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The purpose of this article is to suggest a new graphical
verification of the incremental transmission losses by means of
which curves relating the powser output for the various generTating
units and the incremental cost of received power are constru-ted
and plotted point by point. Thus a curve for the total power cut-
put against the incremental cost of received power can be plotted.

This proposed grapblcal technique is applied for power syst-
ems with different systems of reasonable number of buses and ken-
erating thermal units.

1) INTRODUCTIONs

The problem of economical load sharing calculations for
interconnected power systems bas been one of graduasl evaluations.
Early investigations neglect generally the tranamission losses
in the power network, and it 1s sbown that if each lcad incremeut
was assigned to the unit that could produoce it at the lowest cost
then the lowest overall cost of generation would be realized.

AB systems increased in Bize and complexity and as hydro
generation moved farther and farther from the load centies, trauns-
mission losses become an importent factor and can not be mneglected,
The system i1s then operating at minimum cost when the incremental
cost of delivered energy is the same for all the plants in the
gystem.
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There sre several approaches to the economical dispatching
;alculations that teke into consideration transmission losses.
he loss formula expression method (B - constapts method) was
‘ne first widely used apprecach, BEy this method, several assump=
ilons are made to obtain the B-conastants equation.
hese assumptions permit the calculation of the B-constants
ased on a base load flow calculatioﬁ. to be valid for other
¥ystem loading conditions,

As digital computers and network anaglysers beceme in use,
-conomical load sharing calculations are avallable using the
on-linear programming methods. The results obtained are more
.ccurate because most of the assumptions made for loss fommula
cefficlents determination not existing using these methods.

The data required for economical load sharing calculations
.8 summarizad ag follows!

) Electrical system data
l=- Impedance diegram for the tranamission spd subtransmission
networks.
2- Daily load cycle for the typical ordinary operation.
3- Load duration curve for period of operation considered.

) Plant Data

1= Thermal characteristics of units and in partioular the
incremental fuel rate data of all units.

2- Cost of fuel at various plants in pounds per 10° BTU.

3~ Determination of an expression for incrementsl product—
ion cost and power for the various plants.

2)L WPAUTATION OF ThHE 1OSS FORMULA BY ThE USE OF DIGITAL COMPUTER
+ CORDING 70 THE LEAST SQUARES WEThOD.

1)

The gerxeral loss formula is in the form:

PL = Ih Bhn Pn ¥ Bno Pn ¥ Boo

The calculation of B , and B, , by the equations
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/ y
Bio = @ g (Bopopx = 19 Bpg_pp) Ko () Rpg gyyHp,
where
Egk = real power value of load k when 1, =0

1 =81 ne [
1 - o8 @
H Kk VT ((l+sr BLk)Birlon Ik+(51k Bn) cos n-Lk)

Also
) o 0
B,, = Real (ij zLj-Lkik )

would be quite lengthy, since these equations require the
determinstion of the self and mutusl impedances between loads.
In this item, we describe & method of calculating the Bno and
B00 terms which does not require the determination of the gelf
and mutual impedances between loads. The method discussed invol-
ves the use of circuit theory together with a least-squares solu-

tion for w: Bno.'and Boo'

The philosophy behind this method involves the concept of using
wﬂ Bno' and B00 to fit the formula to observed transmission loss
data.

(1)
To understand the method, we will first briefly review the
jdea of multiple correlation with a least-squares criterion .
Consider the following function for which y is defined as

It is desired to determine a; and P when given observed
values of y for various values of x; and X, such that the summa-
tion of the squares of the residuals is a minimum. A residual
jp determined as the deviation of the computed value from the
observed value, Thus, for case 1 the residual v is given byi
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v =a x{Ps @ 8y xél) -7 (2)
where

y, = observed value for case 1

x§1)= valus of x) for case 1

xé1)= value of x, for case 1
Assuming that we have four cases, we have
v, = 8 x&a) + a, xéa) - Y, (3)
vy =8y 12 s e, xP) -y, )
v, =8 xﬁa) + a, xgu) - ¥y (5)

The method of least squaeres results ln a solution for the
deslred coefficients such that the sum of the squares of the
realduals is a minimum. Thus, it is desired thats

8 = sum of squares of residuals

= vf + vg + vg + vﬁ = ninimum (6)

A necessary condition that 8 = minimum is thet

g _

T 0 (7)
S

fbaa =0 (8)

From equation (6) we haves

s vy v ~V
ey s 2 2T v,+2 7335— v2+2;igf— '5+273;I_ Vo )

"3 v Va V3 V4
ey = aﬁé vy*e e, vare e, Va2 rva,

vy (10)
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From equations (2) —(5) we note
.S ¢

(11)
8y X
AV
22 x:‘(.a) 12)
ey
V3 (3 13)
o8y x
PV (4
8, =X ) (14)

Substituting equations (1l1) to (l4) into equation (9), we obtain

28 L, LDy

—a, 10 v+ 2 x{z) Vo + 2 x§3) Vg + 2 xiu) v,=0 (15)

Similarly,

Substituting the definitions for MURPFURLY and v, 1into equation

(15), we obtalin

28
’bal

(1 (1)

) + ax;" - yl)+2x
+ ax{3>(alx( >+ 8, x(3>

(2)(a x{a)+ aaxéz)

- y3)+ 2x1 )(a1x1(4)+ aaxéu)-y“)

= 2 xil)(alx

(17)

Grouping the coefficlents of a1 and a, end dividing by (2), equa-
tion (17) becomes

SR IN O N OBINOMNOIIN OO
S O RN N IS IR OIN OB OINGS
= xil) ¥+ x£2> Yo + x{3> + x{“’ Yy (13)
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S8imilarly, equation (10) becomes

al(xél) x{l) + xga) x{a) + xéa) x{a) + x£4) x{4) )+

aa(xél) xél) + xga) xga) + Ié}) xé"') + 1‘5_4) xg") )

= xgl) ¥, + xéa) Yo ¢ xgj) Yy + x£4) ¥y . (19)

The values of a, and &, obtained from the solution of the
normglized simultaneous equations (18) and (19) satisfy the
necessery condition that the summaetion of syuares of the rusid-
ugls 1s a minimum,

For the general 63593, define y ast

Vo= > ey (20)

for which there are r coefflicients to be determined. Designate
by n the number of obgervations. The summgtion of the squares
of the residusls is given by:

n

e S @

i=l

woere v, = E ay xgi) - ¥ (22)

n
v
28, 41
o By '0‘212 a, Vi (23)
Where Kk = 1.2.......1'
From equation (22), we have
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Substituting equation (24) and (22) into equation (23),

n r

DS T~ (1) 1) _
YW = i:- . (EET ad xd - yi) X, ) = 0 (25)

Collecting coefficients of 8y we obtaln the following normalized
simultaneous equationsto solve for the r unknown coefficilentsi

r
——— n
?_:T (Z xgi) x&i)) s =:1 71 x&i) (26)

n
1i=1

Having reviewed the method of least squares, let us consider the
application of this method to the determination of the loss-
formula coefficients.

Buts

PL Pm Bm Pn + Bno Pn + Boo

Pa %an Pop — %y Hpp (fm - fn) Pn
+ B K P W+ B P o+ B : (273

The gquantities An and Hmn (fm - fn) may be easily calculated
as 1ndicated by the following equation:

am+bm ’
Real———a ‘dTngRLk-Gmlk
1/
fa = Bom - 1k ke
7
fn = Bon o 1k L
1l

K o= G__?F___((l + 8 8)) 008 O + (qm - 8y) 8ln @ . ?
nD 0

D S -
H o= A ((Q+ 8 8) 8100+ (8, -8 ) cos & )
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pn = Kpp (Rgg - gn = 9p = )
Knewing Pp from load flow data, we then write the driving funct-
ioL as

Py = Fy &y P+ Fp b, (£ - 1) Py o=
w (P K P)a+ B _ (P)+ B (1) (8)

Frcm equation (23), it is desired to obtain w: Bno' and Bon by

the method of least squares. Since it is necessary to determine

(n + 2) unknowns, it is suggested that 2(n + 2) cases be considered
in order to avoid distorting the loss formula to fit a small num-
ber of cases exactly, In comparing equation (28) to equation (20)
let

y=F, -~ F A, P+ B R (S - £ Py (29)
a5 = W, By By, (30)
x; = By Ko Poy Ppy ) (31)

The solution of equation (23), according to the least-squares
nethod, may be efficiently accomplished by the use of an autom-
ali¢c digital computer. In order to caleulate a loss formula by
these methods, the computer flow design is shown in the figure.
Steps 1, 2, and 7 hgve been chabged. In steps 3 and 4 the values
of 8, Om, and'Vm correspond to the gverage of the on-pesk and
¢ffe peak data.
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Data
] H v 0
| Prj-on’ Bom-gn® 1ryr 1y Ym0 O

d(Onmﬂigwﬂpuk&a)
D on peak iy, - off peak ip *13-Gn

0 | .~off peak 1.

) Ry,
" ‘on peak i;-off peak iy *13-62

|

_ 1l

Kmn = v—m vn((l-c-amsn) cos omn +(sm-an)ain Omn
_ 1

H = g vn((l-a-ﬂman) sin omn +(sn—am) cos omn

&= (Ron_Gr~%=9708;

|

Hmn(fm'fn)

By multiple correlation through least squsres criterion
obtain w, B and Boo from solution of w’(P K_P)+

no' mnD "@mD " n

Bpo (Pp)+ Byo(1) = P-F & P, - F) 1:lnm('f:m"f"n)Pr.x

/
Bin=4nn * ¥ Kppfpn(fy-1y)

Computer flow disgram for general loss formula calculation,

15
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In this cass, the graphical solution of the coordination
equations used for simple power systems with reasonable number
of buses and generating thermal unitsj can take place to give
for the different generating units curves relate the power out-
put ageinst the incremental cost of received power,

These curves are to be obtained and plotted point by point.
This a curve for the total power output and the incremental cost
of received power can be obtaiped. The method of havinc curves
for the individual units is as followsi

Knowing (-%— - P) curve for thepgemrating units as shown
o]
in Pig. 1, and having the value of EPL

Where —%— is the incremental fuel rate in BTU/MWh

P 18 the output power in MW.
PL is the tranamission losses.

Then, at a certain value of power Pl ifs
oa = Pl in power units.

foPL
ab = 1 = ——— (32)
ac = ('%)Pl

and eb = 1

Therefore, referring to Fig. 1,5~ gbe & acd are similar

| ab__ _be
ac = cd ( dF
P
be C 1
cd = a = (33)
(1 - "OP_.L/'DP_.L)

A
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N = Incremental production cost of received power.

So, the borizontal distance (c¢d) in gg units will rapraaent?\.

Repeating the sasme procesd for different values of power and
plotting the results obtained we can have the power output

ggainst the incremental cost of received power.,

The inceemental tranamission losses can be determined
graphically for simple systems as given below:

3.1 Two bus bar system

For the two bus bar system shown in Fig. 2, the inceemental
tranamission losses can be expressed eilther as a function of
the B-constants or as a function of voltages and phase angles.
The expressions for sach case ures

P
(1) 7{?% a 2 Bll P& logpes are function of B constants.
/hPL
“ﬂ;'aBaa P, (34)
P e tan 01

L
(11) 3 = _K_I_EEE_%ZEIOEBGB are function of voltages and

phase angles.

& be = E ) tan" '512 (55)

]
where 012 = 01 - 02

K = constgnt = ratio between reactance and resistance
of the transmission lipe.

(a) First cases

For graphiocal determination of incremental transmission
loeses os it is expressed by equation 3, consider Fig. 3.
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S| |
lat Oll-tan 2311

-1
922 = tan l BZ.?.

Then, at a certain velue of power Pl

&bgplta'ngll:aBllPl:_’b_Pi_

The camplete process for economical load sharing calcula-
tions in this casé will be as shown 1n Flg. 4.
"OPL
s =1 -==p"

1
dpP
efg)\g -fbpl/fbpl)

(b) Second cases

If the losses are computed as a function of voltages and
phese angles then,

/'OPL 2 tan 012

=
’bpl K + tan 512

P
For graphical determination of ’_TP{— in this case consilder

Fig. 53
oa =1, bc = K, cd = 2
ac:tan012+1(

From the similarity of o~ abc & acd we haves

ab ., cd 2 tan @

be = =
ac K ¢+ tan 012

80, be will represent "oPI/ "bPl.
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The complete process for incremental production cost of
received power-output determination, this case 15 ghown in
Fig. 6.

mn will represent \corresponding to P, 8o, the curve ofA-+P)

c¢an be plotted, in a similar wayh—v—Pa 18 to be determined.
The sum of the 2 curves gives A - total power and by these curves,
we can obtain E% as a function of Pl and Pa.

3..2 Three bus bar system

For the 3-bus bar system shown in Fig. 7, the expreselions
for incremental tranamission losses arel

(1) As a function of B-constants

T’b N - 2Bll Pl + 2312 P2
f‘oPL
Y n = 2B,, P, + 2B;, P, (36)
(11) As a function of voltages and phase anglest
4K tan ®12
Sk . ' (37)
2

where K = congtant
=X,/ B,

BEquation (4) can be determined graphbically as follows:

Consider Flg. 8 then,
Q
tan —%?i-

2
be = K ac:Kq-tan-é—

and bd = ac & -L* to ac
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o D eabd and ace are similar. Then,

ce__:_tl(l;#.ﬂ‘}_

e
(K + tan _1_%_)2

4]
n 2

If ef = 4 K, ch =1
From the simllarity of » & efg and ech we have

¢
fg“ch,en:t‘“ 1(4K tan ?Zg
(K-bta.n—lg-)a

£229
So, fg repreaents,o—Fl—

The same procedure as in case of 2 bus bar system 1s to be
adopted for the determination of incrementel cost of received
power against output power ourve.

In a similar way N ~P, is determined., Then, P, —P, and

P. can be obtained.

4

A rapld, loglc and a new graphicel derivation of the coord-
ination equations applicable for power systems with certain
reasonable number of buses and generating thermal units, is
suggested to take place to yield for any number of generating
units curves relating the power output against the incremental
cost of received power. Thus, simply, acurve for the total power
output and the incrementel cost of received power can be deduced.

The incremental transmisslon logses which depends on the
incremental production cost of received power can be assigned
graphically for two casesi
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Firstly for two bus bar system as revealed by figures 3,4
and 5 if the incremental transmission losses can be expressed
either es a function of the B-constants or es a function of
voltages and phase angles. (A8 expressed mathematiocally by
equations 3 and 4).

Secondly for three busbar systems

Thie case is depicted in figures 7 and 8 and the 1ncremental
tranamigsion logses are expressed mathematically by equations
(5) and (6) a8 a function of the B-constants and voltage- snd
phase angles.

Thus, the incremental cost of received power againet output
power characterisgtic is derived.

In a similar way for the other units this relation is
plotted.
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