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Introduction and proposed problems

m Economic benefits

Production cost savings through changing the network
topology during operations

Transmission switching is a discrete control to alleviate
congestions

m Security of transmission switching

The switching operation itself represents a step change in
power systems that is, to some extent, similar to a
contingency

The adverse impacts on power system operations by
transmission switching should be prevented
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Introduction and proposed problems

s Power engineers use | Static security-constrained
different models in optimal transmission

: ) switching
different time scales
for security

evaluation {}

Electromechanic transients
m Hierarchical structure analysis of switching operation

Static security ]
Algebraic equations
Dynamic model

rdinary differential i i
Ordinary differentia Electromagnetic transients

e_quation_s or part_lal analysis of switching operation
differential equations
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Introduction and proposed problems

x At a minimum, decision making for transmission
switching should satisfy static security constraints

s Mathematical formulation

Optimal transmission switching is a mixed integer linear
(DC power flow) or nonlinear (AC power flow) problem

Branch and cuts

Mixed integer programming (MIP) may have multiple
solutions. How could we reduce unnecessary switching
operations when solving the optimization problem?
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Static Security in multi-period transmission
switching

s Previous optimal transmission switching models

s The variables in different hours are only coupled by
ramp limits

Min ;> Fi(Py) Minimize the generation cost

s.t.

P; min < Pit < Pimax Generation capacity

Pit — Pit—1 < UR; Ramp up limits

Pit—1 — Pit < DR; Ramp down limits

EbEBr(m) foe + ZiEG(mJ P, — L., = 0 Nodal power flow balance
ug Ue

fop = 0] V| fot = Bmn(@me — One) | Two disjunctions to represent
‘ ~fbmax=< fbt = fb,max| the cases that the transmission
U] € {TRUE,FALSE} line is on or off respectively
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Static Security in multi-period transmission
switching

s According to the formulations, the outputs of
generating units at the current time only satisfy the

power flow equations and line flow bounds under
the current network topology.

m However, the switching action is very fast. All
generators are considered to maintain

approximately the same outputs due to their
relatively slow dynamics.

= In comparison, the power flow that passes through
the switched branches will be redistributed
Instantaneously after switching.
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N
Static Security in multi-period transmission
switching

s The instant redistribution of power flow during
switching operations may violate normal or
emergent rates of transmission lines

Power flow through the
transmission line will be
transferred into the other path
simultaneously after the switchin
| y ing_

“action
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Static security in multi-period transmission
switching

m Define four different actions in each time interval
s Action transition diagram

s Feasible transition diagram will be represented by
logic expressions in the optimization model.
t-1 t

Action o : Feasible transition
Switching actions
Index paths
0 Stay offline To action O or action 2
1 Stay online To action 1 or action 3

Change from offline to

. To action 1 or action 3
online

Change from online to

. To action O or action 2
offline
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Static Security of multi-perloa transmission

switching
s Proposed new static security constrained optimal
transmission switching model

S enrm) fot, + Sicim) Pie — Lme = 0 Two sets of nodal power flow balance
2bepr(m) foeo + 2iccom) Pie = Lme = 0 before and after the switching action

Upe
o fbt+ - an(ﬁmt+ - Qnt+)
bt
[fbt.,. = foe_ = U]V for_ = Bpn(Ome_ = One._) Four
~fomax= fot, < fomax disjunctions to
—fo,max< foeo < fomax . represent
Ug, 10 Up, 1 distinct switching
J|fote = BrnBoe, = 0u )| | for, =0 actions in each
me interva
for. =0 for. = mn(gmt_ - gnt_) | ! Y
fb max = fbt.,. = fb max 1 L _f.f:x;rrn::u:5 fbt_ < fb,max i
Q(U) = TRUE Logic expressions to restrict feasible

transition between adjacent periods
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Proposed transmission switching model
with N-1 reliability criterion

B - Min f(x) Objective
0
X" 4 St A-X<Db Generator constraints
X - - g(x,y)<0 Network constraints in normal state

g (XC, yc) < (Q Network constraints in each
contingency

Transfer distance constraints (e.qg.
ramp rate limit)

------------------
e
.

Preventive
action

Feasible
corrective action

" Infeasible
corrective action
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N
Solution of proposed model

s The disjunctive programming model can be solved
In two different ways.

m Thefirstis to use the branch-and-bound method, in
which branching is implemented in term of logic
conditions and propositions

m The second is to transform linear disjunctive
programming equations to MIP-based equations.

m The logic expressions will be transformed into
some constraints with pure integer variables.
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Case studies

s 6-bus Case 1: DCOPF without transmission switching
System Case 2: Previous transmission switching model
Case 3. Proposed transmission switching model
Case Line Line Status and Action (0—24 hours)
2-4 1111111111111 111111111111
1

4-5 1111111111111 111111111111

) 2-4 1111111111111 111001111111

4-5 1000000000000 000110000000

. 2-4 1111111111111 113002111111

4-5 1300000000000 0021130000060

Switch from offline to Switch from offline to

&Ime

online . B,
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CaS e St U d I eS 300 1 MW Hourly Generation
. . 250 - ——Unit 1 in Case 2 Unit 1 in Case 3
The I’Ight flgure —Unit 2 in Case 2 —Unit 2 in Case 3
shows the 200 - Mo —
m 6-bus . A
differences of 150 _J“—e;;ﬂ _H

System generation

dispatches based on ']
different models 50 -
-I_L| Time
0 T T T I
0 4 8 12 16 20 24
40 T MmMw Power flow through Branch 2-4
30 - SR .+
20 S Bt
10 B The left figure shows
° 15 o, that power flows
° S through branches before
30 ot and after switching
| BT . .
60 - “lme  actions are different.
-90 - '
120 | Mw Power flow through Branch 5-6
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Case studies

s RTS 96 System (2 hours problem)

Case 1: DCOPF
without transmission
switching

Case 2: Previous
transmission
switching model

Case 3: Proposed
transmission
switching model

Without considering N-1 reliability

Switchable lines: 117
Cost Simplex  Branch-and-

Case saving iterationsin bound nodes MIZ/Og)ap
(%) CPLEX in CPLEX
1 0 222 N/A N/A
2 9.66 4,282 k 358 k 0.88
3 4.65 1,893 k 38 k 0.04
Considering N-1 reliability
Switchable lines: 30
Cost Simplex Branch-and-
: : : : MIP gap
Case saving iterationsin bound nodes (%)
(%) CPLEX in CPLEX
1 0 40438 N/A N/A
2 3.80 28,728 k 10 k 0.1

3 2.57 6,723 k 890 0
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Case studies
s RTS 96 System (24 hours)

L Heuristic

. First run for _

| transmission solution for 24

| switching | | hours problem
|
|

| | Secondrun

I I

| | ;

| i Third run i

|

: I

! [

| |

| |

| [ oo e e

I [

t=0 t=4 =8 t=12 Time

The solution based on the proposed transmission switching
model is still 5.44% lower than the operating cost of DCOPF
without transmission switching
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Multiple solutions in multi-period
transmission switching (on-going)

= MIP may lead to multiple integer
solutions. Switching on or off some
transmission branches may not
Impact generation dispatch.

branch and bound tree

= How could we prevent unnecessary
switching decisions during

optimization process?
Optimal Optimal
solution solution

m Introduce switching cost or use a bi-
level model

2020
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Multiple solution in multi-period

transmission switching

m Introduce switching cost
Minimize generation cost

3 0 1
Min ¥, ¥ {Fi(Pi)+ Ubt] [Ubr]+[Ubr]+[Ubt } plus switching operation

s. t. : : : : :
Typical constraints including ramping, power balance, etc.

Ut
o fb¢+ = an(gmt+ - 971t+)
’ - S - 0] \/ fb,: - an(gmt_ o Hnt_)
fbt+ - fbt_ o ~

_fb max — fbt+ fb max
_fb max — fbt - fbmax i

Ut ‘ Upe

\/ fbr,+ - an(emt+ - 9nc+) \/ fbf+ =0
fbt_ = () fbt_. = an(t?mt_ — Qm:_)

| _}cb;ﬂm:;txE fbt+ = fb,max i | _fb,maxi fbt_ = fb,max J

2121
6/30/2011



Multiple solution in multi-period
transmission switching

m Bi-level model
Min ZZ F.(Py) Minimize generation cost
[ t

s.t.  Typical constraints including ramping, power balance, etc.

Min ZZ{[UMI IUm] [Um] [Um]} Miljimi.ze the.number of
_ swﬂchmg actions
U
fbt+ - an(grnt+ o Snt+)

Up,
|:f — ; = U] \/ fbt_ = an(gmt_ - gnt_)

_fb,maxi: fbt+ = fb.max

’ _fb,max5 fbr_ = fb,max J
2 1 - 3
Ubr Ubf

\/ fbf+ - an(emf+ a 9”f+) \/ fbf+ =0
fro. =0 for =Bun(Ome. = One.)

! _fI},?naxi: fl‘:t+ = fb,max | | _fh,?naxi: f.‘;t_ = fb,max i
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Summary and future work

= We propose a new static, security-constrained,
optimal transmission switching model that is based
on disjunctive programming. The proposed model
considers the power flow equations under different
topologies before and after switching actions in each
time interval.

* The numerical results show that the new model can
still lead to considerable economic benefits by
applying transmission switching.
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Summary and future work

* There is a need to develop appropriate contingency
screening techniques to select critical contingencies
while solving optimal transmission switching with
the N-1 reliability criterion.

= Multiple solutions of transmission switching may
lead to unnecessary switching decisions.

= On-going work includes the development of a pre-
screening method to select a limited number of
switchable line candidates, such that the number of
Integer variables in transmission switching problems
will be reduced.
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Thank You for Attention! Questions?

Contacts:

Cong Liu (liuc@anl.gov)
Jianhui Wang (Jianhui.wang@anl.gov)
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