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ABSTRACT

Title of Dissertation: SYNTHESIS OF MULTIAREA GRID POWER SYSTEMS

Bharat C. Patel, Doctor of Engineering Science, 1979

Dissertation directed by: Professor Khalil Denno

This dissertation presents improved development in the
formation of a generalized transmission loss (B)-matrix for a
multiarea grid power system. In the procedure, the individual
tie powers of each area are replaced by the net interchange,
sneak and circulating powers. The latter two variables are
directly eliminated in the power reference frame using actual
impedances, unlike current methods that require the elimination
of sneak and circulating currents, the formation of complex tie
current model and the complex tie power model. Consequently,
manipulation of large complex current, power and impedance
matrices is avoided reducing both computer time and memory
requirement. Further, the procedure not only provides a model
for predicting individual tie powers, given generator and net
interchange powers, but also provides coefficients that reflect
the changes in the tie power flows with respect to the changes

in generator and net interchange flows.






The dissertation also presents a modified pool lambda dispatch
method that could be used on-line for optimal coordination of gener-
ating sources in a multiarea grid power system. The classical fuel
cost minimization problem is modified with the addition of a con-
straint equation that forms the basis for the definition of a
common pool reference running cost. The solution algorithm is in
a closed form rather than iterative and explicitly provides the
individual area running costs in terms of the pool reference cost
and the desired generation of each area. Thus, individual areas
can be dispatched in a multiarea grid power system in the same

manner as individual generators are dispatched in a single area.

Finally, a procedural method of selecting and designing an
acceptable optimum power system configuration from a group of
system alternatives, in terms of a generalized conductance
(G)-matrix is presented. Analysis of an arbitrary N area power
system by the method presented herein can be very economical,
since the dimension (2N-1)X{(2N-1) of the (G)-matrix is sub-
stantially smaller than the actual network. Once optimal
(G)-matrix is identified, the actual network in reference
frame one, can be designed by a reverse transformation,

reflecting the constraints set by members of the power pool.
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CHAPTER 1

INTRODUCTION

The problem of economic dispatch originated sixty or more years
ago when engineers were concerned with the allocation of generation
between two or more available generating units to meet the system
Toad (Davison, 1922; Wilston, 1928). During the 1920's {(Stahl, 1930,
1931), two methods were essentially in use: 1) “"the base load method,"
where the most efficient unit was loaded to its maximum capability,
followed by the loading of the next efficient unit and 2) "the best
point loading method," where the units were successively loaded to
their lowest heat rate point, beginning with the most efficient unit

and working down to the least efficient unit.

In the Tate 1920's, the concept of incremental loading was
postulated. It was found that the most economic results are ob-
tained when the next increment in load is picked up by the unit
whose incremental cost is the lowest. By 1931, it was established
(Estrada, 1930; Hahn, 1931) that for economic operations incremental
cost of all machines should be equal, a fundamental principle which
still applies today. A formal proof that equal incremental Toading
for two generators would result in a minimum {dollar per hour) in-
put was given by Steinberg and Smith (1934). For any desired
total generation (PT = P] + Pz) it was shown that

dFT dF

2
= == (1.7)
P] dP2



gave the best operating point in terms of fuel input. It should be
noted that the only variables considered were the generator powers.
The presence of transmission network and the resultant losses were

ignored.

In 1943 the publication of the concepts, construction and use
of loss formula by E. E. George marked a significant breakthrough
in the computation of transmission losses. With the use of network
analyzers, the incremental fuel costs were combined with the incre-
mental transmission losses. G. Kron (1951, 1952), in a series of
four papers entitled "Tensorial Analysis of Integrated Transmission
Systems," presented a concise derivation of the electrical network
and loss modelling; the first two parts considered losses in a
single area, and the Tatter two parts considered losses in inter-
connected areas. The presentation was well structured and clearly
provided the effects of the following major assumptions:

1) Each load current remains a constant complex ratio of

the total load current irrespective of load level.

2) The VAR to WATT ratio of all generators and of the

ties remain constant.

3) The deviations of generator voltages and angles from

those incorporated in the loss formula are small.

Practical application of Kron's work was undertaken by Kirch-
mayer and Stagg (1951) which resulted in improved loss formula

calculating procedures and, later, in computer programs. Kirch-



mayer and Stagg (1952) also derived what is now known as the classic

coordination equations, which are used to this day.

an BPL
a‘p‘—'"f‘)\g-ﬁ;—:)\ s n=1,2,... (].2)

where Fn represents the input to generator n in $/hr., Pn represents
the output of generator n in megawatts, PL represents the total trans-

mission loss in megawatts and X represents the incremental cost of

received power in $/Mwhr.

The concepts of single area were then extended to multiarea
systems. The use of individual area loss formulae or the B-matrices
as they are commonly known for multiarea systems was presented in
1952 (Kron; Glimn, Kirchmayer and Stagg). This allowed the individual
areas to retain their own Toad split inherent in their own loss
formula rather than to require a new assumption that loads of all
areas remain a constant complex ratio of the entire load. Each area
loss model is a square matrix and is of the order equal to the number
of generators contained in the area plus the number of ties that

connect the area to the rest of the system.

Since the individual tie powers are generally not known, Kron
suggested a series of transformations, which essentially interconnect
the individual B-matrices and eliminate the tie powers as variables
in terms of new variables representing the net interchange of the

individual areas. With the resolution of the multiarea network loss



problem, Kerr and Kirchmayer (1959) extended the derivation of the
coordination equations to the multiarea case. Further extension of
Kron's work was done by Happ (1971, 1975) in developing a unique
complex tie current model:

Tm

LY Ek

Gn

+ BIT™ + K (1.3)

where ITm represents the resulting tie currents, IGn

Ek

the generator
and load currents of individual areas and I~ the net interchange

currents of the (N-1) areas of the N-area system.

The complex tie powers are obtained from the complex tie
power model:

Tm

p _ CPGn Ek

+DP" + F (1.4)

where PTm are the resulting tie powers, PGn

Ek

the generator and
load currents of individual areas and P~ the net interchange

powers of all but one, the reference area.

The tie models facilitate the rapid calculations of tie
currents and tie power flows within the areas of a pool as well
as areas ouside the pool. The following represents some of the
applications of such models:

1. Tie line flow determinations can be made a) for
proposed or future pool-to-pool or pool-to-external
area transactions in conjunction with the costing of
contracts, and b) for after the fact costing of

contracts.



2. A1l tie Tine flows may be computed for a system condition
that would exist were the pool members not to have operated
as a pool, in conjunction with after the fact costing of
pool operation.

3. A1l tie line flows may be computed for an interchange
from one external area to another, so that the wheeling
losses incurred in the areas of the pool can be deter-
mined.

4. Classic pool dispatch on a multiarea basis requires
models of the individual areas of the pool and the

tie model.

5. The interarea matrix can be used for evaluating
contingencies and in logic for relieving overloaded

1ines during normal or contingency conditions.

As the size of power systems increased, the importance of co-
ordinating dispatch of power among available generating sources
within individual areas and among the areas became more critical
and sensitive. By the early 1960's (Happ, 1974), the following
three methods were well established for dispatching power in a
multiarea system: 1) the pool boundary cost iteration method,

2) the pool lambda method, and 3) the pool base point and

participation method.

The pool boundary cost iteration method is based on obtain-
ing total solutions for a set of inequalities involving individual

area costs. In the solution algorithm the power system itself is



a part of the iteration process. This procedure inherently delays

the solution, with 1ittle control to speed up the process.

The pool Tambda ratio method is based on a penalty factor type
vector made up of ratios between all but one of the area running
costs and the remaining area, the reference running cost. These
ratios must be obtained before the generation of the entire power
pool 1is in balance economically. This entails the immediate avail-
ability of the generalized B-matrix at the central computer, where
the control will perform periodic dispatch calculations for the

entire power pool 1in order to obtain desired lambda ratios.

The pool base point and participation factor method involves
the calculation at intervals of a complete economic dispatch for
the entire power pool to yield a reference amount of generation,
the base point, for each area. In the intervals between the
calculation of these base points, changes in total system
generation are allocated to individual areas according to

participation factors which have also been previously calculated.

As noted, methods 2 and 3 involve periodic, but nonetheless
of f-1ine, calculations of detailed dispatch for the entire power
pool from which constant factors are obtained for continuous on-
line dispatch until the next overall dispatch calculation is made.
The more frequently this calculation is made, the greater the
penalty in computer usage for essentially redundant calculations;

the less frequently this calculation is made, the greater the



accumulated inaccuracy during the interval. This inaccuracy can
be considerably greater than that due to the intervening change
in load level. Further, method 2 involves an on-line integration
of the pool control error to produce the pool lambda that will
satisfy the total pool constraint and reduce the pool control
error to zero. Experience has shown that this technique is
impractical. Due to the Tow incremental cost and large size of
most new units, system effective incremental cost curves are
characterized by flat sections covering large blocks of energy
combined with much steeper sections toward the upper end of the
curve. At the same time, most steam units respond sluggishly at
best to running cost signals. This combination of circumstances
makes it all but impossible to arrive at a proper calibration

of the on-line integrator and the reset action. In addition,
the presumed system control lambda can rapidly become so in-

accurate as to be unusable.

The increasing concern over selecting an appropriate
technique for the economic dispatch of power among inter-
connected areas brought problems of new dimensions in the early
1970's. The impact of the Arab o0il embargo and the emergence
of new technologies raised critical questions with respect to
the design of power system networks. As previously indicated,
electrical power systems are generally represented in conventional

form in terms of data related to actual generating sources, loads



and impedances of the interconnected network, which G. Kron gave

the now commonly known name of the first reference frame. On the
other hand, engineers in a single power area and multiarea power

pool usually deal with the real power of the generating sources

and real power exchange.

System representation in the power or the sixth reference
frame generally results in a much smaller equivalent network
than the actual network due to the fact that in the sixth
reference frame the system load buses are generally eliminated.
Thus, where prompt and decisive action is needed in comparing
several power systems of different configurations under a
unified constraint, it is advisable that those systems are
expressed and identified in an overall power equivalent
reference frame. This is because a comparison and analysis
from the start of several power system alternatives in the
actual first reference frame requires excessive computer time

as well as large memory capacity to absorb all the data.

In 1977, K. Denno developed a criterion by which power
system optimization in the power flow reference frame can be
carried out using the B-matrix, power source outputs within
their maximum ranges and fuel cost data. Such a criterion was
successfully demonstrated on a single area system in terms of
symmetrical resistance matrix. The knowledge of the resistance

matrices of more than one interconnected network could serve as



the basis for identifying the nature and type of the power system,
i.e. whether it is a centralized system, a dispersed system or a
mixed centralized-dispersed system as far as the locations of the
power generating sources are concerned. Once an optimum R-matrix
is identified based on constraints set by the power pool through
reverse transformation, the actual network in reference frame one

can be obtained for design purposes.



CHAPTER 2

STATEMENT OF THE PROBLEM

In a multiarea grid power system, the economic dispatch of
power among the various areas necessitates the knowledge of
individual area transmission loss matrices or the B-matrices.
However, such B-matrices can be used only where both the
individual area tie flows and the area generator flows are
known. Generally, the area tie flows are neither known nor
controllable. What is known and is controllable is the net
interchange leaving each area. Therefore, it is necessary to
express the individual area tie flows in terms of the net inter-
change and generator flows. However, in doing so additional
variables, such as the circulating and sneak variables, are
introduced. Such variables can be rigorously eliminated in the
current reference frame, although such a procedure involves the
manipulation of complex current and impedance matrices, which for
a multiarea grid power system with a multiplicity of tie lines
increases both computer time and memory requirement for solution.
On the other hand, elimination of circulating variables in the
power reference frame gives approximate results, but again only
for systems with equal X/R ratios {Glimn, 1952). Thus, the first
objective of this research is to develop an improved method of
modelling tie powers in an interconnected multiarea grid power
system that does not require the elimination of circulating

currents. It is required that the tie power model be obtained

10
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by eliminating the circulating and sneak flows directly in the
power reference frame using actual impedances and connection
matrices, thereby avoiding the process of manipulating large
complex current and impedance matrices with a concomitant

reduction in both computer time and memory requirement.

In view of the deficiencies of existing dispatch techniques,
at least from the standpoint of operating procedures, there is
considerable benefit to be derived from formulating a new
technique that would reduce the overall computational burden
(Fink, 1970, 1971). The objective is to develop a solution
algorithm that is in a closed form rather than jterative so
that the computational burden is shared equally and without
duplication between the central pool computer and the individual
area computers, direct control of generation is retained at the
area level, and severe variations in the slope of the effective

pool cost curve will not adversely affect the solution.

Further, the improvement in tie line modelling must be
coupled with an improvement in existing procedures of inter-
connecting individual area B-matrices so as to form a generalized
B-matrix that can be used for economic dispatch of power among
the various interconnected areas and for optimum selection and

design of a power system.

Additionally, the procedural method of selecting and

designing an acceptable optimum power system configuration from
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a group of system alternatives for a multiarea grid power system
must be extended and improved. It is imperative that the design
criterion developed for a multiarea system be in terms of a hypo-
thetical conductance matrix, the elements of which reflect the

treatment of areas as a whole, thereby further reducing the size

of the equivalent system than heretofore attempted.

Finally, the theories established in this research must be
demonstrated on the four area multiarea grid power system depicted
by Fig. 2.1. Table 2.1 shows the total number of buses of each
area, and the number of generator, tie and load buses. Table 2.2

shows the number of ties between any two interconnected areas.

Fig. 2.1 Multiarea Grid Power System



Table 2.1 Summary of Bus Data

Area A
Area B
Area C

Area D

Number of Buses

Total Generator Tie
31 3 13
39 8 11
23 8 5

101 18 17

Table 2.2 Tie Data Between Adjacent Areas

Between Number of
Area and Area Ties
A B 5
A C 1
A D 7
B D 6
C D 4

Load
15
20
10
66

13



CHAPTER 3
AREA NETWORK MODELS

A multiarea grid power system consists of a number of inter-
connected electric utilities referred to as pool members or areas
that coordinate their operations to improve reliability and produce
an optimal allocation of generation. The assessment of reliability
and economic allocation of generation requires representation of
the system by mathematical models. In this chapter, the two basic
models that form the foundation of the research to be presented
in Chapters 4 through 7 will be discussed briefly. These are

1) the area impedance model and 2) the transmission loss model.

3.1 Area Impedance Model
An electric utility or an area consists of various generating
sources connected by an arbitrary transmission network to the

individual loads as indicated in Fig. 3.1.

iGm Lk

Lk

ﬁ
|

Transmission R
network

- LJ

L] e ~p

$ T
v

Sources Loads

Fig. 3.1 Schematic Diagram of a Power System

14
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If any given point in the transmission network is chosen as
a reference point as shown in Fig. 3.2, the following set of
equations may be written in terms of all the generator and load

self and mutual impedances with respect to the reference point.

Gm VGm_VR ZGm—Gn ZGm—Lk 1.Gn
= (3.1)
LI PYsYR) | fg-an Zos-tk | | Tk
where m,n = number of sources
Jj.k = number of loads

G. Kron called these reference frame 1.0 equations. They can be

denoted as:
_ 1.0 A
V1.0 " L0101 (3.2)

Reference

v////// point

i ’//4 i

N

iLj

—~——

Fig. 3.2 Self and Mutual Impedances for Transmission Network
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The impedances designated by ZGm—Gn represent the self and
mutual impedances between the generators. The term ZLj-Lk repre-

sents the self and mutual impedances between the loads, and the

terms Z.. . and ZLj-Gn represent the mutual impedances between

the generators and the loads. The equivalent load current iLk

at bus K is defined as the sum of the line-charging, synchronous

condenser and load current at that bus. The Z] 0-1.0 matrix in

Eqg. (3.2)1s generally referred to as the bus impedance matrix.

The matrices V] 0 and I]'O represent the voltages and currents

in reference frame 1.0. The computer algorithm to obtain the
bus impedance matrix directly from the system parameters and

coded bus numbers is given in Appendix I.

Since the Toad currents at the various load buses are
generally not known, it is necessary to eliminate such variables
in terms of the generator currents that are generally known. The
elimination of such variables in essence involves the transforma-
tion of a given set of variables to a new set of variables.

These transformations are made by means of transformation
matrices which result in logical and systematic steps in the
analysis. The concept of transformation matrix C, allowing a
given circuit to be modified to a new hypothetical circuit such
that the power input remained invariant, was first shown by

G. Kron. As shown in Appendix II, if a set of currents 101d
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pertaining to the old circuit are related to the new currents L

by a transformation matrix C such that

=C 1

'new (3.3)

To1d
and if power is to remain invariant, the new set of voltages is
given by:

v = Vold (3.4)

and the new set of impedances is given by:

*

Lnew = Ot Zo1q © (3.5)

Kirchmayer, in his development of transmission loss formula,
assumed that each equivalent load current remains a constant
complex fraction of the total equivalent load current.

If I (3.6)

where 1L represents the total equivalent Toad current. The

individual equivalent load currents can be expressed as,

L; 5L (3.7)
where ]jrepresents the fraction of the equivalent load current
at bus j to the total equivalent load current. It is now
possible to replace the reference frame 1.0 currents by a set

of new currents in a new reference frame called 2.0. The

matrix of transformation C;'g is given by:

Gn 1Gn

Lk lLk



where,

1.0
2.0

The bus impedance equation in reference frame 2.0 is given

by:
Gm [VGm”VR sz Gn m 1.Gn
= (3.9)
L [VL—VR bn W 1L
where,
am - ZGm—F_k 1K
*
by = 15 L 5-6n (3.10)
*
W=y Ik Tk
B *
R

The above transformation changes the circuit of Fig. 3.2 to the
circuit given by Fig. 3.3. The Toad point L does not exist in

the actual network, and so it is referred to as a hypothetical

load point. Z{q////Reference point

Hypothetical

~\/////// load point

e

aat
L

Fig. 3.3 Power System Representation in
Reference Frame 2.0

18



Kirchmayer transformed the bus impedance equation of power
reference frame 2.0 to power reference frame 3.0 by eliminating

the total load current 1L as a variable, using the relationship

that the summation of source currents must be equal and opposite
to the summation of load currents.

i, =1 (3.11)

n

The resulting bus impedance equation was:

VGm'Vél - [ZGm—Gn_am“bn+€] [ 1gn] (3.12)

YGmAHJ =[Zm4& [164 (3.13)

Fig. 3.4 shows the circuit of power reference frame 3.0 so

or

obtained.

Hypothetical

v Gm load point
Gm (i: ) — ,////
. S~

|

|
|/
|/
I/
Y

Fig. 3.4 Power System Representation in
Reference Frame 3.0

In the development of a transmission loss formula for a

multiarea grid power system, Eq. (3.13)should be modified to

19
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reflect the presence of tie lines that interconnect the various
areas. The theory to be developed herein does not place any
restriction on the number of ties between the areas or even on
the number of the areas of the pool. In other words, the power
pool could consist of a number of areas each having a number of

tie Tines. For each area the total load current 1L can be

eliminated as a variable by the relationship that the summation
of load currents is equal and opposite to the sum of the summation
of source currents and tie currents:

i, = - (i, +2Z ;) (3.14)
L n Gn n Tn

The bus impedance equation in reference frame 2.0 can now be

written as:
v.owv | Iz 7 I
Gm 'R Gm-Gn “Gm-Tn %Gm Ten
Vi VR | = VoTm-gn Ho-Tn 3T 1 (3.15)
Vi -VR Pen brp ¥ it

The current vector in reference frame 2.0 becomes,
T6n
old
(3.16)

By representing the load current as the sum of source and tie
currents as shown by Eq. (3.14) the relationship between new

and old currents can be written as,



in o=

Gn Gn
i, = i, (3.17)
Rl
Eq. (3.17) can be written in a matrix form as,

. 1 B T 7. 7
Tan 1 0 Ten
L 0 1 (3.18)
iL -1 -1 iTn

L A L 5 |

2.0

where the currents 17" of the reference frame 2.0 are related

to the currents 13'0 of reference frame 3.0 by the matrix of
. 2.0
transformation 63-0,
] 0
2.0 _
C3.O = 0 1 (3.19)
-1 -1
The new voltages in reference frame 3.0 are:
™ M
V. -V 1 0 -1 V., -V
Gm "L| _ Gm "R (3.20)
i T B AU - VYR
Vi

The new impedance matrix in reference frame 3.0 is given by:

VA b JA b

am-Gn~2an"%m " am-Tn " 2Tn " %m™ "

(3.21)

z b VA b

Tn-6n""6n"%Tm™  “Tm-Tn PTn 3Tm ™"

From Egs. (3.18), (3.20) and (3.21) the reference frame 3.0 bus

impedance equation is given by:

21
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Ve il 1Zem-6n%m%n™  Zem-Tn %%mPtn™ | |Tam
- _ (3.22)
VTm'VL ZTm-Gn“aTm_bGn+w ZTm~?n'aTm_an+W m
or
) 3.0 .
V3.0 23.0-3.0 1 (3.23)

The above equation is in terms of generator currents and
ties currents since load currents have been eliminated. The
impedance matrix in Eq. (3.22) is not symmetric. The asymmetry
in the real part of each component results from the terms in-
volving the products of imaginary Toad currents and mutual
reactances between generator and tie points and the loads. The
asymmetry in the imaginary part of each component results from
the terms involving the products of imaginary load currents and
mutual resistances between generator and tie points and the
loads.

Eq. (3.22) is generic in nature. In a compounded form

it can be written as

V-, 71 72 16
= (3.24)

.

VT—VL 3 /4 I

where,

Il = ZGm-Gn_aGm'bGn+W

2 = sz—Tn"aGm—an+W

23 = Lyy_gn=2mOgn ™"

4 =7 b

Tm-Tn™%Tm 20 ™



23

VG = VGm (3.25)
VT - va
G _ .
IV = Tam
T _ .
L= "
For an N area multiarea system we can write N such sets of
equations. For area A we can write:
A A GA
VGA"VLA Z1 77 I
A A TA
VTA—VLA Z3 74 I
Similarly, for the Nth area we can write
VeuVinl | 20" 72N yGN
= (3.26)
N N TN
VTN-VLN 73 74 I

3.2 Area Transmission Loss Model

The area transmission loss model or the B-matrix can be

obtained by the traditional approach of Kirchmayer (1958), using

the reference 3.0 impedances given by Eq. (3.21) and the following

assumptions:

1.
2.

That the generator-bus voltage magnitudes remain constant.
That the generator-bus angles remain constant.

That the source reactive power may be approximated by

the sum of a component which varies with the system Toad

and a component which varies with the source output.



The transmission Toss L may be expressed by:

L= P B P
m o mn n
mn
where an = coefficients of the loss model
Pm,Pn = generator and tie powers

(3.27)

The Toss model coefficients an represent an equivalent loss

network shown by Fig. 3.5, through which the generator and tie

powers flow in supplying the overall system load.

Generators

Area Load

Ties

Fig. 3.5 Power System Representation in

Reference Frame 6.0

- o

Kirchmayer (1958) has shown that the an coefficients can be

obtained from the following expression.

an - Kman-n - Hmn(

fm'fn)
where,

1

/
AN

mn

}mn T (1 + smsn) cos an + (sm—sn) sin an

(3.28)

(3.29)

24
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Non = VmJn ﬁj * Smsn) sin @ ¥ (Sn—sm) cos gm%] (3.30)
Vm = absolute value of the voltage of generator or tie bus m
mn difference in angle between buses m and n
0o ratio of the reactive (Q) to the real (P) power at bus m
Rm-n: reference frame 3 symmetrical resistance between buses
m and n
™ Remotk T
]k“ = imaginary part of }k’ the ratio of the load current

at bus k to the total load current

The B-matrix in a generic compounded form can be expressed as

Bl

B3

B2

B4

(3.31)

where G represents the generator axis and T represents the tie axis.

For area A the B-matrix can be written as

.
B1

—

and similarly the B-matrix for the Nt

B1

B3

B3

A

A

N

N

B2

B4

B2

B4

A

A

N

]

P

GA
TA
h area can be written as
GN
(3.32)
TN



3.3 Area Loss Factors

In the economic dispatch of power, it is necessary to determine
the change of transmission 1oss in an area with respect to the
change in both the generator and tie power flows of the area. Dif-
ferentiating the total transmission Toss given by Eq. (3.27) separ-

ately with respect to the generator powers and the tie powers, we

have
oL. . . .
i _ 1 ,Gi 1 5711
oT < 2 zanPn + 2 zBmkPk (3.33)
aP n k
m
aL. . . . .
i i 4G i ,Ti
T = 2 ZanPn + 2 ZBmkPk (3.34)
oP n k
m
where
n = 1,2....NGi
k = 1,2....NT;
N61 = Total number of generators in the area i
NTi = Total number of ties in the area i
P§1 = Generator power input at bus m of area i
P;1 = Tie power input at bus m of area i

The quantities making up the righthand side of Egs. (3.33) and
(3.34) can be obtained for different load conditions. Expressing
such quantities as constants within a narrow bandwidth of the
system load conditions at which such quantities are determined

we have,
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aLl. .
i i
a7 = % (3.35)
BPm
and
aL. .
i i
aPTi = By (3.36)
m

3.4 Practical Determination of Area Loss Models

For the four area grid power system the B-matrices obtained
at 100, 80, 65 and 40% load conditions are given in Appendix III,
Tables II1.2, II1.3, III.4 and III.5 for areas A, B, C and D
respectively. Figure 3.6 shows the computer flow diagram used
for the calculation of the Toss model coefficients. The B-matrices
obtained had dimensions 16X16, 19X19, 13X13 and 35X35 for areas A,

B, C and D respectively.

3.5 Practical Determination of Area Transmission Losses
The total transmission loss in each area in megawatts using
Eq. (3.27) for 100, 80, 65 and 40% load conditions is given by

Table 3.1. The actual loss at the same Toad conditions by computing

the 12R loss of each transmission line is given by Table 3.2.

3.6 Practical Determination of Area Loss Factors
The area loss factors « and B obtained at 100, 80, 65 and
40% load conditions are given by Tables 3.3, 3.4, 3.5 and 3.6

for areas A, B, C and D respectively.
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Data
RLs-6n>Ram-gn2113 1135 n"%n"%n
N
07 37 L3R -en
v
N
"y 7 LiRL-en
4
_ 1 .
mn V_V (1 + smsn)cosgmn+(sm-sn)s1ann
mn
_ 1 .
mn V V (1 + SmSn)S1ngmn+(Sn~Sm)cosgmn
mn
mn_ (RGm—Gn_dm_dn)Kmn
%
mn<fm_fn)
%
2
. 5! k Rk PmAmnPn PmHmn(fm_fn)Pn
w PK_P
momn' n
t
an:Amn+W Kmn"Hmn(fm_fn)

Fig. 3.6 Computer Flow Diagram for the Determination
of Area Loss Model Coefficients



Table 3.1

Area

Table 3.2 Total Transmission Loss

Area

Total Transmission Loss Obtained from
Transmission Loss Models

100
97.20
32.62
19.96

73.00

2

IR Load Flow Studies

100
97.54
32.65
19.94
73.11

Percent Load

80
96.05
26.26
15.87
47.41

65
86.12
15.72
17.69
32.39

Obtained from

Percent Load

80
96.01
26.28
15.85
47.45

65
96.14
15.71
17.70
32.38

40
98.21
26.93

8.03
22.60

40
98.20
26.92

8.02
22.60
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Loss Factor

Table 3.3

Bus

G1
G2

G3

T1
T2
T3
T4
T5
T6
17
T8
T9
T10
T
112

T13

Area A Loss Factors o and B8

100

.03212
.02296
.02261

.02663
.02945
.02379
.02450
.01698
.01947
.02489
.01969
.00012
.02520
.00808
.03383
.01208

Percent

80

.03215
.02092

.02006

.02313
.02703
02165
.02188
.01806
.01901

.02509
.01934
.00085
.02394
.00848
.03400
.01259

Load
65
.03199
~-.02244
-.02121

-.02355
-.02710
.02367
-.02495
-.02148
-.01923
-.02449
-.01970
.00140
.02458
-.00873
.03397
-.01141

40

.03196
.02598
.02463

.02653
.02958
.02797
.03119
.02212
.01959
.02409
.02016
.00077
.02501
.00809
.03352
.01056



Loss Factor

Table 3.4 Avrea B Loss Factors a and B

Bus

G1
G2
G3
G4
G5

G7
G8

M
T2
T3
T4
15
T6
17
T8
T9
T10

T11

1

100

.03288
.03183
.04680
.02731
.00152
.00030
.00091
.00788

.04648
.04517
.01698
.02927
.02840
.00304
.01917
00115
00171
.00418
.00176

1

Percent lLoad

80

.03921
.02237
.03741
.02784
.00529
.00309
.00530
.00970

.04456
.03843
.01779
.02953
.02864
.00581
.01603
.00395
.00231
.00207
.00229

1

1

65

.03130
.00941
.01853
.01610
.00320
.00108
.00320
01425

.03358

.02466

.01160
.01889
.01732
.00474
.01287
.00262
.00258
.00334
.00245

40

.01481
.01442
.02323
.06162
-.01248
-.01143
-.01248
.00577

02122
.02914
.01245
.06602
.06359
-.01456
.04194
-.01215
.00381
.00039
-.01548
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Loss Factor

Table 3.5

Bus

Gl
G2
G3
G4
G5
Gb
G7

G8

T1
T2
T3
T4
T5

Avrea C Loss Factors o and 8

100

.05862
.05590
.03200
.03016
.02225
.03217
.02154

.05367

.05594
.05484
.03480
.07561
.07075

Percent Load

80

.04126
.03419
.01422
.01504
.00362
.10917
.03899

.01839

.02003
.01905
.00200
.03624
.03143

65

.05285
.04576
.01431
.02604
.00227
.07503
.03279

.03432

.03731
.03473
.01502
.05186
.04667

40

.03911

.03503
.01597
.02155
.00744
.03948
.00653

.02542

.02923
.02516
.00750
.03987
.03448



Loss Factor

Table 3.6 Area D Loss Factors a and B

Bus

G
G2
G3
G4
G5
G6
G7
G8
G9
G10
G11
G12
613
G14
G15
G16
G17
G18

Tl
T2
T3

100

.02147
.01278
.01698
.01154
.03732
.03806
.03516
-.01523
.02255
.02139
.01842
.02177
.02044
.01546
.01990
.01339
.01498
.02368

.03732
-.02100
-.00497

Percent Load

80

.01405
-.00650
-.00604

.00828

.03038

.03141

.02693
-.03249

.01546

.01566

.01743

.01517

.01826

.01444

.01936

.01423

.01650

.02276

.031700
-.03674
-.02033

65

.00914
-.02455
-.02297

.02476

.02031

.01796

01774
-.04041

.01259

.01393

.01572

.01250

.01743

.01393

.02042

.01460

.01675

.02176

.02511
-.04374
-.03114

40

.00778
-.02217
-.02167

.02184

.01653

.01297

.01519
-.03266

.00155

.00210

.00169

.00740

.00327
-.00016

.00236

.00069

.00021

.01081

.02289
-.03442
-.02555

33



Loss Factor

Bus

T4
T5
T6
T7
T8
T9
T10
T
T12
T13
T14
T15
T16

17

100

.01664
.02934
01772
.02039
02122
.01687
.02348
.00388
.02241
.02316
.01052
.14821
.02159
.06550

Continued Table 3.6

Percent Load

80

.00663
.00869
.00906
.02084
.01579
.01026
.01524
.01782
.01990
.01932
.00762
11674
.00212

.03384

65

.00079
.00373
.00377
.01843
.01305
.00718
.01356
.02496
.01613
.01588
.01807
.08960
.00852

01317

40

.00004
.00508
.00412
.02421
.01046
.00847
.01173
.01831
.00%904
.00924
.01595
.02662
.00817
.00166
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CHAPTER 4

INTERCONNECTION OF AREA MODELS

The reference frame 3.0 individual area bus impedance matrix

equations given by Egs. (3.26) can be arranged in a single compos-

ite matrix equation representing the entire multiarea grid system.

The matrix equation takes the following form:

A A GA
VGA"VLA 71 2
A A TA
VTA-VLA /3 74
B B GB
VGB—VLB YA 72
B B 1B
VTB'VLB = 737 74
N N{ | ,GN
VGN—VLH 71 72
N NI |-TN
VTN‘VLN 73 74
where VGA’ VTA’ VGB’ VTB"' represents the generator and tie
voltages of areas A, B; IGA, ITA, IGB, ITB... represents the

respective bus currents. VLA’ VLB"' represents the hypo-

thetical load center voltages of the respective areas.

Eq. (4.1) can be denoted as:

v I3.0

3.0 = £3.0-3.0

(4.7)

bus
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where

v and 13‘0 represent the reference frame 3.0

3.0° %3.0-3.0
voltages, impedances and currents respectively. If the generator
and tie currents in Eqs. (4.1) and (4.2) are rearranged such that
the generator currents of all areas precede the tie currents of

all areas, the transformation can be expressed as:

on] [ | T [

[TA : 6B

148 ] :

7B _ : G o)
[TA

_ T8

&N 1

[T : [T

Equation (4.3) transforms the generator and tie currents of
reference frame 3.0 to a new reference frame, that will be called

reference frame 3.1. The transformation equation can be denoted as:

-? 31 (4.4)

The bus impedance equation in reference frame 3.1 takes

the following form:



) 1 [L.a A 1 T.eal
Vea Vo | 127 72 I
B B GB
VegV, g 71 72 I
Voo = Ak 22N N (g s
an VLN 5)
A A ™
VeaV al |23 74 1
B B TB
Vrg=Yig Z3 z4 I
N N TN
vTN-vLNJ 73 7N | |

Equation {(4.5) can be denoted as

3.1

v =7 I

3.1 = 231230 (4.6)
Equations (4.5) and (4.6) represent the individual areas.
However, they do not reflect the fact that the areas are inter-
connected. In order to account for the interconnection, three
incidence matrices are defined.
1. A circulation matrix between two adjacent areas
defining independent loops of circulating currents
(cM), which flow between one tie serving as the sum
tie and other remaining ties.
2. A sneak matrix defining independent Toops of sneak

currents (Snk) flowing around three or more areas.

The sneak currents are defined to flow in the sum ties.



3. A net interchange matrix defining independent paths

of interchange currents (Ek) proceeding from each

area to a reference area through system inter-

connections.

The net interchange currents are de-

fined to flow through the sum ties.

4.1 Development of Sum and Circulation Matrices

In an N area grid power system the first step involves the

identification of the areas that have a multiplicity of ties with

other areas.

are interconnected by n tie lines.

connected areas, one tie is designated as the sum tie.

For instance, Fig. 4.1 shows that the areas A and B

For each such pair of inter-

Between

the sum tie and the remaining ties, independent loops are identi-

fied through which hypothetical circulating currents are assumed

\/

to flow. IB‘SA
- -
ll ________________ =
op et TTTTTT TS -
I P L_______1C1A 2 128
:i t o
g )
EI
A i3A f o 1-CZA 3 138
; T
i
I
i
!
!
[
A I
N
<§ N ;e(n-1)A [nB
/ In g
- Fig. 4.1 Sum and Circulating Flows Between

Two Interconnected Areas

38
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In Fig. 4.1, 1,2... n represents the tie points. The flow
of currents from the tie points towards the area is assumed

2A

]A, I ,...InA represents the tie currents flowing

positive. 1

1B 2B

from the tie points 1,2,...n to the area A. Similarly I'°, I

..InB represents the tie currents flowing from the tie points

1,2,...n to the area B.

One of the ties can be designated as the sum tie. For
instance, tie number 1 in Fig. 4.1 is designated as the sum tie
through which the sum current is assumed to flow. The sum tie

represents the summation of all n tie currents that flow between

the two adjacent areas

(B-sA _ ; (B.nA (4.7)
n

represents the sum current flowing into area A
from area B

IB’nA represents the tie current flowing from area B
to area A through the tie bus n

Similarly

(A.sB _ 5 [A.nB (4.8)
n
However, the summation of currents flowing from area B to area A

is negative of the summation of currents flowing from area A to

area B
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g (A-nB 5 (B.nA (4.9)
N N
or
A.sB B.sA
AR LOE (4.10)

The next step involves the designation of circulating
currents that flow through the remaining ties and the sum tie.
Figure 4.1 shows (n-1) circulating currents flowing between the
tie number 1 and the remaining ties. For instance iC] is flowing
in a closed loop around tie number 2 and the sum tie. The
orientation of the circulating current is the same as the
actual flow of the current in the tie through which the circul-
ating current flows. The number of circulating currents plus
the sum current between any two adjacent areas is exactly equal

to the number of ties present between them.

Having defined the sum and circulating currents, we can
express the relation between such currents and the actual tie

currents. By inspection of Fig. 4.1 we can write
IB.]A _ IB.SA _ 1.C]A _ 1.CTZA.” B 1.cc(n—1)A

B.2A 1C1A

(4.11)

B.nA _ .c(n-1)A
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Writing the Eqs. (4.11) in a matrix form:

By s | BsA
IB.ZA 1 1.C'IA
(4.12)
[B.3A| _ : [ C2A
EB.né- 1 1.c(n-l)A

In a compounded form it can be expressed as
%B.A] _ [Ci.ﬁ CEAA IB.sA
) (4.13)

where

[B-A - (4.14a)

;B-cA - _ (4.14b)




o
1A 1
2A 0
B.A
CS.A = 3A 0 (4.14¢)
nA 0
1A 2 3A (n-1)
1A -1 -1 =1 : -1
2A 1
3A 1
B.A _
CCA = 4A 1 (4.14d)
nA 1
L J
Expanding matrix Eq. (4.13) we get
B.A_ B.A .B.sA B.A .B.cA
I = CSA 1 + CCA i (4.15)

We can write similar sets of equations for each area to which A

is connected. Writing such equations

1CA - A CsA L C.A LC.cA
sA cA
(4.16)
N.A _ NLA O (NUSA N.A .N.cA
I = CSA I + CCA i
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Combining Eqs. (4.15) and (4.16) and writing them in a composite

matrix form:

-~ - r- - r -

B.A B.A B.A B.sA
L Cen Cen I
C.A{ _ C.A C.A C.sA
I - CSA CCA I
N. A N.A N.A N. sA
} 11 CSA CCA I (4.17)
.B.cA
i
.C.cA
;
N.cA

Equation (4.17) can be compounded as

A
(4.18)

.CA
;

where

A (4.19a)

SA
I = (4.19b)
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i .
;CA - ;B.cA
jC.cA
(4.19¢c)
1.N.cA
FCB.A ]
sA
CCAA
A S
Cip ~ _ (4.19d)
N.A
CSA
L ——
- B.A 7]
CcA
C.A
CCA
TA  _ ,
Cp = : (4.19€)
N.A
Co
cA
. |

Just as a relationship of tie currents in terms of sum currents
and circulating currents is established for area A and given by
Eq. (4.18) so can similar equations be developed for areas B, C,

D....N. Writing such eguations

TB B B sB
] - @] T

1

(4.20)

N _ TN N SN
{I ] = [CSN CCN] 1



Combining Eqs. (4.18) and (4.20) and writing them in a composite

form:
B/ TA 7 [sA]
I CSA CCA L
TB | _ TB 1B sB
1 = CsB CcB I
(4.21)
N TN TN sN
L Con Con | |
.CA
i
.cB
;
i
Equation (4.21) in a compounded form can be expressed as
Bl oo | [sw
st cM
(4.22)
ITN 1.cM
— J L -
The above transformation is of the form
T3.1 _ T3.1 sc3.2
I = Csc3.2 I (4.23)

It should be noted that in Eqgs. (4.21), (4.22) and (4.23) each tie

appears twice. The current vector in Eq. (4.23) IT3'} represents

the tie currents in reference frame 3.1. The current vector ISC3‘2

’ N
represents the hypothetical sum currents (ISJ) and the circulation

currents (1CM) in reference frame 3.2.



4.2 Building Algorithm for Connection Matrices

The sum matrix sz has area ties as rows and system sum flows

as columns, whereas the circulation matrix CcM has area ties as

rows and system circulating flows as columns. The matrix entries
are assigned values according to the following algorithm;
1. Enter +1 if the flow of the new variable is in the
same direction as the old variable.
2. Enter -1 if the flow of the new variable is in the
opposite direction as the old variable.

3. A1l other entries are zero.

4.3 Practical Determination of Sum and Circulation Matrices
Figure 4.2 illustrates the interconnection among the four
area power system. One tie between each pair of interconnected
areas is identified as the sum tie through which the summation
of the currents of all ties between the two areas is defined to
flow. Between the remaining ties and the sum tie, independent
loops are identified through which the circulating currents are
defined to flow. For example, there are seven ties between
area A and area D. Tie #6 is identified as the sum tie.
Circulating flows ¢5 through c10 are identified as flowing

between the remaining six ties and the sum tie.

Application of the building algorithm for connection matrices
produces half of the sum and circulation matrices given by Table 4.1,

the other half being exactly the same but with opposite signs.
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Table 4.1 Sum and Circulation Matrices

-S1 S2 S3 S4 S5 ¢l ¢2 ¢3 ¢4 ¢5 c6 ¢c7 ¢8 c¢9 c10 ¢11 ¢12 ¢13 ¢14 c15 cl16 ¢17 ¢18

1A 1 -1 -1 -1 -]
2A 1

3A 1

4A 1

5A 1

6A 1 -1 -1 -1 -1 -1 -1

7A 1

8A 1

9A 1

10A I
11A 1
12A 1
13A 1

148 1 -1 -1 -1 -1 -

158 ]
168 1
178 1

188 1

198 1

20C 1 -1 -1 -]
21C 1
22C 1
23C 1

8Y



4.4 Development of Net Interchange and Sneak Matrices

In an interconnected multiarea grid power system the sum
currents that exist between adjacent areas are generally not
known. What is normally known is the net interchange flows
leaving each area. The transformation of the sum currents to

the net interchange currents follows next.

IEk

The net interchange current is defined as the summation

of all tie currents leaving an area. Thus, for area A, the net

interchange current IEA can be expressed as

EA

(A _ o TA

I (4.24)

z
A

or

(EA [}B,A P CA L IN.A] (4.25)

The net interchange currents can also be expressed as the
summation of the sum currents entering the area

EA

I - sA

I (4.26)

I
A

or

EA [IB_SA L CSA L IN.sé] (4.27)

Recalling the fundamental network theory presented by
0. Veblen (1931) for a system consisting of n nodes and e

elements, it can be stated that:
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The tree elements or the branches (b) = n-1 (4.28)

The cotree elements or the links (1) = e-b = e-n+1  (4.29)

When each of the Tlinks 1is inserted in turn in the network
formed from the tree branches, a mesh is formed. These meshes

are called basic meshes, and are (e-n+1) in number.

The above theory will be used in expressing the sum currents
in terms of the net interchange currents. To do so, each area
will be treated as a node. The sum powers between the adjacent
areas will be treated as elements. The orientation of the
elements will be kept the same as that of the sum currents. One
node of the network is selected as a reference. Between the re-
maining nodes and the reference node a tree is formed through
which the net interchange currents are assumed to flow. Figure

EB

4.3 represents the reduced original network of Fig. 2.1. 17,

EC and IED represent the net interchange currents flowing from

I
areas B, C and D to area A. The four areas represented by (n)=4
nodes, thus have tree branches (b) = (n-1) = 3. Therefore we
can write:

number of total

interchanges (Ek) = number of areas (N)-1 (4.30)

Let us define the basic meshes as the sneak meshes (Snkj.
In Fig. 4.3 Snkl and Snk2 are the sneak meshes that are formed
by inserting in turn the Tinks (1)= (e-n+1) - 2, through which

Snkl Snk?

sneak currents I and I are assumed to flow. Thus, we



can replace the sum currents represented by e elements in terms

of the net interchange currents represented by (n-1) branches

and the sneak currents represented by (e-n+1) links.

Writing

the relationship between such quantities

Number of sums (s) = number of net interchanges (Ek) +

(4.31)

number of sneaks (Snk)

N [j
N

Fig. 4.3

— €T Interchange

Sum Flow in Tree
Sum Flow in Cotree

__._ Sneak Flow

Multiarea Grid Net Interchange

and Sneak Paths



Let us now write the relationship between the sum currents

and net interchange currents. For area A we can write

(B.sA _ [EB , .Snkl (4.32a)
[C.sA _ (EC , .Snk2 (4.32b)
(D.sA _ (ED _ .Snkl _ .Snk2 (4.32¢)

Writing the above equations in a matrix form:

EB EC ED Snkl Snk?

iB.SM 1 1 IEB
[C-SAL 1 1115 | (a.33)
ID.SA 1 1 -1 1ED
L. - L N
1-Snld
1.Snku
- -

In a compounded form it can be expressed as

@] alfl
iSnk
where,
r&B.sA-
A - [ 1CesA (4.352)
ID.SA
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IEB
Bk [EC (4.35b)
ED
R
1Snk _ 1.Snk] (4.35¢c)
iSnkZ
EB EC ED
B.A 1
sA 4 .35d
CEk C.A 1 (4. )
D.A 1
Snkl Snk?2
B.A 1
CSA - C.A 1 (4 35@)
Snk ) .
D.A -1 -1

Just as a relationship of the sum currents and the net inter-
change and sneak currents is established for area A and given by

Eq. (4.34) so can similar equations be developed for areas B, C,

LN

Writing such equations



sB _ sB sB £k
[1 } = l:CEk CSnk] I

1.Smk

(4.36)
sN _ sN sN Ek
iSnk

Combining Eqs. (4.34) and (4.36) and writing them in a composite

matrix form

. _ —
SA sA sA Ek
I Cex Conk L
(4.37)
sN sN sN
= | CRx Csnk |

The above equation in a compounded form can be expressed as

s _ | .SM sM Ek
[I ]_ [CEk CSnkjl I (4.38)

1.Snk

The above transformation is of the form

s3.2 _

1 - Cs3.2

EkSnk3.3

EkSnk3.3

I (4.39)

s3.2

The current vector I represents the sum currents of

Egs. (4.21) and (4.22) in reference frame 3.2. The current
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EkSnk3.3

vector I represents the hypothetical net interchange

currents (IEk) and the sneak currents (iSﬂk) in reference frame

3.3.

The elements of the net interchange matrix Céi and the

sneak matrix CZﬂk are obtained using the building algorithm for
connection matrices. For the system of Fig. 4.2 such matrices

are given by Table 4.2.

Table 4.2 Net Interchange and Sneak

Matrices
EB EC ED Snk1 Snk2
B.sA 1 0 0 0 0
D.sA 0 0 1 -1 -1
C.sA 0 1 0 0 0
D.sB 0 0 0 1 0
D.sC 0 0 0 0 1

4.5 Transformation of Impedance Models to Reference Frame 3.3
The matrix Eq. (4.38) can be rewritten by adding appropriately
the circulation current vector on both sides of the equation and a

unit matrix as shown below,

_ - - o - -
sM sM sM Ek
I CEk CSnk 0 I
_ 35Nk (4.40)
.cM .CM
i 0 0 1 i
1 L I
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The above transformation is of the form

sc3.2 _

I = ¢Sc3.2

EkSnkcM3.3

EkSnkci3.3

I (4.41)

EkSnkcM3.3

The current vector I represents the net interchange

currents (IEk), the sneak currents ( and the circulating

(.cM

currents (i~') in reference frame 3.3.

(IT3'])

The transformation of the tie currents of reference

Eky

frame 3.1 to the net interchange currents (I the sneak

N
currents (iSnk) and the circulating currents (icj) in reference

frame 3.3 can be directly obtained by substituting Eq. (4.41)

in Eq. (4.23)

T3.1 _ T3.1 .sc3.2 EkSnkcM3. 3

I = Coe3.2 CEksnkemMs .3 * (4.42)
Equation (4.42) can be written as

T3.1 _ T3 EkSnkcM3. 3

I = Cegsnkems.3 ! (4.43)
where

3.1 _T3.1 .sc3.2

Crksnkams.3 = Csc3.2 CEksnkaM3.3 (4.44)

T3.1 .
EkSnkcM3.3 1S given by

T3.1 _ | ~TM.sM ™ sM ™

The transformation matrix C

EkSnkcM3.3 SM™~Snk cM
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The reference frame 3.1 currents are given by

3.1 (4.46)

™
L

or in the compounded form by

(3.1 |63

(4.47)

IT3.1

Substituting Eq. (4.43) in (4.47) we have

. - G3.3
I = 11 0 1 (4.48)

13.1
EkSnkcM3.3

EkSnkcM3.3

0 C I

G3.
3 3)

where the generator currents (I in reference frame 3.3 are

the same as that in reference frame 3.1.

The above transformation is of the form

31 cg- 3.3 (4.49)

1
3



In an expanded form the transformation matrix Cg‘é is given by
GA GB : GN Ek Snk cM
aal |
GB 1
3.1
63_3 = GN 1 (4.50)
TA TA TA
TA e Conk Con
TB T8 TB
8 ek Csnk Con
N N ™
™ Ce Conk Cem)

The voltages in reference frame 3.3 are given by
_ 3.1
V3.3 ’&3.4 [Vs.ﬂ (4.51)
t

or in the expanded form

— -

EsnELa
e ELp
EanELn
Vs g (4.52)
: A T8 ™
Cop (Eyp=Ep)*Cpp (Eqg-E gl HCp (Eqy-E )
A T8 ™
Conk CErpELp)*Conp (Erg-ELg)* - - +Cqn (Epy=Epy)
A T8 ™
Coa CEpp-E ) ¥Cop(Erg-E gt +C (Epy-Ey)

ch
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The bus impedance equation in reference frame 3.3 is given by

B 3.3 (4.53)
V337 23.3.3.3 1
where the impedance matrix in reference frame 3.3 is given by
_[3.1 3.1
£3.3-3.3 %3.3 [23.3-3.J[}3.J (4.54)
t
In an expanded form 23-3_3_3 is given by
A ! 'O_ATA ATA ALTA
I S | S e \T SR e
Sl T e el e
| I | i '
B e St v Vet vty Bl i
| | a ! N N~TN
o ! Lo T2eg 22y | 12°C o
{ i l_‘—_— ~~~~~~ T T T
TA, A TA, ' TA, A.TA TA, A TA
| ]
! | CecH Ce | e T ) Cek™ Fom
ATA | N TN | -
23" Cgp ! 1737 Cgny {+... e be e ot
| | TN, NTN TN N TN ' TN, N TN
! 1 POy 24 Cey y CpZA Copy 1 24 Cow [ (4-55)
~___;_____r.__~}___ SN DU S
1 i
| TA A TA | A | A TA
| ]
| | ConkZ% Ce 1 Conkd Coniy Conif4 T
ATA | 52N TN t !
23 CSnk: i23 Csnk !+. ..+ :+... o--+ ! +... ..-+
: , TN ATA L TALATA L (TA, A TA
f , Camf Cer ) et Conk 1 ot oy
_.___.__.E.___..._..___i.__.___ T
! TA, ATA © TA,ATA 1 _TA,,A.TA
i i
, | | Con”® P! Can™ Conk 1 Cant Lo
A_TA | 5aNCTN
23°C 4y : 123%qy it o g
i
| | DTN NGTN b (TG NG TN : o TN/ NCTN




CHAPTER 5
TIE POWER MODEL

In Chapter 4, the individual area generator and tie currents
of reference frame 3.1 were transformed to a new set of variables
in reference frame 3.3, i.e. the individual area generator, net
interchange, sneak and circulating currents. In a power system,
the variables that are generally known are the generator and net

interchange variables. The sneak and circulating variables are

generally not known. Therefore, it is necessary to develop a

simple procedure to eliminate such variables.

5.1 Extraction of Sneak and Circulating Axis
Extracting the sneak and circulating axis from Eq. 4.53
11 | TR S ACTA | (TA S ATA | TA Z4ACTA— :GA_‘
ATA::NTN;SHK :Snk Snk |~
Ve | 123 cSnk:...fz3cSnk,+... e T R
L egate jegnadeyy fesa ey |1
-"“—TT‘““‘F‘-""‘—1—“"—-——r—-“—- rEK
S o S R e
Vo Z3ACI@‘ :...,’Z3NCZ§ :+ ..+:+... T Y
L el et ety ||
4 L S

Both the sneak and circulating variables represent the flow of

current through closed loops.
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by a new variable (cn) that combines both axes. The new voltage

equation is given by

— [ —— — o~
| l P TA o ATA Y TAL A TA GA
5 | Con 247Ck, Eccnz4 Cen I
_ ATAl | NTNI -
vCn = |73 Ccm §z3 Ccna"L"' LR : (5.2)
I | I TNo N.TN t TN. N.TN GN
| l 1 ConZ® Cp :ccnz4 Cen I
- oo | - | Ek
I
.Cn

Equation (5.2) in a compounded form can be written as

Vo= Ty 10 21 ez 1B g 1 4z 1 (5.3)
where

zo, = 23" ch (5.4a)

Zog = 23°C00 (5.4b)

Zoy = 23" ¢ (5.4c)

zg, = b 2ah ol + e TN 2aM ¢} (5.4d)

2, = el zaf et v e ol zaM o (5.4e)

VCn in Eq. (5.3) represents the voltages around the closed loops

(cn). By application of Kirchhoff's Law around the closed loops, Vcn

becomes zero. Thus, Eq. (5.3) can be written as

7 1"=0 (5.5)

where n = GA, GB... GN, Ek, cn.



62

The above equation signifies a functional relationship between
the circulating currents and the generator and net interchange cur-
rents. Conventionally, the circulating currents are eliminated
first to obtain a complex tie current model which is subsequently
projected into the power reference frame giving a complex tie
power model. However, that method involves manipulation of matrices
with complex coefficients necessitating increased computer memory
and time requirement for solution. In this procedure, circulating
powers are directly eliminated using actual impedances without
first eliminating circulating currents, thereby reducing both
computer memory and time requirement, yielding a real tie power
model. This is particularly important where system information
is necessary only in terms of real powers, such as in the
process of economic dispatch of power for a multiarea grid

system.

5.2 Elimination of Circulating Powers
Let the complex components of the currents and impedances
in Eq. 5.5 be expressed as

dn

AL LN B 1L (5.6)

L
n

Rn + 3 Xn (5.7)
Substituting Egqs. (5.6) and (5.7) in (5.5) we have

g1 4 5 19 (R +3X)=0 (5.8)
n
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Multiplying and expanding Eq. (5.8)

nyy =g (5.9)

dn gn . an
(I Rn -1 Xn) + 3 (I Rn + 1 0

n
The summation of the real terms or the summation- of the

imaginary terms may be equated to zero separately. However,
. dn . gn .
since I Rn is generally much smaller than I Xn, equating the

imaginary terms to zero would produce more accurate numerical
answers.,

Therefore,

(1R + 19 %) =0 (5.10)
n n
n
The components of Eq. (5.10) can be expressed in terms of
real power (P), imaginary power (Q), voltage magnitude (V) and

phase angle (8). With the gquantities defined in Fig. 5.7 we

can write
9 - 1 (p"oso + qsing.) (5.11)
Vn n n .
and
19" = §3~—(-P”sin9 + Q"cos0 ) (5.12)
n n n

Qn can be eliminated as a variable by assuming that the
ratio of Q/P will remain a constant value Sn‘ Qn can be the

non-intercept part of the Q characteristic only, with the Q
intercept included as a part of the load. Rewriting Egs. (5.11)
and (5.12),



g-axis
i

F-m T

Fig. 5.1 Vector Diagram for Axes Transformation
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dn _ p" .

17 = v;—(cos@ﬂ + Sns1n9n) (5.13)

Iq“=3n-(s'n9-5csg) 5
Vn ing_ GOS8 (5.14)

To project the net interchange currents IEk, a weighted

voltage is defined as follows:

EA  _ TA pTA 4 5 oA
I = -z 1" = -2 (V—'_Tj___' (5.15)
A A VA /Ot
TA . ATA . .
where (P'" + j Q) represents the tie powers entering area A

and VTA represents the tie voltages of area A.

The total power interchange of area A is defined to be

the negative sum of all tie powers

PEA '3 QEA - 3 (PTA 5 QTA) (5.16)
A
Defining VEKZPEK as the weighted interchange voltage for
area K
Ek . Bk _ Ek* -
P+ j Q" = VEk Z?Ek I (5.17)
Substituting Eqs. (5.15) and (5.16) into (5.17)
Tk . ATk
_ Tk . ATk PN+ 3 Q
v ., =z (P " +3 Q") /2 (V_—_“’__'"_“) (5.18)
e Lk /< Tk Lk

While the ratio of Q/P for the net interchange can be defined

as a weighted value as

SEk = T (5.19)



Similarly the voltages and Q/P ratios for the circulating axis

can be defined.

Substituting the complex current components given by Egs.

(5.13) and (5.14) into Eq. (5.10) we have,

R X
ﬁ {.vﬂ-(SinQn-Sncosgn) + vﬂ-(cosgn+snsin9n)} P" = 0 (5.20)
n n
Let
RO A .
An - V;-(s.m{;n—SncosQn) + v;—(cos©n+5ns1n9n) (5.21)

Then Eq. (5.20) becomes

% AnPn =0 . n = GA, GB,...GN,Ek,cn (5.22)

n

Equation (5.22) shows a linear relationship between the circul-
ating powers and the generator and net interchange powers. Ex-
panding Eq. (5.22) and expressing the circulating powers in

terms of the generator and net interchange powers

-1 -1 G
PN = a7 A AT A p
[Fn G cn E%] (5.23)
PEk
where PG - pGA
: (5.24)
PGN

5.3 Formation of Tie Power Model
The relationship between the area tie currents and the

net interchange, sneak and circulating currents is given by
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Eq. (4.43). Writing Eq. (4.43) in an expanded form and combining

the sneak and circulating axis we have

- [cgk czn] 1Ek
(5.25)

Icn

We can write a similar equation relating the tie powers as

' DR T 1 [ ex]
p - [(:Ek ccn] p

(5.26)
pCN
Substituting P" from Eq. (5.23) in Eq. (5.26) we have
A T 0 ] pG
(5.27)
Ek
-1 -1 P
—AanG _AanEk
or
L S T T - e
P h [}CananG CEk B CananEk:] P (5.28)
PEk
Let
sc. = |-¢l a7la (5.29a)
G cnen G :
C T T A
SCp = [CEK - cananEg (5.29b)

Then the tie power model is provided by

T G
pl = [scG SCey p
(5.30)

PEk



Ek

It is noted that the net interchange power vector P~ in Eq.

(5.30) does not include the net interchange power of the
reference area. Therefore, a transformation relating the

Ek

power vector P~" to a new power vector PE that includes all

net interchange powers will be defined.

Ek

L pE (5.31)

Equation (5.31 in an expanded form is

EA EB EC EN
o Cr A
pEB 10 -1 L. -] pEA
EB
ol R I T L P
oEC (5.32)
pEN T T HEN

The tie power model of Eq. (5.30) modified to include the
reference area net interchange powers can be obtained by

substituting Eq. (5.31) in Eq. (5.30).

pl - Se SCy | |1 0 pG
: (5.33)
p
Ek
0 o
ar
pl - [%ca scEkcEkil pG
. (5.34)
p

Then the tie power model can be expressed as
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T G
p [SCG SCEjl p (5.35)

where

Ek

SC. = SC E

£ C

- (5.36)

5.4 Practical Determination of Tie Power Model

For the multiarea grid power system a tie power model
expressed by Eq. (5.35) was obtained using the base case 65%
load conditions. The elements of the tie power model are
given 1in Appendix IV. The matrix (SCG) so obtained had a
dimension of 23X37 representing 23 ties and 37 generators.

The matrix (SC_.) so obtained has a dimension of 23X4 repre-

£
senting 23 ties and 4 net interchanges. The tie power model
was used to predict the tie flows, given the generator and net
interchange powers for a set of system load conditions. Tables
5.1, 5.2, 5.3 and 5.4 provide the tie powers predicted by the
model at 100, 80, 65 and 40% load conditions. The tie powers
predicted by the model are compared to the actual tie powers

obtained from load flow studies 1in the same tables,

The root mean square (rms) error was calculated for the

23 tie lines using the following expression

rms error = [ L (Model Tie Power - Load Flow Tie Power)2 (5.37)
4

where the summation is of the deviations of all 4 load conditions.

The rms error in megawatts for the 23 ties is provided by Table 5.5.
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Table 5.1 Tie Power Comparison at 100% Load

Tie Model Power Flow Actual Load Flow
1A -140.16 -142.47
2A -358.09 -357.14
3A -193.53 -192.46
4A -88.31 -87.87
5A 61.08 61.18
6A -893.87 -894 .48
7A -1326.61 -1325.07
8A -505.52 -504.66
9A 121.03 121.34

10A 398.88 398.19

11A 127.97 127.48

12A 201.90 201.64

13A 109.58 108.64

148 105.02 105.06

158 -125.01 -124.86

168 33.67 32.52

17B 101.77 103.00

18B -426.23 -426.19

198 115.53 115.52

20C -97.12 -96.96

21C 187.65 186.61

22C -280.42 -279.71

23C 413.69 413.92



Table 5.2 Tie Power Comparison at 80% Load

Tie Model Power Flow Actual Load Flow
1A -108.63 -110.04
2A -337.90 -337.33
3A -168.08 -167.43
4A -64.44 -65.17
5A -39.73 -39.67
6A -824.91 -825.28
7A -1352.26 -1351.32
8A -498.59 -498.07
9A 158.57 158.76

10A 332.76 332.34

11A 95.23 94.93

12A 233.96 233.80

13A 83.21 82.64

14B 46.77 46.80

158 -137.92 -137.83

168 135.96 135.26

178 31.56 32.30

188 -283.28 -283.26

198 89.31 89.30

20C -50.13 -50.03

21C 247 .54 246.91

22C -295.46 -295.03

23C 400.47 400.00



Table 5.3 Tie Power Comparison at 65% Load

Tie Model Power Flow Actual Load Flow
1A -85.89 -84.98
2A -257.19 -257.57
3A -285.27 -285.69
4A -98.46 -98.64
5A -235.95 -235.90
6A -711.26 -711.04
7A -1274.83 -1275.45
8A -516.99 -517.34
9A 176.71 176.59

10A 359.75 360.03

11A 70.55 70.75

12A 215.89 216.00

13A 148.08 148.46

14B 2.05 2.04

158 -74.47 -74.53

16B 56.04 56.50

178 54.62 54.14

18B -167.03 -167.05

19B 27.33 27.34

20C -31.79 -31.86

21C 181.83 182.24

22C -311.37 -311.65

23C 391.50 391.81



Table 5.4 Tie Power Comparison at 40% Load

Tie Model Power Flow Actual Load Flow
1A -69.20 -69.64
2A -198.95 -198.77
3A -463.23 -463.03
4A -166.60 -166.52
5A -229.90 -229.88
6A -673.77 -673.89
7R -1221.40 -1221.10
8A -545,20 -545,04
9A 156.44 156.50

10A 390.99 390.86

11A 123.56 123.47

12A 193.28 193.23

13A 190.19 190.01

148 -17.77 -17.77

158 -39.99 -39.96

16B 32.06 31.84

178 98. 34 98.58

18B -339.15 -339.14

198 -35.27 -35.27

20C 23.60 23.63

21C 204.62 204.43

22C -319.74 -319.61
23C 363.73 363.59



Table 5.5 Megawatt Rms Error

Tie Rms Error
1A 1.44
2A 0.52
3A 0.67
4A 0.43
5A 0.064
6A 0.38
7A 0.97
8A 0.54
9A 0.19
10A 0.43
11A 0.44
12A 0.16
13A 0.59
148 0.025
15B 0.94
168 0.72
178 0.77
188 0.025
19B 0.0087
20C 0.10
21C 0.65
22C 0.44

23C 0.31



5.5 Shift Coefficients

The change of tie flows with respect to the change of net
interchange flows is provided by differentiating Eq. (5.35) with

respect to the individual net interchange powers of vector P£.
Rewriting Eq. (5.35) we have

pl - SCq P S, pE (5.38)

Equation (5.38) can be expanded to relate the tie power
flowing through any tie m of area j. If the tie power of area

j flowing through tie number m is defined as P;j and the co-

efficients of matrix SC. are defined as c;, then we can expand

E
Eq. (5.38) as
T3 _ Gn i LEi
p = i SCemn P+ ? £, P (5.39)

= A,B...N

—
|

=
o
"

Total number of generators in the
power pool

Taking the partial derivative of Eq. (5.39) with respect to

PE1 and PEJ of areas i and j respectively,
TN
-~ = (5.40)
apEw m
aP;J ;
5 " L (5.41)
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5.6 Practical Determination of Shift Coefficients
The shift coefficients for the multiarea grid power system

provided by the elements of the matrix SCE are given by Table 5.6.

As indicated previously, the matrix SC_. has the dimension (23X4),

E
and is obtained from the tie power model determined at the base

case 65% load.



Tie
1A
2A
3A
4A
5A
6A
7A
8A
9A

10A

11A
12A
13A
14B

158

16B

178

18B

198

20C

21C
22C

23C

0
-0

Table 5.6

EA
.1015
. 4865
. 3367
.0071
.6826
.3197
.5637
. 4829
.0972
.1035
.1226
. 1007
.8627
.1104
. 4067
.6397
.3830
. 2396
. 1652
.0612
.0902
. 3384
.5046

Shift Coefficients ¢

EB EC
-0.2428 -0.8514
0.5036 -0.0209
-0.0108 -0.3387
-0.1109 0.1233
-0.5991 -0.0779
0.4688 -1.1074
-0.2392 ~0. 3402
-0.1242 ~0.3745
-0.2890 0.4067
~0.4101 0.2945
0.1071 0.0107
-0.0826 0.1817
-0.9705 0.09417
0.1047 0.0045
-0.6569 0.2354
0.1819 -0.8349
-0.4556 0.8807
0.2632 -0.5134
0.1025 0.0619
-0.3767 0.4122
-0.0227 -0.0583
-0.0995 -0.2527

0.5284 -0.0070

ED

. 1087
.4903
. 3239
.0018
.6882
.2780
.5479
4672
.0768
.0916
L1273
. 1025
.8491
L1116
.3919
.6264
. 3410
.2290
.1659
.0869
.0993
. 3245
.4878
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CHAPTER 6

OPTIMAL ECONOMIC DISPATCH

Ever since Public Service Electric and Gas Company and
Philadelphia Electric Company entered into an agreement in 1928
to coordinate the operation of bulk power generation, there has
been a growing trend, in both the United States and the rest of
the world, towards coordinating the operations of groups of
interconnected electric companies and their actual formation

intoc power pools.

In the formation of the power pools, available options
are 1) operation by a single-dispatch computer (single computer
configuration), and 2) operation by a number of computers (multi-
computer configurations). Advantages and disadvantages of each
approach have been well documented (Happ, 1969). However, it
may be worthwhile to note that multicomputer configurations
provide:
1) flexibility of utilizing existing equipment through
building block approaches,
2) flexibility for meeting special area control and
computing requirements,
3) parallel computing capability,
4) increased computing function reliability,

5) Tocal control of area computer.
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Essentially, a multicomputer configuration consists of a

hierarchy of computers which are linked to each other by communica-

tion channels. The purpose of the configuration is for the com-

puters to work together in performing computing functions. Figure

6.1 shows a multicomputer configuration consisting of computers of

member companies, also called areas, and a central computer at
the next level, also called a pool computer. It may be noted
that not all computers have to physically exist as separate
equipments. Where one of the area computers has sufficient

capability to act as a pool computer it may be so utilized.

Pool

A

chr =
i
1

Area N

Area A Area B

Fig. 6.1 Multicomputer Configuration Hierarchy
for a Power Pool

6.1 A New Dispatch Technique
In Chapter 1 three basic methods currently used for the

economic dispatch of power are briefly reviewed, viz. 1) the



pool boundary cost iteration method, 2) the pool lambda method,
and 3) the pool base point and participation method. Due to

the inherent difficiencies in these methods considerable benefit
can be derived from formulating a new technique that minimizes
the overall computational burden. This chapter develops the
theory behind a new procedure and also demonstrates the prac-
ticality of such a procedure on the multiarea grid power

system of Fig. 2.1. In the procedure, the solution algorithm
developed is in a closed form rather than iterative, the compu-
tational burden is shared equally and without duplication between
the pool computer and each of the area computers, direct control
of generation is retained at the area level, and severe varia-
tions in the slope of the effective pool incremental cost

curve, which are encountered in practice, will not adversely

affect the solution.

The new technique is developed along the Tines of the
conventional techniques (Kirchmayer, 1959; Happ, 1969) except
that the one additional explicit constraint equation is included
in the derivation of the interarea coordination equations. This
additional equation results in the definition of a common pool
reference running cost, in terms of which the individua1 area
running costs can be solved for explicitly, thus avoiding any
need for an iterative solution (Fink, 1970, 1971). The

solution provides a set of compensation factors relating each
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area running cost to the common pool reference running cost.

The compensation factors are functions only of tie-line flows

and relative loss factors and as such can be provided explicitly.
Application of these compensation factors to the incremental cost
curves of the individual areas thus makes it possible to provide,
on-line, without any overall dispatch calculation for the pool, a
common pool effective incremental cost curve from which the desired

economic generation for each area can be determined.

Under the new procedure, individual area computers would
transmit their effective total incremental cost curves or that
portion of their curves within a specified MW bandwidth of
their current load to the central computer. The central computer
would multiply each cost curve by the current compensation factor
for that area, and combine the individual adjusted curves to get
a total pool curve. This pool curve would then specify the pool
incremental cost for the current pool load, and this pool cost
curve would in turn indicate, from the adjusted curves, the MW
load that should be carried by each area. At the same time,
each area's running cost could be obtained by dividing the pool
cost by each area's compensation factor. The procedure, thus,
is non-iterative and provides directly an assigned load as well

as a corrected running cost for each area.

6.2 Multiarea Formulation

In the multiarea formulation, the method of diakoptics



(Kron, 1963), better known as the "piecewise method", is used
where the problem is first separated into its desirable component
parts. In a multiarea grid power system, these component parts
are the respective areas that comprise the pool. Separate 10ss
models for each area of the pool, as discussed in Chapter 3,

are required. Each tie explicitly appears in each area loss
model. As such, the models are driven by area generator powers
and tie powers. Both the total and incremental losses in the
individual areas can be easily calculated given the generator

and tie powers.

It should be noted that the individuality of each area's
load center 1is maintained, i.e. the assumption of conforming
Toad behavior is made at the area level and not at the pool
level. This allows for a great deal more load flexibility
than is allowed in the single area approach. However, the
multiarea approach needs an additional model, the tie model,
that provides the individual tie powers given the generator
powers and the net interchange powers. This is due to the
fact that in a power system the individual tie powers are
generally not known. What is known and controllable is the
summation of the tie flows leaving each area of the pool.
The summation of the tie flows leaving each area has been
defined in Chapter 4 as the net interchange flow for that

area.
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(6.1)
where PEk represents the net interchange power leaving area k
and PTk represents the individual tie powers of area k.

6.3 Development of Coordination Equations

The problem of economic allocation of generation, assuming

that the generators are committed, involves the economic dispatch

of generators in areas A,B...N, in such a manner that the total
fuel cost in the entire pool is minimum, but such that for each

area the Toad plus Tosses plus net interchange are satisfied.

The total fuel cost F, that is to be minimized can be

t
expressed as follows:
_ Gi .
Ft = 3 F~§ (P7H) ;1 = A,B,...N (6.2)
i
subject to the constraints:
P L R L TR I X (6.3)
fo =z P =0 . i = A,B...N (6.4)
.i
pb1 = 5 pli mo=1,2...N.,  (6.5)
m i
m
where,

A,B...N represent the individual areas

Ft represents the total fuel cost in the pool

s represents the total fuel cost in area i

D’ represents the load in area i
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L! represents the transmission 1oss in area i

Ei

P~ represents the net interchange power leaving area i

PG1 represents the total generation in area i

NGi represents the number of generators in area i

Following the classical approach of Lagrange for minimizing
a function subject to specified constraints, a new constrained
function is formed by multiplying each of the constraint equa-
tions individually by a set of undetermined coefficients and

then adding them to the fuel cost function.

H=F +.1>; A fiJ“"RfR ;1 = AB...N (6.6)

where Ay» Ag are Lagrange multipliers.

A necessary condition for a minimum for the constrained
Eq. (6.6) is that the partial derivative of H with respect to
all independent variables vanish. Since the generator powers
and net interchange powers are the only independent variables,

it 15 only necessary to solve simultaneous partial differential

equations.
L _ i o= ABLLN
aPGl m=1,2, ‘NGi (6.7)
m
3H - _
= =0 c i = A,B...N (6.8)

aP



form

and

For an N area power pool, Egs.

can be expressed as:

dF aL

A, \ A _ N
GA A GA A
de aPm

dF, al
N "MW TmEe C A

N
de 3P

oL

5pEA

aL

B aPEA

oL oL
A B
+ Ay — t.. Lt
A BPEN B 5pEN

A

)+ A, —= t. ..

sm=1,2...NG

A
som=1,2. NGN
oL
N
+ Ay —ev = A
N aPEA R
( aLN
A, (1+ ) = A
N aPEN R

{6.7) and (6.8) in expanded

(6.10)

The set of Egs. (6.9) are generally referred to as the

intraarea equations, whereas

referred to as the interarea equations.

the set of Egs. (6.10) are

The total number of

intraarea and interarea equations is equal to the total number

of generator and net interchange powers.

balanced by the constraint Eqs. (6.3) and (6.4).

The » unknowns are

85



86

6.4 Real Time Solution
When the intraarea, interarea and the constraint equations
are satisfied, power is dispatched to each of the area load centers

in the most economic manner possible.

The intraarea Egs. (6.9) establish the basis for determining

the running cost in the individual areas. Thus,

dFA 3LA
AA:_—GW (-l -——‘GTA‘) sy M= ],ZNGA
dP 3P
m m
(6.11)
dF ol
N N
Ay = =i /(1 - —) ;m=1,2...NG
N dPGN/// aPGN N
m m

It should be noted that in Eq. (6.11) additional loss terms
included by Kirchmayer {1959) are properly excluded, since holding
net interchange variables constant for partial differentiation
with respect to the generator powers precludes the possibility of

the transmission loss Lj in area j (j # 1) varying with the

Gi .
generator power Pm of area 1.

The interarea Egs. (6.10) can be simultaneously solved for

the individual area running costs xi in terms of the common

reference cost Ap- Thus,



>

3

AR

where,

n_i = Det

n = Det

o3

i
n

-+

aL

4+ —

3P

BLA
3P

aL

8PEN

oL

BPEA )

3L

E1 " °

aP

oL

aPEN '

ol
1

aP

oL
1+

aP

ol .
;

EN -~

" P

1 +

" 5P

&LN

BPEN

oL
EA

(6.12)

(6.13)

(6.14)
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The ratio Ai/AR is defined as the participation factor of area 1.

The reciprocal of the participation factor is defined as the

compensation factor (Yi) for area 1.

Y2

i = n/ny (6.15)

The compensation factor Y4 relates the running cost Ai of
area i to the common pool reference running cost AR‘ With the
knowledge of the elements of the determinants n; and n we can

determine the compensation factors. These compensation factors
can be applied to individual area running cost curves obtained
by Eqs. (6.11) to form one composite cost curve for the entire
power pool. Once the composite cost curve is obtained it becomes

possible to dispatch power to the individual areas, taken as a

whole, 1in the same manner as individual generators are dispatched

within a single area.

6.5 Area Running Cost Curves
The running costs of individual areas are provided by the

solution of Egs. (6.11). The intraarea equation for area i can

be written as

dFi aLT
Ay = - (1 - ~) ;m=1,2...NG. (6.16)
i dPG1 8PG1 i
m m
dF1
In Eq. {6.16) the term ——ET—represents the incremental fuel cost
dP

m
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of generator m of area i in $/MWhr. The incremental fuel cost

as a function of the generator output P$1 can be represented by
a piecewise linear function

dF. .
éi ~ % T P§1
de

(6.17)

where ¢ represents the slope of the fuel cost curve and € the

intercept as shown in Fig. 6.2.

dPGi Slope ¢

PGi
m

Fig. 6.2 Incremental Fuel Cost Curve
of a Typical Generator

al.

The loss factor éi has been previously defined in Chapter 4,
aPm
section 3.3, as
oL, i
—_— T (6.18)
aPG1 m
m

Substituting Egqs. (6.17) and (6.18) in Eq. (6.16) we have

A= (e e Pﬁéa//(1 - a%) (6.19)

1



In any area i containing m = NGi generators there are NGi such

equations. For different values of A these equations are solved
providing the individual generator powers P$1, Pgw, . Pﬁé of
.i

generators 1,2,...NGi. The summation of all the generator powers

Gi

P of area i is plotted against Ai’ to obtain the running cost

curve. Similarly, curves for all other areas can be obtained.

6.6 Practical Determination of Area Running Cost Curves
Application of the loss factors a given by Tables 3.3, 3.4,
3.5 and 3.6 for areas A,B,C and D respectively and the constants

e and £, for the generators given by Table 6.1 on Eq. (6.19)

provides the individual area running cost curves given by

Fig. 6.3, 6.4, 6.5 and 6.6 for areas A,B,C and D.
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Table 6.1

Area

= I= I

Incremental Fuel Cost Curve Constants = and €5

Generator

G1

G3
G1
G2
G3
G4
G5
G6
G7
G8
G1
G2
G3
G4

G6
G7
G8
G1
G2
G3
G4

.00007
. 00000
.00000
-.10144
. 00001
. 38025
.00000
. 00001
-.51751
.00002
. 00001
.62431
.00003
. 15156
.00001
. 00002
.00001
74716
.00003
-3.02141
.47163
. 00003
-. 15243

14.

-13.

. 10500
. 10475
. 10275
.89225
. 34312
. 55589
.00000
. 30679

07714

.30905
.01849
. 43446
. 37805
.12100
.37185
.38175
. 36449

54675

. 34754
. 28364
.36517
. 31601
.91678
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Area

Genevrator

G5
G6
G7
G8
G9
G10
G11
G12
G13
G14
G15
G16
G17
G18

-.73093
-.11885
.00002
.00002
.00001
.00003
-.09397
1.48531
-7.78203
.00002
-1.42171
.00001
-2.62712
. 00002

20.

-40.
150.

37.

62.

98641

.58094
.25930
.30687
. 30107
. 28690

. 57457

65985
41167

.31578

47343

.43215

11155

.45320
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Fig. 6.3 Area A Running Cost Curve
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Fig. 6.4 Area B Running Cost Curve
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Fig. 6.5 Area C Running Cost Curve
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Fig. 6.6 Area D Running Cost Curve
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6.7 Determination of Compensation Factors

The partial derivative of the transmission loss Lj of area jJ

with respect to the net interchange of area j can be expressed as

oL oL aP;j
—_—Fr = L —%F — ym=1,2,...NT. (620)
aPEd aP;3 apEd J

and the partial derivative of the transmission loss Lj of area ]

with respect to the net interchange of area i can be expressed as

oL, aLj aPJ}J
—_—t = e —— sm=1,2,...NT.. (6.21)
3pEl papld gpE] 1J

m

where, NTj represents the total number of ties of area j

NT.. represents the total number of ties connecting
area 1 with area j

al.
The loss factor ——%w-has been defined in Chapter 3, section 3.3
aPm
as
al. .
J_ - gJ -
b1 gpTd
The shift coefficients £ and £ the partial derivatives
3P 3P

of individual tie powers of area j with respect to the net
interchange of area j and area i respectively have been defined

in Chapter 5, section 5.5 as

L (6.23)
- =z 6.23
aPEJ m
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BP;j i
== 7 (6.24)
3PE1 m

oL i
——— = T
aPEJ k Bm [ (6.25)
JoJ
Let é By Ty = 05 (6.26)
BLJ
Th —_—e = ..
en BPEJ wJJ (6027)

Similarly substituting Eq. (6.22) and (6.24) in Eq. (6.21) we

have
o I, B (6.28)
BPET mo mem ;
Let ¢ B% Q; = w5y (6.29)
m
BLj
Then aPEi = oy (6.30)

Given, wji and wjj’ the determinants ns and n can be calculated.

6.8 Practical Determination of Compensation Factors

The wji constants for the multiarea grid power system cal-

culated at 100, 80, 65 and 40% load conditions are given by

Table 6.2. For each load condition the constants wji were

substituted in Eqs. (6.13) and (6.14) to obtain the participation

factors (Ai/AR). The resultant participation factors are tabulated
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in Table 6.3. The reciprocal of the participation factors provide

the compensation factors Y Figures 6.7, 6.8, 6.9 and 6.10 pro-

vide the percentage deviation of the compensation factors from
the base case 65% load conditions for areas A,B,C and D respect-

ively.



% Load

100
100
100
100

80
80
80
80

65
65
65
65

40
40
40
40

Area

A

Table 6.2 Loss Factors o

.06200
.09169
-.05859
-.05322

.06005
.08405
-.02187
-.03704

.06218
.06024
-.03897
-.02341

.06518
.04691
-.02999
.00276

.00183
.04483
.06270
.04174

.00341
.03786
.02522
.03869

.00409
.02675
.04229
.03493

.00377
.01039
.03297
.01989

.07931
.04683
.00429
.02138

.07544
.04617
.00353
.02874

07707
.03346
.00351
.03325

.08070
.05727
.00313
.04354

.04286
L0917
.05879
.08608

.04125
.08407
.02204
.06413

.04319
.06026
.03915
.04513

.04587
.04695
.03015
.01812

100



% Load
100

80

65

40

Table 6.3 Participation Factors 1/y

Area A

0.9483

0.9138

0.9355

0.9130

Area B

1.0464

1.0169

1.0387

1.0535

Area C
0.8508

0.8536

0.8577

0.8220

Area D

0.9994

0.9570

0.9746

0.9507
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Fig. 6.7 Percent Deviation of Area A
Compensation Factors
3_—-
2_..-
'l__.
I ] | 3 | ’
40 g 8 Qo
-1 — Percent Load
D —
Fig. 6.8 Percent Deviation of Area B
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Compensation Factors
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Fig. 6.10 Percent Deviation of Area D
Compensation Factors
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6.9 Practical Determination of Pool Cost Curve

The individual area running cost curves of Figs. 6.3, 6.4,
6.5 and 6.6 can be multiplied by the compensation factors to
obtain the adjusted running cost curves of areas A,B,C and D
given by Figs. 6.11, 6.12, 6.13 and 6.14. It should be noted
that the compensation factors determined at different load
conditions were appropriately applied. For example, the com-
pensation factors determined at 100% load conditions were
applied to the individual area running cost curves in the band-
width of 90 to 100% load. Similarly, the compensation factors
determined at 80% load conditions were applied to the individual
area running cost curves in the bandwidth of 75 to 90% load and

S0 on.

Once the adjusted running cost curves are determined a
pool running cost curve can be obtained as follows. The
individual area generations are determined for a specific
$/MWh reference cost from the adjusted running cost curves.
The summation of the area generations represents the total
pool generation at the specified reference cost. For
different pool cost values total pool generation can be
determined. Figure 6.15 provides such a pool running cost
curve. Also, the individual area generation for a given
pool generation can be plotted as shown in Fig. 6.16. This
curve gives the MW dispatch requirement for any area for a

specified pool generation.



Dollars per Megawatt-Hour

40—

]
30—
20—
-
-—1
10 T | . | | | I ] | :
3800 3803 3806 3809 3812
Megawatts
Fig. 6.11 Area A Adjusted Running Cost Curve

G0L



Dollars per Megawatt-Hour

40 —

10

600

[ T ]
1200 1800
Megawatts

Fig. 6.12 Area B Adjusted Running Cost Curve

2400

90l



Dollars per Megawatt-Hour

40 =

10 T T ] | T ] | [ I | I J
400 700 1000 1300

Megawatts

Fig. 6.13 Area C Adjusted Running Cost Curve

L01



Dollars per Megawatt-Hour

40

2700 4400
Megawatts

Fig. 6.14 Area D Adjusted Running Cost Curve

801



Dollars per Megawatt-Hour

40—

30—
—

20 =

10 T T ] T T | T T l I l
6000 7500 9000 10500 12000

Megawatts

Fig. 6.15 Pool Running Cost Curve

13500

601



Megawatts
Area Generation

6400 —

5400 —

4400 —1

3400 —

2400 —7

1400 =

400

6000

8000

L L
10000 12000
Megawatts

Total Pool Generation

Fig. 6.16

Generation Schedule for the
Power Pool

14000

oLt



CHAPTER 7

DESIGN CRITERION FOR OPTIMUM POWER SYSTEMS

Electrical power systems are generally represented in
conventional form in the first reference frame in terms of data
related to actual generating sources, loads and impedances of
the interconnecting network. However, where prompt and decisive
action is needed in comparing several power systems of different
configurations under a unified constraint, identification of
optimum power systems using actual first reference frame data
can increase the computer burden tremendously and can be pro-
hibitive in certain large scale systems. On the other hand,
system representation in the power or the sixth reference frame
generally results in a much smaller equivalent network than the
actual network due to the fact that in the sixth reference frame
the system Toad buses are not present. Thus, an analysis of
several power system alternatives in the power reference frame

is preferable.

In this chapter a procedural method of selecting and de-
signing an acceptable optimum multiarea grid power system
configuration from a group of system alternatives in terms of

a generalized symmetrical conductance (G)-matrix is presented.

7.1 Development of a Generalized Transmission Loss Model
Chapter 3, shows how individual loss models can be obtained.

Just as area impedance models are interconnected in Chapter 4 so
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can the area loss models be interconnected. The composite

loss model in reference frame 6.1 can be expressed as:

g1h p2P GA
B1° g2B GB
_ N N
Bs 1-6.1 B1 2N | 6N (7.1)
p3" B4 A
B3B 848 B
BSN B4N TN
where GA, GB... represents the generator axes of areas A,B...
respectively. TA, TB... represents the tie axes of the

respective areas.

In a compounded form Eq. (7.1) can be expressed as

e —

B6-6 Be1 | G
Bs.1-6.1 (7.2)
Br g Brr | T
— a
B1A
B8
= 7.3a
e : (7.3a)
N
B1




B2f
B2B
Ber = : (7.3b)
] g2
B3"
B35
Sre C _ (7.3¢)
B3
L -
pgh
B4
o _ (7.3d)
B
e -

The transmission loss 1is given by

;
6.1 .
be.126.1 = [; J [}6.1—6[& [E6 ﬂ (7.4)

where the power vector PG“] in a compounded form is expressed as
pb.1 pG
(7.5)
PT

In Chapter 5, section 5.3, a relationship between tne tie powers
and the generator and net interchange powers is developed. Re-
calling Eq. (5.30),

T G
pl = | sc sC p
[ 5 Ek_} (7.6)
K
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Substituting Eq. (7.6) in (7.5) we have

LR o [ ]
- (7.7)
pl SCe sce, | | P
L L 4L
The above transformation is of the form
po-1 = oy 00t (7.8)

The transmission loss matrix in reference frame 6.1 transformed

to reference frame 6.4 is given by

_1~6.1 6.1
B 46,4 ~ [Ce.%}t [56.1—6.{} {%6.%] (7.9)
In an expanded form it can be expressed as
B] B2
B a-6.4 " (7.10)
B3 84
where B
B] = BG-G + BG_TSCG + SCG 1.6 " SCGBT—TSCG (7.11a)
82 = BG-T SCEk + SCGBT—TSCEk (7.11b)
B3 = SCEkBT-G + SCEkBT-TSCG (7.11¢)

By = SCeyBr_15Ce, (7.11d)
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7.2 Reduction of the Generalized Transmission Loss Model

The vector PG in Eq. (7.7) contains as many generator powers
as there are generators in the entire power pool. These individual
generator powers can be expressed in terms of the net generation of
each area. Thus, the NG generator powers can be eliminated in

terms of N net generation powers as

pb - 4 piE (7.12)

where PTG represents the total generation vector.
The elements of the matrix d represent the ratios of area

generator powers to the total generation of the respective areas.

Adding the net interchange powers PEk on both sides of

Eq. {7.12) we have

pe d 0 plG
- (7.13)
pEK 0 1 pEK
The above transformation is of the form
6.4 _ 6.4 ,6.5
p = C6.5 p (7.14)

The transmission Toss matrix in reference frame 6.5 is given by

_ [6.4 6.4
B6.5.6.5 - ‘%6.%]t [%6.4—6.%}[C6,5] (7.15)

or in the expanded form

| a8, d a8,
B6.5-6.5 (7.16)

B3d 84



7.3 Basis for Design Criterion
In the traditional development of transmission loss co-

efficients given by Eq. (3.28), if 0 is small and also Sm—Sn
is small the term Hmn(fm-fn) is negligible. Therefore, the

transmission loss coefficients can be expressed as

B = K R
mn mn mn
or (7.17)
R = KB
mn mn mn

If the elements of the transmission loss matrix B6 565 are

divided by the corresponding K parameters, the resistance

matrix in reference frame 3.5 can be obtained as

dB,d/K, dB,/K,

R (7.18)

3.5-3.5

B3d/§<3 84/K4

The generalized conductance matrix is given by the inverse of

the (R)-matrix. Thus
G - |r -1 (7.19)
3.5-3.5 3.5-3.5 :

The design criterion for an optimum power system of an
arbitrary interconnected multiarea network subject to the
constraints of minimum transmission losses, specified total

received load, and specified plant capacity can be based on
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the calculation of the symmetrical conductance matrix obtained
from the power flow reference frame since the knowledge of the
conductance matrices of more than one interconnecting network
could serve as the basis for identifying the nature and type

of the optimum power system, i.e., whether it be a centralized
system, a dispersed system or a mixed centralized-dispersed

system as far as the locations of the power generating sources

are concerned.

The diagonal elements of the conductance (G)-matrix have
a great significance since they represent the equivalent
conductance of each area with respect to the centroid of the
system and the self conductance of the net interchange variables
represent the mutual conductance between the areas, and hence
can serve as a justified basis for comparing more than one
optimum power system. Once an optimum (G)-matrix is identified
based on constraints set by the power pool members, through
reverse transformation, the actual network in reference frame

one can be obtained for design purposes.

7.4 Practical Calculation of the Symmetrical Conductance Matrix

The reference frame 6.4 transmission loss matrix for the
base case 65% load is obtained by the application of Egs.(7.11)
on the individual area (B)-matrices and the connection matrices.
The resultant matrix had a dimension of (40X40) representing

37 generators and 3 net interchanges. The individual area
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generator powers are next eliminated in terms of the net
generation of each area using the d matrix shown in Table 7.1,

to obtain the transmission loss matrix in reference frame 6.5.

The (K)-matrix elements are obtained by taking the weighted
average of the load flow parameters i.e. voltage, phase angle
and Q/P ratios of the individual components of which they are
formed. For instance the K element of the net generation of
area A is formed by taking the weighted average of the voltages,
phase angles and the Q/P ratios of the individual generators of
area A. The (K)-matrix elements of the net interchange powers
of the individual areas are obtained as defined in Chapter 5,

section 5.2 Egs. (5.18) and (5.19).

The transmission loss matrix elements in reference frame
6.5 are divided by the corresponding K elements to obtain the

resistance matrix in reference frame 3.5 given by Table 7.2.

The inverse of the resistance matrix R provides

3.5-3.5

the generalized conductance (G)-matrix given by Table 7.3.



Area

Table 7.1

Generator
G1
G2
G3
G1
G2
G3
G4
G5
G6
G7
G8
Gl
G2
G3
G4
G5
G6
G7
G8
G1
G2
G3

G4

Coefficients of the d Matrix

EA
.8937
.0647
.0415
.0000
.0000
.0000
.0000
.0000
.0000
.0000
.0000
.0000
.0000
.0000
.0000
.0000
. 0000
.0000
.0000
. 0000
. 0000
.0000
.0000

EB

.0000
.0000
.0000
.0904
.0000
.0000
.0000
.0000
.3370
.0000
.5724
.0000
.0000
.0300
.0000
.0000
.0000
.0000
.0000
.0000
.0000
.0000
.0000

EC

.0000
.0000
.0000
.0000
.0000
.0000
.0000
.0000
.0000
.0000
.0000
.5843
.0000
.0000
.0000
.0000
.0000
. 3856
.0000
.0000
.0000
.0000
.0000

ED

.0000
.0000
.0000
.0000
.0000
.0000
.0000
.0000
.0000
.0000
.0000
.0000
.0000
.0000
.0000
.0000
.0000
.0000
.0000
. 1632
.0000
.0000
.0485
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Area
D
D

Generator
G5
G6
G7
G8

EA

.0000
.0000
.0000
.0000
.0000
. 0000
.0000
.0000
.0000
.0000
.0000
.0000
.0000
.0000

EB

.0000
.0000
.0000
.0000
.0000
.0000
.0000
.0000
.0000
.0000
.0000
.0000
.0000
.0000

EC

.0000
.0000
.0000
.0000
.0000
. 0000
.0000
.0000
.0000
.0000
.0000
.0000
.0000
.0000

ED

.0808
.0317
.0000
.0000
.0000
.0000
.0334
.0000
.2648
.0000
. 1482
.0404
.1158
.0727
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Table 7.2 Coefficients of the Symmetrical Resistance Matrix

Between Buses
TGA TGA
TGA TGC
TGA EB
TGA ED
TGB TGC
TGB EB
TGB ED
TGC TGD
TGC EC
TGD TGD
TGD EC

EB ED

EC ED

0.

Coefficients

41221417E-02
. 75359940E-02
.10366160E-01
.17615338E-03
.23904666E-02
.36952570E-02
.42611136E-04
.17328651E-01
.39076507E-02
.60364790E-02
.13901715E-02
.46324939E-01
.40695443E-03
.30593061E-03

Between Buses
TGA TGB
TGA TGD
TGA EC
TGB TGB
TGB TGD
TGB EC
TGC TGC
TGC EB
TGC ED
TGD EB
TGD ED
EB EC
EC EC

ED ED

0.
0
0
0.
0

0.

Coefficients

98663126E-03
LA47322772E-02
.91633163E-02
14943732E-02
.57280645E-03
80831930E-04

0.68632483E-01

.89905261E-02
.84970355E-03
.16521455E-02
.56690942E-04
.16813586E-02
.14700696E-02
. 74897566E-03
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TGA
TGB
TGC
TGD
EB
EC

ED

TGA

-11.68
-5.68
-8.48
-8.28

7.87
-107.80

52.43

Table 7.3 The Generalized Conductance Matrix

TGB

-5.68
874.80
-31.55
-36.63
-65.22

13.12

119.70

TGC

-8,
-31.
65.
196.

-54,

-66.

TGD

-8.28
-36.63
196.40
797.70

5.96
-254.90
-182.40

EB

7.87
-65.22
1.35
5.96
24.45
21.64
-29.68

EC

-107.80
13.12
-54.8]1
-254.90
21.64
65.30
69.14

52.
119.
-66.

-182.

-29

69.
140.

ED

43
70
92
40

.08

14
70

el



CHAPTER 8
DISCUSSION

In this chapter a brief discussion on 1) the improved tie
mode11ing procedure, 2) optimal economic dispatch, and 3) optimal

design criterion is provided.

8.1 The Improved Tie Modelling Procedure

The current tie modelling procedures (Happ, 1971, 1975, 1976)
rigorously eliminate the circulating and sneak currents to form a
complex tie current model. This tie current model is then pro-
jected in the power reference frame yielding a complex tie power
model. While the complex tie model provides both real and reactive
powers of the ties, given generator and net interchange powers, the
formation of such a model involves the manipulation of complex
current and impedance matrices which for systems with multiplicity
of ties can require tremendous computer memory and also tremendous
computer time for soclution. The procedure developed herein
alleviates this problem by directly forming the real tie power
model from actual system impedances. It should be noted that
only the real tie power model is necessary for economic dispatch
of power and for the development of the generalized conductance
matrix used for design criterion. Therefore, the calculation
of the reactive tie power model can be avoided, thereby saving

both computer time and memory requirement. The tie model
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obtained from the base case load flow data has shown great accuracy
in predicting the tie powers at all Joads. This is evident by
inspecting Tables 5.1, 5.2, 5.3 and 5.4. Moreover, as Table 5.5
shows, the maximum Rms error that occurred in one of the tie lines

is 1.44 megawatts, which is acceptable.

8.2 The Optimal Economic Dispatch

The dispatch technique demonstrated for a multiarea grid
power system represents improvement over the existing dispatch
methods. First of all, the problem now solved by the central
computer is the same as the problems heretofore solved by the
area computers. The central computer accesses information
pertaining to individual areas only as a whole i.e. the com-
posite incremental cost curve of each area, the total generation
within each area, and the tie line flows between areas. This
eliminates any duplication of effort between the central computer
and the area computers. At the same time, the mathematical repre-
sentation of the system as used by the central computer and by the
area computers is consistent, assuring overall accuracy to the

degree provided by the governing assumptions.

Secondly, both the desired generation within each area and
the associated running cost for that area are provided explicitly.
These companies whose internal dispatch systems can accept a

desired MW input can thus avoid the severe inaccuracies and un-
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certainties that result from operating over the nearly flat
portions of current incremental cost curves, and provide instead
the accuracy inherent in MW dispatch. The running cost is re-
turned to its proper function as a catalytic tool for achieving
an optimum economic balance among available sources of generation,
and is relieved of the burden, which it is ill-suited to carry,
of serving an additional control function. At the same time,
companies whose dispatch systems are predicated on a running
cost input can continue to operate in this fashion with the
added assurance that the signal being supplied to them now
reflects the true pool running cost and any inaccuracy due to
the use of lambda as a dispatch signal will not adversely affect

the operation of the other companies.

8.3 The Optimal Design Criterion

The procedural method developed herein to analyze arbitrary
networks of different configurations under specified constraints
can be a very economic tool since the size of the generalized
conductance matrix is very small, (2N-1)X(2N-1) for an N area
system. In essence, the actual network of the multiarea grid
system that could consist of hundreds of transmission lines
(elements) and load, tie and generator buses (nodes) is reduced
to a hypothetical network of (N+1) nodes and (2N-1) elements.
The multiarea grid power system of Fig. 2.1 can be represented

by Fig. 8.1.



BB

Fig. 8.1 Power System Representation
in Reference Frame 3.5

The diagonal elements of the (G)-matrix corresponding to the
net generation represent the equivalent conductance of the indivi-
dual areas with respect to the centroid of the system. For instance,
GBB in Fig. 8.1 is 874.80, the element in the second row and second
column in Table 7.3. The diagonal elements corresponding to the net
interchange represent the mutual coupling between the areas. For

instance G., in Fig. 8.1 is 65.30, the element in sixth row

CA
and sixth column of Table 7.3. Inspection of the (G)-matrix can

enable one to analyze the power system. For example, if we compare
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= 140.70, it is evident that area D is

Ghp = 24.45 with GD

BA A
strongly connected to area A while area B is weakly connected to

area A.

The (G)-matrix thus can be very useful in design. For
instance, if the pool members decide to change the strength of
the net interchange between two areas, the appropriate element
of the (G)-matrix can be modified. By a series of reverse
transformations it is possible to design a new network in

reference frame one.



CHAPTER 9
CONCLUSIONS

Improved procedure for modelling tie power flows between
interconnected multiarea grid power systems has been presented
and application thereof demonstrated for use in real time as well
as planning purposes. The modelling procedure first eliminates
the tie flows in terms of circulating flows and sum flows. The
sum flows are then eliminated in terms of net interchange and
sneak flows. The circulating and sneak flows are finally
eliminated directly in the power reference frame using the
actual impedances, unlike the current method which requires
the elimination of such variables by first eliminating the
sneak and circulating currents and the subsequent formation
of a complex tie current model and finally the complex tie
power model. Consequently, manipulation of large complex cur-
rent, complex power and complex impedance matrices is avoided.
This is particularly important where system information is
necessary only in terms of real power, such as in the process
of the economic dispatch of real power, where significant sav-

ings 1in both computer time and memory can be realized.

Under the current tie modelling procedures, the model is
driven by the generator powers and all but the reference area

net interchange powers. Since the coefficients of the model
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represent the change of the individual tie flows with respect to
the change of the generator and net interchange powers, due to

the absence of the reference area terms in the model, the current
model1ing procedures cannot be used for the improved lambda dis-
patch method developed in this research. This deficiency is
corrected in the improved tie model developed by this research
where the model is driven by all area generator and net interchange

powers.

Tables 5.1, 5.2, 5.3 and 5.4 show the predicted tie powers
of the 23 ties at 100, 80, 65 and 40% load conditions from the
tie power model obtained from the base case 65% load. The results
show that the average error in predicting the tie flows is Tess
than MW, which is of the order of 1%. From the standpoint of
both planning and operating procedures, the model has shown

great accuracy in predicting tie flows at all loading conditions.

Improved method of on-line optimal economic dispatch of
power in a multiarea grid power system has been presented and
demonstrated. The method is a modification of the pool lambda
dispatch method, wherein the solution algorithm is in a closed
form rather than iterative, the computational burden is shared
equally and without duplication between the central pool computer
and each of the area computers, direct control of generation is
retained at the area Tevel, and severe variations in the slope
of effective pool incremental cost curve, will not adversely

affect the solution.
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Improvement in the pool lambda method is achieved by the
enlargement of the required set of coordination equations and
the corresponding constraints resulting in the definition of a
common reference cost for the power pool, in terms of which the
individual area running costs can be solved explicitly, without
resorting to iterative techniques. The solution provides a set
of compensation factors relating each area running cost to the
common pool reference running cost. The compensation factors
are functions of tie line flows and relative loss factors are
easily provided explicitly. Application of these compensation
factors to the incremental cost curves of the individual areas
makes it possible to provide, on line, without any overall dis-
patch calculation for the entire power pool, a common pool
effective incremental cost curve from which the desired economic

generation for each area can be determined.

Under the procedure, individual areas would transmit their
effective total incremental cost curve, including transmission
losses, or that portion of their curve within a specified MW
bandwidth of their current Toad to the central pool computer.
The central pool computer would multiply each cost curve by
the current compensation factor for that area, and combine the
individual adjusted curves to get a total pool cost curve.

This pool cost curve would then specify the pool incremental

cost for the current pool load, and this pool cost in turn
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would indicate, from the adjusted curves, the MW load that
should be carried by each area. At the same time, each area's
running cost could be obtained by dividing the pool cost by
each area's compensation factor. The procedure is thus non-
iterative and provides directly an assigned load as well as

a corrected running cost for each area.

The improved procedure ameliorates several deficiencies
of the current economic dispatch methods. Formally the problem
now solved by the central pool computer is the same as the
problems heretofore solved by the individual area computers.
The central computer accesses information pertaining to
individual areas only as a whole i.e. the composite-
incremental cost curve, the total generation and the net inter-
change flows. This eliminates any duplication of effort between
the central computer and the area computers. Both the desired
generation within each area and the associated running cost for
that area are explicitly provided. Thus, electric utilities
whose internal dispatch systems can accept a desired MW input
can avoid the severe inaccuracies and uncertainties that result
from operating over the nearly flat portions of current incre-
mental cost curves, and provide instead the accuracy inherent
in MW dispatch. The running cost as such is returned to its
proper function as a catalytic tool for achieving an optimum

economic balance among available generating sources, and 1is
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relieved of the burden of serving as a control function which

is not well defined for it. At the same time, electric utilities
whose dispatch systems are predicated on a running cost input can
continue to operate in this fashion with the added assurance that
the signal being received now reflects the true pool running cost
and so any inaccuracy due to the use of Tambda as a dispatch
signal will not adversely affect the operation of the entire

power pool.

Application of the method on the four area pool has been
demonstrated. It should be pointed out that the compensation
factors for 100, 80, 65 and 40% load were obtained using the
(B)-matrices and tie power models calculated at such loads.
It is interesting to note that the maximum deviation of the
compensation factors derived at different Toad conditions was
only 4.35%. This means that compensation factors derived at
the base case load may be used for all load conditions and

still preserve reasonable accuracy.

Finally, a procedural method of selecting and designing
an acceptable optimum power system configuration from a group
of system alternatives, in terms of a generalized symmetrical
conductance (G)-matrix is presented. The diagonal elements of
the (G)-matrix have a great significance since they represent
the equivalent conductance of each area with respect to the

centroid of the entire multiarea grid power system and the
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self-conductance of the net interchange variables represent the
mutual conductance between the areas, and hence can serve as a
justified basis for comparing more than one optimum power system.
Once an optimum (G)-matrix is identified, based on constraints
set by the power pool members, through reverse transformation,
the actual network in reference frame one can be obtained for
design purposes. Table 7.3 gives the (G)-matrix for the system
considered. Except for the first, all diagonal elements are
positive. The element that is negative represents the self-
conductance in reference frame 3.5 of area A which is a pre-
dominantly exporting base load area. Incidentally, the same
element in the (R)-matrix given by Table 7.2 from which the
(G)-matrix was obtained was positive. One possible explanation
for the negative sign could be the dominance of the mutual
coupling between the area A and the other areas and the net
interchange variables. Another possible explanation could be
that the area A is predominantly non-resistive, indicating a
highly industrialized area. Be that as it may, the formation
of the (G)-matrix can be a valuable tool in incorporating a
number of design changes in the structure of the system. For
instance, if the pool members decide to change the strength of
the net interchange between any two specific areas, the appro-
priate element of the (G)-matrix can be modified. The strength
of interconnection of area D is represented by the element 140.7

whereas that of area B by the element 24.45, Obviously, one can
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conclude that area B is weakly interconnected to the remaining
areas of the power pool. After appropriate modification of the
elements of the (G)-matrix by a series of reverse transformations,
it is possible to design a new network in reference frame one,
reflecting the constraints set by members of the power pool. It
is thus demonstrated that analysis of an arbitrary N area power
system by the method presented herein can be very economical,
since the dimension (2N-1) (2N-1) of the symmetrical conductance

(G)-matrix is substantially smaller than the actual network.



APPENDIX I
ALGORITHM FOR FORMATION OF BUS IMPEDANCE MATRIX

The computer algorithm to obtain the bus impedance matrices
is based on the work of Stagg and El-Abjad (1968). In essence,
bus impedance matrices are directly obtained from system para-
meters and coded bus numbers by the logical addition of elements
to partial networks whose bus impedance matrices are known.
Figure I.1 shows a partial network of m buses with reference

node 0. When an element p-q is added to the partial network it

may be a branch or a link.

Partial
network

Reference

Fig. I.1 Representation of a Partial Network
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I.1 Addition of a Branch

If p-q is a branch, a new bus q is added to the partial
network as shown by Fig. 1.2, and the resultant bus impedance
matrix is of dimension (m+1)X{m+1). The determination of the
new bus impedance matrix requires only the calculation of the
elements in the new row and column and are obtained using the
following equations:

1. If p is the reference bus
=0 1= 1,2,...m (I.%a)

i#q

“a9 7 *pq.pq (1.1b)

Z .
qi

2. If p is not the reference bus

7 .=17_. ;1 =1,2,...m (I.2a)
q1 p1
i7q
7 =7 + I.2b
aq ~ “pa’ “pa.pq (1.2b)
@
——
Partial ’ <:>t1ement p-q <:>
Y o

network
-

. 4

©

Reference

Fig. 1.2 Representation of the Partial Network with
the Addition of a Branch

136



137

Partial
network

lement p-q

¢ -8 & B

©

Reference

Fig. I.3 Representation of the Partial Network with
the Addition of a Branch

[.2 Addition of a Link

If p-g is a Tink, no new bus is added to the partial network
as shown by Fig. I.3. In this case, the dimension of the bus
impedance matrix is unchanged, but all the elements must be recal-
culated to include the effect of the added 1ink. This is done by
adding a hypothetical row and column to the partial bus impedance

matrix whose elements are obtained using the following equations:
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1. If p is the reference bus

ZH = - Zqi 1= 1,2,...m (1.3a)

T Eq1 T Ppg,pg (1.3b)

2. If p is not the reference bus

ZH = Zpi - Zqi ;01 =1,2,...m (I.4a)

Ly, =1L

-7 .+ I.4b
117 %1 7 “q1 7 %pq.pg (1.4b)

The elements of the new bus impedance matrix are then

obtained using the following equation:

2, 5(new) = 7, (o1d) - ~%%;Li i, 3=1.2,...n (L.5)
1.3 Basic Data

Table I.1 provides a summary of the buses and elements of
the multiarea grid power system used in this research. Tables
[.2, 1.3, 1.4 and 1.5 provide the coded bus element data for
areas A,B,C and D, respectively, that were used to determine
the respective bus impedance matrices. It should be noted that

the impedances of the elements qu 0q are in percent per 100

MVA base.



Table I.1

Number of Buses
Number of Elements
Number of Branches
Number of Links
Reference Bus Number
Branch Code

Link Code

Summary of Buses and Elements of the
Multiarea Grid Power System

Area A
31
96
30
66

101

Area B
39
42
38

4
201

Area C
23
30
22

9
301

Area D
101
136
100

36
401
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Table 1.2 Area A Coded Bus Element Data

Element Bus I?pedance
Number Code D q pg,Ppg
1 0 101 102 0.430 24.620
2 0 102 103 0.420 11.140
3 0 102 104 -4.280 472.270
4 1 102 104 1.240 68.020
5 0 102 105 9.640 94.770
6 0 102 106 0.060 3.210
7 1 102 106 0.180 5.770
8 0 102 107 0.540 10.560
9 0 102 108 0.920 11.420
10 0 102 109 0.480 8.540
11 0 102 110 0.100 2.630
12 0 102 111 0.020 0.480
13 0 102 112 7.880 178.010
14 0 102 113 110.260 397.450
15 0 104 114 0.110 4.260
16 1 104 114 10.190 87.870
17 0 110 115 0.020 0.110
18 0 115 116 0.020 1.480
19 1 115 116 0.020 1.480
20 0 116 117 0.000 1.480
21 0 116 118 0.040 0.180
22 0 114 119 0.350 2.005

23 0 104 120 0.210 2.375



Element
Number Code
24 0
25 1
26 1
27 0
28 0
29 0
30 1
31 0
32 1
33 1
34 0
35 1
36 0
37 0
38 0
39 0
40 0
41 1
42 1
43 1
44 1
45 1

46

Continued Table 1.2

104
104
104
105
106
102
102
103
103
103
111
111
108
112
109
113
107
103
103
103
103
103
103

Bus

121
105
105
122
123
124
124
125
125
125
126
126
127
128
129
130
131
104
105
106
107
108
109

Impedance
“pa.pq

.050 0
.000 9
. 150 146
.065 0
135 1
.020 0
.020 0
.010 0
.010 0
.010 0
.010 0
.010 0
.145 1
.015 0
.015 0
.025 0
.110 0
.530 165.
.190 184,
.570 12.
.590 7
.090 43.
.480 23.

. 560
. 350
.390
.795
.525
.920
.920
.920
.920
.920
.920
.920
. 100
120
.165
.300
.680

890
920
140

. 150

320
880
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Continued Table 1.2

Element Bus Igpedance
Number Code p q Pg,pq
47 1 103 110 9.360 96.440
48 1 101 103 0.8490 35.030
49 1 105 114 94.590 409.450
50 1 106 114 8.920 47.860
51 1 104 106 0.340 6.000
52 1 104 106 3.550 58.660
53 1 104 107 8.200 104.510
54 1 104 108 11.000 91.950
55 1 104 109 6.640 70.260
56 1 104 110 16.450 151.380
57 1 101 104 4.940 224.830
58 1 105 106 4.220 27.850
59 1 105 106 10.560 76.390
60 1 105 107 28.810 191.630
61 1 105 108 49.180 242.160
62 1 105 109 31.130 177.620
63 1 105 110 12.600 65.470
64 1 101 105 17.490 160.150
65 1 106 107 0.940 13.990
66 1 106 108 1.860 20.440
67 1 106 112 17.340 318.820
68 1 106 109 0.990 14.640
69 1 106 110 5.530 46.930



Element
Number

70
7
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92

Code
]
1

Continued Table 1.2

P
101
107
107
107
197
107
107
107
107
107
101
108
108
108
108
108
108
108
101
109
109
112
109

Bus

q
106

108
108
112
112
109
109
113
113
110
107
112
112
109
109
113
113
110
108
112
112
113
113

22.

73.
176.
16.

139.

54.

1

15.

15.

Impedance
*pa.pq

.040 22.
200 197.
.210 14.
.330 93.
.230 226.
.640 5
.240 10.
490 218.
630 496
650 141
.280 52.
.480 13.
.440 163
410 45.
.320 8
.590 16.
320 355.
350 342.
. 750 142.
.620 19
920 126.
.430 3
230 46.

730
550
460
470
140

.500

010
120

.490
.970

120

280

.040

710

.120

900
100
300

.900

920

. 750

370

143
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Continued Table 1.2

Element Bus Impedance
Number Code p q “pa,pq
93 1 109 N3 101.840  278.040
94 1 109 110 29.260  223.030
95 1 101 109 5.000 89.720

96 1 101 110 2.670 42.690
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Table I.3 Area B Coded Bus Element Data

Element Bus Izpedance
Number Code p q pg,bq
] 0 201 202 3.000 12.310
2 0 201 203 1.600 18.060
3 0 203 204 0.530 6.000
4 1 202 204 3.540 14.270
5 0 204 205 0.790 13.630
6 0 205 206 0.440 5.050
7 0 205 207 0.100 1.120
8 0 205 208 0.100 1.120
9 0 205 209 0.120 1.360
10 0 205 210 0.120 1.360
11 0 206 211 0.200 2.300
12 0 207 212 0.100 1.140
13 0 212 213 0.240 2.780
14 0 213 214 0.270 3.100
15 0 214 215 0.830 6.250
16 0 210 216 0.190 2.190
17 0 216 217 0.100 1.150
18 0 217 218 0.000 4.840
19 0 217 219 0.060 0.630
20 0 218 220 1.590 22.760
21 0 220 221 0.000 9.000
22 0 217 222 0.270 3.110

23 0 221 223 0.270 3.100



Element
Number

24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41

a2

Code
0
0

Continued Table 1.3

221
221
217
222
224
222
221
222
202
211
208
214
214
223
215
217
209
205
225

Bus

224
225
226
227
228
226
222
227
229
230
231
232
233
234
235
236
237
238
239

Impedance
qu,Dq

.100
.300
.160
.090
.070
170
.070
.090
.350
.135
.210
.050
.065
115
.090
.050
.095
.015
.070
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Table I.4 Area C Coded Bus Element Data

Element Bus Igpedance
Number Code p q P9,Pq
1 0 301 302 0.720 3.900
2 1 301 302 0.720 3.900
3 0 301 303 1.040 5.950
4 0 301 304 0.650 3.520
5 0 302 305 3.510 10.770
6 0 303 306 4.000 12.250
7 0 303 307 4.020 12.450
8 0 303 308 0.000 3.250
9 0 305 309 0.540 1.670
10 0 309 310 5.300 2.840
11 0 307 311 0.470 4.520
12 0 306 312 1.470 4.350
13 0 307 313 1.480 4.370
14 0 308 314 10.340 24.140
15 0 313 315 2.200 6.660
16 0 311 316 0.000 5.140
17 1 311 316 0.000 5.200
18 0 316 317 0.480 2.780
19 0 317 318 20.580 47.140
20 1 315 317 8.890 29.150
21 1 310 315 4.210 14.220
22 1 312 315 2.200 6.660

23 1 306 311 0.410 4.520



Flement
Number

24
25
26
27
28
29
39

Code
]
1

Continued Table 1.4

303
316
317
317
316
318

318

Bus

304
318
319
320
321
322
323

o o o O

Impedance
ZDQ:PQ
.440 2
.620 28.
110 0
.065 0
.045 0
.055 0
.035 0

.410

480

.680
.570
.490
.610
.395
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Table 1.5 Area D Coded Bus Element Data

Element Bus Igpedance
Number Code P q Pq,pq
1 0 401 402 0.740 1.510
2 0 401 403 0.110 3.270
3 1 401 403 0.110 3.270
4 0 402 404 0.100 1.600
5 0 403 405 0.720 7.960
6 0 403 406 1.500 8.800
7 0 403 407 1.620 8.850
8 0 403 408 0.890 9.820
9 0 403 409 0.000 1.830
10 0 404 410 0.370 2.890
11 0 405 411 0.060 2.650
12 0 405 412 0.290 1.850
13 0 406 413 0.000 5.000
14 0 406 414 0.250 2.770
15 0 408 415 0.240 1.530
16 0 409 416 0.120 1.350
17 0 410 417 0.160 1.740
18 0 410 418 0.340 4.350
19 0 411 419 0.180 2.250
20 0 411 420 0.030 0.290
21 0 412 421 0.230 1.500
22 0 414 422 D.060 2.650

23 1 414 422 0.060 2.650



Element
Number

24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46

Code
0

Continued Table 1.5

414
415
417
418
418
418
418
419
422
423
424
425
426
427
428
428
429
430
430
431
431
431
431

Bus

423
424
425
426
427
428
429
430
431
432
433
434
435
436
437
438
439
440
441
442
443
444
445

o O o O O

o O O

Impedance
%pq,pq

.070
.420
.080
.090
.090
.430
.430
.070
.230
. 380
.550
.010
.040
.040
.470
.320
470
.000
.010
.170
.060
.050
.040

12.
12.

.320
. 850
.890
.070
.070

500
400

. 840
.970
.540
.070
.090
.540
. 160
. 800
.910
.800
.920
110
.860
.610
.540
.540
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Element
Number

47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69

Code
0
0

Continued Table 1.5

432
432
433
433
435
435
435
435
435
435
437
437
438
439
442
445
446
448
449
449
450
451
451

Bus

446
447
448
449
450
451
451
452
453
454

456
457
458
459
460
461
462
463
464
465
466
466

Impedance
z
Pq,pq

.020
.040
110
.050
.060
.060
.060
.070
. 140
.050
.000
.050
.220
.050
.000
. 140
. 140
.000
.280
.130
.100
.190
. 320

.320
.460
.090
.240
. 650
.650
. 650
.840
.840
210
.230
. 340
.020
.390
.920
.020
.710
.400
.290
.200
430
.890
.210
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Element
Number

70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92

Code
0
0

Continued Table 1.5

452
454
456
456
456
457
461
463
463
467
467
468
469
474
474
475
476
478
472
427
479
465
466

Bus

467
468
469
470
471
472
473
474
475
476
477
478
479
480
481
482
483
484
475
435
480
470
470

Impedance
“pq,pq

.070
.070
.120
.530
.120
.090
.000
.060
.070
.040
.110
.050
.280

0.060

o o O

.020
.130
.030
.050
. 220
.040
.050
.200
.410

. 770
.350
.520
. 880
. 300
410
.270
.650
.790
.480
. 100
.290
. 600
.650
.260
.040
170
. 260
.230
.540
.590
.540
.220
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Element
Number

93
94
95
96
97
98
99

100

101

102

103

104

105

106

107

108

109

110

M

112

113

114

115

Code
1
1

Continued Table 1.5

458
410
407
407
448
453
453
462
458
456
439
468
479
475
420
458
456
415
421
460
429
419
419

Bus

470
411
413
414
453
464
467
464
467
467
455
477
482
479
430
471
458
421
424
461
438
424
420

Impedance

z
Pq.pq

.540
.230
.000
.490
.060
.060
.070
.000
.060
.060
.000
.070
.130
.000
. 360
.120
. 660
.120
.300
.000
. 320
.060
.330

39.

16.
36.
37.

.870
.460
.000
.730
.650
.650
.870
.400
.650
.650
.230
.300

.040

600

.650

300
100
600

. 750
.270
.900
.650
.570
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Element
Number

116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136

Code
0

Continued Table 1.5

410
410
459
422
416
461
461
461
404
420
420
425
402
434
443
418
418
447
444
461
473

Bus

485
485
486
487
488
489
489
489
490
491
491
492
493
494
495
496
497
498
499
500
501

Impedance
Zpq.pq

.020
.020
.015
.015
.025
.010
.010
.010
. 145
.010
.010
.095
.070
.050
115
.090
.015
.065
.055
.045
.035

.920
.920
. 120
.165
. 300
.920
.920
.920
. 100
.920
.920
.055
.795
.575
.300
.510
. 100
.570
.610
.490
.395



APPENDIX I1
VALIDITY OF MATRIX TRANSFORMATIONS

It is required to prove that if

i =Ci (1.

and if the power is to remain invariant, the new set of

voltages is given by

*

Vnew B Ct Vo1d (1T,
and the new set of impedances is given by
. C IT
Znew - Ct Zo]d (1L
The bus impedance and power equations for the old and new
set of variables can be written as
Yo1d = Zo1d To1d (11.
Po1d = Vord Tord” (IT.
Vnew - Znew 1new (11.
= P ox (I1.

Pnew Vnew Tnew
However, it is required that

Po]d B Pnew

Hence,

*

v =V i
new new

old 1o1d
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And since 1o]d =C i

new
we have
> * — C* -
Vnew Tnew” = Vord Thew™ (I1.8)
v o=y, ¢
or new  old
Vnew - Ct old

Substituting Eq. (II.1) in Eq. (I1.6) we have

Vo]d - Zo]d ¢ inew (11.9)

*
Multiplying both sides by C,_, we have

* *

t Vo1d = ¢ Zo1d © Thew (11.10)

From Eq. (1I.8) and Eq. (II.2)

* *
Y =C,_V =C

new t old t Z

014 © inew (I1.77)

By inspection of Egqs. (II.11) and (I1.6) we have

*
= C

Znew t Zo]d C (I1.12)



APPENDIX II1
COEFFICIENTS OF TRANSMISSION LOSS MODELS

The coefficients of the transmission loss matrices obtained
from the base case 65% load flow data for areas A,B,C and D are
shown in Tables IIT.2, III.3, II1.4 and III.5, respectively.
Table III.1 provides the identification of the various buses in
terms of whether they are generator buses or tie buses for all

areas.
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Area

Table I1I1.1 Identification of Generator

and Tie Buses

Buses
101, 104, 114
119 to 131
201, 206, 211
214, 217, 218
219, 228
229 to 239
301, 302, 305
308, 310, 314
315, 317
319 to 323
401, 406, 407
413, 419, 424
430, 442, 448
453, 455, 462
467, 469, 470
481, 482, 484
485 to 501

Identification

Generator
Tie

Generator
Generator
Generator
Tie

Generator
Generator
Generator
Tie

Generator
Generator
Generator
Generator
Generator
Generator

Tie
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Table II1.2 Area A Transmission Loss Coefficients

Between Buses
1071 101
101 114
101 120
101 122
101 124
101 126
107 128
101 130
104 104
104 119
104 121
104 123
104 125
104 127
104 129
104 131
114 119
114 121
114 123
114 125
114 127
114 129
114 131

Coefficient

.60128606E-03
.83771315E-04
.97120311E-04
.10877405E-03
.97164534E-04
.97787269E-04
.14390949E-03
.18066306E-03
.14089718E-02
.14366675E-02
.14103530E-02
.46596419E-03
.29716081E-03
.75509960E-04
.14307137E-03
.22651297E-03
.21076843E-02
.14313699E-02
.43183867E-03
.27660443E-03
.61001803E-04
.12718214E-03

.20874114E-03

Between Buses
101 104
101 119
101 121
101 123
101 125
101 127
101 129
101 131
104 114
104 120
104 122
104 124
104 126
104 128
104 130
114 114
114 120
114 122
114 124
114 126
114 128
114 130
119 119

Coefficient

.94019400E-04
.87968059E-04
.94469578E-04
.97848067E-04
.13875213E-03
.41242936E-04
. 16070698E-04
.52764706E-04
. 14299408E-02
.14158746E-02
. 10488960E-02
.35810796E-03
.35818922E-03
.21696795E-03
.32817921E-03
.20977408E-02
.14370575E-02
.10255757E-02
. 33490825E-03
.33498019E-03
.22617892E-03
.33521838E-03
.35751122E-02
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Between Buses
119 120
119 122
119 124
119 126
119 128
119 130
120 120
120 122
120 124
120 126
120 128
120 130
121 121
121 123
121 125
121 127
121 129
121 131
122 123
122 125
122 127
122 129
122 131

Continued Table III.2

Coefficient

.14448203E-02
.10306293E-02
.33653457E-03
. 33662840E-03
.22876488E-03
.33887336E-03
.23390977E-02
. 10553738E-02
.36101555E-03
. 36145490E-03
.21984892E-03
.33360975E-03
.16267484E-02
.46636839E-03
.29693683E-03
. 75974487E-04
.14372774E-03
.22720976E-03
.44877966E-03
.30447263E-03
.73079077E-04
.14265087E-03

.23023276E-03

Between Buses
119 121
119 123
119 125
119 127
119 129
119 131
120 121
120 123
120 125
120 127
120 129
120 131
121 122
121 124
121 126
121 128
121 130
122 122
122 124
122 126
122 128
122 130
123 123

Coefficient

. 14383686E-02
.43384032E-03
.27737999E-03
.60835592E-04
.12735867E-03
.20973664E-03
. 14185009E-02
.46804663E-03
.29660249E-03
.77122851E-04
. 14543395E-03
.22929822E-03
. 10502802E-02
.35878131E-03
. 35896175E-03
.21753661E-03
.32936758E-03
.35867610E-02
.35466486E-03
.35488023E-03
.22020876E-03
.33229938E-03
.11501610E-02
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Between Buses
123 124
123 126
123 128
123 130
124 124
124 126
124 128
124 130
125 125
125 127
125 129
125 131
126 127
126 129
126 131
127 128
127 130
128 128
128 130
129 129
129 131
130 131

Continued Table III1.2

Coefficient

.40757958E-03
.40763826E-03
.19344196E-03
.30484213E-03
.52038091E-03
.47779432E-03
.19876186E-03
.31223543E-03
.83661894E-03
.59463578E-04
. 15415385E-03
.30559138E-03
.95104041E-04
.16153145E-03
.24183288E-03
.28736004E-03
.20538321E-03
.19194616E-02
.17141928E-02
.68737985E-03
.21990409E-03
.29982347E-03

Between Buses
123 125
123 127
123 129
123 131
124 125
124 127
124 129
124 137
125 126
125 128
125 130
126 126
126 128
126 130
127 127
127 129
127 131
128 129
128 131
129 130
130 130
131 131

Coefficient

.32335147E-03
.96127914t-04
.16449971£-03
.25031017E-03
.30195154E-03
-94720715E-04
.16098954E-03
.24729085E-03
.30142581E-03
.22062330E-03
.33012917E-03
.58659026E-03
.19934177E-03
.31343894E-03
. 1640699 3E-02
.59577025E-04
.62811028E-04
.12831285E-03
. 18322541E-03
.25704596E-03
. 34098739E-02
.11837659E-02
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Table III1.3 Area B Transmission Loss Coefficients

Between Buses
201 201
201 211
201 217
201 219
201 229
201 231
201 233
201 235
201 237
201 239
206 211
206 217
206 219
206 229
206 231
206 233
206 235
206 237
206 239
211 214
211 218
211 228
211 230

Coefficient

.25758393E-01
.15079886E-03
.19498321E-02
.19498684E-02
.16689792E-01
.26853661E-03
.24718884E-03
.70994044E-03
.19251271E-03
.26235636E-02
.54331384E-02
.76797627E-03
.76800212E-03
.19570652E-04
.13809572E-02
.80625154E-03
.40620006E-03
.13588727E-02
.14628235E-02
.80027640E-03
.78260013E-03
. 14824390E-02
.73159635E-02

Between Buyses
201 206
201 214
201 218
201 228
207 230
201 232
207 234
201 236
201 238
206 206
206 214
206 218
206 228
206 230
206 232
206 234
206 236
206 238
211 21
211 217
211 219
211 229
211 231

Coefficient

.82255573E-04
.25807274E-03
18767547E-02
.25191754E-02
.19586048E-03
.23657414E-03
.26184241E-02
.19467650E-02
. 18163194E-03
.54577402E-02
.80741778E-03
.78182131E-03
.14778501E-02
.54049231E-02
.80765015E-03
.14554707E-02
.76761282E-03
.14072587E-02
.73413290E-02
.76648476E-03
.76652015E-03
.58346937E-04
.13743190E-02

162



Between Buses
211 232
211 234
211 236
211 238
214 214
214 218
214 228
214 230
214 232
214 234
214 236
214 238
217 217
217 219
217 229
217 231
217 233

Continued Table I1II1.3

Coefficient

.80116419E-03
.14525936E-02
. 76599488E-03
.13947948E-02
.71245990E-02
.11538463E-02
.18594447E-02
.79462281E-03
.71181282E-02
.18218760E-02
.11443612E-02
.10046279E-02
. 12038096E-02
.12037971E-02
.19512961E-02
.58953487E-03
.11418692E-02
. 15622876E-02
.61832088E-03
.51670521E-03
.11327486E-02
. 19034594E-02
.60834595E-03

Between Buses
211 233
211 235
211 237
211 239
214 217
214 219
214 229
214 231
214 233
214 235
214 237
214 239
217 218
217 228
217 230
217 232
217 234
217 236

Coefficient

.79926941E-03
.39685121E-03
.13495304E-02
.14577690E-02
.11443342E-02
.11443668E-02
.33707427E-03
.97608962E-03
.71137845E~02
.67921765E-02
.95351785E-03
.18337774E-02
.11327695E-02
.47359056E-03
.76314108E-03
.11412192E-02
.50318683E-03
.12047370E-02
.56136189E-03
.13172345E-02
.53889816E-03
.78054703E-03
.11514754E-02



Between Buses
218 233
218 235
218 237
218 239
219 228
219 230
219 232
219 234
219 236
219 238
228 228
228 230
228 232
228 234
228 236
228 238
229 229
229 231
229 233
229 235
229 237
229 239

230 231

Continued Table III.3

Coefficient

.11519322E.02
.15622184E-02
.63582882E-03
.58199977E-03
.47355890E-03
.76318276E-03
.11412546E-02
.50317472E-03
.12047240E-02
.56137423E-03
.32163335E-02
.14809777E-02
.18579364E-02
.16344243E-02
.47462503E-03
.12605223E-02
.29826816E-01
. 19815062E-03
. 33049960E-03
. 76685845E-03
.14301638E-03
. 26236342E-02

.13675252E-02

Between Buses
218 234
218 236
218 238
219 219
219 229
219 231
219 233
219 235
219 237
219 239
228 229
228 231
228 233
228 235
228 237
228 239
229 230
229 232
229 234
229 236
229 238
230 230
230 232

Coefficient

.56478590E-03
.11340023E-02
.57869660E-03
.17793535E-02
.19513306E-02
.58956257E-03
.11419030E-02
.15623143E-02
.61834184E-03
.51669107E-03
.25693518E-02
. 12989964E-02
. 18575385E-02
.22819310E-02
.13264883E-02
.16699315E-02
. 84286424E-04
. 32392609E-03
.26111582E-02
.19497483E-02
. 15345009E-03
.85867978E-02

.79598277E-03
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Continued Table III.3

Between Buses Coefficient Between Buses Coefficient
230 233 0.79374620E-03 230 234 -0.14467146E-02
230 235 0.39063720E-03 230 236 -0.76256156E-03
230 237 0.13409217E-02 230 238 0.13838941E-02
230 239 -0.14504173E-02 231 231 0.45086406E-02
231 232 0.97615504E-03 231 233 0.97463885E-03
231 234 -0.12754647E-02 231 235 0.57824212E-03
231 236 -0.58903568E-03 231 237 0.15265287E-02
231 238 -0.15735207E-02 231 239 -0.12800158E-02
232 232 0.75856298E-02 232 233 0.71081481E-02
232 234 -0.18181780E-02 232 235 0.67820250E-02
232 236 -0.11412129E-02 232 237 0.95287850E-03
232 238 0.10031387E-02 232 239 -0.18294444E-02
233 233 0.77167227E-02 233 234 -0.18184544E-02
233 235 0.67798420E-02 233 236 -0.11418874E-02
233 237 0.95184869E-03 233 238 0.10026367E-02
233 239 -0.18300575E-02 234 234 0.52995719E-02
234 235 -0.22426317E-02 234 236 0.50354353E-03
234 237 -0.13059061E-02 234 238 -0.12455115E-02
234 239 0.17048598E-02 235 235 0.15356760E-01
235 236 -0.15627837E-02 235 237 0.55691367E-03
235 238 0.61398046E-03 235 239 -0.22619769E-02
236 236 0.16858110E-02 236 237 -0.61797769E-03

236 238 -0.56113232E-03 236 239 0.51730917E-03
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Continued Table III.3

Between Buses Coefficient Between Buses Coefficient
237 237 0.35798338E-02 237 238 0.15575185E~02
237 239 -0.13125713E-02 238 238 0.17547335E-02

238 239 -0.12534973E-02 239 239 0.53046196E-02



Table I1I1.4 Area C Transmission Loss Coefficients

Between Buses
301 301
301 305
301 310
301 315
301 319
301 321
301 323
302 305
302 310
302 315
302 319
302 321
302 323
305 308
305 314
395 317
305 320
305 322
308 308
308 314
308 317
308 320
308 322

Coefficient

.99305436E-02
.39240866E-02
.29791798E-02
.39363801E-02
.37016959E-02
.32256399E-02
.10054491E-0]
.61430260E-02
.26990282E-02
.41829794E-02
.41827186E-02
.36924579E-02
.10622293E-01
.10117921E-02
.52113458E-02
.53361207E-02
.53325332E-02
.12208160E-01
.84635391E-02
.25371201E-02
.27825153E-02
.27817602E-02
.96677429E-02

Between Buses
301 302
301 308
301 314
301 317
301 320
301 322
302 302
302 308
302 314
302 317
302 320
302 322
305 305
305 310
305 315
305 319
305 321
305 323
308 310
308 315
308 319
308 321
308 323

Coefficient

.92739798E-02
.65859854E-02
.80744316E-03
.37012044E-02
.37005672E-02
.10058254E-01
.12013990E-01
.58736018E-02
.25661473E-04
.41788481E-02
.41772089E-02
.10641076E-01
.27971532E-01
.64001418E-02
.27030949E-02
.53516738E-02
.49234144E-02
.12138970E-01
.32405849E-02
.33903185E-02
.27900862E-02
.22637239E-02
.96175111E-02
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Between Buses
310 310
310 315
310 319
310 321
310 323
314 315
314 319
314 321
314 323
315 317
315 320
315 322
317 317
317 320
317 322
319 319
3719 321
319 323
320 321
320 323
321 322
322 322

1323 323

0.

Continued Table IIIl.4

Coefficient

31726629E-01

.53248320E-02
.15748509E-02
.15363281E-02
.87059959E-02
.96700675E-02
. 88340155E-02
.81625804E-02
.16100578E-01
.24576311E-02
.24479490E-02
.46232156E-02
.10350771E-01
.10336008E-01
.55188639E-03
.11415083E-01
.64614117E-02
.51951711E-03
.64301267E-02
.52193133E-03
.57940356E-04
.50432369E-01
.49209535E-01

Between Buses
310 314
310 317
310 320
310 322
314 314
314 317
314 320
314 322
315 315
315 319
315 321
315 323
317 319
317 321
317 323
319 320
319 322
320 3290
320 322
321 321
321 323

322 323

)

S b5 b

Coefficient

.97139179E-02
. 15658387E-02
. 15685370E-02
.87613202E-02
.11117935E-00
.88015496E-02
.87896138E-02
.16249791E-01
. 13058953E-01
. 24607114E-02
.22923280E-02
.46102777E-02
.10385327E-01
.64409561E-02
.52397069E-03
.10370802E-01
.54570985E-03
.10903720E-01
.55031385E-03
.71190036E-02
.32029362E-04
.493925T4E-01
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Table III.5 Area D Transmission Loss Coefficients

Between Buses
4071 401
401 407
401 419
401 430
401 448
401 455
401 467
401 470
401 482
401 485
401 487
401 489
401 491
407 493
401 495
401 497
401 499
401 5017
406 407
406 419
406 430
406 448

406 455

Coefficient

.30806174E-02
.13071029E-02
.76470361E-03
.74691046E-03
.51857088E-03
.676205714E-03
.63936295E-03
.71735144E-03
.68754982E-03
.82546798E-03
.10159325E-02
.11093202E-02
.79739885E-03
.25533908E-02
.94264862E-03
.38745417E-03
.10155162E-02
.15719098E-02
.69844983E-02
.66854269E-03
.66278642E-03
.19356299E-02
.21348244E-02

Between Buses
401 406
401 413
401 424
401 442
407 453
401 462
401 469
401 481
4071 484
401 486
401 488
401 490
401 492
401 494
401 496
401 498
401 500
406 406
406 413
406 424
406 442
406 453
406 462

Coefficient

. 12553865E-02
.12110760E-02
. 70062559E-03
.85552153E-03
.57664955E-03
.52986806E-03
.70785963E-03
.71991095E-03
.61487234E-03
.79913600E-03
.27081475E-02
.22126914E-02
. 78225415E-03
.77897333E-03
.38655102E-03
.96619874E-03
.10372137E-02
.81377103E-02
. 74250251E-02
.67122164E-03
.74540749E-02
.20709969E-02
.19454407E-02
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Between Buses
406 467
406 470
406 482
406 485
406 487

406 497
406 499
406 501
407 413
407 424
407 442
497 453
407 462
407 469
407 481
407 484
407 486
407 488
407 490

Continued Table III.5

Coefficient

.20912795E-02
.21764305E-02
.21035245E-02
.75265392E-03
.75796768E-02
.70889629E-02
.13083231E-02
.81412936E-03
. 73808580E-02
. 18580989E-02
.74311755E-02
.70198997E-02
.75644589E-02
.62136561E-03
.71541219E-02
.18590619E-02
.18944803E-02
.20756600E-02
.21164303E-02
.20184347E-02
. 71654058E-02
.16828338E-02
.55628363E-03

Between Buses
406 469
406 481
406 484
406 486
406 488
406 490
406 492
406 494
406 496
406 498
406 500
407 407
407 419
407 430
407 448
407 455
407 467
497 470
407 482
407 485
407 487
407 489
407 491

Coefficient

.21269647E-02
0.21687718E-02
.20711974E-02
. 74686408E-02
.16382732E-02
.50536612E-03
.75361691E-03
.70697977E-03
.19399191E-02
.71441978E-02
.70320479E-02
.84250532E-02
.61526009E-03
.61038299E-03
. 18846006E-02
.20820117E-02
.20386188E-02
.21237857E-02
.20520552E-02
.69710193E-93
.72808228E-02
.68177133E-02

.12295388E-02
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Between Buses
407 492
407 494
407 496
407 498
407 560
413 413
413 424
413 442
413 453
413 462
413 469
473 48]
413 484
413 486
4713 488
413 490
413 492
413 494
413 496
413 498
413 500
419 419

419 430

Continued Table III.5

Coefficient

.69965445E-03
.65497604E-03
.18837187E-02
.68636313E-02
.67600235E-02
. 73698349E-02
.67835208E-03
.71911402E-02
. 19879651E-02
.19266317E-02
.21017459E-02
.21403215E-02
.20456777E-02
.72137452E-02
.15937418E-02
.47720829E-03
.75321272E-03
.70934463E-03
.19101209E-02
.68635195E-02
.67474879E-02
.22172404E-02
.21147765E-02

Between Buses
407 493
407 495
407 497
407 499
407 501
413 419
413 430
413 448
413 455
413 467
413 470
413 482
413 485
413 487
413 489
413 491
413 493
413 495
413 497
413 499
413 501
419 424
419 442

Coefficient

.86536956E-03
.70883147E-02
. 18051909E-02
. 70455595E-02
.67732855E-02
.67282351E-03
.66796550E-03
.19169024E-02
.21051404E-02
.20644313E-02
.21506427E-02
.20691752E-02
. 75042735E-03
.73047615E-02
.67933276E-02
.12755063E-02
.77973189E-03
. 71062035E-02
. 18369155E-02
. 74334032E-02
.66621415E-02
.18743214E-02
. 10834008E-02
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Between Buses
419 448
419 455
419 467
419 470
419 482
419 485
419 487
419 489
419 491
419 493
419 495
419 497
419 499
419 501
424 430
424 448
424 455
424 467
424 479
424 482
424 485
424 487
424 489

Continued Table III.5

Coefficient

.13211895E-03
.11683292E-03
.67011817E-04
.16501172E-03
.96517032E-04
.89067576E-03
.92385686E-03
.74570439E-03
.17558062E-02
. 79435924E-03
.97882840E-03
.10357214E-03
.29506607E-02
.26265368E-03
.17891524E-02
.23241231E-03
.65842716E-04
.45171819E-05
.12563796E-03
.23436368E-04
.88971643E-03
.90888282E-03
.69935549E-03

Between Buses
419 453
419 462
419 469
419 48]
419 484
419 486
419 488
419 490
419 492
419 494
419 496
419 498
419 500
424 424
424 442
424 453
424 462
424 469
424 481
424 484
424 486
424 488
424 490

Coefficient

.19180486E-04
.11676675E-03
.12503720E-03
.90979039E-04
.63009778E-04
. 114259356E-02
.76642772E-03
.82034361E-03
.94659253E-03
.94071286E-03
.10962163E-03
.90667209E-03
.80295256E-03
.23300296E-02
. 10557089E-02
.10596093E-03
.21381791E-03
.57643890E-04
.17652753E-04
.14112366E-05
.11175352E-02
.68677868E-03
.76953461E-03
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Between Buses
424 491
424 493
424 495
424 497
424 499
424 501
430 442
430 453
430 462
430 469
430 48]
430 484
430 486
430 488
430 490
430 492
430 494
430 496
430 498
430 500
442 442
442 453

442 462

Continued Table III.5

Coefficient

.14382631E-02
. 72866072E-03
.94735482E-03
.13448681E-03
.29888158E-02
.19736402E-03
.10699702E-02
. 16544654E-04
.77292104E-04
.15863848E-03
.12697786E-03
.95557348E-04
.11300361E-02
.75150094E-03
.80601871E-03
.93849794E-03
.93321967E-03
.81456106E-04
.89177489E-03
.78626419E-03
.12192447E-01
.24147353E-02

.23399268E-02

Between Buses
424 492
424 494
424 496
424 498
424 500
430 430
430 448
430 455
430 467
430 470
430 482
430 485
430 487
430 489
430 491
430 493
430 495
430 497
430 499
430 501
442 448
442 455
442 467

Coefficient

.85003068E-03
.84788841E-03
.13886274E-03
.87232002E-03
.75999018E-03
.25911324E-02
.92265167E-04
.14865301E-03
.10049608E-03
.19691804E-03
.12932354E-03
.98159583E-03
.91354316E-03
.72817620E-03
.17681136E-02
. 77893049E-03
.96455821E-03
.75315052E-04
.29527298E-02
.24079997E-03
.23307251E-02
.25475179E-02
.25018598E-02
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Between Buses
442 469
442 481
442 484
442 486
442 488
442 490
442 492
442 494
442 496
442 498
442 500
448 448
448 455
448 467
448 470
448 482
448 485
448 487
448 489
448 491
448 493
448 495
448 497

b b

o

Continued Table III.5

Coefficient

.25253345E-02
.25761274E-02
.24825612E-02
.12244914E-01
.13002385E-02
.11224419E-03
.11745663E-02
.11110806E-02
.23817213E-02
.92978440E-02
.94516426E-02
.17982081E-02
. 10380084E-02
.11288144E-02
.94918115E-03
.10007443E-02
.17582621E-03
.21842455E-02
.19146896E-02
.10165648E-04
.37686876E-03
.22096569E-02
.87469466E-03

Between Buses
442 470
442 482
442 485
442 487
442 489
442 491
442 493
442 495
442 497
442 499
442 501
448 453
448 462
448 469
448 487
448 484
448 486
448 488
448 490
448 492
448 494
448 496
448 498

S b b o

o

Coefficient

.25860649E-02
.25069397E-02
.11882936E-02
.89724361E-02
.95019228E-02
.19523650E-02
.41822320E-03
.10410797E-01
.22701393E-02
.11321213E-01
.92154815E-02
.13635089E-02
.16795907E-02
.10478054E-02
. 10872569E-02
.10346444E-02
.23953649E-02
.58395718E-03
.25002239E-03
.12975032E-03
.12992181E-03
.87070814E-03
.21018956E-02
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Between Buses

448

499

448 501

453
453
453
453
453
453
453
453
453
453

455
455
455
455

455
467
470
482
485
487
489
491
493
495
497
499
501
462
469
481
484
486
488
490
492

-0.

-0.

Continued Table IIL.5

Coefficient
42844749E-02

13931654E-02

.11784374E-02
.12385142E-02
.10979967E-02
.95633929E-03
.15307513E-03
.22652359E-02
.20127357E-02
.73754679E-04
.42748521E-03
.22975409E-02
.95262867E-03
.42855739E-02
.15120092E-02
.10461533E-02
.14471044E-02
.10804140E-02
.11882570E-02
.26054634E-02
.74248458E-03
.38321129E-03
.33852178E-04

Between Buses
448 500
453 453
453 462
453 469
453 481
453 484
453 486
453 488
453 490
453 492
453 494
453 496
453 498
453 500
455 455
455 467
455 470
455 482
455 485
455 487
455 489
455 491
455 493

Coefficient

. 19664455E-02
.14903334E-02
.13704603E-02
-11125396E-02
.10325729E-02
.11442534E-02
.24767665E-02
.63824420E-03
.29834313E-03
. 10656897E-03
.10671833E-03
.95006544L-03
.21917196E-02
.20606017E-02
. 18698119E-02
.13617885E-02
.12501238E-02
.10211901E-02
.80633151E-04
.23951794E-02
.21666947E-02
.19530556E-03
.51974458E-03
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Between Buses
455 494
455 496
455 498
455 500
462 462
462 469
462 481
462 484
462 486
462 488
462 490
462 492
462 494
462 496
462 498
462 500
467 467
467 470
467 482
467 485
467 487
467 489
467 491

Continued Table III1.5

Coefficient

.34417011E-04
.97779626E-03
.23333931E-02
.22085069E-02
.16414234E-02
.10584719E-02
.11040906E-02
. 10410275E-02
.24046886E-02
.59575680E-03
.25959359E-03
.12237851E-03
.12262295E-03
.87508303E-03
.21104305E-02
.19745529E-02
.14678217E-02
.12098162E-02
.95144379E-03
.10964162E-03
.23500707E-02
.21097024E-02
.14773135E~03

Between Buses
455 495
455 497
455 499
455 501
462 467
462 470
462 482
462 485
462 487
462 489
462 491
462 493
462 495
462 497
462 499
462 501
467 469
467 481
467 484
467 486
467 488
467 490
467 492

Coefficient

.24363750E-02
.97861257E-03
.42873322E-02
.16985701E-02
.11359707E-02
.95643592E-03
.10155372E-02
.16843007E-03
.21937236E-02
.19227362E-02
.34371624E-05
.38723740E-03
.22185929E-02
.87933428E-03
.42968131E-02
. 14002642E-02
.12372520E-02
.10124422E-02
.12613074E-02
.25619129E-02
.70187449E-03
.35318057E-03
.62603998E-04
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Between Buses
467 493
467 495
467 497
467 499
467 501
469 470
469 482
469 485
469 487
469 489
469 491
469 493
469 495
469 497
469 499
469 501
470 481
470 484
470 486
470 488
470 490
470 492
470 494

Continued Table III.5

Coefficient

.48566935E-03
.23874633E~02
.96752960E-03
.43085850E-02
.16247737E-02
.10939038E-02
.15188074E-02
.36344237E-04
.23785497E-02
.21170366E-02
.22385418E-03
.55435136E-03
.24070437E-02
.89120026E-03
.43961293E-02
.16146137E-02
.84859179E-03
.11967563E-02
.26493405E-02
.79267215E-03
.41513983E-03
.21608488E-04
.20683932E-04

Between Buses
467 494
467 496
467 498
467 500
469 469
469 481
469 484
469 486
469 488
469 4390
469 492
469 494
469 496
469 498
469 500
470 470
470 482
470 485
470 487
470 489
470 491
470 493
470 495

Coefficient

.62866471E-04
.96613238E-03
.22826307E-02
.21544024E-02
.25381532E-02
.15784288E-02
.10773495E-02
.25875934E-02
.77139097E-03
.42000971E-03
.95546966E-05
.79510755E-05
.88511477E-03
.22983081E-02
.21642102E-02
.25107446E-02
.79452013E-03
.70818350E-04
.24346099E-02
.21718184E-02
.20973884E-03
.55571971E-03
.24657308E-02
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Between Buses
470 496
470 498
470 500
481 481
481 484
481 486
481 488
481 490
481 492
481 494
481 496
481 498
481 500
4872 482
482 485
482 487
482 489
482 491
482 493
482 495
482 497
482 499
482 501

Continued Table IIIL.5

Coefficient

.10257100E-02
.23543716E-02
.22194120E-02
.30327945E-02
.90313167E-03
.26365686E-02
.78376336E-03
.43427618E-03
.42578030E-04
.39841630E-04
. 78986305E-03
.23539872E-02
.22225333E-02
.27968313E-02
.34424738E-05
.23588820E-02
.21654314E-02
.24666730E-03
.54383696E-03
.24071871E-02
. 75526186E-03
.40418580E-02
.17497493E-02

Between Buses
470 497
470 499
470 501
481 482
481 485
481 487
481 489
481 491
481 493
481 495
481 497
481 499
481 501
482 484
482 486
482 488
482 490
482 492
482 494
482 496
482 498
482 500

484 484

Coefficient

. 10259873E-02
.44871941E-02
.16617731E-02
.22589362E-02
.29934663E-05
.24263035E-02
.21779374E-02
.22662080E-03
.56966440E-03
. 24606090E-02
. 79688835E-03
.43902955E-02
. 16895805E-02
.84969052E-03
.25582195E-02
.73957559E-03
.41527836E-03
.45465087E-04
.41385996E-04
.74896984E-03
.23139508E-02
.22000766E-02
.28662747E-02
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Between Buses
484 485
484 487
484 489
484 497
484 493
484 495
484 497
484 499
484 501
485 486
485 488
485 490
485 492
485 494
485 496
485 498
485 500
486 486
486 488
486 490
486 492
486 494
486 496

s & 4 o o

Continued Table IIIL.5

Coefficient

.15191649E-03
.23301365E-02
.20862531E-02
.11662119E-03
.45816274E-03
.23668152E-02
.10530127E-02
.43174065E-02
.15945821E-02
.12434938E-02
. 73609687E-03
.12247891E-02
.18586260E-02
.18482436E-02
.44253747E-03
.10224374E-02
.92737586E-03
.12459170E-01
.12532743E-02
.55189651E-04
.12316783E-02
.11695402E-02
.24364416E-02

Between Buses
484 486
484 488
484 490
484 492
484 494
484 496
484 498
484 500
484 485
485 487
485 489
485 497
485 493
485 495
485 497
485 499
485 501
486 487
486 489
486 491
486 493
486 495
486 497

Coefficient

.25434913E-02
.68151415E-03
.32423576E-03
.10382221E-03
.10279186E-03
.10540823E-02
.22610144E-02
.21320863E-02
. 19922305E-02
.10208948E-02
.87635382E-03
.11212279E-02
.10519014E-02
.10904095E-02
.43822545E-03
.29208914E-02
.42790500E-03
.90004391E-02
.94724446E-02
.19921833E-02
.36185747E-03
.10432884E-07

.23309726E-02
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Between Buses
486 498
486 500
487 487
487 489
487 491
487 493
487 495
487 497
487 499
484 501
488 489
488 491
488 493
488 495
488 497
488 499
488 501
489 490
489 492
489 494
489 496
489 498
489 500

Continued Table III.5

Coefficient

.92969350E-02
.94359815E-02
.93306899E-02
.84359049E-02
. 16986469E-02
.57491520E-03
.88671334E-02
.21168410E-02
.92833489E-02
.82678869E-02
.14976307E-02
.66795269E-03
.22492378E-02
.13689655E-02
.45590801E-03
.29304903E-03
.18910142E-02
.39815204E-03
.84847444E-03
.77596073E-03
.20306068E-02
.96273608E-02
. 10095887E-01

Between Buses
486 499
486 501
487 488
487 490
487 492
487 494
487 496
487 498
487 500
488 488
488 490
488 492
488 494
488 496
488 498
488 500
489 489
489 491
489 493
489 495
489 497
489 499
489 501

0.

Coefficient

11790324E-01

.00854279E-02
.14331324E-02
.26647699E-03
.10135015E~02
.95681450E-03
.22172378E-02
.84700956E-02
.83796828E-02
.43808259E-02
.19267956E-02
.70301047E-03
.70728710E-03
.45537133E-03
.13673571E-02
.14306046E-02
.10261241E-01
.17481386E-02
.68853306E-03
.94896219E-02
.18816642E-02
.80062374E-02
.10526732E-01
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Between Buses
490 490
490 492
490 494
490 496
490 498
490 500
491 491
4971 493
491 495
491 497
491 499
491 501
492 493
492 495
492 497
492 499
492 501
493 494
493 496
493 498
493 500
494 494
494 496

-0.

-0.

-0.

Continued Table III.5

Coefficient

.46781860E-02
.11879785E-02
.11855785E-02
.69837479E-04
.24614157E-03
.33202720E-03
.31111222E-02
.82533177E-03
.18762185E-02
.59672471E-04
.32122438E-02
.14298861E-02
.10123663E-02
.10735162E-02
.39372453E-03

29638503E-02
38418360E-03

.10096149E-02

21443574E-03

.54122367E-03
.62040635E-03
.46973042E-02
.39348751E-03

Between Buses
490 4917
490 493
490 4985
490 497
490 499
490 501
491 492
491 494
491 496
491 498
497 500
492 492
492 494
492 496
492 498
492 500
493 493
494 495
493 497
493 499
493 501
494 495
494 497

Coefficient

.85167144E-03
.28020230E-02
.205719557E-03
.72021692E-04
.17384745E-02
.86527015E~03
.10341478E-02
.99695171E-03
. 72044320E-04
.18124774E-02
.17705373E-02
.50544030E-02
.41262060E-02
.39543537E-03
.10034386E-02
.90213585E-03
.39161518E-02
.50808186£-03
.21590223E-03
.14281529E-02
.11505925E-02
.10087034E-02

.39303442E-03
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Between Buses
494 498
494 500
495 495
495 497
495 499
495 501
496 497
496 499
496 501
497 498
497 500
498 498
498 500
499 499
499 501

500 501

Continued Table III.5

Coefficient

.93733565E-03
.83202356E-03
.11952706E-01
.21559049E-02
.10462292E-01
.93734376E-02
.15108484E-02
.40373578E-02
.15874074E-02
.20554750E-02
.19294436E-02
.11270564E-01
.05302239E-02
.27582373E-01
.46206451E-02
.10274608E-01

Between Buses
494 499
494 501
495 496
495 498
495 500
496 496
496 498
496 500
497 497
497 499
497 501
498 499
498 501
499 500
500 500
501 501

Coefficient

.29418282E-02
.30053430E-03
.22771612E-02
.92389658E-02
.94165243E-02
.23896298E-02
.21838108E-02
.20700048E-02
.16554841E-02
.471135884E-02
.13900248E-02
.86972452E-02
.96797980E~02
.83873420E-02
.10369241E-01
.12022708E-01
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APPENDIX IV

COEFFICIENTS OF TIE POWER MODEL

The coefficients of the tie power model obtained from the base

case 65% load flow data are shown in Table IV.T1.

Table IV.1 Coefficients of Tie Power Model

Between Buses Coefficient Between Buses Coefficient
1A G 0.25983584E 00 1A G2 0.25983584E 00
1A G3 0.25983584E 00 1A G4 0.26619017E-01
1A G5 -0.16910782E 01 1A G6 -0.32079852E 00
1A G7 0.49182630E 00 1A G8 0.76774149E 01
1A G9 -0.77981517E-15 1A G10 -0.64213409E 01
1A G11 0.10080785E 00 1A G12 -0.58285713E-01
1A G13 -0.25554485E 01 1A G14 -0.86625023E 01
1A G15 -0.41417251E 02 1A G16 0.10556713E 02
1A G17 -0.46441174E 01 1A G18 0.23239202E 01
TA G19 0.27632675E 02 1A G20 -0.22774309E 00
1A G217 -0.71984100E 00 1A G22 0.19109869E 01
1A G23 0.29487103E 00 1A G24 -0.35428953E 00
1A G25 0.42747533E 00 1A G26 -0.74261799E 01
1A G27 0.47066242E 00 1A G28 0.16160190E Q0
1A G29 0.17231874E 01 1A G30 -0.70572650E 00
1A G31 -0.43299413E 00 TA G32 -0.15035591E 01
1A G33 -0.11492006E 02 1A G34 0.70526397E 00
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Between Buses

1A G35
1A G37
1A EB

1A ED

2A G2

2A G4

2A G6

2A G8

2A G190
2A G12
2A G14
2A G16
2A G18
2A G20
2A G22
2A G24
2A G26
2A G28
2A G30
2A G32
2A G34

2A G36

0

0.

Continued Table IV.1

Coefficient

.25983584E 00
25983584E 00
.24280798E 00
.11087894E 01
.10750496E 00
.56819701E 00
.20532131E-02
.21419662E 02
.21283264E 02
.52354729E 00
.44690161E 01
.44948168E 01
.31941807E 00
.52566569E-01
.172710207E 01
.39609279E-01
.13293940E 00
.57436949E 00
.10456520E 00
.42826730E 00
.54466110E 00
.35889047E 00

Between Buses

1A G36
1A EA
1A EC
2A Gl
2A G3
2A Gb
2A G7
2A GIY
2A G11
2A 613
2A G15
2A G17
2A G19
2A G21
2A G23
2A G25
2A G27
2A G29
2A G31
2A G33
2A G35
2A G37

0
-0

Coefficient

.83554804E 00
.11015148E 01
.85743465E 00
.10750496E 00
.10750496E 00
. 12654459E 00
.21887243E 00
.32707521E-15
.21631021E-01
.58878994E 01
.46847534E 01
.36383047E 01
.31941807E 00
.16819751E 00
.106924712E 00
.34719038E 00
.28712791E 00
.10685170E 00
.11055298E 01
.77536726E 01
.10750496E 00
.10750496E 00
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Between Buses

2A EA
2A EC
3A Gl
3A G3
3A G5
3A G7
3A 69
3A G11
3A G13
3A G15
3A G17
3A G19
3A G21
3A G23
3A G25
3A G27
3A G29
3A G31
3A G33
3A G35

3A G37

Continued Table IV.1

Coefficient

.48651087E 00
.20983476E-01
.12113190E 00
.12713190E 00
.58336180E 00
.30874002E 00
.12246990E-15
.47086269E-01
.48824463E 01
.23429174E 01
.19101734E 01
.24839506E 01
.49933660E 00
.38547158E 00
. 17567372k 00
.80767750E-01
.35664219E 00
.95458328E-01
.48334398E 01
.12113190E Q0
.12113190E 00

Between Buses

2A EB
2A ED
3A G2
3A G4
3A G6
3A G8
3A G10
3A G12
3A G14
3A G16
3A G18
3A G20
3A G22
3A G224
3A G26
3A G28
3A 30
3A G32
3A G34
3A G36
3A EA

Coefficient

.50368011E 00
.49032515E 00
.12113190E 00
.30835807E 00
.51878300E-01
.42801406E 02
.42501586E 02
.38016719E 00
.23139896E 01
.79604797E 01
.41703939E 00
.94051957E-01
.85525292E 00
.12213379E 00
.15370542E 00
.35846639E 00
.10853499E 00
.36287159E 00
.57462260E-01
.26518631E 00
.33673984E 00
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Between Buses

3A EB
3A ED
4A G2
4A G4
447 G6
4A G8
4A G10
4A G12
4A G14
4A G16
4A G18
4A G20
4A G22
4A G24
4A G26
4A G28
4A G30
4l G632
4A G34
4A G36
4A EA

4A EC

Continued Table IV.1

Coefficient

.10866389E-01
.32391208E 00
.50276432E-01
.15119320E 00
.24803163E-01
.48640487E 02
.48889479E 02
.642697203E 00
.11735272E 00
.10430079E 01
.31172127E 00
.10928679E-01
.90614909E 00
.17721832E 00
.37176800E 00
.18436122E 00
.10028839E 00
.36092699E 00
. 37315689E-01
.29385918E 00
.71097612E-02
.12337416E 00

Between Buses

3A EC
4A G1
4A G3
4A G5
aA G7
4A G9
4A G117
4A G13
4A G15
4A G17
4A G19
4A G21
4A (23
4A G25
4A Ge7
4A G29
4A G31
4A G33
4A G35
4A G37
4A EB
4A ED

Coefficient

.33870125E 00
.50276432E-01
.50276432E-01
.40369362E 00
. 12450892E 00
.52786204E-15
.19976489E-01
.63138682E Q0
.11397670E 02
.84611219E 00
.56687918E 01
.11177009E 00
.21841902E 00
.19284631E-02
.10515249E 00
.48457348E 00
.37195230E 00
.34639921E 01
.50276432E-01
.50276432E-01
.11096907E 00
.18144250E-02
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Between Buses

5A G1
5A G3
5A G5
5A G7
5A G9
5A G11
5A G13
5A G15
5A G17
5A G19
5A G21
5A G23
5A G25
5A G27
5A G29
5A G31
5A G33
5A G35
5A G37
5A EB
5A ED

BA G2

-0

-0.

Continued Table IV.]

Coefficient

.11787705E-01
11787705E-01
.94486928E 00
.35339379E 00
.309882221E-15
.74869990E-01
.79952936E 01
. 14785560 02
.685914614L 01
.971989460E 01
.23221982E 00
.16735241E-01
.23548388E 00
.71612757E 00
.11474967E-01
.11804590E 01
.13073770E 02
.11787705E-01
.11787705E-01
.59914643E 00
.68823785E 00
.67134797E-01

Between Buses

5A G2
5A G4
5A G6
5A G8
5A G10
5A G12
58 G14
5A G16
5A G18
54 G20
5A G22
5A Gz24
5A G26
5A G28
5A G30
5A G32
5A G34
5A (36
5A EA
5A EC
6A Gl
6A G3

Coefficient

.11787705E-01
. 37450022E 00
.32000738E 00
.39606613E 02
. 38798080E 02
. 79018235E-01
.22770233E 01
. 14848350E 02
. 12870409E 01
.39793253E 00
.19658461E 01
.24310118E 00
.95175147E-01
.50732750E 00
.13897258E 01
.53979462E 00
.12949038E 00
.61133609E-02
.68267000E 00
.77955722E-01
.67134797E-01
.67134797E-01
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Between Buses

6A G4
BA G6
6A G8
BA G10
BA G12
BA G14
BA G16
6A G18
6A G20
6A G22
6A G24
6A G26
6A G28
6A G30
BA G32
BA G34
6A G36
6A EA
6A EC
7A 61
7A G3
7A G5
7A G7

-0

-0.

Continued Table IV.1

Coefficient

.63672626E 00
86039323k 00
.31578659E 02
.31694900E 02
.41391087E 00
.13205169E 02
.24238388E 02
.13200665E 01
.58446878E 00
.13509560E 00
.62494957E 00
.95005322E 00
.29496455E 00
.85654831E 00
. 76018554E Q0
.63490504E 00
.17497972E-01
.31973833E 00
.11074944E 01
.17467970E 00
.17467970E 00
.18101943E 00
.60572769E-01

Between Buses

6A G5
BA G7
BA G9
6A G11
6A G13
bA G15
6A G17
6A G19
6A G21
oA G23
6A Gz25
BA G27
6A G29
bA G31
6A G33
6A G35
bA G37
bA EB
6A ED
7A G2
7A G4
7A G6
7A G8

Coefficient

.85697156E 00
. 39690340E 00
.19181320E-15
.51398761E-02
.95849247E 01
.75806141E 01
.90381832E 01
.37437668E 01
.56190223E 00
.29217440E 00
.12496262E 01
.19600391E 00
.40650076E 00
.56871092E 00
.20404266E 02
.67134797E-01
.67134797E-01
.46889108E 00
.12780809E 01
.17467970E 00
.18499892E 00
.19964701E 00
.50263473E 02
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Between Buses

7A GS
7A G11
7A 13
7A G15
7A 617
7A G19
7A G21
7A G23
7A G25
7A G27
7A 629
7A G317
7A G33
7A G35
7A G37
7A EB
7A ED
8A G2
8A Ga
8A G6
8A G8
8A G10
8A G12

0
0

-0.

Continued Table IV.]

Coefficient

.26207030E-15
.71940898E-01
25997906E 01
.61470118E 01
.25193787€ 01
.36792488E 01
.45762401E-01
.11866927E 00
.47830647E 00
.11572065E 01
.35389131E 00
.10785103E 01
.90000610E 01
.17467970E 00
. 17467970t 00
.23928750E 00
.54796380E 00
.97413957E-01
.23226571E 00
.57663511E-01
.33310575E 01
.34844427E 01

.62635583E 00

Between Buses

7A G10
7A G12
7A G14
7A (16
7A G18
7A (20
7A 522
7A G24
7A G26
7A G28
7A G30
7A G32
7A 34
7A (36
7A EA
7A EC
8A 61
8A G3
8A G5
8A 67
8A G9
8A 611
8A 613

Coefficient

.50366516E 02
.23608762E 00
.39545593E 01
.28845024E 01
. 75584209E 00
.78689336E-01
.37541039E-01
.90162754E-01
. 18479478E 00
.949117038E-01
.21831799E 00
.30271018E 00
. 19664460 00
.21423352E 00
.56374669E 00
.34024209E 00
.97413857E-01

.97413957E-01

0.77704131E-01

.33143032E 00
. 35847070E-15
.41365884E-02
.51217871E 01
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Between Buses

8A G14
8A G16
8A G18
SA G20
8A G22
8A G24
8A G26
8A G28
8A G30
8A G32
8A G34
8A G36
8A EA
8A EC
9A Gl
9A G3
9A G5
9A G7
9A 69
9A G11
9A G13
9A G15
9A G17

0
-0

0.
-0.

Continued Table IV.]

Coefficient

.22658739E 01
.72933350E 01
10092252E 00
39802421E-01
.40757042E 00
.52576721E 00
.67111713E 00
.50439471E 00
.65864026E-01
.15142661E 00
.14167422E 00
.66135942E-01
.48299611E 00
.37450808E 00
.34272373E-01
.34272373E-01
. 18059659E 00
.98015666E-01
.23339823E-15
.35236310E-01
.45843277E 01
.71612349E 01
.41867552E 01

Between Buses

8A G15
8A Q17
8A G19
8A G21
8A 623
8A G25
8A Ge7
8A (29
8A G31
8A G33
8A G35
8A (37
SA EB

84 ED

9A G2

9A G4

9A G6

9A G8

9A G10
9A Gl12
9A G14
9A G16
9A 618

0.

Coefficient

.93164759E 01
56227236E 01
.A3082256E 01
.20442748E 00
. 75694322E-01
.13169688E 00
.53490472E 00
.13907039E 00
.25655413E 00
.10711346E 01
.97413957E-01
.97413957E-01
.12424409E 00
.46724004E 00
.34272373E-01
.69879770E-01
.25246531E 00
.84753838E 01
.88902483E 01
.80924630E 00
.33287849E 01
.13477516E 01
.72692036E-01
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Between Buses

9A G19
9A G21
9A G23
9A G25
9A G27
9A (29
9A G31
9A G33
9A G35
9A G37
SA EB

9A ED

10A 62

10A G4

10A 56

10A G8

10A G10
10A G12
10A G14
10A G16
10A 618
10A G20

T0A G22

-0
0
0

Continued Table IV.1

Coefficient

.48503819E 01
.87818562E-01
.50971750E-01
.76710283E-01
.57855278E 00
.68808192E 00
.18374968E 01
.90161104E 01
.34272373E-01
.34272373E-01
.28907776E 00
. 76886832E-01
.78449070E-01
.30857801E 00
.45792472E 00
.22475921E 02
.22262039E 02
.31120127E 00
.69646320E 01
.28518248E 01
.45732349E 00
.34319180E 00
.65231818E 00

Between Buses

9A G20
9A G22
9A G24
SA G26
9A G28
9A G30
9A G32
9A G34
9A (36
9A EA
%A EC
10A Gl
10A G3
10A G5
10A G7
10A G9Y
10A G11
10A G13
10A G15
10A G17
10A G19
10A G21
10A G623

0.

Coefficient

76594859E 00
.12642508E 01
.47606742E 00
.27767032E 00
.60155410E 00
.42072318E-01
.18621451E 00
.72984039E-01
.27468171E-01
.97288489E-01
.40676796E 00
. 78445070E-01
. 78449079E-01
.12490243E 00
.98947465E-01
.34423588E-15
.17379709E-01
.37096691E 01
.44854364E 01
.20711279E 01
.32182693E 01
.50633818E 00
.13721269E 00
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Between Buses

10A 624
10A 626
10A G28
10A 630
10A G32
10A G34
10A G36
T0A EA
10A EC
11A Gl
11A G3
1A G5
11A G7
T11A G9
11A G11
1TA G13
11A G15
1TA G17
TTA G19
11A G21
11A G23
11A 625
17A G27

0

Continued Table IV.1

Coefficient

.22962153E 00
.27522820E Q0
.20960408E 00
.12633288E 00
.28997022E 00
.21528578E 00
.36527359E 00
.10358744E 00
.29457641E 00
.55901714E-01
.55901714E-01
.97079992E-01
.24095541E-02
.42612534E-15
.71606159E-01
42898693k 01
.18860641E 02
.69361639E 01
. 12608890t 02
.11679590E 00
.42930788E 00
.92917238E-03

.52913702E 00

Between Buses

10A G25
10A G27
10A 629
10A G31
10A G33
10A G35
10A G37
10A EB

10A ED

11A G2

11A G4

1A G6

11A G8

11A G10
11A G12
11A G14
11A G16
11A G18
11A G20
11A 622
11A G24
1TA G26
11A G28

0

Coefficient

.40704602E 00
.33705229E 00
.14047960E 00
.61061352E 00
.74232960E 01
.78449070E-01
. 78449070E-01
.41074117E 00
.91618180E-01
.55901714E-01
.14112097E 00
.74769556E-01
.40947021E 02
.41153335E 02
.20218968E 00
.22448123E 00
.49790678E 01
.38437212E 00
.10175958E-01
.20988721E 0N
.60665399E-01
.10311470E 01

.24184781E 00
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Between Buses

11A G29
1TA G31
11A G33
11A G35
11A G37
11A EB

1A ED

12A G2

12A G4

12A G6

12A G8

12A G10
12A G12
12A G14
12A G16
12A G18
12A G20
12A G2z
12A G24
124 G26
12A (28
12A &30

12A G32

-0.
a.

Continued Table IV.1

Coefficient

39340627E 00
28359032E 00
.80632315E 01
.55901714E-01
.55901714E-01
.10717469E 00
.12732154E 00
.29880885E-01
.68642079E-01
.10368809E-01
.50136271E 01
.54842329E 01
.21700943E 00
.21409349E 01
.24194641E 01
.10268241E 00
.28537679E 00
.10330658E 01
.41027832E 00
. 77667809k 00
.11798412E 00
.31314629E 00

-0.51230330E-01

Between Buses

11A G30
11A (32
11A (34
11A G36
11A EA
T1TA EC
12A Gl
12A G3
12A G5
12A G7
12A GY9
12A G11
12A G13
12A 15
12A G17
12A G19
12A G21
12A G23
12A G25
12A G27
12A G29
12A (31
12A G33

Coefficient

.29023498E 00
.13893420E 09
.43064672E 00
.73336362E-02
.12260312E 00
.10770064E-01
.29880885E-01
.29880885E-01
.65817910E 00
.17528081E 00
.21941610E-15
.11626501E-01
.13896011E-01
.59277210E 01
.24336119E 01
.55869160E 01
.20727819E 00
.15805852E 00
.22086787E 00
.14322233E 01
.50444603E 00
.77031195E-01

.82063417E 01
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Between Buses

12A G34
12A G36
12A EA
12A EC
13A Gl
13A G3
13A G5
13A G7
13A GY
13A G11
13A G13
13A G15
13A G17
13A G19
13A G21
13A G23
13A G25
13A 627
13A G29
13A G31
13A G33
13A G35

13A G37

-0
0
0
0

Continued Table IV.1

Coefficient

.16767919E 00
.60127869E-01
.10079235E 00
.18175465E 00
.10586452E 00
.10586452E 00
.56918329E 00
.162716%8E 00
.79053995E-16
.82349553E-02
.75809991E 00
.11813530E 02
. 74045879k 00
.77625542E 01
.15295160E 00
.21106821E-01
.54531962E-01
.49070811E 00
.67845362E 00
.66932499E 00
.59464598E 01
.10586452E 00

.10586452E 00

Between Buses

12A G35
12A G37
12A EB
12A ED
13A G2
13A G4
13A G6
13A G8
13A G10
13A G12
13A G14
13A G16
13A G18
13A G20
13A G22
13A G24
13A G26
13A G28
13A 630
13A G32
13A G34
13A G636
13A EA

0

0.

-0

Coefficient

.29880885E-01
29880885E-01
.82683205E-01
.10251331E 00
. 10586452E 00
.24923122E 00
.23266149E 00
.47534571E 01
.45643711E 01
. 17764080E 00
.62747067E Q0
.11965904E 01
.38166219E 00
.83178967E 00
.68350440E 00
.19091052E 00
.21784139E 00
.38091421E-01
.15026009E 00
.13085413E 00
.92362701E-01
.68994283E-01

.86278433E 00
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Between Buses

13A EB
13A ED
148 G2
148 G4
14B G6
14B G8
148 G10
148 G12
148 G14
148 G16
148 G18
148 G20
14B (22
14B G24
148 (26
14B G28
148 G30
14B G32
148 G34
148 G36
148 EA
148 EC
158 Gl

Continued Table IV.1

Coefficient

.97052395E 00
.84918201E 00
.39843209E-02
.10671288E Q0
.29983621E-02
.23486795E 01
.20802498E 01
.35285550E 00
.18389661E-01
.59865952E 01
.24876660E 00
.24061158E-01
LA42317539E 00
.13345271E 00
.82058507E 00
.28839999E 00
.32127779E-01
.20063633E 00
.44288531E-01
.10546722E-01
.11048698E 00
.45398510E-02
.16780011E-01

Between Buses

13A EC
14B G1
14B G3
148 G5
148 G7
14B 9
14B G117
14B G13
14B G15
148 G17
14B G19
148 G21
148 (23
148 G25
148 G27
148 G29
14B G31
148 633
148 G35
148 G37
148 EB
148 ED
15B G2

[a]

0

-0

Coefficient

.947137251E-01
.39843209E-02
.39843209E-02
.30391771E 00
.64990937E-01
.38570746E-15
.24639960E-01
.98180270E 00
.99463348E 01
.64920177E 01
.65382452E 01
.56669880E-01
.86971631E-01
.22326980E-01
.31184763E 00
.47049958E 00
.16121662E 00
.12255268E 01
.39843209E-02
.39843209E-02
.10478765E 00
.11164653E 00
.16780011E-01

195



Between Buses

158 G3
15B G5
158 G7
15B GY
158 G11
158 G13
15B G15
158 G17
158 G19
158 G21
158 G23
158 G25
158 627
158 G29
158 G31
158 G33
15B G35
158 G37
158 EB
158 ED
168 G2
168 G4
168 Gb6

Continued Table IV.1

Coefficient

.16780011E-01
. 13553309k 00
.2603716SE 00
.10350909E-15
.25595181E-01
.35494680E 01
.12363190E 02
.65036392E 01
.69209690E 01
.68369061E 00
.67398130E-01
.30060631E 00
.43337129E-01
.27669019E 00
.32074797E 00
.53824196E 01
.16780011E-01
.16780011E-01
.65688647E 00
.39195859E 00
.13085473E 00
.37162888E 00
.31401079E-01

Between Buses

158 G4
158 G6
158 G8
158 G10
15B Gl2
15B G14
15B G16
15B G18
15B G20
15B G22
15B G24
15B G26
158 G28
158 G30
158 G32
158 G34
15B G36
158 EA
158 EC
16B Gl
168 G3
168 G5
168 G7

o O o O

Coefficient

.51988512E 00
.219710800E-02
.53560419E 01
.52238836E 01
.27586050E-01
.28375378E 01
.82543459E 01
.45729560E 00
.84329307E-01
.59575641E 00
.81136286E-01
.65238672E 00
.73885992E-02
.35683870E 00
.16759610E 00
.17226923E 00
.14776379E 00
.40674096E 00
.23546308E 00
.13085473E 00
.13085473E 00
.11791062E 00
.52057600E 00
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Between Buses

168 G8
16B G10
168 G12
16B G14
16B G16
16B G18
16B G20
168 G22
168 G24
168 G26
168 (28
168 G30
168 G32
168 G34
168 G36
168 EA
168 EC
178 Gl
178 G3
178 G5
178 G7
178 G9
178 G11

-0
0
0
0
0
0

-0.

0.

Continued Table IV.1

Coefficient

.43369064E 02
.43496231E 02
.71979040E 00
.15997591E 01
.38149748E 017
.20588410E 00
18358582E 00
.10846109E 01
.34449100E 00
.47345549E-01
.59037751E 00
.65697610E-01
.44640869E-01
.13894010E 00
.41875891E-01
.63973558E 00
.83499247E 00
.13780642E 00
.13780642E 00
.43141335E 00
.84286332E-02
.16286388E-15
43475627E-03

Between Buses

168 (S
168 G11
168 G13
16B G15
16B G17
168 G19
168 G21
168 G23
168 Gz2b
168 G27
168 G29
16B G31
16B G33
16B G35
168 (37
168 EB
168 ED
178 G2
178 G4
178 G6
178 G8
178 G10

178 G12

Coefficient

.30092010E-15
.60859319E-01
.65608282E 01
.37092810E 01
.25929612E 00
. 36655884E 07
.26862111E-01
.19489610E 00
.106399839E 00
.49157679E 00
.32028812E 00
.11853390E 01
. 17663488t 01
.13085473E 00
.13085473E Q0
.18198597E 00
.62646472E 00
.13780642E 00
.16535336E 00
.29892141E 00
.47915130E 02
.48531784E 02
.10294086E 00
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Between Buses

178
178
178
178
178
17B
17B
178
178
178
178
17B
178
178
178
188
18B
188
188
18B
188
18B
18B

G13
G15
G17
G19
621
G23
@25
G27
G29
G31
G33
G35
G37
EB

ED

G2

G4

G6

-0
0

(@]

Continued Table 1IV.]

Coefficient

115151128 01
.19610336E 02
.10820962E 02
.90384617E 01
.35911179E 00
.18044353E 00
.45842218E 00
.30894881E 00
.31665868E 00
.19805250E 01
. 80504093k 01
.13780642E 00
.13780642E 00
.45568413E 00
.34105712E Q0
.51242113E-02
.18708217E Q0
.28421908E 00
.54474334E 02
.55025756E 02
.25063169E 00
.42784767E 01
.10809200E 02

Between Buses

178 G14
178 G16
178 G18
178 G20
178 G22
178 G24
17B (26
178 G28
178 G30
178 G32
178 634
178 G36
178 EA
178 EC
188 Gl
188 G3
18B G5
188 G7
18B G9
188 G117
18B G13
188 G15
188 G17

Coefficient

.65603771E 01
.52597599E 01
.12448512E 01
. 78067577 00
. 15089855E 01
.63057804E 00
.11393967E 01
.61358553E 00
.55424124E-01
.59737647E Q0
.79890429E-01
.19973999E 00
. 38305056E 00
.88072813E 00
.51242113E-02
.51242113E-02
.42677999E 00
.16222548E 00
.23981514E-15
.32902040E-01
.66398258E 01
. 33536590 02
.47728806E 01
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Between Buses

188 G18
188 G20
188 G22
18B G24
188 G26
18B 628
188 G30
18B G32
18B G34
188 G36
188 EA
188 EC
198 Gl
198 G3
198 G5
198 G7
198 (9
198 G11
198 G13
198 G15
19B G17
198 G19
198 G21

0.
0.

Continued Table IV.1

Coefficient

95891631E 00
49896419E 00
.86561841E 00
.59174150E 00
.14367962E 01
.94886672E 00
.21335199E-01
.46939772E 00
.50146140E-01
.55994022E 00
.23961473E 00
.51341140E 00
.19752120E-02
.19752120E-02
.17662722E 00
.84339201E-01
.20790340E-15
.11301452E 00
.34424829E 00
.11846010E 02
.83964577E 01
.95403194E 01
.10688089E-01

Between Buses

18B G19
18B G21
18B G23
188 G25
188 G27
18B G29
18B 631
188 G33
18B G35
188 G37
188 EB

188 ED

198 G2

198 G4

198 G6

198 G8

198 G10
198 G12
198 G14
198 G16
198 G18
198 G20
198 G22

0.
-0.

Coefficient

18536804E 02
29644680E 00
.52745932E 00
.74499845E-01
.48622471E 00
.74379921E 00
.11163874E 01
.46007978E 01
.51242113E-02
.51242113E-02
.26323503E 00
.22905314E 00
.19752120E-02
.13989210E 00
.71109235E-01
L42250442E 02
.42140899E 02
.41840333E 00
.5710853839E 00
.57214289E 01
.14967579E 00
.57437100E-01

.70906347E 00
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Between Buses

198 G23
198 G25
19B G27
198 G29
198 G31
198 G33
19B G35
198 G37
198 EB

19B ED

20C G2

20C G4

20C G6

20C G8

20C G10
20C Gl2
20C G14
20C G16
20C G18
20C G20
20C 622
20C G24
20C G26

0
0

0.

Continued Table IV.1

Coefficient

. 14097620E-01
.14126670E 00
19249672E 00
.14565229E 00
.39916170E 00
.73413700E 00
.19752120E-02
.19752120E-02
.10255200E 00
.16597217E 00
.18571377E-01
.53609347E 00
.46406907E 00
.95390129E 01
.99381914E 01
.75057006E 00
.48784037E 01
.75251417E 01
.79869191E 00
.15121288E 01
.69918007E 00
.457142233E-0)

.58736652E 00

Between Buses

198 G24
198 G26
198 G28
198 G30
198 G32
198 G34
198 G36
198 EA
198 EC
20C Gl
20C G3
20C G5
20C G7
20C G9
20C G11
20C G13
20C G15
20C G17
20C G19
20C G21
20C G23
20C G25
20C G27

0
0

-0.
-0.

Coefficient

.12667441E 00
.13806477E 01
37598228E 00
42557448E-01
.71923255E-01
.26208812E 00
.40076088E-01
.16524798E 00
.61971840E-01
.18571377E-01
.18571377E-01
.32104665E 00
.83400303E 00
.13951122E~15
.11428452E 00
.55928154E 01
.21881347E 02
.94691563E 00
.14309805E 02
.31870496E 00
.20378959E 00
.18661344E 00

.19441366E 01
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Between Buses

20C G28
20C G30
20C G32
20C G34
20C G36
20C EA
20C EC
21C Gl
21C G3
21C G5
21C G7
21¢C GY
21C G11
21C G13
21C G15
21C G17
21C G19
21C 621
21C G23
21C G25
21C G27
21C G29

21C G31

-0
0

-0.

0

0.

Continued Table IV.1

Coefficient

.27222431E 00
.54343873E 00
94968199E-01
.15449762E-01
99004626E-01
.61212305E-01
.412271452E 00
.11701667E 00
.11701667E 00
.98902940E-01
.37629630E-01
. 11260680E-15
.33349689E-01
.46147060E 01
.57962694E 01
.14743137E 01
.27374516E 01
.96469461E-01
.18093699E 00
.28390858E-01
.27305847E 00
.16889089E 00

.14259392E 00

Between Buses

20C G29
20C G31
20C G33
20C G35
20C G37
20C EB

20C ED

21C G2

21C G4

21C G6

21C G8

21C G10
21C G12
21C G14
21C G16
21C G18
21C G20
21C G22
21C G24
21C G26
21C G28
21C G30
21C (32

Coefficient

.10571070E 01
.88826180E 00
.41840992E 01
.18571377E-01
.18571377E-01
.37673545E 00
.86945593E-01
.11701667E 00
.15290397E 00
.14913583E 00
.29533033E 01
.27953854E 01
.19368458E 00
.83782291E 00
. 12960949k 01
.28029817E 00
.83787870E 00
.83659946E-01
.33060950E 00
.91897929€-03
.31207811E-01
.11679041E 00
.17211872E 00
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Between Buses

21C G33
21C G35
21C G37
21C EB

21C ED

22C G2

22C G4

22C G6

22C G8

22C G10
22C G12
22C G14
22C G16
22C G18
22C G20
22C G22
22C G24
22C G26
22C G28
22C G30
22C G32
22C (34
22C G36

0
0

0.
-0.
-0.

Continued Table IV.1

Coefficient

.47316730E 00
.11701667E 00
11701667E 00
22759821E-01
99369108E-01
.80177247E-01
.10956550E 00
.14933181E 00
.50255432E 01
.50817480E 01
.35916942E 00
.19907064E 01
.31479006E 01
.98167121E-01
.90342271E 00
.505715980E 00
.38141543E 00
.71859151E 00
.37014759E 00
.55620190E-01
. 14870670E-01
.38510390E-01
.11799908E 00

Between Buses

21C 634
21C G36
21C EA
21C EC
22C Gl
22C G3
22C G5
22C G7
22C (9
22C 611
22C G13
22C G15
22C G17
22C G19
22C G217
22C G23
22C G25
22C G27
22C G29
22C G31
22C 633
22C G35
22C G37

-0
-0
-0

0
-0

Coefficient

.24284061E-01
.14936991E-01
.90226233E-01
.58323670E-01
.80177247E-01
.80177247E-01
.16760152E-01
.32285112E 00
.44501338E-16
.22897981E-01
L17311144E 01
.737104763E 01
.58958282E 01
.21081867E 01
.19664490E Q0
.40236641E-01
. 38064700E-01
.60998219E 00
.18036783E 00
.54697617E-02
.48272437E Q0
.80177247E-01
.80177247E-01
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Between Buses

22C EA
22C EC
23C Gl
23C G3
23C G5
23C G7
23C G9
23C G11
23C G13
23C G15
23C G17
23C 519
23C G21
23C G23
23C G25
23C G27
23C 629
23C (31
23C G33
23C G35
23C G37
23C EB
23C ED

-0.

-0

a.

Continued Table IV.1

Coefficient

33842593k 00
.25274551E 00
87596476E-01
.87596476E-01
.36379969E 00
.31080532E 00
.28667068E-15
.49801990E-01
.34673243E 01
.11582050E 02
.56827669E 01
.59179859E 91
.26592880E 00
.84196090E-01
.12240767E 00
.57038927E 00
.39013028E 00
.81812679E-01
.17528019E 01
.87596476E-01
.87596476E-01
.52849817E 00

.48782104E 00

Between Buses

22C EB
22C ED
23C G2
23C G4
23C Gb6
23C G8
23C 510
23C G12
23C G14
23C G16
23C G18
23C G20
23C G22
23C 24
23C (26
23C 28
23C G30
23C G32
23C G34
23C (36
23C EA
23C EC

Coefficient

.99526822E-01
.32457954E 00
.87596476E-01
.24392810E-01
.39826292E 00
.12220230E 02
.12216200E 02
.40744442E 00
.54038172E 01
.81803570E 01
.38564380E-01
.61479592E 00
.79386473E 00
.28685868E 00
.34998530E 00
.16722250E 00
.22076809E 0N
.22287530E 00
.62686502E-01
.10292572E 00
.50465554E 00

.70080719E-02
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