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A Knowledge Based System for Reactive Power/Voltage Control Including
Contingency
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Abstract- This paper presents a knowledge based system to solve reactive power/voltage
control problem in a power system.

A need is recognized for new methods to alleviate a bus voltage limit violation more
quickly when a power system becomes an emergency state due to contingency. To cope with
this object, a set of indices concept which is used to make bus order list of reactive power
injection priority is introduced. A set of indices, based on the overall system conditions,
consists of steady state stability index, reactive power transmittance index, voltage severity
index and generator fuel cost index. This scheme and empirical rules of the knowledge on the
basis of the human expert result in fast decision-making of the reactive power compensation
devices since only the amount of devices is determined by the inference in the knowledge
based system when the voltage violation is detected.

In this approach, control devices such as shunt capacitor(reactor), transformer tap
settmgs and generator voltages are utilized. Also the developed system herein can be used
to minimize control action taken or generator fuel cost according to the user’s option on
the weighting factor. The results of a case study are also presented.
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1. INTRODUCTION

Reactive power and voltage control plays an
important role in modern interconnected power
system which has become more and more compli-
cated. In this reactive power and voltage control
area, many researches using optimization techni-
que such as linear programming or gradient pro-
jection method were developed in the past[1, 2, 3,
4,57, But they are not always efficient for mod-
ern large-scale power system. That comes mainly
from discreteness of control variables and non-
linearity among the variables. Also the fact that
many factors to be considered exist in modern
power system is making the reactive power and
voltage control problem more difficult for a
systematic and algorithmic methods, such as those
presented in {2, 3, 4, 5, 6, 7]. Especially, It is very
important to alleviate the detected voltage prob-
lem within a quick time period (critical clearing
time) when a system becomes an emergency state
by contingency. Therefore, more efficient and
suitable methods for power system control are
expected to be realized. Recently, the knowledge
based system, a branch of artificial intelligence (A.
I}, provides one method for such a demand.

This approach can be used by integration with
algorithmic methods for finding more efficient
solution. An application of knowledge based
system to the planning, operation and training
area In a power system has become an active
research area. The strength of knowledge based
system is the way of incorporation in problem

solving with the heuristics, rules and deep knowl-
edge obtained from human expert who has worked

in the area for a long time.

From the reactive power and voltage control
problem point of view, there already exist several
knowledge based systems developed since many
heuristic rules and knowledge are in this area.

(8,9, 11, 12] The knowledge based system by
Liu and Tomsovic{8], employed the production
rules(IF-THEN structures) to express the knowl-
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edge required to perform the given task. This
implementation was written in the production
system language, OPS-5, which utilizes a forward
chaining mechanism for inference. More severe
voltage problems are alleviated with the help of a
linear programming technique. The paper devel-
oped by William, R'W. at al.[9] uses network
decomposition concept which requires having only
the network information local to the bus with a
voltage limit violation. The work done by Kenneth
Wilhelmsson and Goran Andersson[11]
use of frame based representation of knowledge

makes

and production rules. The knowledge of system is
implemented by the language LISP. X.P. Zhang
and Y.S. Hai{12]
system which used pattern recongnition technique

reported the A.I approached

to increase the decision-making speed and
PROLOG to implement knowledge and heuristic
rules.

In this paper, the knowledge based system is
utilized to obtain the feasible control actions to
alleviate reactive power and voltage control prob-
lem in a power system with contingency. In the
most of papers reported using A.l approach, both
the location and amount of reactive power com-
pensation devices are determined in the knowledge
based system. However this approach shows the
typical drawback of knowledge based system. The
larger power system becomes, the more inference
time is needed to find the suitable control actions.
Hence, the important idea of this paper is to
develop the knowledge based system which finds
only the amount of reactive power compensation
sources such as shunt capacitor, shunt reactor,
transformer tap position and generator voltage.
This job is done by the conception that the bus
order list representing priority for the location of
reactive power sources to be switched on can be
determined in advance. The bus order list is con-
structed by the use of a set of indices concept[13,
14]based on information on the jacobian and sen-
sitivity matrices obtained from power flow
routine. A set of indices in this paper is composed
of steady state stability index which represents a
capability to withstand violation of bus voltage
before the onset of system instability, reactive
power transmittance index which is related to the
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knowledge of transmission path of the reactive
power changes, voltage severity index which indi-
cates the degree of voltage violation of a bus and
generator fuel cost index which represents the
effect of reactive power changes on the generator
fuel cost. Also VAR supporting bus list at an
arbitrary bus is introduced to reduce the inference
time in the knowledge based system. The VAR
supporting bus list is made up of the buses of
which can give the arbitrary bus the effect of
reactive power injection most significantly. Rules
were written to describe the logic sequence that
would be utilized to maintain the desired voltage
profile. Also the adjustments to the control devices
needed to alleviate voltage limit violations are
determined by the sensitivity coefficients among
variables.

The proposed system in this paper was written
in two kinds of computer languages, FORTRAN
and PROLOG.

The organization of this paper is as follows: In
section 2 the problem is described. The outline for
circuit contingency is introduced in section 3. In
section 4 sensitivity coefficients used for finding
control actions in the developed system are for-
mulated. Section 5 discusses bus order list making
algorithm based on a set of indices and VAR
supporting bus list concept. Knowledge base, infer-
ence engine, data structure, production rules re-
quired for constructing knowledge based system
are described in section 6. Case study and conclu-
sions are dealt with in section 7 and 8, respectively.

2. PROBLEM DESCRIPTION

When a power system becomes a voltage emer-
gency state by contingency, control actions must
be initiated to alleviate the violations such as over
and undervoltages within a critical clearing time.
This state can be alleviated by adjusting the
reactive power compensation devices such as
shunt capacitors/reactors, transformer taps and
generator voltages. In a case that the reaction time
to adjust reactive power compensators is critical,
the conventional methods are not suitable for
improving the system state performance. Thus a
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method using knowledge based system has been
described and is presented.

3. CONTINGENCY ANALYSIS

Over the years, contingency analysis has become
more and more sophisticated, primarily because of
the development of the fast and large-capacity
digital computer[15, 16, 17, 18, 19]. In principle, all
the events that cause trouble on a power system
should be considered, however the remedial
actions to correct the possible consequence caused
by the one of the major types of failure events, or
transmission line outages, are focused. Transmis-
sion line outages cause changes in the flows and
voltages on the transmission equipment remaining
connected to the system. Therefore, the analysis of
transmission failures requires methods to predict
these flows and voltages so as to be sure they are
within their respective limits.

In order to consider the voltage problem only in
this paper, It is assumed either the line overload is
not caused by the single line outage since most
power systems are designed to have sufficient
redundancy to withstand singel line failure events
or the overload problem is already cleared.
Because contingency analysis is only a tool for
detecting possible abnormal conditions requiring
study by the operation personnel, computational
speed and ease of detection are paramount consid-
erations. Fast straight foreward technique, such as
the popular DC power flow method, considers only
the real power loading of circuits while ignoring
the effect of system contingency on system bus
voltages and, hence, on reactive power flow. Thus
most of these techniques can only be applied to
MW limit security problem[15, 16]. On the other
hand, voltage problems were also found to be a
very important aspect of security assessment. It
has become the target of many research projects.

(17, 18, 19] An efficient and effective AC power
flow methods today, although they are frequently
computationally unattractive and too demanding
of engineering time for use in contingency studies,
is required for a case that system voltage is con-
cerned.

In this paper, it is assumed that those potentially

781



critical contingency cases are already ranked by
the severity of their impacts on a power system
using the technique developed.[19] After the ini-
tial state of a power system is calculated by using
AC power flow method, a more reliable formula
based on the modified matrix inverse lemma is
applied to update the bus voltage and angles of the
system with line outage appearing on the top of
ranked list. To solve any votage problem caused
by contingency, the knowledge based system is
initiated.

4. SENSITIVITY COEFFICIENTS

Sensitivity coefficient calculation method need-
ed in solving the reactive power and voltage con-
trol problem is introduced here. Based on the
Newton-Raphson power flow, the following
matrix equation can be obtained :
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The sensitivity matrix S defined herein is of
the dimension pXm where p is the number of
dependent variable and » is the number of each
control variable.

sensitivity due to generator voltage changes
~4Qs
Sov= av.
=Jovee—J over Jovir ' Jovie {2)

4V
SVV— AVG

= Jovir ' Jovic 3)
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sensitivity due to capacitor/reactor changes
_ 4V
SVQ — AQL
= Jover ™! (4)
sensitivity due to transformer tap changes
_4v.
TTAT
=—Jovir™' Jarr (5)

Ser= ZQTG

= Joer—Javer Jovir™' Jarr (6)

5. BUS ORDER MAKING ALGORITHM

5.1 A SET OF INDICES

An approach in this paper is to asssume preas-
signed locations for reactive power compensation
based on a set of indices[13], and then try to
improve the system voltage profile by the infer-
ence in the knowledge based system, while minim-
izing the number of locations, the amount of
reactive power and generator fuel cost. Savulesch

[13] proposed a set of indices concept related to
steady state stability, power loss and reactive
power transmittance index. Also. the optimal
reactive power allocation based on a similar con-
cept about a set of indices was presented by A.
verkataramana(l4], Since the indices are based
on heuristic techniques, these indices coupled with
ohter experiences supported by knowledge based
system can give better reactive power allocation.
Based on these indices concepts with some modifi-
cations, steady state stability and reactive power
transmittance index are analyzed. And a new
voltage severity and generator fuel cost index are
proposed. Taking into consideration the above
four factors, load buses are ordered for a possible
reactive power and voltage control.

5.1.1 STEADY STATE STABILITY INDEX

It is well-known the fact that the steady state
stability of a power system can be verified by the
results of power flow analysis.[20] In a word,
the term 3Q/3V (the changes of reactive power

with respect to those of voltage) gives stability
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information. For small changes in 4Q and 4V, the
diagonal elements (8Q/0V ). represent steady
state stability index.[14] That is, the buses which
have higher values of (9Q/3V):; can withstand
more variation of reactive power before the onset
of system instability compared to the buses which
have lower values of (9Q/0V ). Using this
fact, the load buses can be arranged to the ascend-
ing order according to the diagonal jacobian ele-
ments. The result be the index that accounts for
steady state stability.

SSSI=[By B2 Bs By, -wooroveoeer s Bn1]
where 90Q3s1/0Ve:1<0Q5:<, ** < 3Qrn1/3Vaen1 ; B:
By, - , Bn: are load bus number and subscript nl

is the number of load buses.
The corresponding vector of weighting factors is

Wasst = [ Wsy Wsz Wes Wesy s s Went]
where st> Wsz> Wsa> Ws4> """ , > Wsnl-

5.1.2 REACTIVE POWER TRANSMITTAN-
CE INDEX

When the reactive power injection is varied at a
given bus, it is important to know which bus
voltage magnitude is affected by this injection.
This is related to the knowledge of transmission
paths of the reactive power changes, known as the
reactive power transmittance index[13], The
location of the reactive power compensation
devices for voltage control should be decided in
such a way that the result affects as many buses as
possible. For this purpose, the reactive power
transmittance index is defined as follows:

RPTI:[CI C, Cs C4, """ ’ Cm]

where C, Cayeo , Cn: represent bus numbers and
the order of buses is determined according to
decreasing value of the sum of the i-th column of
matrix Sye. That is, the higher the value of sum of
the i-th column of matrix Sy, the better is its
voltage control capability.

The corresponding vector of weighting factors
is

WRP’H:[WCI Wer Wes Weay - s chx]

where Wei > Weo> Wea> Wea>, oot s > Wen.

5.1.3 VOLTAGE SEVERITY INDEX

AFATR DY FRAMY/HY Hof HEI Al

The main objective of reactive power/voltage
control is to maintain a desired voltage profile on
the system as soon as possible even though the
system become voltage emergency state due to
contingency which may be caused by a destructive
storm or automatic relaying. Thus it is reasonable
to alleviate the buses with severe voltage violation
more quickly than the buses with light voltage
violation. Calculating the violation of bus voltage
at i-th bus,

(Dev);=|V;—upper voltage limit | if upper
limit violation

(Dev);=|V;—lower voltage limit| if lower
limit violation
(Dev); =0.0

tion.

if no viola-

The voltage severity index is defined as fol-
lows:

VS]:[El Dz Da Dq, """ 5 Dnl]

where D, Dj,-------- ,D», represent bus numbers
and the order of buses is determind according to
decreasing value of (Dey);. That is, the larger
the value of (Dey): the more suitable is the
location for reactive power compensation.

The corresponding vector of weighting factors
is

WVSl:[WDI Wp: Whps Wm, """ , WDnl]

where Wy, > Wpe> Wos> Wpe>, oo > Woni,

5.1.4 GENERATOR FUEL COST INDEX
imizing the system losses is employed. In this
paper, however, the effect of reactive power injec-
tion at the load buses on generation fuel cost is
considered.[3,7] Thus it is assumed that there is
a linear relationship between reactive power injec-
tion and generator fuel cost. Without loss of gener-
ality, the fuel cost function is given by the total
summation of generator fuel cost which can be
expressed as the quadratic function of generating
power output Py for all (€ G.[7]

f(P):kgc(AK+BKPK+CKPK2) (7)

where A., Bs C.:fuel cost coefficients of k-th
generator
G :set of all generator buses.
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The change of generator fuel cost with respect
to that of reactive power(A4f/4Q)is derived as
follows :

Aar _
where 8:  [Bi+2CiP, B:+2C, Pz - s Bro+
2Cn:Prc]

~ne . total number of generator buses.
Ja:  Jever Jovir™!

The generator fuel cost index, taking into con-
sideration the magnitude of 4f/4€Q, which
means the i-th element of vector (4f/4Q), is
defined by :

GFCIZ[E1 Ez Ea Eq, """ .Enl]

where E, E;, -+ , En1 represent bus numbers and
the order of buses is determined according to
decreasing value of 4f/4Q.. That is, the larger
the value of Af/4Q; the more suitable is the
location for reactive power compensation.

The corresponding vector of weighting factors
is

Werer= [WE] Wez Wes Wes>, oo , > WEnl]

where Wei> Wea> Wes> Wel>, - , > Weni,

5.2 BUS ORDER LIST MAKING ALGORITHM
Based on the indices discussed above, steady
state stability index, reactive power transmittance
index, voltage severity index and generator fuel
cost index, final location vector for reactive power
injection can be determined by the following steps.

stepl) Make total weighting vector by adding
the elements of four weighting vectors
corresponding to the same bus number in
the indices. In this time, each weighting
vector need not be the same weighting
for all indices, particular index can be
given more weight than others according
to the user’s option. For example, more
weight on the RPT1 can be given if user
wants to minimize the number of loca-
tion of reactive power compensation.
And more weight on the CFCI if to
optimize the total system operation cost,
more weight on the VSI if to alleviate
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the bus with voltage violation more
quickly.

step2) Make the final bus order vector using the
corresponding bus number according to
the decreasing value of the element of
final weighting vector. In the element of
bus order list, there is a possibility that
the chosen bus number is not feasible for
reactive power compensation. This
defect, however, can be easily deleted
with the help of the VAR supporting bus
list concept explained in the next sec-
tion.

5.3 VAR SUPPORTING BUS LIST

In case that the selected bus(old bus) for the
reactive power control is infeasible, other bus (new
bus) should be selected to replace the function of
that bus. The new bus is selected such a way that
the effect of new bus is almost same as that of the
old one. The selection can be done with ease by
considering buses whose reactive power changes
can affect most to the changes of voltage of the old
bus in the bus order list. To obtain an efficient
inference in the knowledge based system, the list
which contains the buses supporting reactive
power to alleviate voltage problem for the each
bus is put in the knowledge base. This list can be
easily constructed by the elements of each row of
sensitivity matrix Sy, named ‘VAR supporting
bus list’,

6. THE KNOWLEDGE BASED SYSTEM

A knowledge based system is a computer
software that behaves like a human expert in
narrow, specific domain of application. The
system has knowledge in a particular domain and
is capable of solving problems that require the
knowledge obtained in the domain.[21] The devel-
oped knowledge based system, generally, consists
of three main modules, i.e., a knowledge base, an
inference engine and a man machine interface.
The knowledge base contains knowledge that is
specific to the domain of application, including
such things as simple facts about the domain, rules
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[ Man Machine Interfoce I

KNOWLEDGE BASED
SYSTEM

Inference Engine

KNOWLEDGE BASE]

Rule Base

Contingency Sensitivity And Power Flow

Analysis Indices Caiculation Calculation
Software Software Software

\\ / FORTRAN

NN r4

| Power System |

Fig. 1 schematic diagram of the kﬁowledge
based system for reactive power/voltage

control

that describe relations or phenomena in the
domain, and possibly methods, heuristics and ideas
for solving problems in this domain. The inference
engine actively utilizes knowledge, rules, heuris-
tics and ideas in the knowledge base to chain a set
of rules to form a line of reasoning. The man
machine interface provides smooth communication
between the user and the system. The structure of
the knowledge based system in a block diagram
form is shown in Fig. 1.

6.1 KNOWLEDGE BASE

It is obviously clear that a successful knowledge
based system relies on a high quality knowledge
base. All known knowledge for a complete
description of the power system form the knowl-
edge base. That is, the knowledge base comprises
facts about the power system components, param-
eters, topology data, operational constraints and
sensitivities of power system rules that describe
relations between phenomena in the power system
and methods for solving problems in the power
system. The following empirical rules are well
identified for the reactive power and voltage con-
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trol problem.[8, 12],

(a) If a load bus voltage drops below (or rises
above)the operating limit, control devices
such as shunt capacitors, shunt reactors,
transformer tap changers and generator
voltages can be switched or adjusted to
restore the voltage profile.

{b) If a load bus voltage drops below (or rises
above) the operating limit, it is most effi-
cient to apply the reactive power compensa-
tion locally. If the capacity of local compen-
sators is insufficient to resolve the voltage
problem, then compensators with next high-
est sensitivities should be chosen.

(c) If the voltage is low (high)at a bus, the tap
position of the local transformer tap chan-
ger can be raised (lowered) to correct the
problem. However, increasing(decreasing)
the tap position may cause other load bus
voltages to drop(rise),

(d) Generator bus voltages can be raised
(Jlowered) to solve the low (high) load bus
voltage problems.

(e) The usage priority of reacitve power con-
trol devices to solve the voltage problems
from high to low is shunt capacitors/reac-
tors, transformer tap changers and genera-
tor voltages.

In addition, the knowledge base in this paper
was developed in the list format for convenience.
The knowledge base consists of rule base and
dynamic data base which is updated every time the
system infers new control action. The dynamic
data base is composed of bus order list, generator
bus data(gen_data), load bus data(bus_data),
capacitor data(cap data), reactor data(rea data),
transformer data (tap data) and various sensitivity
matrices (sen_mat, tsen_mat) and the rule base
is made up of production rules developed on the
basis of the above empirical rules. The load bus
data includes information concerning bus number
{name), type, voltage, demand (MW, MVAR),
VAR supporting bus list and voltage limit. The
generator bus data contains information as to
bus number (name), type, rated voltage, actual
real and reactive power generation, maximum
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and minimum real and reactive power generation,
power factor based upon plant efficiency. The
capacitor(reactor) data contains information
about bus name, number of banks, number of
banks in service and size of each bank. Finally,
transformer data comprises tap position at present
time, number of steps and size of each step.

6.2 INFERENCE ENGINE

The inference engine is used to chain the facts
given in the knowledge base and empirical rules.
The search procedure of the proposed knowledge
based system makes use of the “depth-first” sear-
ch strategy. This strategy provides the most effi-
cient utilization of the reactive power control
sources. This is because the search space is formed
in such a way that the most weighted sensitive
controller has the highest priority. The inference
engine involves a series recursive search proce-
dure. This is the main reason the PROLOG lan-
guage is chosen in this knowledge based system.
PROLOG language provides very powerful auto-
matic back-tracking, pattern matching and tree
-based data structuring capabilities. Therefore the
recursive search procedures can also be easily
realized by the PROLOG language.

6.3 DATA STRUCTURE

The general form of the data representation is
given by type, name, status, attributes and charac-
teristics. The above form is explained explicitly
below for various data types.

(1) Load buses
[Name, Type, Voltage, MW demand,
MVAR demand, [ VAR supporting bus list],
Voltage limit]

(2) Generator buses
[Name, Type, rated voltage, MW genera-
tion, MVAR generation, MW limit, MVAR
limit, Power factor]

{3) Shunt capacitors or reactors
[Bus name, Number of banks, Number of
banks in service, Size of each bank]

(4) Transformer
[Name, Current tap position, Number of
steps, Size of each step]
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6.4 PRODUCTION RULES

In principle, any consistent formalism in which
we can express knowledge about some problem
domain can be considered for use in an expert
system. However, the language of if-then rules,
also called production rules, is by far the most
popular formalism for representing knowledge
and will be used here. If-then rules usually turn out
to be a natural form of expressing knowledge, and
have the desirable features, that is, modularity,
incrementability, modifiability and transparency.
Also, by recursively using predicate calculus rules
in cooperation with numerical and logical calcula-
tions, all rules in this paper are realized in
PROLOG language. Of course, the rule structure is
flexible, such that rules can be modified, added
and deleted easily by the operator. The major
rules used for the reactive power and voltage
control are summarized here.

Rulel: If there exists a bus with voltage viola-
tion, then select bus on the top of bus
order list which depends on user’s
option.

If the problem bus is selected, then
check whether or not the bus is feasible
for reactive power compensation.

If not feasible, then select in the VAR
supporting bus list other bus which can
support most significantly the reactive
power needed in the problem bus.

If the feasible bus with compensator to

Rule2:

Rule3:

Ruled :
be used for reactive power reallocation
is selected, then compute the increment
of various controllers :

AUf = Sij—ld Vj
where S;; is the {, j-th element of
sensitivity matrix defined in equations
(2)-(6), A4V, is the magnitude of
voltage violation and 4U, is the avail-

able control actions.
Rule5: If the reactive power compensator can
provide the necessary control, then
implement the necessary compensation.
If the controller is at full output and
there remain other controllers to be
used, then select next bus on the bus

Rule6 :
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order list.

Rule7: If all bus voltages are now within

limits, then verify with power flow.

7. CASE STUDY

The suggested Knowledge-based system has
been tested on the modified IEEE 14 bus system to
demonstrate the usefulness. The system has 14
buses, 20 lines, 5 generators, 3 tap-changing trans-
formers and 3 shunt capacitor/reactor banks. Fig.
2 shows one line diagram of the system.

Table 1 summarizes the line data for the IEEE
14 bus system on 100 MVA base, while Table 2
gives bus data.

The operating limits of generators are summar-
ized in Table 3, and fuel cost coefficients are given
in Table 4.

Also the limits of other control variables needed
in simulating are shown in Table 5.

CASE 1
Problem :Line outage at line 12,low voltages at

Table 2 Bus data of IEEE 14 bus system (in p.u.)
| bus

Generation Load
Fig. 2 one line diagram of IEEE 14 bus system number P o
1 0.000 0.000 0.000 0.000
Table 1 Line data for IEEE 14 bus system 2 0.600 0.424 0.217 0.127
line |bus numbef impedance tap lineﬂ 3 0.700 0.234 0.942 0.190
pumber ol R x | ratio |charge 4 | 0.000  0.000 | 0.478 —0.039
5 0.000 0.000 0.276 0.116
N B R B
3 ) | 0.0581 0.1763 0.0187 7 0.000 0.000 0.000 0.000
4 ) 51 0.0540 0.2230 0.0246 8 0.600 0.174 0.000 0.000
5 | 2 5] 0.057 0.1739 0.0170 9 | 0.000  0.000 | 0.295  0.066
6 3 4| 0.0670 0.1710 0.0173 10 0.000 0.000 0.290 0.058
7 4 51 0.013¢ 0.0421 0.0064 11 0.000 0.000 0.235 0.018
8 5 6 | 0.0000 0.2520 | 1.000 12 0.000 0.000 0.261 0.016
9 4 7 1 0.0000 0.2091 ! 0.975 13 0.000 0.000 0.135 0.058
10 7 8 | 0.0000 0.1762 14 0.000 0.000 0.149 0.050
11 4 9| 0.0000 0.5562 | 0.9625 -
12 7 9| 0.0000 0.1100
13 o 10! 0.0318 0.0845 Table 3 Operating limits (in p.u.) of generators
14 6 11| 0.0950 0.1989 bus | Pmin Pmax | Qmin @Qmax|{ Vmin Vmax
15 | 6 12| 0.1220 0.2558 number
16 6 13 | 0.0662 0.1303 1 0.0 0.906 |—0.20 0.500| 0.95 1.05
17 9 14 | 0.1271 0.2704 2 0.0 0.700 0.00 0.400 | 0.95 1.05
18 10 11 | 0.0821 0.1921 3 1 0.0 0.800 0.00 0.400| 0.95 1.05
19 12 13 | 0.2209 0.1999 6 0.0 0.900 0.00 0.5001 0.95 1.05
20 13 14 | 0.1709 0.3480 | LS 0.0 0.650 J 0.00 0.300| 0.95 1.05
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bus 9, ¥V'=0.920, at bus 10, 1V =0.914,
at bus 11, V =0.940, at bus 14, ¥V =0.
918,

Solution : Taking into account all four indices

discussed above, bus order list is;

Table 4 Fuel cost coefficients of generators

bus number C;
i $ /hr - Kw?
1 0.00 1.75 0.0175
2 0.00 1.00 0.0625
3 0.00 3.25 0.0083
6 0.00 3.00 0.0250
8 0.00 3.00 0.0250
L

Table 5 Limits of other control variables(p.u.)

(1) Transformer tap ratio
1.0—0.0125X NT<Ti<1.0+0.0125X
NT

NT =number of steps, {=transformer
bus

0.0125=step size of transformer

Load bus voltage

0.95< Vi<1.05 ;=total load bus

VAR sources
—-0.10< Q5 <0.0
0.0 Q9 <0.10
0.0 <£Q10=<0.20
—-0.10<Q12<0.0
—0.10<Q13<0.0
0.0 £Q14<0.15

Table 6 Index and bus order list

[1] STEADY STATE STABILITY INDEX
[14, 12, 11, 7, 13, 10, 9, 5, 4]

[2] REACTIVE POWER TRANSMIT-
TANCE INDEX
(14, 9, 10, 11, 13, 12, 7, 4, 5]

[3] VOLTAGE SEVERITY INDEX
(10, 14, 9, 11, 4, 5, 12, 13, 7]

[4] GENERATOR FUEL COST INDEX
{12, 13, 11, 14, 10, 9, 4, 5, 7]

[5] BUS ORDER LIST
(14, 11, 10, 12, 9, 13, 7, 4, 5]
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Table 7 VA\R supporting bus list

bus capacitor reactor
number
4 9, 10] [ 5]
5 [ 9, 10] [ 5]
7 [ 9, 10] [5]
9 {9 10, 14] [13]
10 [10, 9, 14] [13]
1 [10, §, 14] [13)
12 (14, 9, 10] [12, 13]
13 [14, 9, 10] (13, 12]
L 14 L [14, 9, 10] L (13] J

CASE 2
Problem

Solution

[14, 11, 10, 12, 9, 13, 7, 4, 5].

In this case, all the four indices are
given the same weighting. The various
indices used to find bus order list are
shown in Table 6, VAR supporting bus
list in Table 7. Also, a part of dynamic
data base is shown in Table 8. Rule 1
selects bus 14 on the first of bus order
list. Bus 14 is feasible bus by rule 2.
Rule 4 chooses capacitor bank at bus
14 as reactive power compensator and
compute reactive power increase.
Rule 5:Implement. Rule 7:Voltage
problem is not cleared. Rule 6 : Select
bus 11 on the second in the list. Bus 11
is not feasible bus by rule 2. Rule 3:
Select other bus, bus 10, on the VAR
supporting bus list for bus 11, Rule 4
computes reacitve power increments.
Rule 5:Implement. Rule 7:Voltage
problem is not cleared. Rule 4 chooses
as controller capacitor bank located
on bus 9 which is the next element in
VAR supporting bus list for bus 11.
Rule 5:Implement. Rule 7:Voltage
within limits.

: Line outage at line 14, low voltages at

bus 10, V =0,928, at bus 11, V' =0.901,
at bus 14, V =0.940.

: Taking into account all four indices

discussed above, bus order list is;
[11, 14, 10, 12,13, 9, 4, 7, 5],
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Table 8 Contents of dynamic data base

sen mat (5, [.0277,

tsen mat (4, [.1051,
tsen mat (5, [.1740,
tsen_mat (7, [.0489, —.4062, .0300])

system_conf(14, 20, 5, 9, 3)
icl data([4, 5, 7, 9, 10, 11, 12, 13, 14])
isg data([1, 2, 3, 6, 81)

sen mat (4, [.0447, .0277, .0208, .0180, .0051,
.0459, .0129, .0112, .0093,
sen_mat (7, [.0208, .0129, .1053, .0084, .0070,

.1269, .0644])
.0785, .0399])

gsen mat (4, [.1148, .3663, .2272, .1587, .1173])
gsen mat (5, [.1902, .3734, .1406, .2117, .0726])
gsen mat (7, [.0534, .1704, .1057,

cap_data(2, 10, 4, 0, 0.05)
rea data(3, 13, 2, 0, 0.05)

tap data(1, 1.0000, 7, .0125)

0077, .0011, .0027, .0115])
-0048, .0007, .0016, .0071])
0005, .0012, .0053])

.0036,

0739, .5942])

CASE 3
Problem

Solution

In this case, all the four indices are
given the same weighting. In a similar
sequence to the case 1, bus 10 and bus
9 are chosen as controllers. Results are
shown in Table 9.

: Line outage at line 16, low voltages at

bus 12, ¥V =0.933, at bus 13, ¥V =0.900,
at bus 14, V=0.916.

: Taking into account all four indices

discussed above, bus order list is ;
[13, 14, 12, 11, 10, 9, 4, 7, 5],

In this case, all the four indices are
given the same weighting. In a similar
sequence to the case 1, bus 14, bus 9
and bus 10 are chosen as controllers.
Also the tap ratio of transformer at
line 8 and the voltage of generator at
bus 6 are adjusted to alleviate the

AHAIDR Dt REHY/Het Hol HBI AMAY

voltage problem. Results are summar-
ized in Table 9.

8. CONCLUSIONS

A new method using knowledge based system
technique for reactive power/voltage control on a
system with contingency is introduced. The
proposed system is developed on the basis of the
various indices, bus order and VAR supporting bus
list concepts. This scheme is advantageous when
the system is required to alleviate the voltage

‘problem within critical time for keeping voltage

stability. In the developed system, the power flow,
sensitivity and contingency algorithms are the
basis, and the way of integrating them with heuris-
tic knowledge is performed successfully.
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Table 9 Results for the IEEE 14 bus system

Trans. KIEE, Vol. 39, No. 8, AUG. 1990

Variable Base case — Case 1 - — Case 2 p — Case 3

initial final initial final initial final

Vi1 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000

V2 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000

V3 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000

V4 0.9800 0.9750 0.9800 0.9750 0.9820 0.9780 0.9940

V5 0.9820 0.9760 | 0.9800 0.9800 0.9850 0.9810 1.0000

Vé 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0100

Vi 0.9870 ' 0.9930 0.9960 0.9760 0.9990 0.9810 1.0100

V8 ; 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000

V9 ; 0.9750 0.9200 0.9910 0.9550 1.0000 0.9650 1.0160

V10 0.9620 0.9140 0.9870 0.9280 0.9910 0.9530 1.0120

Vil 0.9670 0.9400 0.9770 0.9010 0.9660 0.9610 0.9960

Vi2 0.9640 0.9600 0.9670 0.9630 0.9660 0.9330 0.9640

Vi3 0.9740 0.9640 0.9780 0.9690 0.9750 0.9000 0.9500

Vi4 0.9550 0.9180 0.9800 0.9400 0.9690 0.9160 0.9910

Q1 —0.1420 —0.1198 —0.1348 —0.1412 —0.1603 —0.1426 ~0.2000

Q2 0.2280 0.2880 0.2387 0.2662 0.2001 0.2485 0.0493

Q3 0.3510 0.3800 0.3502 0.3772 0.3363 0.3636 0.2700

(83 0.3012 0.4403 0.1232 0.2580 0.1859 0.2883 0.3864

Q8 0.1051 0.0705 0.0565 0.1681 (.0394 0.1377 0.0000

Q9 0.0000 0.0000 0.1000 0.0000 0.1000 0.0000 0.1000

Q10 0.0000 0.0000 0.2000 0.0000 0.2000 0.0000 0.2000

Ql4 0.0000 0.0000 0.1000 0.0000 0.0000 0.0000 0.1500

T1 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0875

T2 0.9750 0.9750 0.9750 0.9750 0.9750 0.9750 0.9750

73 0.9625 0.9625 0.9625 0.9625 0.9625 0.9625 0.9625

Fuel cost 1447.052 1458.53 1456.39 1454.84 1453.39 1455.65 1454.04

[ $/br]
cial assistance contributed by the Korea Science -2, No. 2, May 1987.
and Engineering Foundation, [3] Y.M. Park, D.H. Kim,et al. “Optimal real and
Reactive Power Operation using P, Q Decom-
REFERENCES position in Steady State”, Proc. of CIGRE,
Nov., 1989, Bangkok, Thailand
[1] K.R.C. Mamandur, R.D.Chenoweth, “Opti- [4] K.Iba, H. Suzuki, et al “Practical Reactive
mal Control of Reactive Power Flow for Power Allocation/Operation Planning Using
Improvements in Voltage Profiles and for Successive Linear Programming”, IEEE
Real Power Loss Minimization”, IEEE Tran- Transactions on PAS, Vol PWRS-3, No. 2,
sactions on PAS, Vol. PAS-100, July 1981. May 1988

[2] J. Qiu, S.M.Shahidehpour, “A New [5] Young-Moon Park, Doo-Hyun Kim, Jae

790

Approach for Minimizing Power Losses and
Improving Voltage Profile”,IEEE Vol.PWRS

-Chul Kim, “Optimal Reactive Power And
Voltage Control Using A New Matrix De-



REPS M3 39% 3% 1990%F 8A

composition Method”, Transactions of KIEE,
Vol. 39, No. 3, March 1990

(6] M.O. Mansour, T.M.Abdel-Rahman, “Non
-Linear VAR Optimization Using Decompo-
sition And Coordination”, IEEE Transac-
tions on PAS, Vol-103, No. 2, February 1984

[7] Y.M. Park, K.Y. Lee, J.L.Ortiz, “A Unified
Approach to Optimal Real and Reactive
Power Dispatch”, IEEE Transactions on
PAS, Vol-104, No. 5, May 1985

(8] C.C.Liu, K. Tomsovic, “An Expert System
Assisting Decision-Making of Reactive
Power/Voltage Control”, IEEE Vol. PWRS
-1, No. 3, August 1986

(9] William R. Wagner, Ali Keyhani, Shangyou
Hao, Tai C. Wong, “A Rule-Based Approach
To Decentralized Voltage Control”, PICA
Conference, 1389

[10] S.J.Cheng, O.P.Malik, G.S.Hope, “An
Expert Systems for Voltage and Reactive
Power Control of a Power System”, IEEE,
1988 WM 153-9

[11] K. Wilhelmsson, Goran Andersson, “Reactive
Power And Voltage Control-A Knowledge
Based Approach”, 2-th symposium on
ESATPS, July 1989, Seattle, USA

[12] X.R.Zhang, Y.S.Hai, “On-Line Decision
-Making of Reactive Power/Voltage Opti-
mal Control Using Artificial Intelligence
Approach”, Preprints opf 1989 IFAC
Symposium on Power Systems And Power
Plant Control, Seoul, Korea

[13] Savu Crivat Savulescu, “Qualitative Indices

4FALTE TR0 PETH/HY Mo FE A2

for The System Voltage and Reactive Power
Control, “IEEE Transactions on Vol. PAS
-95, No. 4, July/August 1976

[14] A. Venkataramana, J. Carr, R.S. Ramshaw,
“Optimal Reactive Power Allocation”, IEEE
Vol. PWRS-2, No. 1, February 1987

[15] G.D. Irisarri, A.M. Sasson,” An Automatic
Contingency Selection Methods for On-Line
Security Analysis”, IEEE Transactions on
Vol. PAS-100, April 1981

[16] T.A. Mikolinnas, B.F. Wollenberg, “An
Advanced Contingency Selection Algorith-
m”, IEEE Transactions on PAS Vol. PAS
-100, No. 2 February 1981

(17] K.T. Khu, M.G. Lauby, D.W. Bowen, “A Fast
Linearization Method to Evaluate The Effect
of Circuit Contingencies Upon System Load
Bus Voltage”, IEEE Transactions on Vol.
PAS-101, No. 10 October 1982

(18] F. Albuyeh, A. Bose, B. Heath, “Reactive
Power Consideration in Automatic Contin-
gency selection”, IEEE Transactions on Vol.
PAS-103, January 1984

[19] Y.Chen, A. Bose, “Direct Ranking for
Voltage Contingency Selection”, IEEE Vol.
PWRS-4, No. 4, October 1989.

[20] V.A. Venikov, V.A. Stroe, V1. Idelchick, V.I.
Tarasov,” Estimation of Electrical Power
System Steady-State Stability In Load Flow
Calculation”, IEEE Transactions on Vol.
PAS-94, May/June 1975

(21] Ivan Bratko, “PROLOG Programming for
Artificial Intelligence” , Addison-Wesley
Publishing Company, 1986

791



