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SWITCHING FLOW PROBLEM

Given V setof buses, V; C V set of loads (with capacities),

Vg C V set of generators (with capacities)
E set of lines (each with impedance, susceptance, capacity)

inputs
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Given V set of buses, V, C V set of loads (with Capagities),
Vg C V set of generators (with capacities)
E set of lines (each with impedance, susceptance, capacity)

find for each line:|if the line is switched

variables
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SWITCHING FLOW PROBLEM 7 e
V set of buses, V; C V set of loads (with C2pacities ),

Vg C V set of generators (with capacities)
E set of lines (each with impedance, susceptance, capacity)

Given

find for each line:|if the line is switched

objective

maximize ( |power production
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THE MAXIMUM TRANSMISSION s A\‘(IT
SWITCHING FLOW PROBLEM 7 UNVERSITAT st ot

Given

find

maximize

subject to

V set of buses, V; C V set of loads (with C2pacities ),

Vg C V set of generators (with capacities)
E set of lines (each with impedance, susceptance, capacity)

for each line:|if the line is switched

power production

line capacity constraints
load capacity constraints
power flow constraints
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The AC conservation of flow is a subproblem of the M TSF problem.

AC conservation of flow is already NP-hard on trees.
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The AC conservation of flow is a subproblem of the M TSF problem.
AC conservation of flow is already NP-hard on trees.

— Power grids are not easy.
— Linearized AC conservation of flow is easy to solve.
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physical model

(AC linearization)

3 A Grastien, |. Rutter, D. Wagner, F. Wegner & M. Wolf — The Maximum Transmission Switching Flow Problem iﬁ! Institute of Theoretical Informatics
- Algorithmics Group



Power Flow Constraints 3 &‘(IT

I\N/‘ UNIVERS |TAT Karlsruhe Institute of Technology
PASSAU

physical model

(AC linearization)

capacity constraints
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physical model

(AC linearization)

capacity constraints
Kirchhoff’s Current Law (KCL)
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physical model

(AC linearization)

capacity constraints
Kirchhoff’s Current Law (KCL)
DC power flow constraints

Y(u,v) € E: f(u, v) = b(u, v)(6(v) — B(u))
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Y(u,v) € E: f(u, v) = b(u, v)(6(v) — B(u))
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Physical Model = Maximum Switching Flow = Flow Model
(MPF) ( ) (MF)
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Physical Model < Maximum Switching Flow < Flow Model
(MPF) ( ) (MF)
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Graph Structure Complexity | Algorithm
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Graph Structure Complexity | Algorithm
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Graph Structure Complexity | Algorithm

5 .

°3 cacti \AA b b8
5&  series-parallel

2 ) graphs m A A

complexity
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degree of 3
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S .

°3 cacti AL S S
:’-;g series-parallel m X

5  graphs

cacti with max
degree of 3 A A, |NP-hard

2-level trees @ NP-hard

lanar graphs with
Fnax de%repe of 3 ‘@ strongly NP-hard

complexity
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Graph Structure Complexity | Algorithm

S .

°3 cacti AL S X
%g series-parallel m X

5  graphs

cacti with max
degree of 3 A |NP-hard

2-level trees @ NP-hard

lanar graphs with
Fnax deggrepe of 3 ‘@ strongly NP-hard

@ arbitrary graphs % non-APX A
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Graph Structure Complexity | Algorithm

g9 cact A A R
© o
Do . N
ol Series parallel m X X
s | graphs
g | cacti with max NP-hard X
che . 2'5 d -har
*3 gg degree Of 3 [Lehmann et al., 2014]
ARES
- s
8| |E€ 2-level trees @ NP-hard A
g [Lehmann et al., 2014]
lanar graphs with
P Jrap strongly NP-hard A
mMax degree of 3 [Lehmann et al., 2014]
al .
+ arbitrary graphs non-APX A
= [Lehmann et al., 2014]
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Complexity | Algorithm

5 .
°3 cacti WAVAY
%g series-parallel
S | graphs LED.
cacti with max
?)‘ 58 degree of 3 M
SRES
8| 28| 2-level trees @
(4]
planar graphs with
max degree of 3 \@
NI .
ﬁ arbitrary graphs ‘@

A
A

2-approx.

A

NP-hard

[Lehmann et al., 2014]

NP-hard

[Lehmann et al., 2014]

A

strongly NP-hard

[Lehmann et al., 2014]

A

non-APX A

[Lehmann et al., 2014]
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2-approximation on Cacti - AT
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Description
@ Remove from each cycle the edge with the smallest capacity

< the MAXIMUM SPANNING TREE (MaxST)

MaxST on Cacti
] is NP-hard on cacti

Theorem 1

MaxST is a factor 2-approximation algorithm for the MF and problem on cacti.
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Simulations - AT
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® Simulations on NESTA benchmark sets that are more realistic than the
IEEE benchmark sets, e.g., with regards to thermal line limits

Better than OPT2
|_
Vg
X
(qV)
=
0.00 0.25 0.50 0.75 1.00
Normalized flow value F(N/, f) by OPT in MW

MaxST on general graphs is in most cases very close to the OPT
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> series parallel m X X
s | graphs
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2| 88
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S| £8 2-level trees NP-hard A
g [Lehmann et al., 2014]
lanar graphs with
i e strongly NP-hard A
mMax degree of 3 [Lehmann et al., 2014]
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<1 arbitrary graphs non-APX A
= [Lehmann et al., 2014]
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s | graphs
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Graph Structure ‘ Complexity ‘ Algorithm

5 penrose-minor-free polynomial- DTP
-« graphs time solvable
O © S
> series parallel m X X
s | graphs
¢ | cactli with max
o
S o NP-har 2—ag{5rox.
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3| |E8| 2-level trees NP-hard A
g [Lehmann et al., 2014]
lanar graphs with
P Jrap strongly NP-hard A
mMax degree of 3 [Lehmann et al., 2014]
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L1 arbitrary graphs non-APX A
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Fix u,v € V and a u-v-path .

Susceptance Norm: Minimum Capacity:
1 :
Imdl, = > — cap(m) := min{cap(e) | e € 7}
ecE(m)
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DATA

Dominating Theta Path < AT

Karlsruhe Institute of Technology

Fix u,v € V and a u-v-path .

Susceptance Norm: Minimum Capacity:
1 :
Imdl, = > — cap(m) := min{cap(e) | e € 7}
ecE(m)

Angle Difference of :

AO(n) := |||, - cap(m)

8  A. Grastien, |. Rutter, D. Wagner, F. Wegner & M. Wolf — The Maximum Transmission Switching Flow Problem iﬁ! Institute of Theoretical Informatics
- Algorithmics Group



Dominating Theta Path ‘(IT

Karlsruhe Institute of Technology

Fix u,v € V and a u-v-path 7.
Susceptance Norm: Minimum Capacity:

7t][ = — cap(7) := min{ | e e m}

Angle Difference of :

AO(n) := |||, - cap(m)

Dominating Theta Path (DTP):

AOnmin(U, v) := min{ABG(n) | mis a u-v-path}
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Computing DTP ~ AT
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Description:
® Bicriterial Dijkstra with labels (||7t||, , cap())

B at most |E| labels per vertex

V(i,j) € E
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® Bicriterial Dijkstra with labels (||7t||, , cap())

B at most |E| labels per vertex

V(i,j) € E
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Computing DTP ~ AT
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PASSAU

Description:
® Bicriterial Dijkstra with labels (||7t||, , cap())

B at most |E| labels per vertex

V(i,j) € E

(0,00)—(1,x)
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Computing DTP & A\‘(IT
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Description:
® Bicriterial Dijkstra with labels (||7t||, , cap())

B at most |E| labels per vertex

V(i,j) € E

L E ﬂ('l ,4X)
(0,00)t—=(1,x)—> (2,)
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Computing DTP & A\‘(IT
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Description:
® Bicriterial Dijkstra with labels (||7t||, , cap())

B at most |E| labels per vertex

V(i,j) € E

;- E e (1,4x)— (2,X)
(0,00)e(1,5)—> (2,%)
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Description:
® Bicriterial Dijkstra with labels (||7t||, , cap())

B at most |E| labels per vertex

V(i,j) € E

OPTypr =

w]|0o

X

;- E e (1,4x)— (2,X)
(0,00) (1,x)— (2,x) —» (3,x)
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Description:
® Bicriterial Dijkstra with labels (||7t||, , cap())

B at most |E| labels per vertex

V(i,j) € E

OPTypr =

w]|0o

X

L: E e (1,42)—> (2,1)
(0,00)=(1,x)—> (2,x) —» (3.%)
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Description:
® Bicriterial Dijkstra with labels (||7t||, , cap())

B at most |E| labels per vertex

V(i,j) € E

» (1,3X) AO(s, 1) =1'3X=3v)f
L: F ’(154X)_’ (2,X) A@(S,V,t)=2-X = 2X
(0,00) X X X) X
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Description:
® Bicriterial Dijkstra with labels (||7t||, , cap())

B at most |E| labels per vertex

V(i,j) € E

OPTMPF =4x
- OPT

» (1,3X) AO(s, 1) =1'3X=3v)f
L: Fm ------ ’(154)()_’ (2,X) A@(S,V,t)=2-X = 2X
(0,00) X X X) X
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Computing DTP ~ AT

I\N/‘ UN |VERS |TAT titute of Technology
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Description:
® Bicriterial Dijkstra with labels (||7t||, , cap())

B at most |E| labels per vertex

V(i,j) € E Change the capacities

=
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Description:
® Bicriterial Dijkstra with labels (||7t||, , cap())
B at most |E| labels per vertex

V(i,j) € E

B DTPsfrom s do not
have to form a tree
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Description:
® Bicriterial Dijkstra with labels (||7t||, , cap())

B at most |E| labels per vertex

V(i,f) € E
@ DTPs from s do not OPTpr = 3x
have to form a tree
= OPT

B Optimal switches do not
have to lie on the DTP
If the structure is not
penrose-minor free
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Simulations P A\‘(IT

Karlsruhe Institute of Technology

® Simulations on NESTA benchmark sets that are more realistic than the
IEEE benchmark sets, e.g., with regards to thermal line limits

32% quantile—35% quantile — 75% quantile

=
=1.00- 2 2
LL0.75-

0.50-

lized M P

=0.25-

©0.00-

0.00 0.25 0.50 0.75 1.00
Edges normalized by factor | E|

The MPF decreases mainly for edges having a small centrality cs.
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DATA

Simulations ~ T

On general networks the swifching centrality cs: E — R>¢ is defined

by __Y Y GDTPSte),

B 5oV tcvis) opTP(S, 1)

where opTtp(S,t, €) is the number of D T P-paths between s and t that

use e, optp(S, t) is the total number of D T P-paths from sto t and mg =
WA S
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Graph Structure Complexity | Algorithm

= | penrose-minor-free polynomial-
€32 - R7P
55 graphs “éé\ time solvable
O © ' ~NoL
ol Series parallel m X X
s | graphs
g | cacti with max 2 ( NP-hard 5 o
Qun -har -agp/ .
"3 gg degree of 3 [?éhmann et al., 2014]
2| |88
£ -
3| |88 2-level trees NP-hard A
g [Lehmann et al., 2014]
lanar graphs with
P Jrap strongly NP-hard A
max degree of 3 [Lehmann et al., 2014]
[aVlaV )
L1 arbitrary graphs non-APX b
> [Lehmann et al., 2014]
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Graph Structure Complexity | Algorithm

5 | penrose-minor-free polynomial- 'V/P
g8 graphs “éé\ time solvable
O o H -
o series parallel m X X
- graphs
¢ | cactl with max
o
S o NP-har 2-ag{5rox.
= §§ degree of 3 M [Laeh(rjnann et al., 2014]
8| IS8 2-level trees NP-hard A
g [Lehmann et al., 2014]
planar graphs with Siraly N2 T X
Mmax degree of 3 [Lehmann et al., 2014]
Ay )
L1 arbitrary graphs non-APX A
>> [Lehmann et al., 2014]
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one generator,
one load

arbitrary loads

>,

=
>

o
o
S
o)
O

arbitrary generators,

Vgl =2,
V| =2

Complexity of the MTSF

Graph Structure

penrose-minor-free
graphs ‘éé«

series-parallel

graphs m
cacti with max

degree of 3 M
2-level trees @

planar graphs with

max degree of 3 \@
arbitrary graphs \@

pd

“e NIT

UN |VERS|TAT Karlsruhe Institute of Technology
“Z&4(|PASSAU

Complexity | Algorithm

polynomial-

time solvable W/P

NP-hard A

N I:)_}’][LaeL(rjnann et al., 2014] 2- a o

NP-hard A
[Lehmann et al., 2014]

strongly NP-hard A
[Lehmann et al., 2014]

non-APX A

[Lehmann et al., 2014]
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Summary & Future Work 3 A\‘(IT
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Graph Structure Complexity | Algorithm

= penrose-minor-free polynomial-

& graphs “éé\ time solvable

5&  series-parallel

0 5 > /=0 | NP-harc X
5  graphs

cacti with max

= degree of 3 A A |NP-hard
: 2-level trees % NP-hard A
lanar graphs with
Fnax deggrepe of 3 '@ strongly NP-hard b 8

@ arbitrary graphs % non-APX A
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Summary & Future Work o A\‘(IT
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@ What happens if we minimize the number of switches or fix a set of non-switchable
edges?
@ |s there a PTAS on for ?
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