IEEE TRANSACTIONS ON POWER SYSTEMS, VOL. 21, NO. 4, NOVEMBER 2006

1583

Hierarchical Multiobjective Optimization
for Independent System Operators (ISOs)
in Electricity Markets
Henry Louie, Student Member, IEEE, and Kai Strunz

Abstract—The creation of competitive electricity markets has increased the complexity of the economics of system operation. Independent system operators (ISOs) perform optimizations based on a
market-driven objective function. However, there may be other objectives that the ISO wishes to consider. These objectives are called
secondary objectives, as they are dominated by the economic objective. In this paper, a hierarchical multiobjective (HMO) optimization is developed that, through coordinated control of network
devices such as phase shifting transformers and series flexible ac
transmission systems (FACTS), allows the market objective to be
optimized in a global sense, while the secondary objectives are locally optimized. The method is applied to a modified IEEE 30-bus
system incorporating a wide-area impact index-minimizing secondary objective. Formulated in this paper, the wide-area impact
index accurately measures the effects of parallel flow over multiple
lines in a region. Comparisons are made between the HMO’s performance with other single and multiple objective optimizations
and between the wide-area impact index and traditional parallel
flow calculations.
Index Terms—Flexible ac transmission systems (FACTS), multiobjective optimization methods, parallel flows, phase shifters,
power system economics, power system optimization.

I. INTRODUCTION

T

HE Pennsylvania Jersey Maryland (PJM) Interconnection,
with historically large west-to-east power flows, is often
disturbed by parallel flow from other independent system operators (ISOs) around Lake Erie [1]. This parallel flow may
overload tie-lines or lines within the PJM territory. As a consequence, PJM may be forced to curtail some of its inter- and
intra-area transactions or redispatch the generation in its area.
Unfortunately, parallel flow is a problem that is not only confined to PJM. Other regions such as the Western Electric Coordinating Council (WECC) and the New York ISO have experienced significant problems with parallel flow [1].
It is possible to reduce the amount of parallel flow in an interconnected system if each ISO in that system limits the parallel
flow it causes. Network control devices (NCDs) such as phase
shifting transformers and series flexible ac transmission system
devices (FACTS) [2] can be operated to prevent parallel flow
[3], [4]. While reducing parallel flow is beneficial to the neighbors of an ISO, it is not always in the best economic interest
of those involved in the ISO’s market to do so. Using an NCD
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to reduce parallel flow may nullify the economic advantages it
brings by reducing congestion. The result is an operating point
that may not be economically optimal.
It is common for ISOs to employ optimizations to clear their
markets based on reliability constraints, bids, and offers for energy submitted by the market participants [5], [6]. The market
participants include generation companies, load serving entities,
and brokers. The ISO implements the market-clearing optimization results by dispatching the generators and adjusting the NCD
settings. This operating point supersedes the operating point for
minimal parallel flow.
The reduction of parallel flow is one of several possible secondary operational objectives that an ISO may wish to consider.
It is a secondary objective because its optimal operating point
is dominated by the market-optimal operating point. Although
dominated, it is possible to include a secondary objective in
optimization with meaningful results. The inclusion of a secondary objective transforms the market optimization into a multiobjective optimization. However, standard multiobjective optimization techniques may not produce acceptable results. This is
because standard multiobjective optimization methods require
tradeoffs between the objective functions—an acerbic proposition to an ISO’s market participants [7], [8].
In this paper, a hierarchical multiobjective optimization
(HMO) technique is developed that allows the ISO to operate
the system based on the market-clearing schedule and consider
secondary objectives. This is accomplished by constraining the
secondary objectives to operate in the optimal solution space
of the economic objective. The secondary objective will be
optimized in a meaningful manner if its value varies within
this solution space. Though there are several possible choices
of secondary objectives, this paper develops and uses a novel
wide-area impact objective. This objective is related to parallel
flow and can be applied to an ISO in an interconnected system
wishing to minimize the impact of its operation on another part
of the system. The advantages of the HMO method are that the
optimal economic operating point is preserved, the program is
computationally simple, the method is transparent to the ISO
market participants, and it can be implemented with existing
market and energy management system (EMS) software.
An overview of the state of the art of multiobjective programming techniques in power system applications is given in
Section II. An HMO for economic operation with a wide-area
impact secondary objective is formulated in Section III. This
HMO is applied to the IEEE 30-bus system to demonstrate the
advantages of the multilevel method over existing single and
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multiple objective optimizations in Section IV, followed by conclusions in Section V.
II. STATE OF THE ART
In electricity markets, single objective optimization is often
used to determine the optimal security-constrained system operating point [6]. The independent variables in this problem may
include generation values and settings of network devices. The
domain of these variables is called the feasible region or solution space. This optimization can be generically expressed as
(1)
subject to
Fig. 1. Conceptual illustration of HMO method.

where is an -dimensional vector of the independent variand
are the system equality and inequality
ables, and
constraints, respectively. The set is the feasible region. A solution
to (1) is a global minimum if
for all
be called the
other . Let the set of all points with
optimal solution space. If the optimal solution space is a unique
point, then is known as the strict global minimum. There is a
multitude of optimization methods for solving (1). The selection
of a proper method and existence of a strict global minimum is
dependent on the nature of the objective and the constraints. It
is assumed in this paper that a global minimum can always be
found.
Multiobjective optimization problems (MOPs) arise when the
objective in (1) is an -dimensional objective function vector.
MOPs occur in power systems primarily in the realm of economic dispatch with environmental considerations [9]. Other
applications include active and reactive power dispatching [10]
and generator maintenance scheduling in electricity markets
[11]. These problems are often solved by obtaining a set of
solutions known as a Pareto front. All points in this set have the
property of Pareto-optimality [8]. A point is considered to be
Pareto optimal if there is no other point with the property
(2)
where one of the inequalities is strict. The Pareto front itself provides valuable objective function tradeoff information. A single
point is chosen from the Pareto front based on this information.
Several MOP solution methods have been applied to power
system problems. A weighted-sum approach to this problem
is reported in [12] and a single-level reduced feasible region
method in [13]. The weighted-sum method transforms the MOP
to a single objective problem by forming different weighted,
linear combinations of the objectives. The drawbacks of this
method are that multiple optimizations are required, and the set
of points generated is not guaranteed to span the entire Paretooptimal space. Single-level reduced feasible region methods attempt to bind the optimal solution by transforming all but one of

the objectives into inequality constraints. This method is generally iterative and may require several optimizations to determine
the best solution.
Specialized methods using evolutionary and stochastic algorithms to obtain the Pareto front have been developed and applied to power system problems [14], [15]. These methods have
been shown to adequately find Pareto fronts and do not require
several optimization runs. However, if a hierarchical structure
exists among the objectives, a Pareto front is not needed because
tradeoff information is not required.
III. HMO FOR POWER SYSTEMS
A multiobjective problem is hierarchical if the objectives can
is the most preferred
be ordered by strict preference, where
[16]. The solution
to this problem will have the following
is equal to its global minproperties: it is Pareto-optimal,
will also
imum, and any point satisfying
for at least one , where
have the property
. In other words, all objectives are minimized in a manner
such that they do not cause an increase in any of the more
preferred objectives. These problems do not require a multiple
point Pareto front, as only one Pareto-optimal point is required
and no tradeoff information is needed.
An HMO efficiently solves problems with a hierarchical
structure by using a multilevel reduced feasible region method.
This procedure is illustrated in Fig. 1. The space is the entire
set of values of . The algorithm begins at the first level by
over the feasible region,
, as determined
minimizing
by the system constraints. The value of the objective at the
optimal point, , is used as a constraint for the next level’s
optimization. A new, reduced feasible set
is created by
(3)
At level 2, the objective
is minimized over
. The
solution, , corresponding to an objective value of
is
. This value is then treated as an additional
found within
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constraint, further reducing the feasible space. The process continues, reducing the solution space and optimizing a new objective at each level until all objectives have been considered
or the solution space becomes unique. The resulting solution,
, is Pareto-optimal. In general, the spaces created have the
relationship
(4)
The usefulness of this algorithm relies on the non-uniqueness
of the optimal solution. If strict global optimality is reached at
some level, the feasible region becomes a point for all lower
levels, and the optimization ceases [16]. If the upper level objective function is not convex, and a local optimum is found,
then this locally optimal value is passed as a constraint to the
lower levels. The lower levels will continue to perform their optimizations as described.
It is important to understand that since the solution to the
upper level is treated as a constraint on the lower level, the optimal solution of the upper level is effectively insulated from
all characteristics of the lower level. This includes the selection
of the lower level objective and the solution associated with its
minimum.
In this paper, it is assumed that the ISO must operate in accordance with the market-clearing dispatch schedule. As a consequence, a market-dominant, hierarchical objective structure is
created. This makes a two-level HMO a natural candidate for
market-based multiobjective power system optimization. The
upper level clears the market, while the lower level considers
a secondary objective.

Fig. 2. Two-area system with no impact and large parallel flow.

A. Objectives
1) Market: Electricity markets are typically cleared by running an optimization with the objective of satisfying demand
from the cheapest generating source or maximizing social welfare [6]. The cost of energy from each generator is determined
by its offer price, not its operating cost. Under inelastic demand conditions, the former objective is used, while price-sensitive demand conditions require the latter. The HMO optimizes
the market objective in its upper level. Lower-level optimizations are forced to operate within the optimal space of the upper
level, so care must be taken in choosing appropriate secondary
objectives.
2) Wide-Area Impact: While it is theoretically possible to
consider any objective in the lower level, the HMO has been
specifically implemented for line flow objectives. Line flows
are sensitive to NCD settings, which can be altered in the lower
level. Other objectives such as emission reduction are overly dependent on generation schedules. The lower-level optimization
would not be able to significantly affect their value.
Line flow control has applications in parallel flow minimization. Problems caused by parallel flow are manifested in reduced capacity of the impacted area’s lines [1]. Parallel flow
is measured as the amount of unscheduled power flowing between sources and sinks in one system through tie-lines into
other systems [1]. This metric is not always a strong indicator of
the effects of parallel flow into that system. The system shown

Fig. 3. Two-area system with large impact and large parallel flow.

in Fig. 2 is used to intuitively illustrate this concept. A portion
of the power generated in ISO A flows through the tie-lines into
and out of ISO B on route to the load at bus 2. The parallel flow
is large, but the impact of this operation is minimal as ISO B
retains full use of its transmission capacity.
Contrast this example with the system shown in Fig. 3. In this
scenario, a line has been between ISOs A and B. The reduction
of capacity of ISO B’s lines is now a concern, as power flows on
the lines inside its region. Again, the amount of parallel flow is
not an accurate measure of this reduction in capacity, as much
of the power flows into and out of bus 3. This example is representative of a real-world problem: large-capacity wind farms in
northern Germany intermittently send power through Belgium
on route to loads throughout Germany. Reduced capacity in the
lines in Belgium ensues.
It is clear that in some scenarios, the traditional definition of
parallel flow has its shortcomings. In order to accurately assess
the reduction of line capacity caused by parallel flow, a widearea impact index is proposed. The index is calculated by the
weighted squared norm of the reduction in line capacity of each
line due to the parallel flow. This gives ISO A an indication
of the effects that its operation has on ISO B. The weighting
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element is introduced by multiplying an -dimensional vector
of line flows by the diagonal weighting matrix , defined as

..

.

(5)

is the weight of line . The weighting allows ISO B
where
to rate each line in its area by system criticality. The weighting
factor is applied as follows: for most lines, a nominal value of
is applied, tie or lightly loaded lines are given a low or
zero weighting, and critical lines are given higher values such as
. Critical lines are lines that are heavily loaded, sensitive
for voltage or stability reasons, or whose capacity is important
for transactions. Tie-lines containing the NCDs used in the optimization are given weights of zero, as it is the intent of these
devices to alter the power flow through them. The specifics of
the index calculation depend upon the model formulation used,
which are presented in the next section.
B. Mathematical Formulation
1) Linear Formulation: The HMO uses a linear system
model with standard dc power flow assumptions [17] and
constraints on all of its levels. This ensures a consistency in
solution feasibility and minimizes the required input data.
Furthermore, the assumptions allow the problem to be formulated without complete real-time data from adjacent ISOs.
Through superposition, the formulation is independent from
the operating point of other ISOs. NCDs are vital to the size of
the lower-level solution spaces. This warrants special attention
in their inclusion in optimizations.
Network control devices can be represented by their so-called
power injection models [3], [18]–[20]. This model translates the
NCD characteristics into power injections at the device terminal
buses. Modeled as ideal components with no power loss, the injections are equal in magnitude and opposite in direction. In the
linear dc system model, series-connected devices that affect real
power, such as thyristor controlled series compensators (TCSC)
and phase shifting transformers (PST), are considered.
An optimization with buses, generators, NCDs, and a
generic objective function is formulated as

is an -dimensional vector of loads at each bus,
is an -dimensional vector of equivalent power injections of NCD, and
is a vector of bus angles [6], [21]. This angle vector is a linear
function of generation, load, as well as NCD equivalent power
is a matrix
injections and withdrawals at each bus. Finally,
of branch flow thermal and/or stability constraint coefficients
whose values are determined by the bus impedance matrix and
the location of the NCD devices [21]. In this formulation, the
variables are considered continuous in nature. Power generation and device injection limits are represented in (8) and (9),
respectively. It is important to note that in the case of TCSCs,
the power injection limits cannot be explicitly stated; however,
they can be expressed linearly in terms of the other injections
[21]. The line flow constraints for each direction are represented
in (10) and (11). The objective in (6) is defined at each level of
the HMO. The upper level is always economics based, while the
lower level is left to user discretion.
Of interest are the conditions in which the upper-level optimal
solution is not a strict minimum. At the completion of the upperlevel optimization, the optimal generation schedule and NCD
settings are determined. Most likely, the solution with respect
to the generator values is unique, but there might be a range
of values that the NCDs can attain without straying from the
optimal objective function value. If this is the case, the solution
is not a strict minimum, and the lower-level optimization will
not be confined to a point but will operate within a space of
in Fig. 1. The
NCD values. This space is represented as
existence of this condition can be determined by perturbing the
NCD values around the optimal solution and checking to see if
the Kuhn–Tucker conditions are still upheld. The Kuhn–Tucker
conditions for (6) are

(12)
(13)
(14)
(15)

(6)
subject to
(7)
(8)
(9)
(10)
(11)
is an -diwhere is a vector of the independent variables,
mensional vector of committed generator real power injections,

(16)
(17)
(18)
(19)
where
and
are the optimal generation and device values
determined by the upper level, respectively; is the scalar Lagrange multiplier associated with the power balance equation;
and , , , , , and are vectors of Lagrange multipliers associated with generator maximum and minimum, NCD injection maximum, and minimum and directional line flow limits,
respectively [22]. The gradient is taken with respect to the generator and NCD injections and the Lagrange multipliers.
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For illustrative purposes, consider a simple system with one
NCD. The optimal solution is not unique if can be perturbed
to a feasible value, , without violating (12)–(19). The complementary slackness conditions (13)–(18) hold for any
if , ,
, and are zero. This is a necessary condition for non-uniqueand the line flows are strictly within
ness that occurs when
their respective limits. In addition, since (6) is not a function
of , then (12) is equal to zero, regardless of . Therefore,
can be perturbed without violating
under these conditions,
the Kuhn–Tucker optimality conditions, and the solution to the
upper-level optimization will not be unique. This analysis can
be extended to a number of NCDs without loss of meaning.
Solutions to problems formulated as in (6)–(11) with no strict
global minimum have a tendency to place otherwise unbinding
inequality constraints at their limits [22]. This makes it unlikely,
though not impossible, for a single objective optimization to
yield the same result as the HMO.
2) Nonlinear Formulation: The formulations in this paper
are based on standard dc power flow assumptions and inherently
ignore resistance. Though most ISOs do not use a nonlinear ac
model in all of their market calculations [5], discussion here
is warranted. If such a model is used, alterations to the algorithm are needed to provide meaningful results. The operation
of the network control devices to alter power flow will inherently cause system losses to change. This in turn will change
the amount of generation needed. The added amount, although
often negligible, will likely result in a unique optimal solution
in the upper level, rendering the lower-level optimization ineffective. Allowing for a small amount of extra cost to cover additional losses can be achieved by expanding the upper-level optimal solution space to be
(20)
where is positive and is the predetermined cost of extra generation the ISO is willing to allow to make up for any additional
losses.
3) Upper-Level Optimization: Many ISOs clear their markets based on the offers received by generating companies.
These curves can be linear, piecewise linear, or quadratic,
among other possibilities. For illustrative purposes, in this
paper, the offer curves are assumed to be quadratic, though the
method itself can be applied to any curve type. The ISO clears
the market based on the following objective:
(21)

Fig. 4. Flowchart of HMO implementation.

where is a vector of line flows. As previously mentioned,
is a linear function of net power injections. Since the system
is linear, it is possible to calculate the amount that a particular
bus’s net power injection contributes to any line flow. If the bus
injections are limited to those within ISO A, and only contains
lines inside or into ISO B, then (22) gives the power flow on the
lines in ISO B as a result of ISO A’s operation. This allows (22)
to be rewritten as
(23)
is a vector of net power injections at each bus. This
where
is the sum of
and minus the load at each bus. The matrix
is a concatenation of injection shift factors arranged as
..
.

..
.

..
.

..
.

(24)

is the injection shift factor from a bus onto a line
where
, and
is the real power flow on line
computed as
(25)
where
is the simple reactance of line
, and
are the
elements of the bus impedance matrix under standard dc power
flow assumptions [23].
The linearity of the system allows this formulation to be independent of the actual operating conditions of ISO B. The
wide-area impact index objective function is defined as
(26)

where is a diagonal matrix of quadratic generator offer function coefficients, and is a vector of linear generator offer function coefficients [6]. This objective is independent of all ,
allowing the possibility of non-unique solutions.
4) Lower-Level Optimization: In accordance with the linear
problem formulation, the total real power flowing on any line
under standard dc power flow assumptions is found by

(22)

is the weighting matrix defined in (5), and is the rewhere
sulting impact index. The lower-level optimization minimizes
(26) using quadratic programming within the feasible region
created by (7)–(11) and the optimal solution to (21).
C. Implementation
The implementation of the HMO, like other proposed network element-based market concepts [24], can be accommodated into most electricity markets. A flowchart for a two-level
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HMO applied to a linear dc system model is given in Fig. 4.
The program begins by loading data: injection shift factor data
for ISO B, generation offers, system constraints, generator and
NCD limits, and system topological information for both ISOs.
The level counter is set to 1. Based on the loaded data, the
program sets the constraints, converts the NCD into power injections, and loads the upper-level objective. This information is
passed into the optimization solver module. The solver performs
the optimization; the single objective optimization method used
is dependent on the type of objective function and constraints.
Once solved, the program performs a termination check. The
program should proceed to the output module if the solution to
. Solution uniqueness is
the upper level is unique, or if
determined by checking the Lagrange multipliers. Uniqueness
is concluded if all Lagrange multipliers have nonzero values.
If neither of the termination conditions are satisfied, is increased, and the current solution is passed as a constraint to the
next program iteration. Upon main loop termination, the output
module converts the equivalent power injections into NCD settings. These controller settings are exported along with the generation schedule.
An important feature of the HMO is that it can be integrated
into existing EMS and market-clearing optimization software.
The extra inputs needed are the injection shift factors and
line weighting data of the adjacent ISOs. This information
requires little memory and only needs to be updated when a
line weighting or topology change has occurred. Furthermore,
if both objectives are based on the same linear or nonlinear
model, the independent variables and system limits can be
reused at each level. The upper-level optimization is exactly
the same as in the ISO’s existing software. If a lower level’s
objective function is incommensurable with the upper level’s
optimization technique, a different method can be employed.
This is an attractive feature, as it allows the most efficient
optimization algorithm to be employed at each level.
The algorithm is altered when the ISO is interconnected with
several other ISOs in a large system. If there is a strict priority
order among the connected ISOs as far as parallel flow is concerned, a lower level is added for each additional ISO. If there is
no clear order, each ISO submits their weightings. In order to ensure relative uniformity among the submissions, the weightings
are normalized so that the average value in each area is equal to
one. The HMO then proceeds as described previously with only
one lower level.
IV. VALIDATION AND APPLICATION
A modified version of the IEEE 30-bus system is used to
demonstrate the proposed two-level HMO. Special attention is
given to the progression of solution space at each level. The solution is compared to two single objective optimizations, the objectives of which correspond to either the upper- or lower-level
HMO objectives and to the results of a nonlinear HMO. The
method is then compared to a weighted-sum technique, where
its superiority in handling hierarchical problems over those requiring a Pareto front is shown. The weighted-sum method is selected for comparison, as its integration into existing software

Fig. 5. Modified IEEE 30-bus system.

TABLE I
NETWORK CONTROL DEVICE PARAMETERS

is similar to that of the HMO in that its main requirement is
a change in objective functions. This differs from other MOP
methods, such as those that employ evolutionary or stochastic
algorithms, as they require a new optimization procedure. The
effectiveness of the wide-area impact optimization is shown by
a comparison with a parallel flow minimizing optimization.
A. System Specifications
The system, shown in Fig. 5, is partitioned into two tightly
meshed regions, each operated by a different ISO. There are
no transactions from ISO A to ISO B. The upper- and lowerlevel objectives of ISO A are to minimize the cost of generation
and reduce the wide-area impact index, respectively. Generation
offers are quadratic, and the demand is inelastic. The system
is populated with two different NCDs to illustrate the HMO’s
ability to coordinate and integrate different device types. A PST
and a TCSC are controlled by ISO A with parameters given in
Table I. The TCSC range is given in percent of line impedance.
A binding thermal limit of 50 MW is imposed on line 2–4, and
the maximum output of each generator is 500 MW. Additional
lines have been added to the system to emphasize the wide-area
impact index. The line flow weights are shown in Table II. The
nominal value for a line within ISO B is unity. Tie-lines are
given a weight of 0.125, with the exception of the line containing
the TCSC, which is weighted at zero. For illustrative purposes,
line 25–27 is weighted as 2. The load and generation of ISO A
have been adjusted so that the potential for large parallel flow
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TABLE II
ISO B LINE FLOW

Fig. 7. Lower-level solution space.

TABLE III
OPTIMIZATION RESULTS

Fig. 6. Upper-level solution space.

exists. The new load and optimal generation values for each
objective are found in the Appendix.
B. Solution Space
The imposition of line limits constricts the upper-level solution space. Fig. 6 shows the upper-level solution space with minimized generation cost with respect to the NCD settings. The
surface plateaus at a minimum value for TCSC compensations
between 20 and 0% and for phase shift angles between
and its limit,
. The solution to the upper-level optimization
is therefore not unique.
The impact index values corresponding to the NCD settings
inside the optimal solution space of the upper level are shown
in Fig. 7. This surface is the solution space of the lower level.
From this surface, it is seen that the optimal device settings are
and a TCSC compensation of 20%.
a phase shift of
C. Optimization Results
The HMO solution is now compared to those obtained by
other optimization methods. Table III shows the generation cost
and impact index associated with the optimal solutions of the
HMO and two single objective optimizations. From this table,

it is seen that the HMO clears the market with the same results
as the market only optimization but with a 14% reduction in impact index. The generation costs are the same because the optimization of the upper level is identical to the single objective
optimization. It is important to note that the economic-only optimization has set the TCSC value to 15.8%, though any value
within its limit would yield the minimum cost. This reflects the
optimization algorithm’s tendency to set nonbinding constraints
to their limits. In this case, the flow on line 2–4 is unnecessarily
set to its limit of 50 MW.
The HMO impact index is greater than the value by the impact index-only optimization. However, this decrease comes at
a price, as the cost of generation escalates to over 150% of
the minimum cost. The results of this single objective comparison can be summarized as follows: as evidenced by Table III,
the HMO observes the strict dominance structure of the objectives and is able to replicate the minimal generation cost in
the presently used economics-only optimization, and the nonunique optimal solution of the upper level has given the lower
level a meaningful solution space in which to operate, resulting
in a decreased impact index.
The effects of the standard dc power flow assumptions are
now analyzed against a nonlinear ac optimization and system
model. The first row of Table IV shows the HMO solution when
a full ac model is used. In this case, in (20) is set to be 3% of
the minimum cost. The second row shows the results when the
solution to the linear HMO is applied to the nonlinear system
model. Due to the inclusion of losses, the generation schedule
was adjusted to reflect up to a 3% increase in costs. It is seen that
both the objectives and device set points are similar and that
the standard dc power flow assumptions provide a reasonable
approximation.
D. Weighted-Sum Comparison
A competing method of multiobjective optimization is the
weighted-sum approach. A 30-point front developed by a
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TABLE IV
LINEAR AND NONLINEAR HMO RESULTS

Fig. 8. Objective values generated by weighted-sum method with HMO solution added.

weighted-sum method is given by the cross marks in Fig. 8. The
circle and square marks indicate the value when the weighting
is zero for the market and impact objectives, respectively.
The triangle mark has been added to this front to indicate the
location of the HMO solution and was not obtained through
the weighted-sum method. Note that these results agree with
Table III.
From this figure, two characteristics are observed. First, the
weighted-sum method produces a multitude of points, while the
HMO generates a single point. These extra points provide information on the tradeoffs involved between the market and impact objectives. However, if the ISO has a strictly hierarchical
objective function structure, then this tradeoff information is not
needed. Second, the HMO solution is not on the weighted-sum
front, even with a zero impact index weighting. While it is possible to interpolate the front to arrive at a point near the HMO
solution, this approach is flawed. This interpolated point will
have a generation cost that is greater than the HMO’s solution, and solving the inverse problem of obtaining the generation schedule and device settings from the interpolated point
requires yet another optimization.
In general, unless the upper-level solution is unique, the solution to the HMO cannot be found by a weighted-sum method;
an evolutionary or stochastic search algorithm is needed to find
the point. This indicates that a weighted-sum approach cannot
be applied universally to hierarchical problems. Therefore, the
use of HMO for solving multiobjective power system optimization problems in a market environment is warranted.
E. Wide-Area Impact Index Validation
The results of the single objective impact index optimization provide additional insight into the wide-area impact index.
Table II shows the line flows in ISO B for two optimizations.
The flows in the fourth column are obtained from the impact

index optimization, and the fifth column is from a magnitude
of parallel flow minimizing optimization. Tie-line flows are
given in the first six rows. As there are no scheduled transactions, all power flowing on the tie-lines can be considered
parallel flow.
The parallel flow of the parallel flow minimizing optimization
is over 10% lower than the impact index minimization, from
92.7 to 81.19 MW. However, the impact index of this line flow
profile is nearly twice that of the index minimization, as seen in
the second to last row of the table. The total MW flowing on ISO
B as a result of ISO A’s operation for each objective is given in
the final row of the table. From this, it is seen that the wide-area
impact index minimization is able to decrease this flow by over
30%, from 34.46 to 24.01 MW. This amount is the real harm
caused by the parallel flow. In addition, the index optimization
reduces the flow on the critical line by 40% over the parallel
flow optimization. This is due to the higher weighting placed
on this line. Alternatively, if line 22–24 is given a weighting of
10, the solution changes with flows shown in the last column
of Table II. Note that the flow on this line has been reduced by
almost 97%.
This case typifies the shortcomings of traditionally defined
parallel flow in tightly meshed systems and the ability of the
wide-area impact index to effectively reduce the flow within a
large area.
V. CONCLUSION
It has been shown that the HMO is capable of determining
generation schedules and device set points for a market-driven
objective and reduced wide-area impact. This method requires
no knowledge of objective function tradeoffs. Furthermore, unlike other MOP solvers that may require several optimizations
to find a Pareto front, the number of optimizations in HMO is
always less than or equal to the number of objectives. The HMO
solution is Pareto-optimal, and the economics-dominant structure of objective functions is guaranteed. The method can be
incorporated into existing ISO software and only periodically
requires impedance or injection shift factor data from the affected ISO. This allows the optimization to be run independent
of the actual operating point of the adjacent ISOs. These features
allow an ISO to make full use of an already installed device,
thereby increasing its utility and value.
The proposed wide-area impact index accurately measures
the reduction in line capacity caused by the parallel flow, not just
the parallel flow amount. The index has been incorporated into
an optimization with an injection shift factor-based quadratic
objective and linear constraints. This method has been shown
to be superior in limiting the total unscheduled flow on lines
within a wide area. In addition, the optimization is sensitive to
line weighting and is therefore more adaptive than traditional
methods.
Further work in this area could focus on multiobjective optimization methods in which the operation of the NCDs is not centrally controlled. In addition, the adaptation of the HMO to different markets, such as those using loss factors or dispatchable
transmission, would be beneficial in understanding the breadth
of the method’s application.
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TABLE V
SYSTEM LOAD AND GENERATION DATA

APPENDIX
SYSTEM DATA
The load and optimal generation data for buses within ISO A
are given in Table V. The fifth and sixth columns are coefficients
of the generator offer functions used in (21). The lines that have
been added to the standard system are between buses 7 and 8,
17 and 20, and 29 and 22.
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