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Abstract—Topology control (TC) is an effective tool for man- S Set of switchable branches

aging congestion, contingency events and overload control. The R Set of cutsets

majority of TC research has focused on line and transformer N Set of branches incident to the from side of cutset
switching. Substation reconfiguration is an additional TC action, " .

which consists of opening or closing breakers not in series g Set of valid cutset states
with lines or transformers. Some reconfiguration actions can be
simpler to implement than branch opening, seen as a less invasive|ndices
action. This paper introduces two formulations that incorporate

substation reconfiguration with branch opening in a unified TC i, m,nNodes.

framework. The first method starts from a topology with all k,¢  Branches (non-zero impedance).

candidate breakers open, and breaker closing is emulated and 7 Contingent topology.

optimized using virtual transactions. The second method takes Breaker (Zero-impedance).

the opposite approach, starting from a fully closed topology . Substation cutset, consisting of one or more breakers.

and optimizing breaker openings. We provide a theoretical
framework for both methods and formulate security-constrained ] ]
shift factor MIP TC formulations that incorporate both breaker ~ Contingent Topology-Dependent Parameters and Variables
and branch switching. By maintaining the shift fa_ctor f_ormulatlon For contingent topology,

we take advantage of its compactness, especially in the context o .
of contingency constraints, and by focusing on reconfiguring A,  Reduced incidence matrix.

substations we hope to provide system operators additonal B, Reduced nodal susceptance matrix with candidate
flexibility in their TC decision processes. Simulation results on a breakers opened.

subarea of PJM illustrate the application of the two formulations Vector of real power flows.

to realistic systems. . - . ..
Bias from linearization of transmission flows.
f. Vectors of transmission limits.

f
T
I. NOMENCLATURE F_,F,Diagonal matrices of transmission limits.

-
L

o _ T : .
Vectors are indicated by lower case bold, matrices by upper¥z, Vector of breaker closing transactions.

case bold, and scalars by lower case italic characters éadex V-  Vector of flow-cancelling transactions.

appropriately. Upper limits are indicated by an over-bag a 9-  Vector of breaker opening incremental flows

lower limits by an under-bar. Sensitivities are indicateithw (BOIFs). ) o ]
Greek characters. When a single set identifier is used as &  Vector of dummy variables to enforce anti-islanding
superscript for a vector or matrix, we refer to the row eletsen constraints in the BOIF formulation.

of that vector or matrix corresponding to elements in the set ¥~  Shift factor matrix.
When two set identifiers are used as superscripts for a PTDFP- ~ PTDF matrix

sensitivity matrix, the first applies to its rows and the seto ¥~  Shift factor matrix with candidate breakers removed.
to its columns. ®. PTDF matrix with candidate breakers removed

®M2 PTDF matrix of monitored branches for transfer
between the terminals of breakers in a topology with

Sets candidate breakers removed (for other set identifier
Z Set of candidate breakers (zero-impedance) used as superscripts, see discussion in the Nomen-
N Set of branches (non-zero impedance) clature section).

M Set of monitored branches PRR Self-PTDF matrix for cutsets with zero impedances

replaced with an arbitrary, constant value.
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Contingent Topology-Independent Parameters and Varg&ableactive and reactive power system state variables but do not

1 Vector of ones. consider switching decisions in an optimization framework
I Identity matrix. In [3], [17] the authors describe a ranking-based algoritbm

B Branch susceptance matrix. busbar and shunt switching based on decoupled power flow
tS Vector with the 0/1 state of branches and voltage distribution factors that considers both rea a
tZ  Vector with the 0/1 state of breakers reactive power, however, breakers are only modeled approxi
c Vector of nodal generation variable cost. mately by using a very small impedance. o

p Vector of nodal generation. This paper qlerlves a shlft_factor framework fqr expl_|C|tt}ch

1 Vector of nodal loads. exactly modeling breakers in power flow equations, intresuc
M Sufficiently large number. two TC MIP formulations to optimize substation configuratio

in the SCOPF problem and presents numerical examples using
a real power flow network. By using the shift factor framework
to solve TC problems, we aim to achieve faster solution times
In recent years there has been a significant interest in ¢especially with contingency constraints) and to be cdests
optimization of transmission topology and generation a@isp with the type of models used by ISO markets.
in power system operation. Applications have varied from The first TC MIP formulation presented in this paper can
corrective control [1]-[3] to security enhancements [4],[ be thought of as the reverse of the FCT formulation used in
loss minimization [6], [7] and more recently to productiorbranch switching. It starts with a topology where all caadid
cost reduction under economic dispatch [8], [9] and uniitreakers are open and introduces Breaker Closing Traneacti
commitment (UC) [10], [11]. This paper deals with a TQBCT) to simulate the closing of breakers (in contrast to ECT
application to production cost minimization in the segurit which models opening of non-zero impedance branches). The
constrained optimal power flow problem (SCOPF). TC can ls®cond formulation starts from a consolidated network ltopo
very effective in this context, as found in [10], [12], [13h ogy (bus-branch representation) with all candidate bneake
[14] we introduced a lossless, linear shift factor-based Miclosed and introduces Breaker Opening Incremental Flows
formulation to efficiently model topology control (TC) ugin (BOIFs) that simulate the opening of breakers. Depending on
flow-cancelling transactions (FCTSs) rather than B repre- the state of the topology, the number of candidate substatio
sentation of power flows. AlthougBé flow modeling is more and the system operator’s objectives, one formulation naay b
frequently used in TC research, it is computationally espgn more appropriate than the other, as discussed later indpisrp
for large systems especially when contingency constrairds  The rest of this paper is organized in seven sections. $ectio
included [12], [14]. The FCT-based MIP formulation wagl derives the shift factor and PTDF matrices for a topology
extended to include losses in [15]. with breakers. Section Il discusses the two formulation in
The majority of TC research has focused on branch affte context of typical substation configurations. Sectivn |
transformer switching. An additional switching action isbs uses the developed matrices to formulate the first security-
station reconfiguration, which consists of opening or cigsi constrained MIP topology control formulation using BCTslan
breakers or switch disconnects not in series with lines ektends the formulation to model branch opening with FCTs.
transformers (in the remainder of the paper we will refer t8ection V derives BOIFs, applies them to formulate the sec-
zero-impedance switching devices simply as breakers andotad security-constrained MIP and extends the formulat®on t
non-zero impedance branches simply as branches). By aperjisintly model breaker opening and branch switching. Sectio
and closing some of these breakers, power flows are re-routddlescribes the test system studied and presents restilig of
in the transmission network similarly to opening brancheBCT, BOIF and joint BOIF+FCT formulations. Section VII
Some substation reconfiguration actions, such as busbar meliscusses some of the data and computational requirements
ing or splitting in single-bus substation architecturea e for implementing the BCT and BOIF formulations on a large
simpler to implement from an operations perspective. Thesgstem. Section VIII presents concluding remarks.
architectures require as few as a single breaker operason a
compared to two breaker operations and two switch discannec Il. DERIVATION OF SENSITIVITIES
operations to fully connect/disconnect a branch in a typica To derive appropriate shift factors for a topology with
configuration with a breaker and a disconnect in series witiandidaté zero-impedance breakers modeled explicitly, we
the branch at both ends. More importantly, having the aiitit start with a modified set oB6 constraints.

INTRODUCTION

reconfigure substations in combination with branch switghi N _ AN AN
. o . f2 =B A0, (1)
provides additional control mechanisms to system opesator =
for managing congestion in the network. A70-=0 2
The busbar merging/splitting problem has been stud- AN N + AZfZ 1 p (3)

ied [16]-[18] in the context of corrective switching, over- ] ) ]
load/voltage relief and congestion cost savings. In [189]] Equation (1) is the standard loss-less DC powerflow equation

[20] the authors employ @36 formulation of power flows, f_or_ the flow on branc_hes. For breakers, the susceptance _is in-
which has the computational shortcomings mentioned abo{8ity and (1) is undefined, therefore (2) enforces the caomlit

In [21] the authors describe a decoupled power flow SC'Il"tioanhe only breakers modeled are those whose states will be agtini.e.,

with an exact modeling of breakers and apply it to solve fetndidate breakers



that the voltage angle difference between the breaker énigpofactor (LCDF) and is defined byif? /dfZ. Differentiating (1)
is zero. Equation (3) is the nodal balance constraint wherg3) with respect tafZ,
we explicitly represent the flow on branches and breakers. #N b

To derive shift factor matrices associated with the topglog = = ZA“TV lB“TV (12)
describe above, we take derivatives with respect to theovect df df>
of nodal injections dH; Z _ (13)
7} =
atNdo, | N
T _ T AN BN 4 af> z
[ — T
EAT =0 ®) Taking a similar set of steps as for the derivationdof’
dtV N df? dfN / -,
T AN ST AZ =1 (6) A\ BN AN [ AN BN AN z
dp dp (dsz) BT A‘r A‘T BT A‘r A‘T
Substituting (4) into (6) gives _ (@T)Az' _ (,i,NZ) (15)
’ Z ~ ~
do- AJTV ]~3JTV AJT\/ S <1 + df; Af) (7) Wwhere¥ and® refer to the topology with candidate breakers
dp dp opened. The LCDF in (15) can be used to emulate the closing
or of a breaker by an injection and withdrawal at its terminals.
do dfZz We have shown in this section that we can define a set
T _ I T AZ -1 8 . . L.
dp + dp 7 B; (8) of shift factors and LCDFs in a topology containing zero-

i ) impedance breakers. In the next section we review some
The nodal susceptance mati- in (8) is for the topology typical substation configurations and discuss the topology

with all candidate breakers open and is well defined as long@presentation used in both shift factor based MIP forriarat
opening all candidate breakers does not island any parteof th

system under contingency. Substation networks formed by
non-candidate, closed, breakers can be collapsed anédreat
as a single bus. Substituting (8) into (5) gives

IIl. TYPICAL SUBSTATIONS AND VIRTUAL BREAKERS

In the shift factor formulations used in this paper we effec-
tively work with a bus-branch representation of the network

dfzy’ 212\ V2ot consolidating non-candidate nodes, busbars and breakers i
(%) - _<AT B Az ) ArB, ©) their equivalent bus. Fig. 1 shows a typical breaker-and-

Equation (9) defines the shift factor matrix for breakers, ag-half substation architecture. Let us consider two péssib

suming that the inverse on the right hand side exists. Assgimi

vZ =

T

for now that it does, we expand (4) using (8) El 53
fN ! - ’ zZ , N -
v = (T0) — myarer (a2 (95)) o) A N
dp dp AN B - N e e N S 4
Equation (10) is the shift factor matrix for monitored braas bl z, z Z, b(,
where the first term on the right hand side, N— —Z N2/ mn N L
~ ~ 5
&, = BYAVB;! (11) ’
is the shift factor matrix with all candidate breakers open. 52 54

The matrix in (9) is invertible wherA Z is of maximal rank

and when there are no islands in the system with candid&ie 1- Breaker-and-a-half substation architecture wigmbhes labeled a5
. through/y, busbarg$; andbg, nodesbs throughbs and breakers; through

breakers open. Under the latter assumption the nodal suscep
tance matrix is a positive definite symmetric matrix [22] and
together with the first assumption, the matrix in (9) is itik@e  reconfiguration states: a), z5 are open and b}, z¢ are
[23]. For the incidence matriAZ to be of maximal rank, the open (all other breakers are closed). While the BCT and
network should not have any parallel breakers or closedsloopOIF formulations evaluate these reconfiguration decision
formed by breakers. Parallel breakers can be handled dx-pd#ferently, both view the network as one of the bus-branch
but most types of substations do contain loops. In the nexpresentation shown in Fig. 2, with a single virtual breake
section we demonstrate on typical substation configuratioim the BCT formulation, the initial state of the system would
that formulating both the BCT and BOIF formulations usingypically have breakers,, z5 or 21, zg disconnected (Figures
a bus-branch representation with virtual breakers avoids 2a and 2b respectively) and would evaluate the benefits of
issues with loops and parallel breakers. closing the virtual breaker, i.e., reconnecting one of thgg

To close this section we derive the impact of closing breakf breakers. In the BOIF formulation, on the other hand, the
ers on the rest of the system, which we will use in the BC3ubstation may start out fully connected and the formutatio
MIP formulation. This impact is théine closing distribution would dynamically evaluate both switching decisions in.Fig



A. BCT MIP Formulation
To formulate the BCT MIP we need to determine the

Zl 53 Zz 41 magnitude of the breaker closing transactions wheg= 1.

< virtual — <] virtual — There are two ways to determine this magnitude. From the
- shift factors derived in the previous section, the flow orsetb
brbN|boh, bbb N 02bub, breakers is P
breaker breaker

< —> < —> _ N _

‘ ‘ ‘, (. £2 = wZ(p-1) - (AZB;'AZ ) TAZB (p-1) (16)

@ (b) from which we can write

(AfB;lAf )ff’ +AZBI!(p-1)=0  (17)
Fig. 2. Bus-branch representation of a breaker-and-ashdi$tation. Opening
the virtual breaker in (a) corresponds to opening breakerss in Fig. 1, AIternativer, from theB6 formulation, we know that the ang|e

consolidating nodes; andbs into busbarm; and node$, andbs into busbar . _ . N
be. Opening the virtual breaker in (b) corresponds to openiegiersz , z¢ difference across breakers(sWhenz = 1, we Impose this

in Fig. 1, consolidating nodelss andbs into busbarb; and node$, andb, requirement in the shift factor formulation by appropriate

into busbarbe. setting the decision variable. By applying (5)
do,’
. . - A7 (p-1)=0 (18)
2 (constraints to prevent mutually exclusive decisions ldiou dp

be addEd) Similar |OgiC applies for the Single bus with Expanding out the terms using (8), we have
breaker tie configuration shown in Fig. 3, where breakettie

already acts as a virtual breaker. Further, in Fig. 3 we make ~AZBI'I+AZ ¥E)(p-1) =
AZB '(p-D)+AZB'AZ vi =0 (19)
, ¢ , / Equations (17) and (19) are identical, where the BT, is
1 2 3 4 precisely the flow on closed breakers given by
vi=¥7(p-1) (20)
z, z, z, z, )
) | ) 5 ) 3 4 Using (19) we now formulate the SCOPF BCT MIP as follows
C = min c'p (22)
p,v,t
'I—LE z '|'|—L / _
by LN /1 b, st. /(p—-1)=0 (22)
P<pP<Dp (23)
Fig. 3. Single bus with a breaker tie configuration with bierlabeled ag; M < g’ + gM (p—1) — PMZyZ < fM Vr (24)
through¢,, busbarsh; andbs, breaker tiez; and other breakersy, through =T T rooT T
21, “M(1-t%) < (AfB;lATZ )v§+
Zn-—1 zZ
the distinction between substation reconfiguration andidira ATB(p-1) < M(1—-t7) vr (25)
switching, represented by breakets through z,,. While —Mt? <v, < Mt? Vr (26)
both types of switching actions require breaker operations ¢z {0,1} (27)

the physical implications are quite different. In Sectionwe

use the single bus and ring bus configurations to show tfe@uations (21) - (24) are identical in structure to the branc

modeling breaker opening requires a different approach fréwitching formulatior?: Specifically, (24) enforces the flows

branch switching. on monitored branches, which are impacted by all BCTs.
The next two sections derive the BCT and BOIF forEquations (25) and (26) force the flow on breakers to (16)

_ _ _ z ) .
mulations. Regardless of the formulation, however, using"'€n¢~ = 1 and otherwise leave (25) unconstrained. One
consolidated representation of the topology with virtuat- complication in this .formuiatlon is that eq_uatlonS (24) and
ers avoids the issue of breaker loops and ensures that (&e) rely on calculatingB" for every contingent topology

sensitivities derived in the previous section are well defin 7- However, the number of changes B introduced by
a contingency are limited. For single element contingencie

outaging brancH, the update of the form

IV. MIP FORMULATIONS WITH BCTs -1 1
B =(Bp— —uu) (28)

b
Many aspects of the breaker closing formulation are similar . ‘ - . .
to the FCT formulation for branch switching [14]. In thisc@" b€ computed quickly and efficiently using the matrix

section we apply sensitivities from Section Il to formuléte inversion lemma. Note that the solution of (21) - (27) is secu

brealfer closing MIP and the joint breaker closing and branchThe sign difference on the PTDF matrix in (24) arises becauseare
opening MIP. simulating branch closing as opposed to branch openinghigtn factors.



against all specified contingencies with constraints (24)m of FCTs for emulating the opening of breakers. To get around
eling post-contingency flow limitations for each contingerthese issues we work directly with fictitious flows that wd cal
topology 7 Breaker Opening Incremental Flows (BOIFs).

B. Joint BCT and FCT MIP Formulation A. BOIF Theory

Including FCTs in (21)-(27) requires a few small changes. The BOIF §7 is a fictitious flow introduced on branch
We first need to introduce® andt® to represent FCTs andin a topology where the virtual breakeris connected (see
the binary branch switching variables. Constraints (26)ilvo Fig. 2). It is defined as the change in flow on brarfclvhen
be introduced for FCTs and the tedn*'SvS would be added =z is disconnected (similarly to a LODF) but, as explained
to (24). Equation (25) would change since the flow on breakdrglow, avoids the problem of the self-PTDF being undefined.
would now be impacted by FCTs: Additionally, fictitious flows do not create any nodal injects

1 and therefore avoid the issue with the nodal balance contstra
£2 = —(AfB;lAf ) AZB-l(p —1)+®25vS  (29) described above.

To show that BOIFs are well defined, consider virtual
breaker: defined from nodé to j, expressed as= (i, 7). For
any pair of branches incident to virtual breaker! = (m, 1)

AZB_1(Az’fz F(p-1) _Az’(i,/vtsvs) —0 (30) and & = (n,i) the per-unit impact on the flow of these
T T o branches from opening is the LODF.
Equations (31)-(37) define the security constrained MIP for

By multiplying both sides by the invertible matrix on the hitg
hand side and collecting terms we arrive at

mulation with both forms of topology control actions: AJi = LODE; (38)
Afi =LODEF} (39)
C = minc'p (31) ) ) i
p,v,t As stated earlier, the LODF for a breaker is undefined.
s.t. (22) (23), (26) (32) However, we claim that the ratio of (38) to (39),
£ < gl B (p1)-BMEVE £ BV <1 (3 Af; _ LODF; _ ¢ o)
F 40 < 95 (p-1) + (835 1) v3- 997V < Ft° (30 Afi  LODES ¢
; is well defined and independent of the impedance (and there-
~M(1-t%) < AZB;! (Af vZ4+(p—1)— fore susceptance) af We leave the proof for the appendix and
2 S - show in the next section that we can find fictitious incremlenta
AT o7 VT) <M(1-t7) (35) flows for all branches incident tethat emulate the opening of
CM(1—t5) <vS < M1 —t5) (36) preakerz. Further, these BQIFS impac.t the rest of th.e system
z .5 in the same way as physically opening Note that in the
t7,t% € {0, 1} (37)  final result of (40) we canceled tHe — ¢?) terms from both

Equation (34) forces the flow on opened branches to zero. THgmerator and denominator. We return to this point in the nex
formulation above models both branch switching and break@&ction.
closing in a single optimization problem.

We now shift focus to the second MIP formulation thaB. BOIF MIP Formulation

starts with all breakers closed and models breaker openingJsing the ratio of incremental flows derived in the previous

using flow sensitivities. section, we can formulate a shift factor based MIP OPF to
optimize the opening of breakers. We can think of opening
V. BREAKER OPENING MIP FORMULATIONS a zero-impedance breaker as separating busbars as mutivate

To formulate a linear shift factor-based OPF that emipy Fig. 2. In the single bus substation (shown again in Fig.
lates the opening of breakers we would like to use FCTs.
Unfortunately, the use of FCTs creates two problems.
the branch opening formulation we isolate the branch to | ngg T{? Tg Tg
opened and introduce a FC%, at the ends of this branch, ! 2 Cut§et r 3 4
EZ[ Ezé
3 4

which has the same impact on the rest of the system I

actually opening the branch. The algorithm determindsy z, z, !
g )

1

1

dynamically calculating the LODF, which requires evalngti )
(I — ®°)~1. For breakers this expression is undefined dt
to the breakers’ zero impedance. | | | |

The second problem arises from the impact of FCTs ¢ b1 \_h-_"Z1 / bz
the rest of the system. Due to the self-PTDF being undefine I
we cannot introduce FCTs at the ends of the breakers whose _ _ _ o _
opening we want to emulate. If we try to introduce FCTs 419, géoi'ir;%é% %uglév'f/gr?aggf‘ker tie substation. A cutseieoduced with
any other nodes in the system we would inadvertently impact

nodal balance constraints. The two problems preclude the 43, if we open breakee;, we introduce a substation cutset,



r1, shown by the dashed line and separate busp&mom the would be on the left side of the virtual breaker). For cutset
rest of the substation (in this case we also separate bagpar in Fig. 5, (42) becomes:

From the previous section we know that to find the impact

of opening= on the rest of the system, we must consider the ~ —Mt,, < > (W(P —D 40"yt + 57'2722)
relative changes in flow for any pair of branches. Applyinig th LE(£r,L2)

result, we introduce a BOIF variablé, = A f7 representing + 1, —pr, < Mt,, (43)
the change in flow orf; when cutset; is opened. We call

¢, the reference branch and calculate the changes in flow §frél- andp, refer to load and generation at the from side of
branches incident to the from-node of breaker cutsetr.* Note that we only consider the reference branch for

From (40) we have: ro When calculating t.he_ impact on the nodal balgnce const.raint
; for r1. To see that this is indeed the case, consider an arbitrary
o= 57‘1@ ="y k= /o (41) set of injections that caused change in the flow on some
b7, branch,k. We can use shift factors to calculate their impact on

Equation (41) establishes a relationship between changes2§ly other branch, but we can also use PTDFs afddirectly
flows that would result from the opening of virtual breaker 0 get the same result. In Section Ill we mentioned that some
In addition, we need to determine the magnitudes®f, In  Substations reconfigurations may be mutually exclusive. Fo
the post-open topology, the sum of flows through branches €xample, if opening both cutsets in the ring bus is prohibite

and ¢, is zero. In the pre-open topology the BOIF emulate® Simple constraint limiting the sum of the binary values to
this condition, expressed by (42). be less than or equal tb can be added. More generally, we

can say that the vectar should belong to the set of valid
—Mt, < Z <¢g(p—1)+5”7};1)+l1—p1 < Mt,, (42) cutset stateg, which we assume to be known by the system
LE(£1,02) operator.
Extending (43) to multiple cutsets and changing to matrix

Constraint (42) enforces the nodal balance for busbam the X
notation we have

pre-open network, except that we replace the flow through

with the fictitious breaker opening incremental flows (BQIFs —Mt, < 1’Z€N (¥, (p—1)+T,6,) (44)

that emulate its opening. Note that (42) only balances one of .

the two busbars separated. This is a sufficient conditiothelf H(lr=pr) < Mty ¥r,7

flow through¢; and/; is 0, the flow through?; and /4 will  Before we present the full BOIF formulation, we need addi-

naturally satisfy the same condition. The previous exampi@nal constraints to prevent islanding. We noted in Sectio

illustrates the constraints required to model the openihg 0V that in calculating (40) we cancel the ternfs — ¢?)

single cutset (breaker). In the rest of this section we estpaftom both numerator and denominator. This cancellatiorke/or

these constraints to allow for multiple cutsets. as long as the cutset being opened does not create islands.
Fig. 5 shows a ring bus configuration but the same principigore generally, a set of cutsets is non-islanding if the term

applies to a breaker-and-a-half configuration. For the bag (1— ®77R) is invertible. In the FCT formulation this condition

is implicitly captured by (34) and (36), repeated below with

the impact of breakers (for clarity).

|
cutset 7 / Lcutset 7 5
’.' : b, “. Ft5<®i(p-1)+ (855 -I)v, <F.t5Vr (45)
z z s s S
1 2 - M1 -t2) < <M(1-t°) V 46
A e [\ ], (1-t%) <vi <M1 —t%) vr (46)
zZ,f TTTTTTTTTTIT \Z. For branches that are switched opet® (= 0), we see
\ 4m / \\ I::] 3/ ’
] " that solving forv, in (45) requires invertingI — ®3°). In
| | b4 : b the BOIF formulation, we need to explicitly add a similar
',' 54 ! ’ constraint. Even though the impedance of breakers is zero,
1
|

we only care about network connectivity and therefore can
substitute all breaker impedances with an arbitrary vaile.
Fig. 5. Ring bus configuration with branches labeled ashrough/y, nodes refer to the PTDF matrix post these substitutiongbaand the
b1 throughby, breakersz; throughzs4 and two possible cutsets; andrs. additional anti-islanding constraints are shown in (48)(

shown, opening any single breaker has no impact on the rest _ p7¢ 4 1 < (I—®RR)x, < Mt,+1 Vr,r (47)
of the system. By introducing the two cutsetg,andr,, the

BOIF formulation will dynamically evaluate the two states M =t) <%, < M1 —t,) Vr.r (48)
shown in Fig. 2. Opening cutset corresponds to opening thewherex . is a vector of dummy variables coupled to the binary
virtual breaker in Fig. 2a (nodés andb, would be on the left decision variables, and allows us to determine whether the
side of the virtual breaker) and opening cutsgtcorreponds  submatrix of(I— ®77) corresponding to cutsets where= 0

to opening the virtual breaker in Fig. 2b (nodes and b,

4For the substation reconfigurations in this paper, we assimae the
Swithout loss of generality, (42) assumes that all brancheisiémt to the location of the generation and load within a substation iedior that it
from-busbarb; of breakerz are defined as originating at bushiar is implicitly adjusted for the configuration being considkre



is invertible. We are now ready to present the full securityTherefore, we selected a subset of 39 switchable breakats th
constrained BOIF MIP formulation do not island the system when opened simultaneously. Since
all candidate breakers are open under the BCT formulatien, t

— ; /
€= pr.,gl,lallt °p (49) remaining substations can be collapsed into their reptates
s.t. (22) (23), (44), (47), (48) (50) buses and thi.s.significantly redupes the numbgr of breakers
M 0 M M M modeled explicitly. After performing this consolidatiothe
£ <gr + ¥ (p-D)+ 7700, <f V7 (1) model size is reduced to 406 branches and 310 buses. In the
— M1 —-t3) <86, <M1 —tZ) Vr,r (52) BOIF formulation we could use all 57 candidate breakers as
tZ € {0,1},t% g (53) decision variables. However, for comparability of resulith

the BCT formulation we maintain the same 39 candidates for
. . both formulations.
C. Joint BOIF and FCT MIP Formulation In addition to modeling the BOIF and BCT formulations
For completeness, we present the joint formulation faye also model the FCT formulation and provide results for

breaker and branch switching. the joint BOIF and FCT formulation. Since there are ov@0
c— min  p (54) branches in thg reduced t_est system, we cannot consider all
P8,z tZ tSw of them as switchable. Prior to running the FCT model we
st (22) (23), (36), (47), (48), (52) (55) evaluate the line profit policy to determine a set of caneidat

branches (the details of this policy can be found in [13]])24

M 0 Mo
£ <e ¥ (P For each hour, the line profit policy performs the following

+TMg, + dMSy_ <F vr (56) steps:
—Mt, < 1’(@\[' (‘I’T(p 1) 4+T,8, + <I>£"SVT) 1) Rank branches using metrk:fg_(LMPele - I_ZMPgme_).
" 2) Open top-ranked branch (having a negative metric) and
+ (Ir —pr) < Mt, Vr,7 (57) solve OPF.

FTtS < WS (p-1)+ (<I>fS—I) v, 4S8, Sths vr (58) 3) Compare post-open to pre-open production costs. If
Tz s = there is an improvement, keep branch from step 2 open
t<,t° € {0,1}, t* € G (59) in all future iterations and go to step 1. Otherwise keep
Equation (57) assumes that branches incident to cutseta are ~ branch from step 2 closed. If no more candidates exist,
the monitored set but this need not be the case. Formulation €nd and go to the next hour.

(54)-(59) starts from the original topology and allows fer r This algorithm generated six candidate branches for thkwee
configuration of substations and branch switching within $imulated, which were included in the switchable set foheac

single MIP formulation. hourly MIP model. Note that there may be other branches
whose opening would produce savings but our goal here is to
V1. NUMERICAL EXPERIMENTS quickly generate a reasonable switchable set.

In evaluating the performance of the BCT, BOIF and
A. Test System ) ~ joint BOIF+FCT formulation, the next section presents hssu
The test system used represents 168 hours in a historigghnaring the number of topology control actions across the
2013 week of a subarea of PJM. Each hour was modelgfljels as well as solution times and cost savings. Costgsvin
independently with the assumption that each breaker can B8 calculated relative to the maximum possible savings to

opened/reclosed in each hour. The system can be furthefye the comparison across hours more consistent using the

characterized as follows: following relative cost of congestion metric:
e 2,264 branches (298 monitored)

Cfull topology __ Coptimized topology

¢ g ggztlr?ggenscy constraints of interest %Savings = Cfull topology __ Cno constraints topology (60)

« 63 generators where ¢/ull torology  corresponds to production costs for

« The hourly loads and generator commitment schedul@s system before any switching actions are applied and
are taken from archived system snapshots Cno constraints topology corresponds to production costs for a

« The generation costs are taken from the real-time mark@tstem with no transmission constraints enforced. All @ th

« Switching costs are added to the objective cost of atodeling was implemented in AIMMS 3.12 using CPLEX
formulations with the aim of differentiating the objectivel2.5 with default settings. Simulations were run on a 64-bit
function under solution degeneracy conditiéns. workstation with two 2.93 GHz Intel Xeon processors (8 cores

Out of all breakers, we identified 57 whose opening woul@t@l) and 24 GB of RAM. Because the size of the system is
split a bus. In the test system used, all 57 breakers cotigjatively small we are able to solve both models to the dloba

not be opened at the same time without splitting the systefPtimal (MIP gap of 0%). A value of 5,000 was used faf
in the formulations. In practice, the value fdf is chosen
®Each column and row i corresponds to a single virtual breaker a0 be constraint-specific, reflecting the physics of theespst
shown in Fig. 2. _ _ This would provide tighter bounds on the feasible space
6These switching costs could be negative depending on tHerpree of di | £ Al ivelv. th Hi
the system operator, for example to bias the MIP solution tdsvlieeping a and improve solver performance. Alternatively, the aushar

branch open from one hour to the next. [25] present an approach for solving transmission switghin



problems without big-M constraints by describing the conve
hull relaxation of the feasible space and introducing sjror
inequalities that could be used in a cutting-planes appros
for solving these problems.

B. Simulation Results

We begin by showing a simple example of substatic
reconfiguration using the test system. Fig. 6 shows a sm
part of the full test system where branéh (between nodes
by andbs) carries its maximum flow with all breakers closed
Part of the flow throughf;, goes from the rest of the network
along pathb;—b,—b3—by—b; and serves to meet the load a
b1. With breakerz; opened (without redispatch), the origina

pre-open flow

(— post-open flow|
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Fig. 7. Breakers kept open in the breaker closing transa¢B¢T) formu-
lation and breakers opened in the breaker opening increiniémta(BOIF)
formulation.
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cycle. Early in the morning there is little congestion so
there is little need to change the starting topology. This, t
BCT formulation closes few, if any, breakers, and the BOIF
formulation opens few breakers. Later in the day, during the
afternoon hours, congestion increases and both formuoktio
respond by making more changes to their starting topologies
the BOIF formulation opens more breakers and the BCT
formulation closes more breakers. Note that with an in@eas
number of switching operations it is possible that constsai
not represented by the shift factor models, for exampleagel
magnitude, could become violated. In an operational ggttin
AC validation would have to be performed iteratively with
substation reconfiguration (similar to contingency ana)ys

To better compare the number of breakers operated in the
two models, Fig. 8 shows the number of breakers closed in

22.4 MW that flowed across the breaker is routed through thke BCT model. In most hours the BCT model operates fewer

rest of the network. Part of this flow provides counterflow on
the branch between busbars and b, and on branct,.. In
general terms, in the post-open network some of the power
meet demand df; is routed to the left of branck), as opposed
to along thebs;—bs—bs—bo—by path in the pre-open network.
We note that in this example, there is no single branch tt
could be opened to produce the same result.

For the one week simulation, Fig. 7 compares the numkt
of breakers opened/kept open by the BOIF/BCT formulatiot
respectively. The two formulations are fully equivalenttwi
the same switchable set being used as detailed in the peevi
section and are solved to optimality. However, the number
breakers open in the hourly topologies are different betwe
the BCT and BOIF formulations, indicating that there ar
multiple optimal topologies in the test system considere
The BCT formulation keeps betwedh and 9 breakers in
service with an average of about 4 per hour (opens betwe
30 and 39) while the BOIF formulation keeps betwee&s
and 38 breakers in service with an average of about 34

—BCT (breakers closed
BOIF (breakers openefd

=

72
Hour

96 120 144 168

per hour (opens betweeh and 11)_ Note the clear dai|y Fig. 8. Number of breakers operated in the BCT and BOIF models



breakers, which is further summarized in Table I. Theselt®suformulation would yield the same savings as the BOIF+FCT
are, of course, conditional on the level of congestion in tHermulation. Table | compares the solutions across all for-
network. Given the fairly light congestion levelin many mulations. We observe that the joint BOIF+FCT formulation
off-peak hours having a large number of candidate breakensd FCT formulations tend to perform the same number of
open is an optimal solution. If system conditions were motepology changes. One reason for this is the limited comyest
strained, having most of the candidate breakers open woiddthe system. However, Table | shows that in many hours a
cause violations in many more hours requiring additiondreaker opening can serve as a substitute for a branch apenin
breaker closings under the BCT model. However, these esuwithich can give system operators multiple options for haragli
demonstrate that under light congestion and when a setcefrtain congestion or contingency events.
breakers is already open, the BCT model may be preferable
to the BOIF one in terms of the number of topology changes. TABLE I

Fig. 9 and Table Il compare solution times for the two BOIF AND BCT SoLVE TIMES (SECONDY
formulations. While both formulations solve quickly, the BC

BCT BOIF
Min 0.52 1.20
Max | 2.45 4.83

5r BCT Avg | 113 296
BOIF
Fig. 10 shows the cost of congestion savings for the three

ar models. Compared to the FCT or BOIF formulation, the joint
= BOIF+FCT formulation achieves greater cost of congestion
> 3 savings. The same relationship, although less pronounsed,
1S
=
g
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Fig. 9. Solve times, reported in seconds, for the BCT and BOtfiilations

model solves faster on average, especially in off-peakou ——FCT
From Figures 8 and 9 we see, as expected, a general comela BOIF
between the number of topology changes and the solve tir - - ~BOIF+FCT
This further enforces the claim that under certain syste 0.8
conditions, such as with a high number of opened breake

and low load levels, the BCT model may be the appropriate

formulation to use. Fig. 10. Relative Cost of Congestion Savings as a fractiorhef cost of
congestion under the full topology for the BOIF, FCT and jdiormulations

Fraction of Maximum Savings

24 48 72 96 120 144 168
Hour

TABLE |
ToPOLOGY CONTROL ACTIONS IN THEBCT, BOIF, FCTAND JOINT observed in terms of production cost savings with the BOIF,
BOIF+FCTFORMULATIONS FCT and joint formulations averaging9.4%, 31.3% and
5CT EOE —FCT OEECT 31.5% respectlvely. Smce we are modellng.g small r!umber
(closings) breakers branches total Of contingency constraints and system conditions are,ligiht
Min 0 1 1 0 0 1 of the formulations are able to almost entirely relieve roatw
Max 9 1 4 4 3 6 congestion during off-peak hours. During certain peak sour
Median 5 5.5 2 1 2 2 T . .
Avg 367 525 214 0.75 139 214 the joint BOIF+FCT formulation outperforms the FCT for-

mulation and significantly outperforms the BOIF formulatio

. - . Due to the naive approach taken to select candidate breakers
Next, we consider the joint FCT and BOIF formula‘uor{his result is not very surprising. Fig. 10 re-affirms theuitiobn

and compare it to the individual FCT and BOIF formulation . o ' . : .
Because the production cost savings for the BCT and Boilllat having the ability to reconfigure substations in additi

. : ) . to switching branches can improve system operations (as
model are identical given the same switchable set, we onP g P y P (

consider the joint BOIF+FCT model here;: the BCT+FC easured by cost savings, mcregsed overload relief, etc.)
Note that the above results include a small number of

"The light level of congestion was not specifically chosen amda contingency Cons_traints_t_hat Were_ binding under_ histérica
characteristic of the available breaker node model for thd Ribarea. conditions. Including additional contingency constraiwbuld
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further reduce the switchable set under the BCT formul&alculating each column of matriX’ requires computing
tion due to islanding, leading to fewer degrees of freedoran auxiliary PTDF matrix, which is approximately the same
and consequently less savings. While initially restrictthg amount of work as calculating auxiliary shift factor matri-
switchable set in the BCT formulation guarantees that tted firces. For the large system, this means an additidnal x
topology is feasible with respect to contingency constsain50 = 50,000 shift factor matrices, each of dimension
each candidate set of breakers must be tested for islan@s urid0 x 15,000 = 1.5 x 10° for a total of 7.5 x 10'° values.
every contingency, which can become time consuming. Havi@nce the auxiliary PTDF matrices are calculated, only the
more degrees of freedom, in terms of selecting switchaldelumns corresponding to cutsets are stored (reflected by
breakers, would give system operators additional flegjbilithe dimension ofl’). The base topology shift factor matrix
to select an optimal subset of breakers to switch (only far the BCT formulation is also larger than in the BOIF
few would typically be switched). The BOIF formulationformulation since all candidate breakers are open and each
specifically addresses this issue by starting with a topolofusbar is explicitly represented. In contrast, the baselogy
where candidate breakers are closed. Since this starfpad-to in the BOIF formulation is consolidated, resulting56 fewer
ogy is feasible, all switchable breakers can be considesed €olumns acrosg00 contingencies.
switching and the constraint set will prevent islandingeiv  For the large system considered, the BOIF formulation
with four contingency constraints, we restricted the shatdle requires an additional order of magnitude in storage but the
set from 57 to 39 breakers to ensure that the base BC$ame order of magnitude in additional calculations. Froft) (6
topology is feasible. Although for the test system simwatewe observe that as the number of breakers grows, the storage
including the additionall8 breakers does not contribute torequirements for the BCT formulation grow quadratically in
congestion cost savings given the light system conditions. the number of breakers, however, the number of additional
calculations remain invariant (the nodal susceptance ixnatr
V|| DATA AND CALCULAT|ON REQU|REMENTS FOR A iS Calculated fOI‘ a” nOdeS). |n the BOIF formulation, the
LARGE SYSTEM storage requirements grow linearly in the number of bresgker
) ) , (62), however, number of addition calculations grows by the
T,O provuje a practlpal example around the numencgll erE'roduct of the number of monitored branches and nodes (each
periments in the previous section, we evaluate the additio reaker requires an auxiliary shift factor matrix). Thuse t

data storage and matrix calculations required by the BCT agey - tormylation requires less data to be stored at the esgoen
BOIF formulations for a large system of a size similar to P\Wé]f additional auxiliary calculations
the '

The bus-branch representation of the PJM network has
following approximate dimensions:

. 15,000 buses VIIl. CONCLUDING REMARKS
» 4,000 monitored branches This paper derives a shift factor framework for modeling
« 6,000 single and multi-element contingencies breakers that connect busbars within a substation andmsese

Usually the number of constraints included in any optimiat two MIP formulations to optimize substation configuration
problem is significantly smaller than what is shown abové#) the SCOPF problem. The BCT-based formulation starts
especially for contingency constraints, many of which amwith a topology where candidate breakers are disconnected
checked through contingency analysis. To better reflest tlind the remaining substation zero-impedance networks are
reduction we assume that a total 60 constraints, each collapsed into their equivalent buses. This results in apamn
monitoring the flow of one branch under one contingency areodel since we collapse a large part of the network but
included in the optimization problem (with all contingeesi requires that the opening of all candidate breakers does not
being unique). We further assume that 50 bus-splittingkenesa island the system under any contingency. The second, BOIF-
are to be considered in both formulations. based formulation starts with a fully closed network and
For the BCT formulation we need to store the nodal suscejpe model decides on candidate breakers to disconnect. The
tance matrices corresponding to nodes associated witk-breBOIF formulation provides more freedom to choose candidate
ers for each contingent topology. Given the model dimersiolranches, at the expense of additional calculations andamyem
above, we first calculaté)0 x 15,000 x 15,000 = 2.25 x 1019 requirements — for each breaker we have to pre-calculate a
additional values. For each contingent topology we theresto/ector of PTDF ratios (40).
a submatrix of dimensioh00 x 100 (we assumed 50 breakers) Computationally, the two formulations perform similarly

resulting in a final nodal susceptance matrix of size given the same switchable set of breakers. For the testrsyste
. G simulated we observe that the BCT model solves faster and
[B™"| =100 x 100 x 100 = 1.0 x 10 (61) typically opens fewer breakers. While we do not expect this

result to hold with additional contingency constraints nder

In contrast, the BOIF formulation requires calculating atoe " X ;
of PTDFs ratios (for each monitored branch with respect toighter system conditions, we see that despite the nondsig
trictions, the BCT model can be the better choice for some

breaker’s reference branch) for each breaker and comtingé‘ﬁS

topology. For the large system of interest this means gﬁplications that start with several breakers open and look
additional data size of for the optimal re-closings. For other applications thajuiee

identification of breakers to open among a broad set or to
IT'| = 100 x 50 x 100 = 5.0 x 10° (62) select among possible reconfigurations of a substation, the
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BOIF formulation is the more appropriate choice. It does nobdal susceptance matrix ad is a 2x2 sub-matrix corre-
place non-islanding restrictions on the entire switchat®@e sponding to rows and columrisj. Given the structure of the
and therefore allows for a more extensive switchable set. nodal susceptance matfix,
Given the low congestion conditions and the relative cost ~
savings achieved in most hours through switching actions, t be
the additional breakers the BOIF formulation can optimize
over would not provide additional benefits in the test system (B)ij = Lie=(i.5)) (—be) (67)
considered. However, in general we expect the BOIF model
to generate more savings than the BCT model. With addi-
tional contingency constraints, for example, the nonadiag Cc— [ b,+c —b, }
condition imposed on the candidate set of breakers by the T —b, b,+d
BCT formulation would significantly limit the switchabletse
As the number of contingency constraints increases (PJMnerec andd are some values that do not depend ion
models approximately 6,000 contingencies in its conticgenWWe now apply Woodbury’s matrix inversion lemma to get an
analysis process) jointly opening all candidate breakeilis V\ﬁ‘Xp"Cit value for the ratio of PTDFs. Note that all the vadue
likely cause islands. Further, selecting a candidate set rgfiuired in (64) are in the sub-matricesand C. The inverse
breakers under the BCT formulation requires testing eath §é both of these blocks are
for islands under every contingency, which quickly becomes .. —B~'b(C-bB1b)!
computationally expensive. [ (C—b'B-'b)! }
In the simulations reported in this paper, only breakers
that split a bus were considered as switchable. This is geand require the inverse ¢iC — b/B—lb), which has a form
erally consistent with the type of breakers operated by PJBImilar to (68).
However, being able to identify promising candidate breake ~ ~
using policies such as the line profit that exist for branch (C —b'B_lb) = [ b:+g —b:—e }
selection would be very useful in the context of the shiftdac —b;—e b.+h

formulation. This topic has not been widely studied and is Since this is &x2 matrix we can express the inverse as
subject of future research in this area.

(66)
lei

can be expressed as

(68)

(69)

(70)

L1 1 [b,+h b.ote
C-bB'b)ytl=—| 7 b 71
( ) det[bz—&-e bz+g} 1)
APPENDIX . L
Where the determinant is given by
Proof that breaker opening incremental flow ratios are well det — Bz(g +h—2)+ gh— ¢ (72)

defined

We wish to prove that the ratio below, representing changg?ing (71) we can now express the terms in (64). We expand

in flow due to the opening of a breaker, does not depend Hly the numerator n (73), the denommatqr has the same
the susceptance of that breaker. structure. The subscripta, n refer to the row index.

. ~ 1 -~ b, +h 1
z Aff =b( ——B'b| * ——(b.+h
Afi (63) /i ‘( det™ ™ [ b.+e ] de (b= +h)
S +1Blb{ b.+e ] b+ e) (73)
To show that the ratio above is in fact well defined we det™ ™ b.+g det

first simplify the ratio and expand it in terms of the noda'&II terms are multiplied by-L , which cancel with the same
susceptance matrix det’

term in the denominator. Further, all terms that multiply

Af; LODF}; ¢ in (73) cancel out and we are left with an expression that no
Afz = TDF; = EZ = longer depends on the susceptance of the breaker.
i B_l _B__1_B—1 _|_B—1 h+e
@( : 1,,1 ) (64) Afz b[( +g +h—€)
bk(Bn i Bi, Bn j + B ) = (74)
Al b (Ba'b hte +h—c)
Next, we express the nodal susceptance matrix in the faligwi " etyg

block form to explicitly confine all terms containing th

susceptance,, of the breaker to a small submatrix: SWhile explicitly calculating the above expression for every

breaker is impractical, we do not need to do so. By replacing

B b the infinite susceptance of the breaker with an arbitraryefini
B [ b C } (65) number, we can calculate an additional PTDF matrix and use
it to find the ratios in (64).

B repregents the nodal susceptance matrix W't_h_ rows an@rne notations € i means all branche&that are incident to nodé The
columnsi, j removed,b corresponds to columni j in the indicator function,_(; ;) is 1 when branct? connects nodesand ;.
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