EDC3
1.0 Introduction

In the last set of notes (EDC2), we saw how

to use penalty factors in solving the EDC

problem with losses. In this set of notes, we

want to address two closely related issues.

. What are, exactly, penalty factors?

.How to obtain the penalty factors in
practice?

2.0 What are penalty factors?

Recall the definition:
1

{1_8PL(PGZ ..... PGm)} (1)
P,

In order to gain intuitive Insight into what Is

a penalty factor, let’s replace the numerator

and denominator of the partial derivative In

(1) with the approximation of AP, /APg;, SO:

L =




1

L =
{1— AP, } (2)
APGi
Multiplymg top and bottom by APg;, we get:
AP,
Li B [APGi _APL] (3)

What 1s APg;?

It is a small change In generation.

But that cannot be all, because If you make a
change in generation, then there must be a
change In iInjection at, at least, one other
bus. Let’s assume that a compensating
change Is equally distributed throughout all
other load buses. By doing so, we are
embracing the so-called “conforming load”
assumption, which indicates that all loads
change proportionally.

Therefore we have that APs=APp. But this
will also cause a change in losses of AP,
which will be offset by a compensating
change in generation at the swing bus by
AP,. Therefore we will have



APGi + APGl = APD + APL (4)

where we see generation changes are on the
left and load & loss changes are on the right.
Solving for APgi-AP_ (because it Is in the
denominator of (3)), we get

AP, — AP = AP, —AE,, (5)

Substituting (5) into (3), we obtain:
L __ ARy

T AP, AP, (6)
So from (6), we can see that the penalty
factor Indicates the amount of generation at
unit 1 necessary to supply a change in load
of APp. Clearly this is going to depend on

how the load is changed, which is why we
must have the conforming load assumption.

A simple example, similar to the one we
worked in class last time, will illustrate the
significance of (6). Consider Fig. 1.
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One observes that L,<1. This is because a
load change compensated by a gen change at
bus 2 decreases the losses as indicated by
the fact that the bus 1 generation decreased
by 0.2 MW.



On the other hand, Ls>1. This is because a
load change compensated by a gen change at
bus 3 increases the losses as indicated by the
fact that the bus 1 generation increases by
0.2. MW.

Why does the bus 2 generation reduce losses
whereas the bus 3 generation Increases
losses?

Answer: Because Increasing bus 2 tends to
reduce the line flow.

So we see that in general, generators on the
receiving end of flows will tend to have
lower penalty factors (below 1.0), and
generators on the sending end of flows will
tend to have higher penalty factors (above
1.0).



Because transmission systems are in fact
relatively efficient, with reasonably small
losses in the circuits, the amount of
generation necessary to supply a load
change tends to be very close to that load
change. Therefore penalty factors tend to be
relatively close to 1.0.

A list of typical penalty factors for the
power system in northern California is
illustrated In Fig. 2. The generators marked
to the right are units in the San Francisco
Bay Area, which is a relatively high import
area for the Northern California system.
Most of the penalty factors for these units
are below 1.0.
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HALTY FACTORS FOR BASE-CASE OENERATIOH AND LDAD LEVEL

1985 SPRINO PEMALTY FACTOR3 RANCHO 3ECT DOMH .

Is s GENERATOR AXIS HAME AXIS MW PENALTY FACTOR

i i HALIH 500. INWPUT FROM uuaruﬂss.. 2499, 9995 1.142489

2 2 HIDWAY 500. INPUT FROM 5. C. E. ~1199.9997 0.995580

3 k1 SIERRA PACIFIC INTERTIE ann STERRA 0. suen 1.164798

§ 4 SHASTA 230, SHT, KS u CARA, SP CK, TRH 739.99%3 i.117241

5 5 HUMBOLDT 115, HUM, P. P. 1-3, 30.0000 D.914949

i & ROUND MT. 230, PIT 3-7, BLACK - 629.999% 1.125858

7 7 COTTOMHD 230. PIT 1 . &0.0000 1.106293

3 2 CARIBOU 230, CARIBOU UNIT 4485, BELDEN 120. 0008 1.141188

9 9 MID/TID - IHTERCHANGE FR PARKER & HALHUT =16.4000 1.000940

ig 10 POE 230 PDE,CRESTA,BUCKSARDE CRE,BELDEM &74.9999 1.18511%7
11 11 RAHCHD SECO 230 6.1000 1.021453
12 12 TABLE MT 230 IHFUT FR STATE O/T AT TM 397.9999 1.094720
135 15 PALERMD 115 F STORN , EAF 89.0000 1,1315894

14 14 DRUM 115. BDRUM,DTCH FLT 132,CHICAGO PK 148.0000 163768

15 15 GOLD HILL 230, MID FK,FR MEADHS,RALSTOH 197 .0000 069882

14 1& CARIBOU 115. CARIBOU UNIT 1-3, BUTT VLY §5,0000 152115

17 17 FOLSOM 230. FOLSOM 1-3, HIMBUS 1238.0000 .043291

i3 18 COLGATE 230. COLOATE ﬁlllﬂﬂs 142 344.9999 1.1146326

19 19 TRACY P. 230. INPUT Fﬁ TRACY PUMP & CCID =75. 0000 0056758

20 20 HOKL. EQ 230. ELECTRA, SiLT. SPO. AND To 157.0000 LO45559

21 21 HRHRVILE 230, INTERCHANGE FROM CITY S.F, 23,9000 038416

22 22 HEHARK 115, INTERCHAMGE FROM CITY S.F. T2.7000 T —
23 z3 STANISLAS 115. STANISLAUS O 55.0000 088110

24 24 MELOHES :15. DONHELLS,BEARDSLEY, TULLOCH 76.0008 Q75023

23 25 COH., C5TA 230. CCPP 1-7 200.,0000 . 004337
26 24 PITTSBRO 230. PTSE PP 3-7 654.7870 0.954111 e
27 27 PITTSBRO 115. PYSB FP L 2 2 9.1000 0.981577 ~——
Z8 z8 naarnusz 115, AVON AND MARTINEZ 7.0000 0.960786 —
29 29 OLEUM 115, OLEUN 182 : 10.0000 0.968778

(1] 30 HHTRS, PT, 115,  HUNTEHS POINT PP 1-4 185.0000 0.949433 —_
i1 11 FOTRERD 115. Pnfktkﬁ PP 1-4 . 200.0000 . D.9ETAEE
32 iz MDSS LDO, 500.  HO055 LAMDING PP & & 7 £99.9999 1.00753%

33 i3 ¥DS5 LDO. 230, HO55 LANDIMO PP 1-5 2.100 1.004706

14 34 AMES I15. INTERCHANOE FROM AMES -80.0000 0.949340

15 35 SLAC 230, INTERCHANGE FROM SLAC =55.0000 0.979&84

34 14 HORRD BAY 230. MORROD BAY PP 1-4 §99.9999 1.015732

7 37 PIEDRA SH. 115. KIHO3 RIVER 48,0000 1.009973

38 i KERCKHOFF 115, KERCKHGFF GEM 123.0000 1.0856544

39 39 EXCHEQUER 115. EXCHEQUER BGEN . 70.0000 1.119342

50 11 40 BALCH EQ. 230. BALCH 2, HAAS & PIHE FLT g JZ#.Q!OD 1.065456

§1 L 41 HELMS PP 230KV g.1008 Q.985100

42 © 42 UARP=SHUD HYBRG 13!.!?99 1.042280

43 D 43 DAKLAHD STA C 113, STA C GAS TURE OEN 6.1000 2.965901 .oe
44 © 44 HEW MELONHES 230, llﬂﬂFEn) _ 200.0000 1.046535

45 45 DELTA P. 23 I CHANGE FR DELTA PUHF -57.0000 1.001290

46 N 44 DS AMIOS 230. turencunnae FR DS AMIGDS ~17.0000 1.004139

47 N 47 LS BANOS 230.INTERCHAHGE FR SAN LUIS GEH 0.1800 1.006157

[1.] [1.} GEYSERS 230 GEYSER UMITS DN 238KV 1089.9998 1.089819

49 a9 GEYSERS 115 GEYSER UNITS OH 115KV 145.0000 1.091903

50 50 DIABLO 500. DIABLO 182 999.9998 1.003612

s
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Fig. 2
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But why do we actually call them penalty

factors? Consider the criterion for optimality

In the EDC with losses:
iA=L oG, (Fsi)

Gi

Yi=1..m (7)



This says that all units (or all regulating
units) must be at a generation level such that
the product of their incremental cost and
their penalty factor must be equal to the
system incremental cost A.

Let’s do an experiment to see what this
means. Consider that we have three identical
units such that their incremental cost-rate
curves are Identical, given by
|C(PG):45+002PG

Now consider the three units are so located
such that unit 1 has penalty factor of 0.98,
unit 2 has penalty factor of 1.0, and unit 3
has penalty factor of 1.02, and the demand is
300 MW.

Without accounting for losses, this problem
would be very simple in that each unit
would carry 100 MW.

But with losses, the problem is as follows:

8



1=0.98(45+0.02Ps;)=44.1+0.196P¢,
=1 O(45+002PGZ):45+002P62
A=1.02(45+0.02P;3)=45.9+0.0204Pg3

Putting these three equations Into matrix
form results In:

(0.0196 O 0 -1|P,]| [-44.1]
0 002 0 -1|P,| | -45
0 0 00204 -1|P,| |-459
1 1 1 0] 4] | 300

éol\{ing In Matlab yield_s_:

P, ] [147.32
Ps, | | 99.37
P..| | 5331
A | |46.9875

One notes that the unit with the lower
penalty (unit 1) was “turned up” and the unit
with the higher penalty (unit 3) was “turned
down.” The reason for this is that unit 1 has
a better effect on losses.



3.0 Calculation of penalty factors

Consider a power system with total of n
buses of which bus 1 is the swing bus, buses
l...m are the PV buses, and buses m+1...n

are the PQ buses.

Consider that losses must be equal to the
difference  between the total system
generation and the total system demand:

R = PG - (8)

Recall the definition for bus iInjections,
which is

R =P —Po (9)
Now sum the injections over all buses to get:

Zn:Pu :Zn:(PGi - PDi)

:ZPGi _ZPDi = PG — PD (10)
i=1 i=1

10



Therefore,
n
P=>P
Z;‘ | (11)
which is eq. (11.46) in the text.
Now differentiate with respect to a particular
bus angle 6, (where k Is any bus number

except 1) to obtain:

o, R P, P, oP..
= + ...t +...+ .
06, 06, 06, 06, 06, 00,

(12)
Assumption to the above: All voltages are
fixed at 1.0 (this relieves us from accounting
for the wvariation In power with angle
through the voltage magnitude term).

Now let’s assume that we have an
expression for losses P, as a function of
generation Pgy, Pgs,...,Pcm, I.€.,

PL:PL(PGZ; Peg,...,PGm) (13)
Then we can use the chain rule of
differentiation to express that

11



P _OP(Po) P, OR(Pg) R,

k=2,..n
00, oP,, 06, oP,, 06,

(14)
Subtracting eq. (12) from eqg. (14), we
obtain, for k=2.....n:
oP.  oP, 0P, oP. OP. ., oP,

= + ot + +..+

00, 86, 06, 86, o6, 00,
LR _ [oR(Pe) P, 0P (P) 0P,
06, oP,, 06, 0P, 06,

o P P[RR, | P, OP(Pc)
00, 00,

oPs, 00, oPs.,
aPm+1 aPn
+ +...+
06, 06,

Now bring the first term to the left-hand-
side, for k=2,....n
Writing the above

12



_ OB _ P, (1_ aPL<EG)j+W+aPm (1_ amea]

06, 06, oP,, o0, oP,,.
aPm+1 al:)n
-+ +...+
00, o0,

The above equation, when written for
k=2,...,n, can be expressed in matrix form

as

PR
TP, oP. o] e "oP,
@ A AN @
R —ipem ary
20, 20, 20, : 20,

1
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