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:

L = =

| {1_8&(%2 ..... Pem)} (1)
oP;,

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;j, SO:
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L =
{1_ AP, } (2)
AP,
Multiplying top and bottom by APg;, we get:
AP,
Li - [APGi _APL] (3)

What is APgi? It 1s 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 injection at, at least, one
other bus. Let’s assume that a compensating
change is distributed throughout all other
load buses according to a fixed percentage
for each bus. By doing so, we are embracing
the so-called “conforming load” assumption,
which indicates that all loads change
proportionally.

Therefore APg=APp. But this will also
cause a change in losses of AP., which will
be offset by a compensating change in swing
bus generation APg;. SO,



APGi + APGl = APD + API_ (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:
AP,
T AP, — AP, (6a)
Recognize that APg; In (6a) reflects the
losses, we have

AFs;

T AP, — AP, (6b)
So from (6b), we extract the following
Interpretation of the penalty factor: It is the
amount of generation at unit I necessary to
supply APp, as a percentage of APp-AP,.
This depends on how the load Is changed
(which is why we use the conforming load
assumption). If the change increases losses
(AP >0), then L;>1. If the change decreases
losses(AP_<0), then Li<1.
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An example will illustrate the significance
of (6a) & (6b). Consider Fig. 1. Observe that
the flows given on the circuits are into bus 2
(the flows along the line out of buses 1 and
3, respectively, are higher).
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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 1s 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 line flows, whereas increasing bus 3
tends to increase line flows.

So we see that in general, generators on
the receiving end of flows will tend to have
lower penalty factors (below 1.0); generators
on the sending end of flows will tend to
have higher penalty factors (above 1.0).
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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. 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. Units having penalty factors>1.1 are
mainly units close to the Oregon border (a
long way from the SF load center), such that
they tend to add to the north-to-south flow
that results from the northwest hydro being
sold into the California load centers.
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HALTY FACTORS FOR BASE-CASE OENERATION AHD LOAD LEVEL

1985 SPRENO PEMALTY FACTOR3 RAHCHD 3ECT DOHH .

Is pUs BGEMERATOR AXIS HAME AXIS MW PENALTY FACTOR

i i HlLIH 5@0. INFUT FROM HDRTHHESI. Z499.9995 1.14Z389

2 e DHAY 500 INPUT FROM S « E. =1199.9997 0.9955840

3 3 SIERRA PACIFIC INTERTIE FREH STERRA 0.8000 1.164798

4 4 SHASTA 230. SHT, KSH. CARR. SP CK, TRM 739.999%93 1.117241

5 5 HUMBOLDT 115 HUM. P. P. 1-3, 3n.oco0 D.9146949

[ & ROUND MT. 250. PIT 3-7, IlﬁCK : 629.9999%9 1.125350

7 7 COTTOHHD 230. PIT 1 40.0000 1.104293

] 3 CARIBOU 230, CARIBOU UMIT 445, BELDEM 120.0000 1.141188

9 9 MIDATID - IMTERCHANGE FR PARKER & HALHUT ~36.4000 1.000940

] 10 POE 2301 PDE,CRESTA,BUCKSAROK CRK,BELDEM 474,9999 1.185117
i1 11 RAHCHD SECD 230 g.1000 1.021453
12 12 TABLE MT 230. IHPUT FR STATE O/T AT TH 397.9999 1.094720
13 13 FALERMD 115, FORBSTORN , HWOODLEAF 0000 1.151894

14 14 115. RUHM,DTCH FLT 132,CHICAGD PK 148.0000 163768

15 15 OLD HILL MID FK,FR MEADHS,RALSTOM 197.0000 069582

1é 16 CARID . UNIT 1-3, LY 65,0000 .1521158

17 17 FOLSOM 230. FOLSOM 1-3 ] 128.0000 043291

13 18 COLOGATE 230, COLOATE ﬁllkﬂ“ﬂ 182 344.9999 1.114328

19 19 TRACY P. 230. IHPUT Fﬁ TRACY PUMP & CCID =75.0000 003675

20 20 HOKL. EQ 230. ELECTRA, SLT. SPD. AND TO 157 .0000 LA45539

Z1 21 HRHRVILE 230. INTERCHANGE FROM CITY S.F. 23.9000 038416

22 22 HEHARK 115, TIHTERCHAMGE FROM CITY S.F. 72,7000 8.977999 . —
25 23 STANISLAS 115, STANISLAUS O 55.0000 088110

24 24 MELOHES 115, DOMHELLS lEanStEY;T"LlGCH T6.0008 075023

25 25 COH, CSTA 230. CCPP 200,0000 . . B06 337

26 26 PITTSBRO 230. PT5B PP 3=-7 654.7870 0.984111 -—
27 27 PITTSBRO 115, PYSB PP 1 3 2 0.1000 0.981577 ~——
28 28 MARTIMEZ 115, M‘DH .!NII MARTINEZ 7.0000 0.960786 —_
29 29 OLEUM 115. OLEUN 1 . 10.0000 0.968773

30 30 HNTRS, PT, 115, HUHI!RS POINT PP 1-4 185.0000 0.949433 —_
51 i1 FOTRERD 115. Pﬁfﬂ P 1-6 . 200.0000 - D.OGTAEE
32 32 HOSS Lba. 500. HﬂSS ll"hl“ﬂ PPERT £99.9999 1.007338

13 i3 MOSS LDO. 230, HOSS LANDING PP 1-5 0.100 1.004706

34 34 AMES 115. INTERCHANDE FROM AMES -8§6,0000 8.969340

35 35 SLAC 230, INTERBHHHGE FBDH smnc ~55.0000 0.979586

34 36 HORRD BAY 230, MORRD PP 1-4 499.9999 1.015732

57 57 PIEDRA SH. 115. KIHCS RI?ER 40,0000 1.009973

is is KERCKHOFF 115, KERCKHOFF GEM E23.0000 1.0856544

39 39 EXCHEQUER 115. EXCHEQUER OEN - 70.0000 1.1193542

§0 11 40 BALCH EQ. 230. BALCH Z, HAAS & PIHE FLT . 324.9999 1.065456

41 b 41 HELMS FP Z3JOKV g.1008 0.988100

42 ¢ 52 UARP-SHUD HYBRH 439.9999 1.042280

43 \b 43 OAKLAHD STA C 115, STA C GAS TURE OEM 0.1000 9.96690]1 v
44 ¢ 44 HEH MELOWES 230. (LDOPED) 200.0000 1.D46535

45 45 DELTA F. 230. IHTERCHANGE FR DELTA PUMP ' ~57.0000 1.001290

44 Y 43 DS AMIOS 230.IHTERCHANGE FR DS AMIGDS P. =17.0000 1.005139

57 M 47 LS BANDS ZSO.IHTER HAHGE FR Slﬂ lUIS GEM 0.1800 1.006157

48 48 GEYSERS 230. GEYSER UNITS D 1069.9998 1.08%819

49 49 GEYSERS 115, GE'rsEn. UNITS uu usuw 145,0000 1.091903

50 E& 50 DIABLO 500. DIABLO 142 999.9993 1.003512

1 Hota: A gensration lavel of 0, 1MW
isiequlvnlent to the unit(s)-
be shut down. -
e n Y .

Fig. 2

But why do we actually call them penalty
factors? Consider the criterion for optimality

In the EDC with losses:

_, Gi(Ra) -
A=L Y Vi=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(P(3):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:
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1=0.98(45+0.02P;;)=44.1+0.196P¢,
A=1 0(45+002PGZ):45+002 PGZ
\=1.02(45+0.02P3)=45.9+0.0204P;

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 0024 -1|P,| |-459
1 1 1 oAl | 300

éol\_/ing In Matlab yieldé:

P. 1 [147.32]
P, | | 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 Penalty factor calculation

There are several methods for penalty factor
calculation. We will review several of them
In this section.

This method Is described in [1]. Consider a
power system with total of n buses of which
bus 1 is the swing bus, buses 1...m are the
PV Dbuses, 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:

PL — PG — PD (8)

Recall the definition for bus injections,
which is

R =Fsi —Po (9)

Now sum the injections over all buses to get:

10



Pu — (PGi - PDl)
i=1 i=1
=Y P> Py=P—P, (10)
=1 =1
Therefore,
n
P=%P
L ; | (11)

Now differentiate with respect to a particular
bus angle 6, (where k is any bus number
except 1) to obtain:

AL WL Ly B, E RV k=2...n(12)
00, 06, 00, 06, a6, 00,

Assumption to the above: All voltages are
fixed at 1.0; this relieves us from accounting
for variation in power with angle through
the voltage magnitude term. Otherwise, each

term in (12) would appear as
oP, , P OV
86, oV 06,
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Now let’s assume that we have an
expression for losses P, as a function of
generation Pgy, Pga,...,Pgm, I.€.,

P.=P.(Ps2, Ps3, ....Pcm) (13)
Then we can use the chain rule of
differentiation to express that

oP. P (P.) &P, oP_(Pg) 0P,

20, = 5|§ez )8¢9k +...+ aF()Gm )f%’k k=2,., n(14)
In (14), we assume that at generator buses,
loads are constant, and oPi/00;=0P;/00;.
Subtracting (14) from (12), we obtain, for
k=2,....n:

P, OP, Py P +6Pn}

<« oPL from (12)

2.+

06, 06, " o8, o6, 26, [ 6,

[P OFp | OPLRG) Py (L OPL gy (14)
P, 06, oP.. 06, ) a6,

o P, P, (1_ aPL(EG)}_“ , %Pn (1_ 6PL(EG)J

" 06, 06, P 86, OPg,
OP. .1 oP,
+— D+
06, 06,

Now bring the first term to the left-hand-
side, for k=2,...,n
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Writing the above
OB P, (1_ aPL(EG)}Ler oP, [1_ 8PL(EG)j

o6, 06, oP,, o0, P,
al:)m+1 al:)n
+——=4...+
o0, o6,

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

L R(Py)]
P, oP, op ] e P, ]
0 o0 7w, we| o
R | R A RE
26, 26, 26, . 20,
1

The matrix on the left-hand side iIs the
transpose of the upper left-hand submatrix
of the power flow Jacobian (we called it
J7), and so codes are readily available to
compute it. The elements of the right-hand-
side vector may be found by differentiating

the real power equation for bus 1, which is:
P = iM‘M (Gyi cos(6, - 6;) + By; sin(6, - 6,)) (16)

with respect to each angle, resulting in
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op, -
8_9]_- =| Vl " Vi | [Gli Sln(é’l - (9i )_ B]_i COS(Hl - gi )]
|

The solution vector contains the inverse of
the penalty factors in the first m-1 terms.

4.0 Using loss formula
The method of loss formula results in an
approximate expression given by

PL =PGBPG +Bg Pg + Bog (17)
where Pg Is the vector of generation
Pe1
P =|
- 18
I:)Gm ( )

Development of the coefficient matrices in (17)
has been done in several ways. The first edition of
the W&W text (1986) presented a method
developed by Meyer [2] in Appendix B of chapter
4; 1t was removed from the second edition.

| developed another method based on the work of
Kron, which is partially articulated in the book by
El-Harawry and Christenson, and attached to the
end of these notes.
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Some important similarities in the methods:
1. Both are dependent on the following
assumptions:
e Each bus can be clearly distinguished as
either a load bus or a generation bus.
e Reactive generation varies linearly with
generation, 1.e., Qu=Qgo+fkPgyk.
2. Both end up with expressions for P, of
the same form.
3. Both expressions for P, are dependent on
the elements of the Z,,; matrix.
But there is one major difference between
the formulations 1n that Kron’s approach
makes no assumption regarding conforming
loads. However, the method of W&W
(Meyers) does, i.e., in Meyer’s approach, all
loads must increase or decrease uniformly.

We assume that we have the so-called B-
coefficients in the example which follows.
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[1] A. Bergen and V. Vittal, “Power System Analysis,” Prentice-Hall, 2000.
[2] W. Meyer, “Efficient computer solution for Kron and Kron-Early Loss
Formulas,” Proc of the 1973 PICA conference, IEEE 73 CHO 740-1, PWR,
pp. 428-432.
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