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Z-Bus Loss Allocation

Antonio J. ConejpSenior Member, IEEH-rancisco D. Galiand-ellow, IEEE and Ivana Kockar

Abstract—This paper presents a new procedure for allocating loss formula, and incremental bilateral contract path. A brief
transmission losses to generators and loads in the context of poolsdescription of each category follows.
operated under a single marginal price derived from a merit-order Pro rata techniques are one of the most common. The loss

approach. The procedure is based on the networkZ-bus matrix, ts allocated based the b ti load
although all required computations exploit the sparseY -bus ma- components allocated are based on the bus generation or loa

trix. One innovative feature and advantage of this method is that, active power levels, but not on their relative location within the
unlike other proposed approaches, it exploits the full set of net- network. As a result, remotely located generators or demands
work equations and does not require any simplifying assumptions. penefit at the expense of all others. Examples of electricity mar-
The _method is based on a solved Io_ad flow and is easﬂy_understood kets that use this power-basptb rata loss allocation method
and implemented. The loss allocation process emphasizes current . . .

rather than power injections, an approach that is intuitively rea- can be found "_1 mainland SPa'” [1] and Englan(_j and Wales [2].
sonable and leads to a natural separation of system losses among LOss allocation based on incremental transmission loss (ITL)
the network buses. Results illustrate the consistency of the new al- coefficients [3] offer the following characteristics: i) ITLs

location process with expected results and with the performance of can be positive or negative, the latter being interpreted as a

other methods. cross-subsidy. ii) The allocation depends on the choice of
Index Terms—Ancillary service, impedance and admittance ma- the slack generator. iii) Direct application of the coefficients
trix, transmission loss allocation. typically results in over-recovery of losses.

The proportional sharing technique [4], [5] provides a compu-
tationally efficient procedure for loss allocation. However, only
the first Kirchhoff law is enforced and an additional assumption
T HE PURPOSE of loss allocation in the context of pool diss required, namely the proportional sharing principle, which as-

patch is to assign to each individual generation and loafimes that the inflows are proportionally shared among the out-
the responsibility of paying for part of the system transmissigyws at each network node. Furthermore, the losses allocated to
losses. This step is necessary whenever, for reasons of compe-generating buses relative to the demand buses must be spec-
tational simplicity, the generation dispatch and its clearing prigge arbitrarily (typically 50%).
are calculated through a merit order approach that initially ne-| the context of bilateral contracts, a number of loss allo-
glects transmission losses [1], [2]. However, as power networkstion methods have also been put forward. The notion of lo-
are inevitably lossy, units supplying the required system loggjized response and second order loss approximations is pro-
must be compensated for this service, typically at the systejsed in [6]. In this case, as indicated by the authors, approxima-
marginal price. The loss allocation process then determines hgyys are poor if the electrical distance between contract partici-
this additional expense should be distributed among all genefants is small. Quadratic loss approximation formulae are used
tors and loads in an equitable manner. in the coordinated multilateral trade model [7] and in [8], the

As system losses can typically represent from five to ten pekter expressing the loss formula in terms of the transactions
cent of the total generation, a quantity worth millions of dollargyther than injections. The method assumes a single slack bus
per year, their “fair” allocation among loads and generators hggm which the losses are calculated and distributed among the
an important impact on their benefits. This is so since the ex§@nsactions. In [9], line power flows are first unbundled into
cost of the allocated loss component must be subtracted frgmam of components, each corresponding to a bilateral trans-
the revenue of the generators and added to the load paymendgtion. The scheme then proposes ways in which the coupling

A number of loss allocation methods have been recently pigyms among the components appearing in the line losses can
posed in the literature. These fall into the following categoriegg gjlocated to individual bilateral transactions. Finally, in [10]
pro rata, incremental transmission loss, proportional sharing, process is used whereby individual bilateral transactions are

gradually incremented along a given path of variation. Each bi-
lateral transaction may elect to have its losses supplied by a sep-
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which makes it impossible to divide the system losses into the= G + j B, typically large, sparse and nonsingul&uppose
sum of terms, each one uniquely attributable to a generationtbat a solved power flow exists, defining, among other quan-
load. Thus, the issue of fairness will probably never be fully réiies, the vector of complex bus current injectiofisand the
solved by any loss allocation method. vector of complex bus voltageg,. The system real losses can
Nevertheless, it is possible to identify a number of charactdye expressed either in terms Bfand V' or throughZ and 7,
istics in a loss allocation scheme that are, arguably, reasonaileereZ = Y ! = R + j X is theZ-bus or impedance matrix.
and necessary for the scheme to be equitable or, at least, Starting with,
knowledged as equitable. These characteristics are also useful

in the comparison of the various approaches proposed in the lit- P, = R Z Vil 2)
erature. In general, the loss components allocated among the bus —
generations and loads should: B _
a) Reflect the magnitude of the power or current injectiori8€ System losses can be expressed, either thribugs)
at each bus. n n
b) Reflect the relative position of the bus in the network. P,.. =% Z Vi Z Y vr 3)
c) Reflect both the network topology and the voltage-current ot =

relationships.
d) Be simple to understand and implement. or, throughZ as,
e) Provide effective incentives or disincentives to generators . .
and loads with respect to their relative network locations _ * T
and magnitudes. Progs =R kz_l I Z:l Ziily | ¢ - “)
f) Be consistent with a solved load flow. B =
In this paper, a new method for allocating transmission lossesAs it turns out, of the two, theZ matrix formulation is the
among loads and generators, caliethus loss allocatiopis pre-  only one that yields loss allocation numbers that are “reason-
sented. This method meets all the points suggested above, walée,” that is, meeting the six characteristics suggested in the
introducing three additional characteristics: i) Currents rathéitroduction. This is due to the fact that the losses are directly
than powers are emphasized in the allocation process. This pé@iated to the currents, which are the independent variables in
reflects the fact that currents are the dominant factor in the deté4).
mination of transmission losses. i) A natural mathematical sep-The basic idea behind th&-bus approach is to separate the
aration of the system losses among the various network busdess formula (4) into two main summations, one due to the resis-
identified and exploited. iii) Generators or loads distant from tif@nce matrix /Z, and the other to the reactance matfix, Then,
“center of gravity” tend to be allocated proportionately higher

losses. P, =% Z I Z RijL;
k= j=1
Il. Z-BUS LOSSALLOCATION METHOD ' ’

The goal of theZ-bus loss allocatiormethod, as in other =
approaches, is to take a solved power flow and systematically +R Z Ty Z 3 Xk 1 ()

. . . . k=1 j=1
distribute the system transmission lossBs,, among then
network buses according to, In Appendix A, it is shown that the second term in (5) is equal

n to zero, so that the system losses can be expressed uniquely
P, = Z L. (1) interms of the complex currents and the resistance matrix,
k=1 Thus,

The loss component,, in (1) is the fraction of the system " "
losses allocated to the net real power injection a#hshis step Pross = R Z Ir Z Ry;1; ] (6)
therefore assigns to each individual bksthe responsibility of Pt —
paying for L, at the market marginal price,. The extra cost
due to loss allocation must then be subtracted from the revenué\ natural separation of the system losses among the network
of the generators and added to the load payments so that thees now presents itself. To recast this in matrix form, consider
pool remains revenue-neutral. In general, if a given bims the vector of real power injections expressed as,
both generationf;., and demandf’;, the allocated loss com-
ponent,L;, can be further divided among the two ifpeo rata
manner. For example, iy, = (Pyr/(Pyr — Faxr)), generatok
collects a revenue from the pool equalN@P,;, — 4L ) while
loadk pays to the pool an amount equal@Fux +(1—yi )Ly ).
If the bus has neither load nor generation then the loss allocation L = R{diag (I*)RI} (8)

must be zero. L _ _ _
T lculate the termé. according to thez-bus loss allo- The requirement of th& -bus loss allocation method thetbe nonsingular
0 calcula k Ing u is met in AC networks since transmission lines always have a shunt capacitance

cation method, first consider the network admittance matriw, ground.

P = R{diag (I*)RI} + R {j diag (I")XI}.  (7)

Thus, the net real power injections are separable into two
components, the loss componertswhere,
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and the demand components, TABLE |
COMPARISON OFRESULTS OFFIVE LOSSALLOCATION METHODS FOR THE
D=%R {1d1ag (I*)XI} (9) BAsic 14-Bus NETWORK
By comparing (6) and (8), it follows immediately that the sum Active |Active| Bus |Distribution of active power losses
over all buses of the Io_ss terntsy, is equal to the system losses. bus | power| losd |current Plon-gﬁ !::;N:G. #?glhwwm
Moreover, as shown in Appendix A, the sum of the network Pro-rata
terms,Dy, is equal to zero. Thus, the system lossesatarally num. | gen. | dem. | Inject. |5 e PS | mL
separatednto the ;. terms defined by (8). Note that although Po | Pd | IW P !
the D;, components add up to zero, in typical networks, their (MW) | (MW) | (A) [(8/h)|($/h)|($/h) (8/h) ($/h)
magnitude relative to the loss terms is always dominant at eact _1_|2327| 0.0 | 1598 | 382 | 323 | 276 | 324 | 307
individual bus, in other words, 2 | 400|217 | 188 8 25 | 32 | 15 | 48
3 | 00 j942| 6768 | 139 | 131 | 116 [ 144 | 148
| Dl > | L. (10) 4 | 00 {478 | 339 | 42 } 68 | S8 | 63 | 63
This empirical inequality ensures that, at every bus, the frac- 5100 [768) % 4 1 9 8 9
tion of net power injected allocated to transmission lossesisrel- _& | 00 [112] 288 | 24 | 16 | &1 | 12 | 16
atively small compared to the power delivered to the loads. From _7 j 00 [ 00 | 0 0 0 0 0 o
equation (8) it follows that the loss component associated with 8 | 00 | 01 | 180 | 1 0 |33} o0 0
busk can be expressed as, 9 | 00 {205 239 | 26 | 41 | 41 | 39 | 34
10 | 00 [ 90| 78 9 [ 12|13 | 14 ] 10
n
. 1|00 |35 27 3 5 5 5 4
Li=R 4 i z_:l Rl f o (1) 12|00 |61| 43 | 6 | 8 | 7 | 8| 9
"~ 13 ] 00 (135 102 | 13 | 19 | 17 | 18 | 16
As can be seen from (11), the loss componénit, encom- 141 00 |149| 112 [ 22 | 21 | 19 | 28 | 18
passes: terms representing the coupling actions between cur- e T%727 [ 250.1 e 878 | 678 | 678 | 678 | 678

rent injections at alh buses with the current injection at bls

One characteristic of this natural separation of the system losses

is that the loss terms depend primarily on the complex bus cur- _ _ .

rent injectiong This dependence of the loss terms on currents COMparison of the-bus loss allocation algorithm was made

rather than power injections is intuitively reasonable. against twepro ratamethods, one based on active power and the
It must be emphasized that no special assumptions or %;er on current magnltud_e injections. As wgll, gproportlonal

proximations have been necessary in deriving the loss allocatRi1ing method [4] and anincremental transmission loss scheme

terms, L. This natural separation of the system losses is badad [10] were tested.

solely on a solved load flow and the exact network equations as' "€ evaluation of each method can be based on the values of

characterized by the impedance matrix. the allocated components measured in MW, in per unit, as a per-
centage of the system losses, or in dollars per hour. The dollar
ll. USE OF SPARSE ADMITTANCE MATRIX IN LOSS per hour evaluation was selected in this paper, as it most emphat-
ALLOCATION PROCESS ically describes the monetary impact of loss allocation and the
significant differences among the various buses and methods.
To avoid explicitly calculating the nonsparse matfx all  Taples |11l compare the loss allocation components per bus

operations in (8) should be based on solutions involving thgy different methods. The results assume a system marginal
sparse admittance matrix;. Thus, to find the vector of l0ss price of $50/MWh. Columns 5 through 9 represent the cost of
components, first one solves two sets of algebraic equationgse allocated bus losses for the five different allocation methods
YH(R{I}) andY (S {I}). The termR[ in (8)is then found tested. These are respectivel§zbus, pro rata based on active
by combining these two solutions, power injections P), pro rata based on current magnitude in-
jections (), proportional sharing (PS), and incremental trans-
mission loss method (ITL).
In Table I, generator 1 with about 85% of the total generation,
IV. CASE STUDY alyva}ys gets a]located the highest cost accord_ing to all methods.
Similarly, all five methods allocate the next highest cost to the
The Z-bus loss allocation method has been tested on a gdd at bus 3 comprising 36% of the system load. Fhbus
of networks of varying sizes and types, and compared to sof@thod allocates $139/h or 21% of the losses to load 3. The
Of the alternative algorithms described in the Iiterature. In thf‘émajn'ng buses receive Varying a”ocations depending on the

paper two case studies are summarized, namely the IEEE 14-Ri¢§hod, with some differences being relatively significant.

in Appendix B.

RI=R{YL RN} +R YLGSUPY. 12

current injections than other methods. Thus, the allocation to

2The loss allocation terms are invariant with respect to the current referef@gnerator 1 is the highest for tiebus methOd_ ($382/h 0'; 56%
angle since (11) is defined by terms with productd @fnd . of the total cost of losses). Generator 2 receives a relatively low
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TABLE I TABLE Il
COMPARISON OFRESULTS OFFIVE LOSSALLOCATION METHODS FOR THE COMPARISON OFRESULTS OFFIVE LOSSALLOCATION METHODS FOR
MODIFIED 14-Bus NETWORK THE 118-Bus NETWORK; ONLY BUSESWITH AN ABSOLUTE LOSS
ALLOCATION PAYMENT ABOVE $80/h,As CALCULATED BY THE Z-Bus
Active|Active| Bus |Distribution of active power losses METHOD, ARE SHOWN.
Ploss=6.2 MW ; A=50 $/MWh ;
bus | power| load |current Costies,=308 $/h Active|Active| Bus | Distribution of active power losses
num.| gen. | dem. | inject. |, Pro-rata ps | m Ploss=132.7 MW ; A=50 $/MWh ;
Pg Pd 1l P I bus|power| load [current Costios,=6635 $/h
MW) [ (MW) | (A) [($/h)[(S/h)[($/h)|(S/h)|($/h) num gen. | dem. | inject. | 5, | PrOTR | oo
1 125.3 | 0.0 857 | 116 | 80 72 | 111 90 P9 Pd Al P !
2 | 400 | 21.7 | 136 4 12 | 11 11 26 (MW) | (MW)| (A) | (8/h) [($/h)|(8/h)[($/h)|($/h)
3 00 | 942 | 677 | 124 | 60 57 92 79 1 0 51 447 843 | 45.8 | 498 | 56.4 | 65.0
4 00 | 478 | 335 13 a1 28 17 o5 10 | 450 0 3126 | 211.0 | 401.4 | 349.0 | 406.1 | 294.6
5 0.0 76 54 1 5 5 4 4 5] 0 90 679 | 134.0 | 80.3 { 75.6 | 776 | 1128
6 00 | 112 | 293 23 7 25 10 18| 0O 60 447 849 | 53.7 | 49.8 | 45.1 | 723
7 00 | 00 0 0 0 0 0 25 | 220 0 1903 | 205.0 | 196.4 | 213.0 | 284.0 | 164.5
s | 10001 01 703 9 64 59 32 a4 26 | 314 0 2428 | 144.6 | 280.0f 271.4 | 284.6 | 209.7
9 00 | 295 | 237 3 19 20 0 7 271 0 7 536 909 | 683.7 | 59.7 | 829 | 74.3
10 0.0 9.0 75 3 6 6 3 32| 0 59 533 823 | 524 | 59.7 | 83.6 | 63.7
1 0.0 35 27 1 5 2 40 0 66 497 | 1645 | 59.1 | 55.7 { 82.3 | 120.1
12 0.0 6.1 43 5 4 4 6 5 41 0 37 287 89.6 | 332 | 31.8 § 63.0 | 70.3
13 00 | 135 | 102 1 9 16 8 42| 0 96 719 | 2236 | 856 | 80.3 | 165.9 | 171.2
14 00 | 149 | 111 15 10 9 3 5 461 0 53 427 80.3 | 47.1 | 47.8 | 80.9 | 66.4
sum | 265.3 | 250.1 N 308 | 308 | 308 | 308 | 308 54| 48 | 113 | 537 | 1075 | 57.7 | 59.7 | 77.0 | 1241

85§ 0 | 63 | 497 | 106.8 | 56.4 | 56.7 | 61.0 | 80.9
56| 0 | 84 | 656 | 138.7 | 75.0 | 73.6 | 98.9 | 106.8
allocation with theZ-bus method since the net injected cur- 65| 3901 | o | 3388 | 201.3 [340.0| 378.2 | 220.6 | 252.1
rent is low. However, the current magnitude injections atthe bus g | 392 | 39 | 2729 | 356.3 | 315.2| 305.2 | 435.3 | 281.3
cannot by themselves fully explain the allocated losses withthe “gg 8124 | 0 | 3847 | 631.7 | 458.5 | 407.4 | 478.4 | 316.5
Z-bus method. As equation (8) indicates, the loss allocated also
depends on coupling terms due to injections at all other buses
and the corresponding transfer resistances.

Table Il describes the results obtained when a new gener-
ator is added to bus 8 of the 14-bus network with an output of 89607 | O | 4377 |1967.2|5421| 489.0 | 587.9 [1184.3
100 MW. The loads and network parameters for this case remain 9 _ 168 | 1206 | -324.5 | 1453 | 134.7 | 114.8 | -70.3
the same as in Table I. The goal here is to examine a case wher $0| 0 | 163 | 1206 | -324.5 | 146.3 | 134.7 | 114.8 | -70.3
generation and load are more evenly distributed throughoutthe 92| 0 | 65 | 502 [-126.1| 57.7 | 56.4 | 34.5 | -35.8
network. As Table Il shows, the most notable change is that the 100| 252 | 37 | 1636 | 179.8 | 191.8| 183.1 | 222.9 | 1845
system losses have decreased by more than 50%. The lossa 107f o | 50 | 381 | 889 | 445 | 425 | 823 | 67.7
location percentages have also changed significantly. For ex- 112] ¢ 68 | 548 | 1725 | 60.4 | 61.0 | 106.2 | 128.7
ample, generator 1 that is now producing 47% of the total gen-
eration is allocated $116/h or 38% of the total cost of losses. On

the other hand, load 3 which still constitutes 36% of the totabmparing bus 8 in Tables | and II, we see that the loss alloca-
load is now allocated $124/h or 40% of the system losses. Ofyn changes from $1 to 9/h. This change from positive to nega-
rough explanation for this behavior is that load 3 is now not gge |oss allocation is due to two reasons. One is that the system
close to the “center of gravity” of the generation as it was in thgsses have sharply dropped from 13.5 MW to 6.2 MW, a re-
case of Table I. sult directly attributed to the relocation of part of the generation
Table 1ll shows some selected results for the 118-bus ngipm pus 1 (the slack) to bus 8. The second reason is that the
work. Where theZ-bus method differs significantly from otherye|ocation of generation produces a more even distribution of
methods (for example, buses 10, 69 and 89), a reasonable gneration and load. Negative allocation provides monetary in-
planation is that our method is more sensitive to network locgantives to those generators “well” positioned in the network.

tion, particularly at those buses whose current injections haxgernatively, generators or loads “poorly” positioned receive
a strong impact on network losses. Full results for the entiggoportionately higher loss allocations.

118-bus network are given in [12].

One characteristic of th8-bus method, also present in the in-
cremental transmission loss algorithm, is the possibility of neg-
ative loss allocations, as seen in Tables Il and Ill. For example,

7| 0 68 573 96.2 | 604 | 644 | 929 | 61.7
80 | 477 | 130 | 2787 | 380.8 |309.9| 311.2 | 170.5 | 364.9
88| O 48 360 |(-118.8| 43.1 | 405 | 166 | -37.2
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V. CONCLUSION
- . . O @ ©@* @
A new transmission loss allocation method for use in the con A

text of merit-order pool dispatch is proposed and tested. It i
based on a solved power flow and has the following principa

characteristics: 2328 7 +j12, 94.2 +j19

* Itis based on the exact network equations as defined by tk
complex impedance matrix and the complex nodal injec-
tions. All calculations are based on the sparse admittanc @

matrix.

» The system losses are shown to be separable among t + b ;'—
individual buses in a natural manner.

» No special approximations are required. 76+j1.8 47.8+j3.9

* In allocating losses, the method emphasizes the interac
tions among complex current injections as opposed t

power flows.
* It is extremely simple to formulate and implement @ GDJ_ @
numerically. +

* In a similar way to incremental loss allocation methods,
the Z-bus algorithm can yield negative allocations to re- 11-2+i7.5
ward generators or loads that are strategically well posi
tioned in the network.

Simulation studies show that th&-bus method yields allo- @
cation levels generally consistent with expectations and with al
ternative loss allocation methods. The method proposed in th

paper does however yield results that at some buses may diff
significantly from other methods. We, however, re-emphasizt 3.5+j1.8 6.1+j1.6 13.5+j5.8
that no loss allocation scheme can be deemed exact, includir _
the Z-bus method. Any scheme can only be judged on the basis

of “reasonable” criteria such as the ones suggested in this paﬁ?g.;;e
In the final analysis, the acceptance of a loss allocation approach
will depend on its perceived fairness by all pool participants.

Ty
29.5+j16.6

9+5.8

14.9+)5

One-line of the 14-bus network. Power demand and generation at every
given in MW.

TABLE IV
LINE DATA FOR THE 14-Bus NETWORK USED IN THE CASE STUDIES
line |from| to r X b
number| bus | bus (pu) (pu) (pu)
1 1 2 0.0194 0.0592 0.0528
2 1 5 0.054 0.223 0.0528
3 2 3 0.047 0.198 0.0438
4 2 4 0.0581 0.1783 0.0374
5 2 5 0.057 0.1739 0.034
6 3 4 0.087 0.171 0.0346
7 5 4 0.0134 0.0421 0.0128
8 4 7 0.0001 0.2091 0
9 4 9 0.0001 0.5562 0
10 5 6 0.0001 0.252 0
11 6 11 0.095 0.1989 0
12 6 12 0.1229 0.2558 0
13 6 13 0.0662 0.1303 0
14 7 0.0001 0.1762 0
15 7 0.0001 0.1 0
16 9 10 0.0318 0.0845 0
17 9 14 0.1271 0.2704 -0
18 10 11 0.082 0.1921 0
19 12 13 0.2209 0.1999 0
20 13 14 0.1709 0.348 0
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APPENDIX A [3] F. Schweppe, M. Caramanis, R. Tabors, and R. B&put Pricing of
Electricity. Boston: Kluwer Academic Publishers, 1988.
Proof that, [4] J.Bialek, “Tracing the flow of electricty,lEE Proceedings, Generation,
Transmission and Distributigrvol. 143, no. 4, pp. 313-320, July 1996.
R {(I*)T(jX)I} —0. (A1) [5] D. Kirschen, R. Allan, and G. Strbac, “Contributions of individual gen-

erators to loads and flows|EEE Trans. on Power Systenwl. 12, no.
. 1, pp. 52-60, Feb. 1997.
Proof: Since, [6] A. Zobian and M. llic, “Unbundling of transmission and ancillary ser-
vices. Part |: Technical issuedEEE Trans. on Power Systemwel. 12,
R {(I*)TZI} =R {(])Tz*]*} =R {(I*)T(Z*)TI} . no. 2, pp. 539-548, May 1997.
AD [7] F.Wuand P. Varaiya, “Coordinated multilateral trades for electric power
( ) networks: Theory and implementation,” University of California Energy
Then, Institute, Power Report PWP-03, 1995.
[8] G. Gross and S. Tao, “A physical-flow-based approach to allocating
T i — T s\ transmission losses in a transaction framework,” IEEE Trans. on Power
R {(I ) (R+‘1X)I} R {(I )R- X I}' (A3) Systems, to be published.
. . . [9] A. Gomez Exposito, J. M. Riguelme Santos, T. Gonzalez Garcia, and E.
But sinceZ is generally symmetric, A. Ruiz Velasco, “Fair allocation of transmission power loss¢EFE
Trans. on Power Systemsl. 15, no. 1, pp. 184-188, Feb. 2000.
R {(I*)T(jX)I} =R {(I*)T(jX)]} . (A4)  [10] F. D. Galiana and M. Phelan, “Allocation of transmission losses to bi-
lateral contracts in a competitive environmenEEE Trans. on Power
Systemsvol. 15, no. 1, pp. 143-150, Feb. 2000.
[11] L. L. Ferrisand A. M. Sasson, “Investigation of the load flow problem,”
IEE Proceedingsvol. 115, no. 10, pp. 1459-1470, Oct. 1968.
R {(I*)T(]’X)I} =0, (A5) [12] Web site of the PowerLab at McGill University. Available:
http://www.ece.mcgill.ca/~galiana/.

That is,

Q.E.D.

APPENDIX B Antonio J. Conejo received the B.S. degree from the Universidad P. Comillas,

Fig. 1 provides the one-line of the 14-bus system [11] used ¥drid, Spain, in 1983, the M.S. degree from MIT, Cambridge, Massachusetts,

the si lati Acti d tive load d d .fln 987 and the Ph.D. degree from the Royal Institute of Technology, Stock-
€ simulations. Active and reactive load demands are speci , Sweden, 1990, all in electrical engineering. He was a Visiting Engineer at

(MW, MVAI) in the Fig. 1 underneath the load symbols, whileviT and a Visiting Lecturer at the Royal Institute of Technology. He is currently
the generators active outputs (MW) are specified next to tReefessor of Electrical Engineering at the Universidad de Castilla—La Mancha,

t bols. Li data for the 14-b t . Ciudad Real, Spain. His research interests include control, operations, planning
generator symbols. Line data for the 14-bus System are giVgfy economics of electric energy systems, as well as optimization theory and

in Table IV. The following bus voltage magnitudes are specifiag applications.
(in p.u):Vy = 1.06, Vo, = 1.045, V3 = 1.01, V5 = 1.07 and
Vs = 1.09. The base quantities are 138 kV and 100 MVA.
For the 118-bus IEEE network, standard line, voltage mag-
nltudes Of Controlled buses and power |nject|0n data are usgql_ncisco D. Galianareceived the BEng degree (Hon) at McGill University

N fi ti treated load followed by the S.M. and Ph.D. degrees from M.I.T. He spent several years at
egative power generations are treated as loads. Brown Boveri Research Center and the University of Michigan. He is presently

Professor of Electrical Engineering at McGill University. His research interest
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