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ABSTRACT: There has been a great resolution calling for smart grids in recent years. The introduction
of new technologies that make the network flexible and controllable is the main part of smart grid concept
and a key factor to its success. A transmission network as a part of system network has drawn less attention.
Transmission switching as a transmission service can release us from load shedding and remove the
constraints’ violations. In addition to removing the congestion and decreasing the system cost, transmission
switching may damage generating units due to transient states in the instance of reconfiguration. Therefore,
in optimal transmission switching, the system security, practical limitations, and possible damages should
be considered. Considering dynamic constraints in the proposed model avoids the occurrence of transient
instability when opening the line in transmission switching action.

A network reduction method based on modified Jacobean AC Newton-Raphson technique power flow
considering a switchable line in technique is used for speeding up the calculation, efficiency, and simplicity.
An approach for selecting the best lines in switching operation in the network is proposed. Based upon this
approach, the lines with the highest effect on cost reduction are considered as the candidate switchable line.
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To investigate the efficiency of the proposed strategy, IEEE 57 bus test system is studied.

1- Introduction

Transmission switching studies have been of the interest to
the researchers since Eighties. In primary studies, the main
focus was decreasing the load shedding. Next, the efficiency
of the optimal transmission switching to solve other operation
issues such as voltage drop, network loss, and system security
was analyzed. After restructuring in power systems and the
introduction of smart grid concept, transmission switching
problem was redefined in the new environment [1-7].
Switching was used in [8-9] for congestion removal. A
method based on DC Optimal Power Flow (OPF) was used
in these references. In [10-11] the N-1 security criteria have
been added to the model presented in [8-9].

In [12-14], heuristic methods were used to restrict the search
space and therefore, to reduce the execution time. In these
papers, the lines with the highest impact on congested lines
were categorized based on a sensitivity analysis. In most of
the studies on transmission switching, only the DC network
constraints have been considered and the AC constraints
voltage security constraints and reactive load flow have been
neglected. Since the switching may cause a violation of voltage
constraints as well as other AC constraints, the methods
presented based on DC load flow are less efficient [15].

On the other hand, the AC constraints cause nonlinearity in
the problem. Therefore, with these constraints, the switching
problem is a Mixed Integer Non-linear Programming
(MINLP) problem. These problems take so long to be
solved and it is possible that no solution is found. The global
optimality is also not guaranteed. Problem decomposition has
been proposed to solve the issue.

Reference [15] found the switching scheme and generation
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schedule using a DC OPF at the first step. The results then
were tested using an AC power flow and in the case of
constraint violation, the switching scheme was banned and
a new switching scheme was found. As the result of the
separation of DC and AC sub-problems, this method also
fails to guarantee the global optimum solution.

In [15-17] Benders decomposition was used. In the main
problem, the generation schedule and switching scheme were
found based on DC OPF. In sub-problems, AC constraints
were checked and in the case of violation, the violated
constraints were linked to the main problem. These newly
introduced constraints change the results of the main problem
to remove the constraint violations in sub-problem.

Security constraints were included in [17] through N-1
criteria. The security checking sub-problem was not linked
to the main problem. This restricts the chance of a global
optimum solution. The method presented to find the order of
switching has also some problems that cause the solution to
deviate from the optimum solution in some cases.

Based on the results of studies that some of them have been
reported in this section, transmission switching can be useful for
operation cost reduction. However, this switching may cause the
system instability in some instances. This increases the network
security cost. This paper analyses and models the transmission
switching with dynamic constraints in a probabilistic co-
optimization model for energy and spinning reserve scheduling.
Using this model, the safe operation considering the dynamic
switching constraints has been guaranteed.

Moreover, considering dynamic constraints to reduce the
computation time, the network reduction technique is
used. Using the network reduction technique, available
transmission lines in network are divided into two sections:
switchable and nonswitchable lines.
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The remainder of this paper is organized as follows. Section
2 represents transmission switching cost modeling. Section 3
represents problem formulation, section 4 presents proposed
algorithm for problem solving and section 5 provides some
results for a case study, and the corresponding discussions.
Finally, section 6 lists some relevant conclusions drawn in
this paper.

2- Transmission switching cost modeling and determination
candidate Lines

Before providing the problem model, an approach for
determining the best lines for switching operation in the
network is presented. Based upon the proposed approach, the
lines with the highest effect on cost reduction are selected as
the candidate lines.

Assume that each generator of the network has a marginal
cost denoted by ICi; and each generator before the switching
operation is producing PGi. The total generation cost of the
system (Cost(PG)) could be determined using the marginal
cost of power generation of each unit. Due to the change in
the transmission network structure after switching, if the power
productions of generating units change by APG, the total
generation cost will change by APG,. Therefore, the following
equation could be written:

NG
Cost(PG) + ACost(PG) = Y IC, x (PG, + APG,)
i=l

NG M
= ACost(PG)= > IC;x(APG,)

Moreover, the change in power production of units by the
change in the power transmitted across the transmission lines
is as follows:

APG; = AP, + APD, = PD, = const

NL
— APG, = AP, = AP, = APG, = > i AP, &Y
1=1 L
By substituting equation (2) in equation (1), we have:
NG
ACost(PG) =) IC, x(APG,) =
p=
(©)

NG NL

fICi X[i%XAPLJ =Y >1C, x%xAPL

1=1 L i=l 1=l L

Now, the change in the network cost regarding the change in
line L could be formulated as presented in the following:

L & 8P (4)
ACost(PG) =) IC, x5 X AR

i=1 L

The above equation is normalized based on the transmitted
power across the transmission line (Pf %), in order to make
it possible to compare the effect of different lines on cost

ACost(PG)L

®)
Pf*

ROC" =

reduction.
Now, using the ROC" index, the transmission lines could be
ranked based on their effect on cost reduction and as a result,
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the candidate lines for switching could be readily determined.
Now that the candidate lines are determined, the modeling
of the switching cost of the transmission in the optimization
of the joint energy and spinning reserve market is provided.
By each switching, the insulating properties of switchgears
are diminished, and after a specific number of switching
the switchgear should be replaced. Therefore, the switching
cost should be taken into consideration. In a short term
planning period, the switching costs of the transmission lines
determined by the number of switching and the cost of each
switching should be considered in the optimization problem.
Therefore, a cost function depicted using Fig. 1 is considered.
In this study, it is assumed that a high number of switching
decrease the lifetime of the switchgear to one-third of the
nominal lifetime. In order to determine this figure, a $50000
switchgear with the lifetime of 15 years is considered.
Therefore, the cost of each switching is determined considering
6 number of switching per day, the lifetime of 5(15/3) years
and $50000 capital cost.

3- Problem Formulation

The cost of switching, including the cost of opening and
closing operations and the cost related to the depreciation of
the switch insulators is modeled based on the reinvestment
costs for installing the new switches. In a short period, the
cost of switching is considered to be proportional to the
number of switching operations.

In [18-32] different MINLP problems were solved in different
engineering branches, including the Unit Commitment (UC)
problem. In this section, a probabilistic MINLP model is
proposed for co-optimization of day-ahead energy and reserve
markets. Switching capability is just considered for some
network lines. The objective function of (6) is considered to
minimize the energy, spinning reserve and switching costs in
a 24 hour time period.

In (6), units’ production costs, startup costs and reserve
capacity costs are shown in the first term. The second
term includes load shedding costs and the cost associate
with reserve applications (change in production schedule).
Switching cost is shown in the third term.

The network and units’ constraints should be considered
for both pre- and post-contingency states. The constraints
can be divided into two groups, post-contingency, and pre-
contingency constraints. A complete list of constraints is
found in [31-33].

In order to model the dynamic constraints, synchronous
machine classical model has been used. In this model,

()

considering a constant field voltage the transient stability
equations are as follows:

In (20), PG(i) is the input mechanical power of the unit which
is considered to be constant. Q, is the rate of frequency and w(i)

Pe(i.t)=E(i)x E(j)[B.j(t)xsin(y (i.0)v( j,t))
j 1
+Gij(t)xcos(y(i,t)—y(j,t))]

®)
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a,+bP(i,t)+cP?(i,t)+

NG
> 1P (1,t)SRYP (i, t) +
i=1
P (i,t)SR™ (i,t)
Nb
{ZVOLL(b,t)LU(n,t)

b=1
NG

Min

fs

NC
ZPr(C,t) X
c=l1

i=1

Price(NumActionl) (S NumActionl)
F 9

PriceNA6

PriceNAS

_ system energy requirement without contigencies
Total Cost=TotalCost N

X p(i,t) + SUC(i,

Z(APUp,c (1’ t) + APDn,c (l,t)) x pRealTimePrice

Total Expected Cost Associated With
The Deployment of Reserves in

The Post- i
; + TOtal COS t e Post-Contingency States

t) |+
(6)

NJ
+ Z Price ( NumActionl) x NumActionl

1=1

PriceNA4

PriceNA3

PriceNA2

PriceNAl

» NumActionl

(&

Fig. 1. Switching cost for switchable line

and (i) are the rotor speed in per unit and rotor angle of unit
I, respectively. The unit inertia constant is M(7). The electrical
power output of the unit can be written as equation (8).

(i) =y (i,t)+%><( (i, t) +w (i,t)—z)
W (i) = W (i) + Pe’(i.t)

M(i,t)
Pe™ (i,1))

x(PG(i,t)- )

+PG(i,t)-

=1,...,Nend =1..,NG

Pe" (i,t) =

()Z (B (t)xsin (v (i.) =" (5.1))
+G:(t)xcos(y (i,t)—y“(j,t))]

In (8), E(i) is the electrical motive force of stator field. Bij(?)
and Gij(?) are the element of row i and column ; of reduced
susceptance and reduced conductance matrices, respectively.
The rotor angle and speed can be found by dividing the time
span of the transient state into Need steps using (9). In these
equations At is the length of time steps and Nend is the number
of time steps indexed by n. Considering the switchable lines
Bn(t) and Gn(t) can be defined using (11).

(10)
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Yu

Y xXZ" (l,t)
Yy xZ" (l,t) :

=G, +JjB,. =

bus bus bus

Y Yin

Z'(Lt)=Z(Lt-1) (11)

Z2(1L,)=2"(Lt)=Z(1t)  n=2,..,Nend—1

Glpasi = Pload/vz 3Bloasi = Qlo%z i=1,..Nb

NG
ZHky" (k.t)
" (i,t) kst

<

ycritical (1’ t) (12)

Finally, the safe switching constraint is given in (12) for unit i.
The formulation presented in [31-33] and (1) to (12) models the
probabilistic joint energy and reserves problem considering
the transmission switching.
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4- Proposed algorithm for problem-solving

Switching problem in a joint energy and spinning reserve
market are problems with nonlinear constraints and binary
variables. This nonlinearity leads to great complexities
andincreases the problem execution time and even in some
cases causes convergence failure. In order to reduce the
execution time, in this section, Benders Decomposition, and
branch based network reduction methods are used.

As the result of transmission switching and consideration
of the stability constraints regarding these switching, the
execution time has increased.

Benders Decomposition technique is applied to solve the
joint energy and spinning reserve market. This problem is
decomposed into a master problem and three sub-problems.
Units’ status, generation schedule, and switching decision are
determined in master problem considering the available data.
The results of the master problem are used in sub-problems.
The first and second sub-problems handle the network
constraints. In this section, the branch based network reduction
is used and the network lines are divided into two groups.
The lines of the first group have the switching capability
with undetermined switching state. The switching decisions
for these lines are determined using the master problem
and the first sub-problem. In the second sub-problem, the
constraints regarding the lines without switching capability
are determined considering the results of the master problem
and the first sub-problem.

Using the results of the master problem, the sub-problems
of switchable lines, fixed lines, and network stability are
analyzed and finally the optimal results of units’ status,
generation schedule and switching decisions are determined.
In this section, a branch-based network reduction technique
based on the AC Newton-Raphson power flow algorithm is
proposed. This method is proposed for the networks with
undetermined switching decisions.

Firstly, the following linear problem is considered:

AX b (13)

Variable X is divided into two groups of variables named X7/
and X2. Equation (13) is rewritten as (14) based on this division.

(All A12
A21

o o )-(6)

Variables X2 can be found using the second line of (14):

(14)

X, :A;;x(bz—Aﬂxxl) (15)
In order to find X7 one can write (16).
(AII_AIZXA;;XAN)XXIzbl_AIZXA;;XbZ (16)

Equation (16) can be used for network reduction. The linear
model of Newton-Raphson power flow method can be
expressed as follows:

G o))

Considering the flow of lines with undetermined switching

I3

5 a7
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decisions as the injected power, these equations can be
written as follows:

M M
(Jl 1, ] X(AS ): [dP0 j_AM X[APL ]
5,1,) “lav) ld, AQ,

In fact, in (18) the power flows of the lines with undetermined
switching decisions are added to the equations and the effects
of these lines are modeled in this way. Now the network lines
are divided into two different groups. The lines in the first
group are the switchable lines (the lines with undetermined
switching decision). The lines of the second group are the fixed
lines (without switching capability). The set of switchable lines
is called (M) and the set of other lines is denoted by (-M). Now,
by omitting the reactance of switchable lines from Y®* matrix,
the Jacobin matrix of J™ is achieved. The matrix AMis the bus-
branch incidence matrix for the lines of the first group and the
sending and receiving buses of these lines. AP, and AQ; are the
incremental vectors of active and reactive power flow of the
switchable lines. By categorizing the network lines into these
two groups (18) is rewritten as follows:

(18)

M
JoJn s Iy AS™
Iy I I3 oy y AVY
I I I3 T ASY
Jo T Jus Ju AV ™ (19)
dp 1 0 0 0) (ApM
_ dQ," o1 o o0 y AQM
dPO’M O 0 0 O 0
dQO*M 0O 0 0 O 0

The incremental vectors of the voltage magnitudes and angles
of the buses directly connected to the switchable lines are
given by AVM and AdM jrespectively. For the other buses, these
incremental vectors are denoted by AV-™Mand A6™.

dP," and dP,™ are the incremental vectors of active and
reactive power injected into the buses connected to the
switchable lines. For the other buses, these vectors are given
bydPO’M and dQO‘M. Finally, (19) can be divided as given in (20).

-M

i o T J AS™ dPoM APLM

JZI J22 J23 J24 x AVM — dQOM _ AM x A(QLM (20)
Iy Ty T Ty A dap, ™ 0 0

o Jp I Ju AVM onfM 0
To solve (20) for AVM and A6™ one may write:

— - ] -1 -
(Jll Jl2j " (JH Jl4] " (J33 J34] " (Jﬂ J32J "
_ X X X

Iy Iy Ty Jog Ji T Jo I

A" _((dr" UV AR M

AVM dQOM AQLM Tos 1y (21)

M\t -
« (Jn J34) y dap,™
Tis Jus dQ,™
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Solving (21), AVMand A3M can be found using (22).
-1

_ -M
AS™ [T T
M J, ]
AV 43 Y44 (22)
dp, ™ LI, (asM
X —
dQ,™ ) (Ua Ja AVM

Fig. 2 shows the application of Benders Decomposition and
branch based network reduction techniques to model the
transmission network switching in joint energy and spinning
reserve market optimization. In this figure, a master problem
is shown along with three sub-problems. As can be seen at the
first stem, the master problem is solved to find the units’ status,
generation schedule, committed reserves, load shedding and
switching decisions. Then the network reduction technique
is applied. The first sub-problem finds the switchable lines.
In this sub-problem, the fixed lines are not considered.
After finding the switchable lines, the second sub-problem
analyzes the fixed lines’ constraints. In the case of constraint
violation in each sub-problem, a feedback (cut) is formed and
introduced to the master problem. In order to make sure that
this switching decision does not lead to instability, the third
sub-problem analyzes the network stability considering this
switching decision. In the case of violation in the third sub-
problem, a feedback is formed, including the proper switching
decision which is introduced to the master problem.
According to branch based network reduction technique based
on Newton-Raphson power flow, the objective function of
the first sub-problem is the minimization of the incremental
active and reactive power flow for convergence of the power
flow for lines with switching ability considering optimization
constraints and is expressed as follows:

Subproblem1 = min w' (PG (i,t),SR(i, ), LC(b, 1), Z(L t))

Nb (23
— Z(Puplc + Pdnlc ) + (Quplc ¥ anlc) )
b=1
Constraints of this sub-problem are as follows:
(24)

[FxAP°(i,t)]M [ZxALCP @, )] [ij {PWJMJr
FxAQ* (i, t) Zx ALCQ* (i,t) Qe Qe

dR]M o [ A vihable le J|4 st Y = . .
[dQO ) [ e [L; T T JM] J X[dQOMH
[ AP

31

J
J

M

hable switchable
opsvit P
line

smll ble M ¢
] A X[ASM] <1 (1) <(1-2(1.))x M (26)
AQE Qe Qe AV
2 ov
aPlj:/Cnchzblc 6Plj:2(chzblc M

[APZ.WHL“““““J | e av X[A&“ ] > e (L)x(1-2(.0)xm (27)

AQi\?n\lcchablc aQi‘\;/:chablc ansi\Zimh:\blc AVM
ol ov
min switchablec min 28
APLme < AP < AP (28)
min switchablec min (29)
Line < QLine < A(2Lim:

AV < AVME <AV (30)
AP™(i,t)=0 insteadystate <> m(i,t) (31
ALCP™ (i,t)=0 instaedystate (32)
ALCQ™ (i,t)=0 instaedystate (33)
AQ™ < AQ™M(i,t) SAQ™ > wy(b,t), wy(b,t) 34)
AP™ (i,t) < AP™ (i, t) < AP™ (i, t) <> o (i, t) , o(i,t) 35)
AP™ (i,t) = min {SR™ , RRD(i)} (36)
AP™ (i,t) = min {SRUP,RRU(i)} (37)

ALCP™ (i,t) < ALCP™ (i,t) < ALCP™ (i,t) <> o(i,t) , (i, t) (38)
Linearizing the problem constraints, the linear programming is
applied in an iterative framework to find the optimum value of
bus perturbations using updated Jacobin matrix. If the objective
function is lower than an acceptable tolerance, the results of the
master problem are valid, otherwise, a violation feedback is
linked to the master problem. This feedback is given in (39).

Zn(i,t)x(p(i,t)xp(i,t)_p(?,t)xp(ﬁ,t)]+

;w Q™ -y )0 wli) (i)

w* (PG (i,t),SR(i, ), LC(b, 1), Z(L, 1))+ f(c(.,t)mpm“(i,t) - c(i,t)xAP"“"(i,t))+

=

Ni(mXALCPW (i,t) ~o(i,) < ALCP™ (i, 1)) +

i(n(l,t)x(z(l,t)—Z(it)])

After obtaining results of the first sub-problem, the objective
function of the second sub-problem that deals with the
fixed lines is taken into account. This objective function is
formulated as presented in the following:

Subproblem 2 = min w** (PG (i,t),SR(i,1),LC(b, 1))

<0(39)

Nb (40)
— Z(PupZC +Pdn20)+(Qup20 +an2c)
b=l
Constraints of this sub-problem are as follows:
. -M -M -M -M
Fx AP (i,t) ZxALCP* (i, 1) purze pinze
+ + - +
FxAQ° (i, t) ZxALCQ* (i, t) QU QM
(J33 1, JM A dp,™ [J31 1, j“‘ ASM
X = — X
J43 J44 AV M oniM J4| J4z AVM
habl At M
6Pline aPline
nonswitchable -M ¢
AP/ B a5 v (B 42)
AQLinc aninc aQEz‘:W‘mhablc AV?M
00 ov
N M
Opgr - gRpr
nonswitchable I — I — -M \°¢
AP | ov (B0 (43)
A(QLin(: aninc aQE:‘:SW"Chab]e AV?M
00 ov
min nonswitchablec min (44)
APLme AP < APLme
min nonswitchablec min 45
Line = AQ Line - A(QLine (43)
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Applied network reduction technique based on AC Newton-Eaphson

Cut equation (60)

1 |
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-
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Fig. 2. Application of Benders Decomposition and branch based network reduction techniques to model the transmission network
switching in joint energy and spinning reserve market optimization

AV M <AV MO <AV (46)
AP“™(i,t) =0 insteadystate <> 7’ (i,t) (47)
ALCP™(i,t)=0 instaedystate (48)
ALCQ*™(i,t)=0 instaedystate (49)
AQ™ < AQ*™M (1,1) < AQ™ <>y? (b, 1),y (b, 1) (50)

AP™ (1,t) S AP™M (i, t) < AP™ (i,t) >0 (i,t),0° (i,t) (51)
AP™ (i,t) = min {SR™,RRD(i)| (52)

AP™ (i,t) = min {SR**,RRU(i)} (53)
ALCP™ (i,t) < ALCP*™ (i,t) < ALCP™ (i,t) &> 0* (i,t), 0 (i,t) (54)
Linearizing the problem constraints, the linear programing is
applied in an iterative framework to find the optimum value of
bus perturbations using updated Jacobin matrix. If the objective
function is lower than an acceptable tolerance, the results of
the master problem are valid, otherwise, if an unacceptable
w2°(PG(i,t),SR(i,t),LC(b,Q) is obtained, a cut feedback
is linked to the master problem in the second iteration. This
feedback is as follows.

w?* (PG (i,t),SR(,t),LC(b,1)) +

2152 (i,t)x(l’(i,t)xH(i,t)—P(?,t)x M(it)j_,_

Z(\u2 (1, 1) x Q™ —y? (i, ) x Qi"““)x[u(i,t)—u(;,t)) +

<0 (55)

(7 L)xAP™ (0, - & (1)< AP™ (i1) ) +

1

Z -

( @ (i,t)x ALCP™ (i,t) —o’ (i,t) x ALCP™" (i,t))

-3

=1

44

In the third step, the sub-problem deals with the network stability
and stability assurance when the status of the lines with switches

change are solved. The third sub-problem is as follows:
NG

subproblem 3 = min w*" (PG(i,t),Z(l,t)) = Z((p“p“ +(pd““) (56)

i=1
Constraints of this sub-problem are as follows:
™ (i,t):y"(i,t)+%x(w"” (1) + W (i,)-2)

(PO )P () PO()-Per 1)

(57)

w (i, 1) = w" (i,t) +

: (58)
+G’ (t)xcos(y“ (i,t)—y" (j,t))]

i YoxZ'(Lt) ..y,
Ybus:Gbus+ijus: ynXZ~ (l,t) : .

YIll o e YHH
59
Z'(Lt)=Z(Lt-1) (>9)

z"(Lt)=2""(Lt)=2Z(Lt) n=2,.,Nend-1

Glouai = Plo%‘z 5 Biouai = Qload/vz i=1...Nb

NG
ZHky" (k,t)
Y (i t) e

2 H,
k=1

In case there is constraint violation in the third sub-problem,
a proper constraint is generated and linked to the master
problem. This new constraint prevents the selection of this
switching status in the optimization process.

2 (zap)=1 (61)

leopened lines in time t

+ (pupn _(Pdnn <100 (60)
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Table 1. UC status in energy market

G Hours (1-24)
1 t1 1+ 11 1 1 11 11 1 1 1 1 1 1 1 1 1 1 1 1 1 1
2 $1 1171 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
3 (1 ¢+ 1 1 1 1 1 11 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
6 o o0 o0 o0 o0 0 0 o0 o0 1 11 1 1 1 1 1 1 1 1 1 1 0 O
8 o o0 o0 o o0 o0 o0 o0 o0 o0 1 1 1 1 1 1 1 1 1 1 1 1 0 O
9 o 0 0 0 00060 060 060 0 0 1 1 1 1 1 1 1 1 0 O
12 (| ¢+ 1 1 1 1 1 11 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

Table 2. UC status in spinning reserve market

s Hours (1-24)
1 (1 1+ 11 1 1 1 11 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
2 ! 1.0 o0 o0 1 1 1 1 1 1 11 1 1 1 1 1 1 1 1 1 1 1
3 t1 1+ 11 11 11 11 1 1 1 1 1 1 1 1 1 1 1 1 1 1
6 o o0 o0 o o0 0 o0 o0 1 1t 11 11 1 1 1 1 1 1 1 1 0 O
8 o o0 0 o 0o 0 00 00 0 0 0 0 01 1 1 1 1 1 0 0 O
9 o o0 o0 o0 o0 0 0 0 0 0 0 o0 01 1 1 1 1 1 1 1 1 0 O
12 o o0 o0 o o0 o0 o0 o0 0 o0 o0 o0 00 1 1 1 1 1 1 0O O 0 O

Table 3. UC status in energy market, case (b)

Ger]?;iltor Hours (1-24)
1 11+ 11 11 11 11 1 1 1 1 1 1 1 1 1 1 1 1 1 1
2 o 0 0 o 06 060 06 060 060 0 0O o0 0 11T 1 1 1 1 1 1 0
3 $1 11711 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
6 o o0 o0 o0 o0 o0 0 o0 1 1 11 11 1 1 1 1 1 1 1 1 0 O
8 o o0 o0 o o o0 o0 o0 o0 o0 o0 o0 o0 0 o0 01 1 1 1 1 1 0 O
9 t1 111 11 11 11 1 1 1 0 OO 1 1 1 1 1 1T 0 O
12 o o0 0 o 0 0 0 0 o0 1 1 1 11 1 1 1 1 1 1 1 1 1 0

Table 4. UC status in spinning reserve market, case (b)

Gerllge;ztor Hours (1-24)
1 (1 1+ 111 1 1 11 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
2 o 0 o0 o o0 0 0 0 0O o0 0 o0 00 0 01 1 1 1 1 1 1 O
3 i1 111 11 11 11 1 1 1 1 1 O O OO O O O O O
6 o 0 06 0 06 0060 060 0600 0 0 O 0 1 1 1 1 1T 0 0
8 o o0 o0 o o 0o 0 00 00 0 0 0 o0 1 1 1 1 1 1 0 0 O
9 ! 111 11 11 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 O
12 o o0 o0 o o o0 o0 o0 0 o0 0 o0 00 1 1 1 1 1 1 0O O 0 O

5- Numerical Results

IEEE 57 bus system is selected to analyze the results of
considering the transmission switching in a probabilistic joint
energy and reserve problem. This system contains 80 lines and
7 generation units. The total load is 1250.8 MW. The other data,
including the units’ offers and electrical characteristics, can be
found in [34]. The single phase diagram is given in Fig. 3.
Candidate lines for switching operation are:

{1-2,12-16,3-4, 13-15, 44-48,48-49, 22-38, 8-9, 7-29 and 1-15}
To analyze the effect of switching operations, the following
case studies will be analyzed:

a) Joint energy and reserve clearing without switching.

b) Joint energy and reserve clearing with switching

neglecting the transient stability constraints.

¢) Joint energy and reserve clearing with switching

considering the transient stability constraints.
Tables 1 and 2 show the UC status in joint energy and reserve
clearing without switching operation. Energy and reserve
costs are 319156 $ 59840 $, respectively for this case. The
probabilistic security cost (cost of applied reserve) is 62544
$ in this case. The average marginal prices are given in Fig. 4
for different hours.
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Fig. 5. Instability of the unit connected to bus 1 in switching of line 15-1

Table 5. Switching status, case (b)

switchable Hours (1-24)
1-15 !l 0o 0 0 06 00 00 0 0 060 0 0 0 1 1 1 1 1 1 0 0
7-29 !l 0 0 06 0000 060 0O 0O 0O 0 o0 01T 1 1 1 1 1 0 0
8-9 1 111111 11111 1 1 1 1 0 O OO O O 1 1
22-38 $1 o 0o 0000 0111111 1 1 0 0 0 0 O0 1 1 1
48-49 o 11111111111 11 0 01T 1 1 1 0 0 1 1
48-44 o 0 o o o o0 00 00000 00 o0 1 1 1 1 1 1 1 1
13-15 1 1111 1 1 0 0O OO OOTU OFU OOT 1 1 1 1 1 0O
3-4 ! o 0o 00 00 1111111 1 1 0 0 0 0 0 O 1 1
12-16 (1 111 1 11 11 1 11 1 1 1 1 0 0O O OO O O O
1-2 o o0 o o o0 o0 0 1 11 111 11 1 1 1 0 0 0 0 0 O
Table 6. Operation costs, case (b)
costs Before switching action | After switching action without stability limitation

Energy market cost 319156% 293623%

Spinning reserve market cost 59840% 55651%

Security network cost 62544% 60042%

5-1-Joint energy and reserve clearing with switching
operations neglecting the transient stability constraints

The dynamic constraints are neglected in this case. The UC
status are given in Tables 3 and 4 for energy and reserve markets,
respectively. Comparing to the previous study, the status of
some units has not been changed. However, the production of
the expensive units has been decreased. The switching order is
given in Table 5. Table 6 compares the costs of case (a) to those
associated with this case. As can be seen, the energy, reserve,
and security cost are reduced by 8%, 7% and 4% of the values
reported in case (a). For switching operations, the switching
status of hour 0 is considered to be the same as the base case.
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5-2-Joint energy and reserve clearing with switching
considering the transient stability constraints

Tables 7 and 8 show the UC status in energy and spinning reserve
markets with stability constraints. Considering these constraints,
the UC status has been changed. In fact, the system costs are higher
with stability constraints included. These costs are still lower than
the base case without switching operations. Table 9 shows the
system energy, reserve, and security costs. As can be seen, these
costs decrease by the values of 6.5%, 5.5% and 3% comparing
to the case without switching operations. Table 10 shows the
switching status for this case study. As can be seen, due to stability
constraints, opening or closing operations of some switches have
been performed in different hours comparing to Table 5.
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Table 7. UC status in energy market, case (c)

GeE;Ztor Hours (1-24)
1 t1 11 11 1 11 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
2 o 0 o o0 o o0 0 o0 090 00 o0 01 1 1 1 1 1 1 1 1 0
3 ! 1111 11 111 11 1 1 1 1 1 1 1 1 1 1 1 1
6 o o0 o0 o0 o0 01 111 11 111 1 1 1 1 1 1 1 1 0
8 o o0 0 0o 0o 00 00 00 0 0 1 1 1 1 1 1 1 1 1 0 O
9 ! 11 11 1 0 0 OO O O OO OO0 O 0 1 1 1 1 1 1 1 0
12 o o0 o0 o0 1 11111 11111 1 1 1 1 1 1 1 1 0
Table 8. UC status in spinning reserve market, case (c)
s Hours (1-24)
1 (1111111 11111 11 1 1 1 1 1 1 1 1 1 1
2 o o0 o0 o0 o0 0 0 11 0 o000 o011 1 1 1 1 1 1 1 1 0
3 ! 11 11111 111 11 1 1 1 1 1 1 1 1 1 0 O
6 o o0 0 0 0o 0 00 00 0 0 0 0 0 o0 1 1 1T 1 1 1 1 0
8 o o0 o0 o0 o0 0 0 0 0 0 0 0 o0 1 1 1 1 1 1 1 1 O 0 O
9 ! 1111 1 o0 0O OO0 O OoO o0 o o o0 1 1 1 1 1 1 1 O
12 o o0 o0 o0 1 11 111 11 111 1 1 1 1 1 1 1 1 0
Table 9. Operation costs, case (b)
costs Before switching After swit(':hing. ac.tiop After switghing gctipn with
action without stability limitation stability limitation
Energy market cost 319156% 293623% 298410%
Spinning reserve market cost 598408 556518 56548%
Security network cost 62544% 60042% 60667%
Table 10. Switching status, case (c¢)
switicr?:sble Hours (1-24)
1-15 !l 0o 0 0 00000 00 0 0 1 1 1 1 1 1 1 1 1 1 0
7-29 1 0 0o 01111 11111 11 1 1 1 1 1 1 1 1 0
8-9 t1 11 11 1 1 1 1 1 1 1 1 1 O O O OO O O O 0 1
22-38 !l 0o 0 060 00 011 11 11 1 1 0 0 O0 O0OO0OT1 I 1
48-49 o1 111 11111 11 1 1 0 01 1 1 1 0 0 1 1
48-44 o o0 o0 0 o o 0 060 00 0 0 0 0 o0 1 1 1 1 1 1 11
13-15 1 11 1 1 1 1 0 OOOOOU OOTO OT1T 1T 1 1 1 1 0 O
3-4 ! 0 0 01 11111 11111 1 1 1 0 0 0 0 0 1
12-16 (11111 11 111 11 11 1 1 1 1 0O 0O O O O 1
1-2 o o0 o0 o0 1 11 111 11111 1 1 1 1 1 1 0 0 O

The results show that though the transmission switching
is useful for system cost reduction, it may cause transient
instability in some instances. Therefore, considering the
stability constraints in switching is inevitable. With the stability
constraints considered in optimization, the performance of the
cost reduction is lower. As can be seen, the energy cost reduction
considering and neglecting the stability constraints are 6.5 and 8
percent. However, these constraints reduce the risk of instability
and reduce the instability costs.

Injoint energy and spinning reserve market clearing with switching
operations and neglecting the stability constraints (case(b)), the
status of line 15-1 has changed from open to close. Here, this
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switching is modeled in PSAT. Fig. 5 shows that this switching
causes the instability of unit connected to bus 1. This shows that
it is necessary to consider the stability constraints in the model.
With stability constraints included, it can be seen that the
switching of line 15-1 is performed in hours 13 to14 instead of 16
to 17. This switching does not cause any instability. With stability
constraints considered in the model, Fig. 6 shows the rotor angle
of the unit connected to bus 1 during the solution process with the
time step of 0.1 second. As can be seen, during this switching in
time step of 6 the rotor angle reaches the maximum value but in
the next step the rotor angle decreases and finally the stability is
preserved.
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Fig. 10. Comparison of the operation cost regarding the change in the number of lines for both continuous and decomposed models
with 6 lines with switching ability
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Fig. 11. Comparison of the problem execution time in both cases

To switch lines 16-12, in case (b), the status of this line
is changed from close in hour 16 to open in hour 17. The
simulation of this switching in PSAT shows that this switching
causes system instability. However, with stability constraints
considered (case (¢)) this switching takes place from hour 18
to hour 19. The simulations show that the system is stable in
this case.

Fig. 7 shows the average marginal price in energy and reserve
markets for cases (a), (b) and (c¢) in 24 hours. As can be seen,
these prices are higher for the case, including the stability
constraints. This increase in the prices with respect to the
prices in case study (b) shows that though considering the
switching operations in the joint energy and reserve market
neglecting the stability constraints leads to the lower prices,
this causes the instability in some system units and imposes
high instability cost on the system.

In addition to the reduction of energy and spinning reserve,
transmission switching can improve the voltage at different
system buses. Fig. 8 shows the switching effects on the
voltage at bus 18. The switching has improved the voltage at
bus 18 in most of the hours. Without switching, this voltage
is out of allowable range in some instances.

Figs . 9 and 10 illustrate the decrease in the operation cost
with respect to the change in the number of switching for
different techniques. Fig. 11 shows the operation costs,
including the costs of the energy market, spinning reserve
market and network security, for both continuous and
decomposed models using branch-based network reduction
and Bender’s decomposition techniques when there are 10
lines with switching ability. As can be seen, these costs
have a negligible difference due to problem decomposition.
However, the impact of this difference is insignificant and is
not distinguishable in Fig. 9; in Fig. 10 for the case with 6 lines
with switching ability, this difference is more highlighted.
It can, therefore, be concluded that the proposed methods
to decrease the execution time do not render sub-optimal
solutions; the accuracy of the results is the same while the
execution time has significantly decreased.

Table 11 shows the execution time of the problem of energy
and reserve markets’ settlement with respect to the switching
operation, with and without security constraints. As shown in
this table, with consideration of the transmission switching
operation in the second case the problem execution time is
about 7.2 times of the first case; moreover, taking into account
the stability constraints makes the problem execution time
about 8 times regarding case 1; this increase in the problem
execution time is because of consideration of the stability
constraints in the switching operation of the transmission
lines.

The above results demonstrate that due to transmission
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switching operation and consideration of the stability constraints

regarding this operation, the problem execution time has

increased. Therefore, in order to decrease the execution time,

Benders decomposition and branch based network reduction

approaches are employed, thus the switching operation can be
Table 11. problem execution time for cases a-c

Case Execution time (Sec)
Case 1 557
Case 2 4026
Case 3 4608

done for large-scale power systems.

In the following, the impacts of employing Benders
decomposition and branch based network reduction methods
for the optimization problem of joint energy and spinning
reserve market considering the transmission switching
operation are investigated. Using the proposed methods, the
execution time for computations of the 57-bus test system has
reduced from 4608 seconds to 1223 seconds. Fig. 11 depicts
the impact of employing the proposed methods on problem
execution time considering the variation in the number of
lines with switching ability.

As depicted in the above figure, when the number of lines
with switching ability is considered to be two, the problem
execution time without the use of time reduction methods
is 1002 seconds; this time will reduce to 690 seconds
employing the proposed time reduction methods. As can be
seen in the Fig. 11, with an increase in the number of lines
with switching ability, when the time reduction techniques
are not employed, the execution time increases considerably.
However, using time reduction techniques the execution time
increases in a modest way. This significant increase in the
execution time when time reduction methods are not used
is due to a considerable number of continuous and binary
variables that should be considered simultaneously; however,
when time reduction methods are used these continuous and
binary variables are divided between the master and sub-
problems and consequently the execution time decreases.

6- Conclusion

In this paper, the transmission switching has been modeled in
joint energy and reserve market clearing. It was observed that
through the proper switching operations not only the energy
cost but also the spinning reserve and security costs have
been reduced. In addition, it was shown in case studies that
though the switching operation can reduce the operation cost,
it may cause dynamic instability and therefore can impose the
additional costs to the system. Therefore, it is necessary to
develop appropriate switching strategy to reduce the chance
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of instability and damage to the units. This paper proposed a
methodology to develop such strategies in a day-ahead market.
As the results show, the reduction in system cost is lower when
the dynamic stability constraints are considered in the mode,
but the system stability is preserved under this setup.
Considering a large number of continuous and binary variables
and also the increase in the number of lines with switching
ability, the problem execution time increases significantly. In
order to overcome this burden, Benders decomposition and
branch based network reduction methods were proposed.
Employing these methods the problem execution time
decreased significantly.
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