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Abstract - In this paper we discuss a new concept of an
interval for transfer capability and present an algorithm for
computing its lower bound which we term the min-max
transfer capability. The algorithm is a Bisection Search
algorithm. We compare it to a branch-and-bound algorithm,
which is standard for min-max problems. We find that the
Bisection Search algorithm is efficient and simple to
implement. We describe the conceptual analysis and the
algorithm using a DC load flow setting. A generalization of
the algorithm to problems using an AC load flow is briefly
discussed. We then demonstrate the new algorithm using the
IEEE 118-bus system.
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Introduction

The notion of the transfer capability of a transmission
interface is often used by operators for monitoring
transmission system security. Traditionally, the maximum
transfer capability of a line or an interface is determined
based on a single dispatch used to meet a given load. That is,
given a load, maximum transfer can be described as the
maximum flow that can occur across an interface to meet that
load. If more than one load level is involved, the transfer
capabilities are calculated based on repeated simulations
using single-level optimization tools [1-7]. A single-level
optimization tool yields a result that is generally optimistic
because there is a single generation pattern needed to achieve
the maximum transfer. To remedy the problem of repeated
simulations, one often assumes that generation follows certain
pattern (for example, a change in proportion to their
capabilities). We explore the notion more fully in other
recent work [8].

Our thesis is that that transfer capability is best described by
an interval, denoted [P ,in-max» Pmax] Tather than a single value,
P..x. The lower bound of this interval is termed the min-max
transfer capability. This number is the maximum transfer that
can be achieved by any generation pattern that respects the
generation limits of individual machines. This number is
important, especially in a market setting, because as long as
the actual transfer is below this number, any generator knows
they can offer the difference between P,,.m.x and the current
transfer into the market and, if accepted, it will not cause P,
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to be exceeded. The generation pattern associated with P,
is never revealed so, given the current generation pattern, one
does not know how much of their generation can actually be
accepted into the market. As discussed in [8], computing the
min-max transfer capability involves solving a bi-level
optimization problem. Branch-and-bound algorithm appears
to be the state-of-the-art for solving such a problem [9].

Although min-max transfer capability is described as a bi-
level optimization problem, it can be solved as if it were a
continuous problem. This is true because it has a special
structure: The upper-level objective function is a single
variable (the transfer capability) and a simple Bi-sectioning
Search algorithm is ideal for such problems. In this paper, we
describe this algorithm around a DC load flow model though
extension to a AC load flow model is straightforward.

Motivation

Suppose one is interested in finding the transfer capability
of a transmission interface composed of line 1-3 and 2-3, as
illustrated in Fig. 1. For simplicity, we do not consider line
outages.

Fig. 1. The single-line diagram of an example power system

An optimization algorithm can be formulated to solve the
transfer capability problem as follows:

Max P +P,
P
ST. T,P+T,P,<F
T, P +TyP, < F,
Ty P +TyP, < Fy
0<P <P
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0<P, <P
0<P,=L-P-P, <P,

In this example, 7 denotes distribution factors [10], P
denotes generator output, P is the maximum generator
capability, and L is the load. The solution of this problem is
the point “max” shown in Fig. 2. This point is an optimistic
estimate of the transfer capability because operating points in
the shaded area are not considered. It is obvious also that the
point “min-max” in Figure 2 yields a conservative estimate of
transfer capability. In practical applications, however, one
often needs to find this “min-max” point.

P, A \_

 J

— Line constraints

............... [)1 + P2 = constants —_

Fig. 2. Graphical solutions to the example problem

Usually the min-max transfer capability can be found
approximately by an exhaustive search in generation-load
space using a load flow program. However, this kind of
exhaustive search is not desired for obvious reasons. The
following sections describe a method that finds the exact min-
max transfer capability without exhaustive search.

Formulation

The idea of min-max transfer capability is that, regardless of
the generation pattern choosen, the flow on each line is within
limits. A bi-level optimization model is therefore appropriate
for such calculation: first level optimization solves “maximum
transfer” while a second-level optimization checks to see if
maximum flows on individual lines exceed their limit.
Consider the following notation

P’ - a fictitious dispatch that yields maximum transfer if the
constraints present in the lower-level optimization problem
are not binding

P’ - afictitious dispatch representing the worst-case
combination of generation outputs.

NLI - number of lines in an interface.

NGen - number of generators.

T; - distribution factor of line i with respect to generator j.

L; - active power load at j-th node.

F; - thermal limit of i-th transmission line.

NTranC - number of transmission constraints.

K - contains the indices of line flow constraints associated
with the interface under study.

The formulation of the min-max transfer capability has one
first level optimization, and a number of second level
optimizations as follows:

NLI NGen ,
Mar % 121 T;-(P; —L;) (1-1)
St. Y P =YL, (1-2)
j J
ST;-(P; —L))<F, (i=12,.,NTransC)  (1-3)
> ‘
P;<P] <P, (j=12....NGen) (1-4)
YT (P ~L)<F, (2-0)
j
Max %Tkj-(P;'k—Lj) (2-1)
St.YP* =YL, (2-2)
j j
P,<P*<P;, (j=12...NGen) (2-3)
NLI NGen ” NLI NGen ,
2 X T (P —Lp< Y X T;-(Pp —L;)(2-4)

=l j=1

} (ke K)

=l j=1

In equations (1-3), we include both normal-state limits as
well as post-contingency limits. The number k in (2-1) to (2-
4) is calculated as follows: Suppose that an interface consists
of 4 lines, then the number of lower-level problems, taking
into account n-/ contingencies, is equalto 4 +4 *3 = 16.

In other words the two-level optimization problem finds
the transfer capability under two classes of constraints:
regular operating constraints (1-2) ~ (1-4), and constraints
under a worst-case generation dispatch scenario (2-0) ~ (2-4).
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The familiar maximum transfer capability satisfies only the
first class of constraints.

The min-max problem can be solved using a standard branch-
and-bound algorithm [9]. The optimality conditions can also
be found in [9] or in our previous work [8]. An undesired
characteristic of this algorithm is that it requires an
exceedingly large CPU time for large-scale problems because
of the famous “combinatorial explosion” phenomena. The
following section describes an algorithm that is free of this
problem.

First, we study the structure of the bi-level optimization
problem (1-1) to (2-4). Note that the solution of the upper
level problem (1-1) to (1-4) is the upper bound of min-max
transfer capability P,.. If none of the lower level constraints
(2-0) are binding, the max transfer capability equals the min-
max transfer capability. A lower bound of the min-max
transfer capability is zero. Let:

NLI NGen

x=3 X T; (P} ~Lj)
j=1

It follows that:

0<x<P,,

The k-th lower level optimization problem can be re-stated as
follows:

Max  F =31, (P{*-L;) 3-1)
J
st YPr=YL, (3-2)
J J
P;<P/*<P, (j=12...NGen) (3-3)
NLINGen ”
Z Z TU(P, _Lj)sx (3-4)

i=1 j=1

It is obvious that there is a correspondence between the
solution to the above problem, Fk*, and x. Denote this

correspondence by Fk*:Fk(x). Note that it has three

properties. First, it is a continuous, single-valued, function.
Second, it is non-decreasing. In other words, as x decreases,

the maximum flow on each line, F) , can only decrease or
remain the same.

Third, the set T}, ={ x: F,(x)<F, }is convex. To see this is

true suppose x; and x, belongto I', . Then any point within

the interval [xl,xz] also belongs to I,. Note that the

intersection of the convex sets I', , ke K , is convex.

Now let us re-formulate the (1-1) ~ (2-4) as the following
one-dimensional optimization problem:

Max x 4-1)
ST. F.(x)<F,, kek (4-2)
0< x<max_TC (4-3)

The above optimization problem has a convex feasibility
region and therefore any solution is unique. If there is a
solution, it can be found by the following bi-sectioning

algorithm. Letx = P, solve (3-1)~(3-4) and check

Max °
constraints (4-2) for ke K . If constraints (8-2) are satisfied,
x 1is the solution. If not, decrease the value of x, solve (3-
1)~(3-4) and check (4-2) again. This procedure is repeated
until the solution difference between two iterations is small.
This algorithm, illustrated in Figure 3, can be replaced by the
more efficient Golden Search algorithm.

Calculate max transfer capability
by solving (1-1) ~ (1-4)

| Let xa = 0, xb = max transfer capability |

|
—

(xb - xa) < Threshold? |

Yes==>
- xa is the solution
STOP

No ==>
Set x = (xa + xb)/2

Solve (3-1) to (3-4) for k (k in K)

Any Fk (k in K) exceeds limit?
(check equation (4-2))

Yes ==>
Set xb = x

No ==>
Set xa = x

Figure 3. Bi-sectioning Search Algorithm for Min-Max
Transfer Capability
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To further illustrate the algorithm, consider a comparison
between it and an algorithm described in [2]. Both the
method presented here and the method in [2] are based on a
certain line search algorithm such as bi-section search. The
difference between our method and that in [2] is that in our
method a worst-case generation dispatch scenario is sought at
each step by solving a second level optimization (3-1) ~ (3-4)
whereas in the method described in [2], a specific generator is
designated to pick up load unbalances. In some commercial-
grade computer program, all generators participate in picking
up load unbalances proportional to their capabilities.

Some observations about the performance of the proposed
algorithm are in order. First, the algorithm requires a
computational effort that is only about ten times greater than
what a standard OPF requires. The computational effort
needed does not increase exponentially with the size of the
problem as is typical of these kind of algorithms. Second, the
special properties of the min-max transfer capability are
independent of the model. Whether a DC load flow model or
an AC load flow is used does not matter. Therefore the search
algorithm can be easily extended to solve problems that
require AC load flow constraints.

Numerical Example

In this section we report results of tests on an aggregated 118-
bus system. The original single-line diagram for the system
can be found at http://www.powerworld.com. The interface
we choose to study consists of the transmission lines 62-67,
62-66, 64-65, 59-54, 59-55, 59-56, 59-56. In the study,
contingencies are not considered for simplicity. We choose
the starting point for the Bi-sectioning search to be the value
of the maximum transfer capability, which is 2500 MW as
can be seen from the iteration behavior illustrated in Figure 4.
The search algorithm yields the min-max transfer capability
of 980 MW after nine iterations, while the exact solution of
min-max transfer capability is 982 MW.

3000

2000 \

1500
1000 %A*—-

500

Flow (MW)

Iteration

Figure 4. Iteration Behavior of the Search Algorithm

Conclusion

The formulation of min-max transfer capability involves
combinatorics which implies that the problem would require
extra-high computational efforts using a standard branch-and-
bound algorithm. A closer look at the problem suggests that,
as demonstrated in the paper, it is possible to solve min-max
transfer capability using bi-sectioning search algorithm which
is much more efficient than branch-and-bound algorithm. The
major computational burden is in solving about tens of OPF
problems. Given the existing state-of-the-art computer
technology and OPF software, the proposed search algorithm
should be able to solve, off-line, real world problems in AC
load flow setting.

References

1. G. L. Landgren, S. W. Anderson, “Simultaneous Power
Interchange Capability Analysis,” IEEE Trans. on Power
Apparatus & Systems, vol. 92, no. 6, 1973, pp. 1973-
1986

2. A. J. Flueck, H.-D. Chiang, et al., “Investigating the
Installed Real Power Transfer Capability of a Large
Scale Power System under a Proposed Multi-area
Interchange Schedule Using CPFLOW,” IEEE Trans. on
Power Systems, vol. 11, no. 2, 1996, pp. 883-889

3. G. C. Ejebe, J. Tong, et al., “Available Transfer
Capability Calculations,” [EEE Trans. on Power
Systems, vol. 13, no. 4, 1998, pp. 1521-1527

4. M. Ilic, F. Galiana, et al., “Transmission Capacity in
Power Networks,” International Journal of Electrical
Power & Energy Systems, vol. 20, no. 2, 1998, pp. 99-
110

5. R. J. Thomas, et al., “Security and Reliability in a
Competitive Electric Power System Environment,” EPRI
Interim Report #2, 1999, http://www.pserc.wisc.edu
/index_publications.html

6. M. H. Gravener, C. Nwankpa, “Available Transfer
Capability and First Order Sensitivity,” IEEE Trans. On
Power Systems, vol. 14, no. 2, May 1999, pp. 512-518

7. X. Luo, A. D. Patton, C. Singh, “Real Power Transfer
Capability Calculations Using Multi-layer Feed-Forward
Neural Networks”, IEEE Trans. On Power Systems,
Forthcoming.

8. D. Gan, X. Luo, D. V. Bourcier, R. J. Thomas, “Min-max
Transfer Capability of Transmission Interface,”
submitted to IEEE PES Winter Meeting, Columbus,
Ohio, USA, January 2001.

9. J. F. Bard, Practical Bilevel Optimization, Kluwer
Academic Publishers, 1998

10. A. J. Wood, B. F. Wollenberg, Power Generation,
Operation, and Control, John Wiley & Sons Inc., New
York, 2™ edition, 1996

0-7695-0981-9/01 $10.00 (c) 2001 IEEE



Proceedings of the 34th Hawaii International Conference on System Sciences - 2001

Biographies

D. Gan received a Ph.D. in Electrical Engineering from Xian
Jiaotong University in 1994. Upon graduation, he held
research positions at several universities. In 1998 Deqiang
joined ISO New England Inc. where he works on market
issues. His research interests are in analytical aspects of
power markets and power systems.

X. Luo obtained his Ph.D. degree from Electrical
Engineering department of Texas A&M University in May
2000. Currently he is working as an engineer at ISO New
England, where he is involved in projects related to the New
England bulk-power transmission system planning and
reliability assessment. His research interests include power
system reliability, application of neural networks in power
system.

Donald V. Bourcier is currently Manager, Market
Monitoring and Mitigation at ISO New England, Inc. He
leads in the development and implementation of market
power screen and mitigation rules in NEPOOL. His
professional interests include energy supply and demand
modeling and forecasting, energy market structures, and
economics of new technologies.

Robert J. Thomas currently holds the position of Professor
of Electrical Engineering at Cornell University. His current
research interests are broadly in the areas related to the
restructuring of the electric power business. He is a past
current Chair of the IEEE-USA Energy Policy Committee.
He is a member of Tau Beta Pi, Eta Kappa Nu, Sigma Xi,
ASEE and a Fellow of the IEEE. He is the current Director of
PSerc, the NSF I/UCRC Power Systems Engineering
Research Consortium.

0-7695-0981-9/01 $10.00 (c) 2001 IEEE



