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Abstract--In this paper, we continue to analyze optimal
dispatch of generation and transmission topology to meet load as
a mixed integer program (MIP) with binary variables
representing the state of the transmission element (line or
transformer). Previous research showed a 25% savings by
dispatching the IEEE 118 bus test case with a DCOPF. This
paper is an extension of that work by examining the effects of
transmission switching with an N-1 DCOPF on the IEEE 118 bus
and the IEEE 73 bus test case, also known as the RTS 96 system.
We demonstrate that these networks can be operated to satisfy N-
1 standards while cutting costs by incorporating transmission
switching into the dispatch. In some cases, the percent savings
from transmission switching was higher with an N-1 DCOPF
formulation than with a DCOPF formulation. We also analyze
both IEEE test cases at varying load levels.

Index Terms—Integer programming, Power generation
dispatch, Power system economics, Power transmission control,
Power transmission economics, Power system reliability

I. NOMENCLATURE

Indices

n, m: nodes

k: transmission element (line or transformer)
g: generator

d: load

c: T-1 or G-1 contingency

Variables

6,: voltage angle at node n

0, voltage angle at node n for contingency ¢

P, real power flow from node m to n for transmission element k

P,,: real power supply from generator g at node n

P, real power load at node n

P,,.i- real power flow from node m to n for transmission element k
for contingency ¢

P,q.: real power supply from generator g at node n for contingency ¢

Z;: binary variable for transmission element k (0 open, 1 closed)

TC;: total system cost with J opened transmission elements

Parameters

6,"", 6,"": max and min voltage angle at node

P, P™": max and min capacity of transmission element k

P,", P,"": max and min capacity of generator g

P, P "™ max and min transmission element k emergency rating

Cyg: cost of production from generator g

By: electrical susceptance of transmission element k

N1, binary parameter that is 0 when the element is the contingency
and 1 otherwise

T: number of transmission elements

G: number of generators

J: number of open transmission elements

K: set of transmission elements allowed to be switched

II. INTRODUCTION

Transmission elements (lines or transformers) are
traditionally treated as fixed assets in the network, except

during times of outages. This traditional view does not
describe them as assets that operators have the ability to
control. However, it is acknowledged, both formally and
informally, that system operators can, and do, change
transmission elements’ state thereby changing the topology of
the network. This is typically performed by an operator in
order to improve voltage profiles or increase transfer
capacity.1 These decisions are made under a set of prescribed
rules by the operator, rather than included in the optimization
formulation. The concept of transmission dispatch was
introduced by O’Neill et al. [1] in a market context, in which
the dynamic operation and compensation of transmission
elements are examined.

This paper is one in a series (O’Neill et al. [1], Fisher et al.
[2], Hedman et al. [3], and Hedman et al. [4]). [1] introduced
the concept of a dispatchable network. [2] provided the
formulation for transmission switching, applied it to the IEEE
118 bus system, and discussed the effects on varying load
profiles and the practical implications of transmission
switching.

[3] applied transmission switching to the IEEE 118 bus test
case as well and discussed the financial impacts that
transmission switching can have on market participants, the
added uncertainty as a result of transmission switching, and
the policy implications. [3] discusses the implications of
transmission switching with regards to revenue adequacy of
financial transmission rights. Even today, revenue adequacy is
not guaranteed for FTRs [5]. Empirical evidence suggests that,
as long as revenue adequacy is maintained for the static
network, there will be revenue adequacy for the transmission
switching solution that produces a higher social surplus.
However, a formal proof of revenue adequacy with
transmission switching has yet to be developed. Even if there
is revenue inadequacy, since total surplus is guaranteed not to
decrease with transmission switching, there is the possibility
for Pareto improvements for all market participants.

[4] wuses the same DCOPF transmission switching
formulation as presented in [2] [3] and applies it to larger
problems: the ISONE network and an equivalent
representation of the CAISO network.> The results from [4]
show that transmission switching may be beneficial with a
large scale network as well as obtained within a reasonable
timeframe with the use of simple heuristic techniques. [4] also

! Personal communication with Andy Ott, Vice President PIM.
ZA longer version of [4] can be found online [7].
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presents a discussion on LaGrangian Relaxation (LR) versus
Mixed Integer Programming (MIP) and how MIP is already
being used in the energy industry to save millions as compared
to LR [6]. [2], [3], and [4] all used a DC Optimal Power Flow
(DCOPF) to solve the power flow problem.

Though these previous papers do not address reliability, we
are not suggesting dispatching transmission at the expense of
reliable network operations. The purpose is to examine the
potential for automating actions operators currently take, such
as implementing special protection schemes (SPSs), and
improving network operation by making use of controllable
components. Transmission elements that are open in the
optimal dispatch of a network may be available to be switched
back into the system as needed, as in PJM’s SPSs. In cases
where this may not be possible, transmission switching can be
conducted in conjunction with contingency analysis in order to
maintain reliability levels while taking advantage of improved
topology, as is shown in this paper. However reliability is
maintained, transmission dispatch is not by definition
incompatible with reliable operation of the grid.

The objective of this paper is to demonstrate that
transmission switching may provide benefits by extending the
analysis to incorporate N-1 contingency analysis with the
DCOPF transmission switching formulation.” This work
applies the technique to the IEEE 118 bus test case as well as
the IEEE 73 bus test case, also known as RTS 96 [9] [10]. In
theory, this problem is NP hard so optimality is difficult to
achieve. In a practical setting, proving optimality is less
important than improving the solution; the objective is to find
the best solution within the available timeframe. In practice,
operators typically have two hours to determine dispatch by
running the OPF. The results in this paper do not reflect
optimal solutions; rather they reflect our best found feasible
solutions.

Earlier work has shown that transmission switching
provides flexibility to the grid and may be used as a control
method for issues including voltage stability, line overloading
[11], loss or cost reduction [12], system security [13], or a
combination of these [14] [15] [16] [17]. This work
investigates how transmission switching can increase
economic efficiency while maintaining an N-1 secure
network.

The paper is organized as follows. Section III provides a
discussion on transmission switching and transmission
planning as well as a discussion on the effects of transmission
switching on various OPFs. Section IV presents the model
formulation for the transmission switching problem. Section V
provides a network overview of the IEEE 118 bus test case
along with the results. Section VI presents a network overview
and the results and analysis for the RTS 96 system. Section
VII provides a short discussion on possible future work and
section VIII concludes this paper.

* A longer version of this paper is available online, see [8]

III. DISCUSSION OF TRANSMISSION SWITCHING

A. Discussion of Transmission Switching and
Transmission Planning

The objective of transmission switching is to maximize the
market surplus. Here without price-responsive demand, the
objective is to cut generation costs. Transmission switching
can provide savings for a variety of reasons. For example, as
load patterns change the optimal topology can change.
Transmission planning is usually very granular and does not
consider all potential market realizations.

There are additional reasons why transmission switching is
beneficial: uncertainty of future network conditions,
suboptimal transmission planning due to not considering
transmission switching in the planning process, etc. The basis
for optimality of transmission planning is the aggregate of
benefits from the transmission element over the lifecycle of
the element; there is no guarantee that the element is
beneficial for all periods within its lifecycle. Simple
optimization theory implies that an optimal solution to an
aggregate problem need not be the optimal solution for the
individual periods within this problem. Consequently,
transmission switching can be beneficial even with well
planned networks.

B. Effects of Transmission Switching on Various OPFs

Transmission switching using MIP will not be implemented
if it is not shown to be beneficial under an ACOPF or SCOPF
model within a reasonable timeframe. This paper only presents
results from an N-1 DCOPF transmission switching model;
paradoxically, savings from implementing transmission
switching may actually provide additional savings with more
complicated models like ACOPF or SCOPF. With more
constraints in the original problem and a smaller feasible
region, there exists more opportunity to improve the solution.
For example, the RTS 96 system shows little savings from
transmission switching with a DCOPF but does experience
savings under the N-1 DCOPF model, as the results show in
this paper. As shown by Figure 1, the most basic dispatch
model that has the largest feasible region is an unconstrained
economic dispatch solution followed by DCOPF, N-1
DCOPF, ACOPF, and N-1 ACOPF as these later models have
more constraints that are not redundant.

N-1 ACOPF

DCOPF

|Uncons1| ained Economic Dispatch|

Figure 1. OPF Feasible Region
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The unconstrained economic dispatch solution is a lower
bound to all of these OPFs. In other words, the transmission
switching solution can never improve upon the unconstrained
economic dispatch. Transmission switching can potentially
expand the feasible region of the more heavily constrained
problems; consequently, the savings from optimal
transmission switching may be greater when used with more
constrained OPFs. Likewise, there may be additional costs to
consider in more complicated models like startup costs when
generation unit commitment is incorporated into the
formulation. Optimal transmission switching could potentially
provide savings by obviating the need for a generator to start
up thereby saving the startup cost. Conversely, one can create
a simple example where there are savings from transmission
switching for a DCOPF formulation but there are no savings
with an N-1 DCOPF formulation.

IV. MODEL FORMULATION

A.  MIP Transmission Switching DCOPF Model

The DCOPF transmission switching formulation has been
previously presented in [2], [3], and [4]. The objective is to
minimize generation cost subject to physical constraints of the
system and Kirchhoff’s laws governing power flow. The
chosen min and max bus angle values are +0.6 radians. M L
listed in (4a) and (4b), is referred to as the “big M” value. z,
is the binary variable representing the state of the transmission
element; a value of one reflects a committed or closed element
and a value of zero reflects an uncommitted or open element.
When the binary variable z, is one, the value of M, does not

matter; when the binary variable is zero, the value of M At

used to ensure that (4a) and (4b) are satisfied regardless of the
difference in the bus angles. P, is zero when z, is zero so

M, must be a large number greater than or equal
to Bk( e —92“"). It is computationally favorable to have

M, be as small as possible; thus, we set it equal to

Bk( max _ gmn ) Without this adjustment to the power flow

equations, the buses that are connected to this opened
transmission element would be forced to have the same bus
angle. Forcing the buses’ angles to be the same is incorrect as
the element is no longer present. For the situation where there
are two parallel transmission lines, if the program removes
one line, the other would be forced to have a zero power flow
value without this adjustment to the power flow equations.
Only with this adjustment does the DCOPF provide the
solution corresponding to the case when the transmission
element is not present in the network. Injections into a bus are
positive (generator supply, power flow into a bus) and
withdrawals are negative (load, power flow out of a bus).

Minimize: TC; = Z Coo P

s.t..
oM <9, <™ vn
QyP™ <P <P vg

3

@y P™z, <P, <P™z vk

(3) z 11k z ijk ZP:g +P:1d :O vn
Vkli=n Vklj=n Vgls=n

@) B, (0, -0 )—P. +(1—z)M, >0 vk

“b)B.(0,-6,)-P, —(1-z)M, <0 vk

5)z, = {01} ke K vk

Equation (5) is used to allow only a specified set of
transmission elements to be switched. For our studies we

have K = {k | Zk (1-2z,)=J} but this can be adjusted to

eliminate elements that can never be opened due to reliability
standards. Determining what elements are not candidates for
transmission switching would decrease the solution time. We
are not advocating introducing (5) to solve practical problems;
this constraint is only used to gain understanding about the
effects of changing the network topology for various solutions.
To solve the transmission switching problem to optimality, (5)
would not be present.

B.  MIP Transmission Switching N-1 DCOPF

The N-1 formulation contains the same equations and
objective as above, but adds constraints representing the loss
of any single element in the system: a transmission element or
generator. The additional constraints are provided below.

S.1..
T-1 and G-1 constraints

©o" <0 <om™ vn,c
(7) Pkrcr'lin ZkNlc S ankc S Pkrcr'laXZkNlc Vk, ¢

T-1 constraints only

® > P~ > P+ >P, +P,=0  wnT-lc

Vkli=n Vklj=n Vgls=n
OB, (0, -6, )P, +(2-z,—~N1)M, >0

vk, T-1c
9B, (0, -0,)-P,—2-z,-N1)M <0

vk T-1c
G-1 constraints only
(10)P"““N1 <P, < P"“‘"Nl v g,G-1c
() Y. Py— D P+ D P +P, vn,G-1c

Vkli=n VKl j=n Vgls=n

(122)B,(0, -0 )—P, +(1-z)M, >0 wkG-lc
(120)B, (0, -0, )—P, —(1-2)M, <0 wkG-lc

This DCOPF model does not incorporate generation unit
commitment or other generator characteristics such as ramp
rates. When there is a generator outage, the system is allowed
to be redispatched in order to meet load during this
contingency; a generator can be redispatched at any level
while satisfying (10). The associated cost of this redispatch is
not included in the objective function because the redispatch
occurs in real time, where as this model determines the short-
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term forward dispatch of the system. Because the probability
of an outage is low, we are concerned with feasibility of
surviving a contingency, not the cost. Thus, there is a new
generation dispatch variable for each G-1 contingency. This
variable is represented by P, The T-1 contingencies,

however, are satisfied with pre-contingency power variable
P, because generators are not redispatched when there is a

transmission contingency.

C. LMP Formulation and Pricing

Now that there are constraints reflecting the contingencies,
the LMP for every bus is not only based on the shadow price,
or dual variable, of the single node balance equation as shown
by (3) but the LMP is influenced by the contingencies’ node
balance equations (8) and (11) as well. All of the shadow
prices of the node balance constraints sum to equal the LMP.
Let A, represent the shadow price of (3) for bus n and 4 be

the shadow price for bus n representing contingency c. The
LMP is represented by (13).

(13) LMPn = ﬂ’n + ZC (/1)1(') vn

We assume a nodal pricing system in this study. Generators
have linear costs and the generation cost is the total network
production cost. Generation revenue is the sum of all
individual generator revenues, which is calculated as the bus
LMP times the dispatch. Generation rent, or short-term
generation profit, is the generation revenue minus generation
cost. Congestion rent is the sum of all transmission elements’
individual congestion rent, which is calculated as the
difference in LMP across the transmission element times the
power flow. Load payment is defined as the sum of all load
times its LMP.

D. Software Description

The model is written in AMPL, which uses CPLEX. Before
the problem is sent to CPLEX, AMPL performs a presolve
routine that eliminates any redundant or unnecessary variables
and constraints, fixes certain variables, eliminates slack
constraints, and it may adjust the objective to compensate for
fixing a variable. The problem is then solved by CPLEX,
which uses a combination of cut, branch and bound techniques
to solve the MIP. For these models, presolve does not modify
the objective but many of the slack constraints of (1), (2a),
(2b), (6), (7), and (10) are eliminated. The removal of
contingency constraints by presolve is expected as some of the
constraints are never binding. Some of the binary variables
representing the transmission element’s status are fixed by
presolve; any transmission element that must remain closed to
maintain the reliability standards is fixed to one.

V. IEEE 118 BUS TEST CASE — NETWORK OVERVIEW,
RESULTS AND ANALYSIS

A. Network Overview

The IEEE118 network data presented in [9] does not include
generator cost information. The generator cost information

used in the IEEE 118 network is taken from [18]. Table I lists
the network information for the IEEE 118 bus test case while
Table II identifies the variables and constraints for both the
basic DCOPF as well as the N-1 DCOPF. The generator cost
information for this study is relatively low compared to
generator costs found in bulk power systems; most generators
here have a linear cost that is around $0.50/MWh with a few
expensive generators that are over $1/MWh. In this paper, we
therefore focus on percent savings rather than the dollar value.
The average cost of energy for the N-1 DCOPF solution in
section V.B. is $0.735/MWh. If all generator costs were scaled
up by a factor of 50 or 100, the average cost of energy would
be more typical, and the savings presented in the following
sections would be more significant. In order to use a published
source, we did not modify the cost information.

More binary variables are eliminated by presolve for the N-
1 DCOPF formulation than the DCOPF formulation; there are
177 post-presolve binary variables for the DCOPF whereas
there are only 97 for the N-1 DCOPF. This may be both
limiting and beneficial for transmission switching. With fewer
transmission elements that can be opened, the feasible region
is smaller and, therefore, the savings may be reduced.
However, with fewer binary variables, the problem is less
complex and this helps reduce the computational time.
Reducing the computational time is crucial for practical
implementation of transmission switching and, in theory, with
more advanced OPFs, we may see even fewer transmission
elements that can be switched. Likewise, operators could
determine which elements cannot be opened in advance in
order to simplify the problem.

Table I. IEEE 118 Network Data

Capacity (MW) Cost ($/MWh)
No. Total Min Max Min Max
Transmission | 186 | 49,720 220 1,100
Generators 19 5,859 100 805 0.1897 10
Load 99 4,519 2 440

Table II. IEEE 118 — LP and MIP Variables and Constraints

DCOPF N-1 DCOPF

LP | MIP | LP MIP

Total Variables: 323 509 63k 63k
Binary Variables: 0 186 0 186

Total Linear Constraints: 628 | 1000 | 126k | 202k
Total Variables (Post Presolve): 315 492 60k 61k
Binary Variables (Post Presolve): 0 177 0 97

Linear Constraints (Post Presolve): 482 833 98k 137k

The IEEE 118 bus test case information in [9] does not
contain emergency ratings for the transmission elements. [18]
lists emergency thermal ratings, or rate C, for the transmission
elements. We analyzed two different cases: the first case
assumes that the emergency thermal rating for transmission
elements is 125% of the steady state operating limit, or rate A,
and the second case was based on the emergency ratings listed
in [18], which is 113.6% of the steady state limit. There are a
number of radial transmission elements within the system that
are not subject to reliability standards as defined by FERC" so
these elements are not included in the N-1 contingency list.

* ERO Reliability standards adopted by FERC in Order 696 [19] (See
standard TPL-002).
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Prior to introducing transmission switching, the systems
were checked for compliance with N-1 contingency
requirements. The first case could not satisfy N-1 standards
without modifications; the system could not survive the loss of
either of the two largest generators as well as any of three key
transmission elements. Once these items were removed from
the N-1 contingency list, the system was N-1 compliant. The
second case based on the emergency ratings in [18] did not
satisfy N-1 as well. Further investigation found that the same
transmission elements and generators removed from the first
case’s N-1 list needed to be removed for this case as well as
one additional transmission element and one additional
generator. These items were removed from the N-1
contingency list in order to obtain a base case feasible N-1
DCOPF solution. The transmission elements and generators
removed from the contingency list for both cases are listed in
Table I11.

Table III. Assets Removed from the IEEE 118 N-1 Contingency Lists

Non Radial Transmission Elements [Radial
Generators
Elements]
(82-83), (89-90), (91-92)
Case 1 [(12-117), (14-15), (16-17), (18-19), (29-31), 13, 14
(68-116), (71-73), (85-86), (86-87), (110-112)]
. Same as case

Case 2 Same as case 1 plus: (110-111) 1 plus: 17

B. Results and Analysis Case 1

As previously stated, [2] and [3] examined transmission
switching with a DCOPF and found significant savings, the
best found solution provided a savings of 25% by opening 38
transmission elements. This best found solution was within
$0.0004/hr of the greatest lower bound, which corresponds to
an optimality gap of 0.000026%. The base case DCOPF
generation cost found in [2] and [3] was $2,054/hr, generation
revenue was $3,850/hr, generation rent was $1,795/hr,
congestion rent was $3,907/hr, and load payment was
$7,757/hr.

When incorporating N-1 contingency constraints into the
DCOPF, the optimal solution has a cost of $3,323/hr for the
J=0 solution. Recall that J represents the number of
transmission elements that are allowed to be opened by
transmission switching; thus, J=0, which is an LP, is the base
case solution in which no element is allowed to be open. The
results presented in Figure 2 correspond to solutions when
performing an iterative approach by finding the next best
element to open, a technique that does not guarantee an overall
optimal transmission switching dispatch but delivers good
savings with short solution times. The J=10 solution provides
a 15% generation cost savings.

Another solution heuristic, the “intelligent learning”
strategy, was employed to arrive at solutions IL1 and IL2.
Intelligent learning makes use of familiarity with a particular
transmission system. In particular, 20 (for case 1) or 30 (for
case 2) specific transmission elements, are eligible for
transmission switching. The candidate elements used in the
intelligent learning solutions are based on elements that were
found from the solutions for J=1 through J=10 presented in
this section as well as other elements found when elements
were removed for the base DCOPF [3]. Such information
would be known once some experience with transmission

switching has been gained. For instance, operators could
compile a list of elements that were chosen in the past and
have the program focus on these candidate elements, as was
done here. Especially with an N-1 contingency analysis, there
may be elements that can never be candidates as they are
necessary for meeting N-1 reliability standards. Forcing these
transmission elements to remain in the network improves the
computation time without affecting the objective, as they
would never be removed anyway. The results suggest that past
information as well as heuristic techniques can be used to
obtain good solutions fast.

The computational statistics are displayed in Figure 3. The
statistics for solutions obtained by the use of partitioning and
heuristics, J={4...10}, are not presented as varying
approaches were used to reduce the computation time
resulting in the statistics not properly indicating the difficulty
of the problems. The cpu time for the intelligent learning
solution 1 (IL1) was 134 minutes, which is close to the two
hour window operators usually have to solve the scheduling
problem; IL1 produced a 15% savings while the J=1 solution
took 453 minutes and produced only a 6.3% savings.

140%

120%

100% +

80%

60% -

—a— Generation Revenue|
—x— Congestion Rent

o —e— Generation Cost
40% Generation Rent
—x— Load Payment

20%

J=0 J=1 J=2 J=3 J=4 J=5 J=6 J=7 J=8 J=9 J=10 IL1 IL2
Figure 2. IEEE 118 Results — Case 1
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—a— Branch and Bound Nodes
1
J=0 J=1 J=2 J=3 IL1 L2

Figure 3. Computational Statistics — Case 1

C. Results and Analysis Case 2

Case 2 involved using the emergency ratings, or rate C,
listed in [18]. The emergency thermal ratings were 113.6% of
the steady state operating limits while case 1 assumed the
emergency thermal ratings should be 125% of the steady state
operating limit. There was one additional transmission
element and generator that were removed from the N-1
contingency list in order for this case’s base solution, an N-1
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DCOPF without transmission switching, to become feasible.
The results are shown in Figure 4; the computational statistics
for this case are shown in Figure 5. The N-1 DCOPF J=0
solution has a generation cost of $3,030/hr. The results are
based on taking an iterative approach by finding the next best
element to open in the network. Partitioning was used to speed
up the process. Computational statistics are not provided for
the solutions obtained by partitioning, but performing one
complete iteration with partitioning would take about 1 hour if
the partitioning was done sequentially. Since the partitioned
solutions can run in parallel, the time can be far less. These
data resemble the results in the previous section, suggesting
that transmission switching is also beneficial with more
stringent emergency thermal ratings. Once again, the
intelligent learning heuristic solution has a much faster
solution time than J=1 and produces a lower-cost dispatch.

180%
160% 1 /‘\
140% a
120% A /
100% - i
80% \.’,4./.—.//‘—‘//
60% N— % — V4
40% S
o —e— Generation Cost —=— Generation Revenug
20% —a— Generation Rent —x— Congestion Rent
—x— Load Payment
0% ‘ :
J=0 J=1 J=2 J=3 J=4 J=5 IL
Figure 4. IEEE 118 Results — Case 2
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. />%

10 1 —e—CPU Time (min)

1] —a— Total Simplex Iterations (k)
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0.1

J=0 J=1 IL

Figure 5. Computational Statistics — Case 2

D. Results and Analysis — Case 1 Load Profile Analysis

This sensitivity study investigates the impact of
transmission switching when the load is reduced by 20%. For
this load level, the system is N-1 secure except for radial
transmission elements. Table III lists the radial transmission
elements for the IEEE 118 bus test case.

When the load is reduced by 20%, the DCOPF solution is
only $4/hr greater than the unconstrained economic dispatch
solution, leaving little room for improvement from
transmission switching [3]. Though the N-1 DCOPF solution
is not that close to the unconstrained economic dispatch, the
IEEE 118 bus test case does not have a single transmission

element that is thermally constrained at the 80% load level
whereas most practical networks would not have such few
active thermal constraints at an 80% load level. With over
60,000 thermal and bus angle steady state and contingency
constraints, only 10 of them are active (9 thermal contingency
constraints, 1 bus angle contingency constraint) for case 1
when the load is at 80% of the peak. The J=1 solution
produced a savings of only 0.1% and, after 19 hours, no
feasible solution was found for the J=2 solution and the lower
bound was 0.2%.

We also analyzed the IEEE 118 bus test case with the load
reduced by 10%. Under this situation, a few transmission
elements needed to be removed from the contingency list as
well as one generator in order to obtain an N-1 DCOPF
feasible solution. These assets are identified in Table IV. All
of the radial transmission elements were removed from the N-
1 contingency list as well.

Table IV. Assets Removed from N-1 Contingency List — 90% Load
Non Radial Transmission Elements Generators
(82-83) 14

With a 90% load level, transmission switching achieves
similar results to those found for the base load level in the
previous sections. This was found to be the case for the
DCOPF transmission switching model as discussed in [2]
where 17% savings were found from transmission switching
when the load was reduced by 10%. With this N-1 DCOPF
model, transmission switching provides a 13% savings for the
best found solution, as is shown by Figure 4. The generation
cost for the J=0 N-1 DCOPF solution is $1,807/hr. Further
savings may be obtained with further investigation.

110%
80% — =
20% | L/ \
60%
50% A \ /
40% -
30% —e— Generation Cost —a— Generation Revenue
° —a— Generation Rent —— Congestion Rent
20% —x— Load Payment
10%
J=0 J=1 J=2 J=3 J=4 J=5

Figure 6. IEEE 118 Results — Case 1 -90% Load

The solutions presented in Figure 6 were all found by
partitioning, except for the J=0 solution. By partitioning the
problem into two equal branch and bound trees, the
computational time was approximately 2.5 hours with the
partitioned problems solved in parallel (the problems were
solved at the same time on different machines). Other
solutions were partitioned into 20 sets and took approximately
60 to 90 minutes to solve sequentially or at most 10 minutes
with parallel computing.
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VI. 1EEE 73 RELIABILITY TEST SYSTEM 1996 (RTS 96) —
NETWORK OVERVIEW, RESULTS AND ANALYSIS

A. Network Overview

The IEEE 73 bus network, also known as the three area
reliability test system 1996 (RTS 96), was created by a
committee of power systems experts to be a standard for
reliability testing [10]. The RTS 96 system includes many
different configurations and technologies so that it can
represent reliability situations found in most electrical
systems. It is therefore described in [10] as “a hybrid and
atypical system” where load is secure with all elements in
service. Nonetheless, it was created as a standard for reliability
studies; thus, we chose to include it in our analysis. We found
that there were no active thermal transmission or bus angle
constraints for the unmodified RTS 96 system for the DCOPF
solution, resulting in an unconstrained economic dispatch
solution. Consequently, it is common for those performing
reliability studies with the RTS 96 system to make
modifications. For instance, McCalley et al. [20] use the one
area RTS 96 system for a probabilistic security assessment and
examine transfers between zones that cause overloading and
voltage concerns. They remove a line, shift load, add
generation, and change outage rates, among other things, to
construct a security constrained area. In particular, the authors
adjusted the RTS 96 system by removing line (11-13), shifting
480MW of load from bus 14, 15, 19, and 20 to bus 13, and
adding generation capacity at bus 1 (100MW), bus 7
(100MW), bus 15 (100MW, 155MW), and bus 23 (155MW).
Buses 14, 15, 19, and 20 had an original total load of 820MW;
their new total load is 340MW.

Motto et al. [21] develop an auction market that considers
congestion, losses, and other factors. They test their model on
the one area RTS 96 system by modifying the rating of a line
to create congestion in the network. Specifically these changes
include decreasing the thermal capacity of line (14-16) to
350MW. Berizzi et al. [22] use the three area RTS 96 system
to illustrate a new ATC calculation that takes into account an
N-1 security assessment. They examine maximum power
transfer capabilities of main power corridors.

The existence of transmission congestion is central to our
study, and thus we created three different test cases based on
the modifications inspired by these other studies. The RTS 96
system has three identical zones; the modifications for the first
zone are listed below and these same modifications are applied
to all zones.

We created three test cases based on the modifications on
[20] and [21]. Test case O included all of the modifications
listed in [20] specified above.” Test case 1 includes the
modifications in test case 0 and the modifications in [21]
specified above. Test case 2 is the same as test case 1;
however, it does not include the additional generation capacity
referenced in [20].

* Modifications in [19] included reducing the total load of several buses. To
determine how much load to shift from each individual bus, we calculated
each bus’ initial percentage of the original total load among these buses and
allocated that bus the same percentage of the new total load. For instance, bus
14 had 23.7% of the 820MW of the original total load and now has 23.7% of
the new total load.

The network consists of 73 buses, 120 transmission
elements (lines and transformers), 111 committed generators
with a total capacity of 12,045 MW, and 51 load buses with a
total load of 8,547 MW. Table V provides an overview of the
components that are modeled within the RTS 96 system. All
generators have a minimum operating capacity of OMW; the
generator cost information is an average cost based on the heat
rate and fuel cost information presented in [9]. There is
seasonal information for the hydro units within the RTS 96
system, all of which are assumed capable of producing at their
full capacity. The RTS 96 system includes a yearly load data
curve. The results in the following section include the peak
hour and solutions corresponding to 70% and 90% of the peak
load. Table VI describes the problem size for test case 1; the
other test cases are similar in size.

Once again, there are fewer post-presolve binary variables
for the N-1 DCOPF than the DCOPF. Certain transmission
elements cannot be opened while maintaining N-1 standards
so AMPL’s presolve fixes their binary variables’ values to 1.

Table V. RTS 96 System Data

Capacity (MW) Cost ($/MWh)
No. Total Min Max Min Max
Transmission | 120 | 44,747 175 722
Generators 111 12,045 12 400 0.00 62.12
Load 51 8,547 53 745

Table VI. RTS 96 — LP and MIP Variables and Constraints

DCOPF N-1 DCOPF

LP | MIP LP MIP

Total Variables: 304 424 57k 57k
Binary Variables: 0 120 0 120

Total Linear Constraints: 498 738 102k 158k

Total Variables (Post Presolve): 301 421 57k 57k
Binary Variables (Post Presolve): 0 117 0 89

Linear Constraints (Post Presolve): 307 542 72k 75k

B. Results and Analysis — Peak Load

The results in this section focus on the peak load hour. We
tested three modifications of the original RTS 96 system,
described in section VI.A. Figures 7 and 8 present the
graphical results for test case 1 and test case 2. While test case
0 has limited savings from transmission switching, the other
two test cases present an 8% savings from transmission
switching while maintaining an N-1 secure network. Further
information concerning the results for test case O can be found
in [8]. The results are not guaranteed to be optimal solutions
as they are found by finding the next best transmission
element to open. The longest solution took 20 minutes with
most taking about 10 minutes. The J=0 N-1 DCOPF solution
for case 1 has a generation cost of $106k/hr and the solution
for case 2 has a cost of $118k/hr.
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C. Results and Analysis — 70% and 90% of Peak Load

The RTS 96 system data in [9] provided load information
for the entire year. The previous results reflect the annual peak
hour. The mean load level for the peak hours is 70% of the
peak load. We assume the peak hours to be hour ending 10:00
and hour ending 21:00 because this is the 12 hour period with
the highest mean. The load is then set at 70% of the peak load
to analyze the transmission switching savings for lower load
levels. With the load at 70% of peak, the savings were found
to be about 0.5% for test case 1 and 2, which is not very
significant. The RTS 96 system was designed with a robust
transmission system that is not often congested as it took
many modifications, as described above, to find a result with
binding constraints for the N-1 contingency model with peak
load. Thus, with lower load levels, these binding constraints
are now even fewer. For instance, for test case 1 (test case 2),
there are only 40 (30) thermal and bus angle constraints that
are active, all of which are contingency constraints, when
there are over 40,000 thermal and bus angle constraints. For
both test cases 1 and 2, the respective unconstrained economic
dispatch solution, which is a lower bound to all OPFs, is only
11% below the N-1 DCOPF solution. With such a close lower
bound, there is less possible savings from transmission
switching.

Our motivation is to identify the possible savings from
transmission switching for IEEE test cases, which then may
show the need for further research in this area. Even though

the results suggest that transmission switching does not
provide significant savings for lower load levels with an N-1
DCOPF, the same may not be the case for large scale
networks. These results arise from IEEE test cases that are
lightly congested at lower load levels; thus, these are not
generic results. With a DCOPF transmission switching
formulation, we researched a 5000 bus ISONE network model
and showed significant savings from transmission switching
when the load was at 70% or at peak [4]. We have yet to
investigate savings from an N-1 DCOPF transmission
switching model for ISO networks due to the difficulty in
solving the problem.

We continued to study the RTS 96 system with an N-1
DCOPF model but this time the load was set at 90% of peak
load. For this study, there are savings from transmission
switching unlike the case when the load is at 70% of peak
load. The results for test case 1 and test case 2 are presented in
Figure 9 and Figure 10. The J=0 N-1 DCOPF solution for case
1 is $79k/hr while the solution for case 2 is $86k/hr. With the
load reduced by 10%, transmission switching saves up to 4%
between these two test cases. All of these solutions were
solved by an iterative approach by removing one element at a
time so optimality is not guaranteed; therefore, the optimal
solution may have more savings than the solutions presented.
These solutions were found by partitioning; when the problem
was partitioned into two sets, the solution time was up to 20
hours. When the problem was partitioning into many sets, the
solution time would be roughly one hour to 90 minutes.
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Figure 9. RTS 96 Results for Test Case 1 — 90% Peak Load
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VIL

Transmission switching has been shown to provide
significant savings when solving the network with a DCOPF.
This testing has been performed on the IEEE 118 bus system
[2], [3] as well as the ISONE network [4]. This paper has
presented that transmission switching also provides savings
for an N-1 DCOPF model for the IEEE 118 and the IEEE 73
bus systems. Future research should investigate daily and
yearly load patterns to investigate the effects of transmission
switching for various load levels. This more expansive
analysis should be based on a more complicated model such as
an ACOPF or a SCOPF, because lines affect reactive power
profiles differently under different loading patterns.
Transmission switching may also provide savings by relieving
the requirement to start up a generator under certain
circumstances, thereby saving the start up costs. A generation
unit commitment model should also be built into future work
to examine such possibilities. There is also the need to
research the impacts from transmission switching regarding
real time operations including voltage problems, reactive
power, transient stability, etc. This analysis is necessary at
varying load levels as well since the capacitive component of
a transmission element is predominant during low load levels
while the reactive component is predominant at higher load
levels.

FUTURE WORK

VIIL

As computing power and optimization techniques improve,
the trillion dollar electric industry looks for ways to cut costs
by taking advantage of these improvements. Viewing
transmission elements as committable assets is relatively new
as such analysis was not possible in the past due to the added
complexity to an already challenging problem. This factor is
changing and new methods are currently being used to cut
costs; for example, PJM is using MIP instead of LaGrangian
Relaxation in the unit commitment problem to save millions of
dollars [6].

There are concerns with whether transmission switching
will be a detriment to reliability and stability. This paper has
demonstrated that a network can satisfy N-1 standards while
cutting costs by incorporating transmission switching into the
dispatch. Significant savings for the IEEE 118 bus test case
were obtained due to transmission switching, savings as high
as 15% of the generation cost with an N-1 DCOPF model.
These savings are not as high as savings found in earlier work
that showed a savings of 25% with just a DCOPF model [2].
However, the 15% savings found are still significant. Savings
of 8% for the RTS 96 system were obtained with the N-1
DCOPF model whereas there were no savings from
transmission switching for the DCOPF model.

These findings suggest that, as one applies a more
constrained model, it is possible to obtain more savings from a
flexible transmission system. Our work thus far has shown
significant savings from transmission switching. If the savings
are even half of what we are currently finding, such savings
would still be astounding. Such findings suggest that further
research is necessary to determine the possible savings from
transmission switching for larger networks with more
advanced modeling, such as an ACOPF or SCOPF, and

CONCLUSIONS

whether

transmission  switching can be practically

implemented.
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