁ/xd=xvnr.t4x¢.u- * & & 0 & 08 &80 PSS S eSS 3.9

Equation 3.8 could be used in place of Q

ain
applications if increased accuracy is judged necessary.

for computer

A salient-pole synchronous machine stability region can
be approximated for computer studies by that of a
cylindrical machine and applying equation 3.9. The
stability boundary in this case will be somewhat stricter
than the true boundary in the leading power factor region.
Figure 3.3 compares the operating boundaries for a salient
pole machine with X=1.1 p.u. , X;=0.7 p.u. with those of a
simplified model which takes into account only X,.

3.2.3 Transformer Modelling
Transformers as modelled for steady state studies are
either of the tap-changing or non tap-changing type. Most

power transformers are the former and the taps are operated
for voltage control purposes. Taps are changed by motor
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driven switches and allowed to change on-load or off-load
in a number of discrete steps above and below nominal
values (e.g. *10%).

A transformer which is operated in the off-nominal mode
can be modelled for computer studies as shown in figure 3.4
(b). This equivalent circuit is obtained by inserting an
ideal transformer with an off-nominal ratio a3l (where a is
real) in series with the transformer impedance as shown in
figure 3.4 (a). This model is used extensively in power
system steady state studies for both off-load and on-load
control. The transformer impedance is assumed to remain
constant irrespective of the tap position.

Three winding transformers with short circuit impedances
Bper zm, 2,, calculated on a common base are represented by
the four node circuit shown in figure 3.5 (a) where,

= X3, + 2, - 2Z,)
g, = X(3, + 2,, - Z,)
Bt *(Zpti-z“-zp.) IR R R R R R R N 3-10

In computer studies using nodal analysis, minimizing the
number of system nodes is desirable for the sake of economy
in storage and speed and the four node model is replaced by
the three node equivalent of figure 3.5 (b). Yper Yot and y,,
are the equivalent admittances prepared for nodal analysis.

A three winding transformer incorporating taps on, say,
the primary windings is modelled fundamentally by the same
methods used for the two winding transformer, through
observing the current and voltage relations on the four
nodes with the primary voltage offset by the ratio a:l and
the primary current by the ratic 1:a. The conventional
method®® is to form the definite nodal admittance equations
of the transformer model in figure 3.5 (b). The admittance
matrix is easily formed by inspection although building
algorithms can be used. The equations can be written as,
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Fig 3.4 Equivalent Circuit of an Off-Nominal
2-Winding Transformer




(b)

Fig 3.5 Equivalent Circuit of a 3-Winding
Transformer



Ip vp
I, = b4 . .
I, Ve
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wﬁere,
p s t
[yl = -Yps Yps+yst e £Y

t “Ypt e £  ap

...I.............B.lz

An off-nominal tap position on the primary winding would
introduce a change in the values of primary voltage and
current,

Vp = an

Ip'=IJa LR B B B BE RE BE B B N BB B A ) 3-13

Replacing V, with V,/a and I, with nIp' is effectively
equivalent to multiplying the row and column of the primary
node in [ ¥ ] by 1/a.

P . -] t
P| (Y tY, )/ -y /2 -y, /a
( Y ] = 8 -ym/ a ypl+ylt -Yst

t -ypt/ a “Var Yo #¥5e

.l................l3.14

(Note that the driving point admittance at node p is
divided twice by a. )

It 1is possible to arrive at the same three node
equivalent equations for a three winding off-nominal
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transformer by making use of the equivalent circuit of an
off-nominal two winding transformer. Inserting an ideal
transformer of ratio a:1l in series with the four node model
of the three winding transformer as shown in figure'3.6 (a)
then this c¢ircuit can immediately be reduced to the
configquration shown in figure 3.6 (b).

The nodal admittance matrix for this configuration is
then formed by inspection. Since node m is fictitious with
no current injection this node can be eliminated to arrive
at the three node equivalent admittance matrix { ¥° J.

It is interesting to construct a model realizing matrix
[ ¥ ] and figure 3.6 (c) shows this realization.
Representing the off-nominal three winding transformer in
this way offers a physical equivalent circuit parallel to
that of the off-nominal two winding transformer. The
similarities are ocbvious and easily memorized.

The voltage at the consumers terminals is required by
statute to remain within definite ranges (6% in Britain).
Distribution transformers are thus regulated to meet the
consumer requirements. The steady state models for the
transformers should account for the tap limits in both
directions with respect to the nominal position.

3.2.4 Transmission Line Modelling

Transmission lines are represented in steady state
studies with sufficient accuracy by equivalent ¥ networks.
The information generally required for each line is the
positive sequence resistance, inductance and shunt
capacitance/xm. Very long lines can be sectionalized to
allow for a more distributed aécount of their parameters.
The problem of determining the power 1limits of a
transmission line has to take care of both steady state
stability and thermal current ratings. A transmission line
will not be able to meet the voltage constraints at both
ends if the steady state stability limit has been exceeded
unless reactive compensation is introduced. Thermal current
rating on the other hand depends on the maximum conductor
temperature allowable, ambient temperature, radiation and
convection heat losses.
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(b)

Fig 3.6 Equivalent Circuit of an Off-Nominal
3-Winding Transformer
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Fig 3.6 (c) Three Node Equivalent of an Off-Nominal

3-Winding Transformer




In general, for short 1lines the thermal current
constraints prevail, whilst the stability 1limits
requirements are important for long lines, ()

3.2.5 Load models

Peak loading and 1light 1loading conditions of power
systems are useful in the assessment of the steady state
stability and voltage stability performance and loads are
usually modelled by the active and reactive power demands.
Individual 1loads differ in characteristics but it is
assumed that the active and reactive power remain fixed and
this assumption is found to be of reasocnable accuracy when
a large number of the system busbar voltages are within
0.93 - 1.07 p.u.'®

3.2.6 Highlights of Useful Loadflow Techniques

The basic loadflow technique used here in studying steady
state performance is the well known Newton~Raphson Method,
which has powerful convergence properties. Studies which
are performed off-line can tolerate relatively slower
execution times than on-line studies which are more suited
to decoupled or fast decoupled methods. In any case, the
advantage of decoupled and fast decoupled methods over the
Newton-Raphson Method becomes c¢onsiderably reduced for
small systems®?, '

There are some significant points to draw attention to in
the present practice of dealing with on-lcad tap changing
transformers in iterative computer methods. If it is
required, by changing the transformer taps, to maintain
the voltage at one side of the transformer constant, then
it is necessary to compensate for voltage drops by
adjusting tap positions after each iteration. One method‘?”
is to treat the controclled bus in the analysis as an
ordinary load bus. The voltage of the bus V is checked at
each iteration against a specified voltage V_. The
correction ( V,, = V ) is designated AV and the tap
adjustment Aa is calculated as the integral multiple of tap

steps closest to AV.






















































































































































































































































































































































































































































































































































































































































































































































































































