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Blackout Prevention by Islanding

For a power system in the early stages of a cascading blackeut
possible todeliberately split the system into islands contain the fault? J

EPSRC funded, Multi-site project:
Southampton (Maths), Durham/Edinburgh (Power Systems
Engineering)
OR, Edinburgh: looking at Models, Solvers

(Ken McKinnon, Jacek Gondzio, Andreas Grothey, Paul Trodde
Wagqgquas Bukhsh)
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USA August 2003

Happy customers
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USA August 2003

Happy customers

Oooops !

There goes
Long Island,
Detroit,
Ottowa,
Toronto ...
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USA August 2003

Inadequate
system understanding
situational awareness
tree trimming
diagnostic support
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The N- Oh... NO Contingency Problem

Goal

Develop a tool that can create &irewallto isolate the troubled area
from the rest of the network.

Leave network in a stable steady state.

Could be used for o line analysis to prepare responses tdt$an
di erent areas or, if fast enough, to react in real time.
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Islanding of uncertain network

Network has uncertain buses/lines/generators ? ? ?

Firewallaround uncertain buses, lines, generators
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Islanding of uncertain network

Network has uncertain buses/lines/generators ? ? ?

Firewallaround uncertain buses, lines, generators

Isolate uncertain components
To: achieve new safe steady state
By: cutting lines, shedding loads, adjusting generation
Goal: minimize load lost / at risk

v
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Islanding of uncertain network

Uncertain buseB° & linesL®
Isolate by cutting lines

Section 1 Section 0 Section 1
—

—>
Island 1 Island 2 Island 3

v
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Islanding of uncertain network

Uncertain buseB° & linesL?
Isolate by cutting lines
Section 0 uncertain parts, Section 1 certain parts

Section 1 Section 0 Section 1
—

—>
Island 1 Island 2 Island 3

v
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Islanding of uncertain network

Uncertain buseB° & linesL?
Isolate by cutting lines
Section 0 uncertain parts, Section 1 certain parts
Optimization decides what else in Sect. 0/1

Section 1 Section 0 Section 1
—

—>
Island 1 Island 2 Island 3

v
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Islanding of uncertain network

Uncertain buseB° & linesL?
Isolate by cutting lines
Section 0 uncertain parts, Section 1 certain parts
Optimization decides what else in Sect. 0/1
All load in Section 0 is at risk chance  of surviving

Section 1 Section 0 Section 1
—

—>
Island 1 Island 2 Island 3

v
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E ect of

Growth of section 0 in 24-bus network as ! 1

Pre islanding
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E ect of

Growth of section 0 in 24-bus network as ! 1

0:00 0:56
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E ect of

Growth of section 0 in 24-bus network as ! 1

0:56 0:93
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E ect of

Growth of section 0 in 24-bus network as ! 1

0:93 0:97
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E ect of

Growth of section 0 in 24-bus network as ! 1

0:97 1:00
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E ect of

Growth of section 0 in 24-bus network as ! 1

0:00 1:00
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Sectioning constraints

Uncertain buseB° & linesL®

p = section for bush
pbo = 00 line fb;b% cut

Section 1 Section 0 Section 1
—

—>
Island 1 Island 2 Island 3
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Sectioning constraints

bo 1+ p o 8fb;b%G2LnL%  No lines between sections
o 1 b+ o 8fb;b%2LnL%  No lines between sections

Section 1 Section 0 Section 1
—

—>
Island 1 Island 2 Island 3

v
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Sectioning constraints

bo 1+ p o 8fb;b%G2LnL%  No lines between sections
o 1 b+ o 8fb;b%2LnL%  No lines between sections

b=0 8b2B° All unsafe buses in 0
Section 1 Section 0 Section 1

—>
Island 1 Island 2 Island 3

v
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Sectioning constraints

bo 1+ p o 8fb;b%G2LnL%  No lines between sections

o 1 b+ o 8fb;b%2LnL%  No lines between sections

b=0 8b2B° All unsafe buses in 0

e 1 b 8fb;b%g2L° No unsafe lines in 1

b 1 po 8fb;b%g2L° No unsafe lines in 1
Section 1 Section 0 Section 1

—>
Island 1 Island 2 Island 3

v
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Network Flow Model

L
Vb, b Pppo o Vo, o
> o

bus b bus b°

Notation

Parameters:

PP;Qf  real and reactive power demand at load
Variables:

Vb, b voltage and phase angle at bis

L .~L
pl();bo' gbbo
Pg’ Ag

d

real and reactive power ows into linéb; b% from busb
real and reactive power output of generatgr
proportion of loadd connected d 2 [0;1]
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Network Flow Model

L
Vb, b Pppo o Vpo, b0
> o
|

bus b bus b°

Bounds on variables

Pobo + Ppoy  Hopo Thermal limit on line
Vp WV, Voltage limit at bus e.g.vp 2 [0:95; 1:05]
Q5 a5 Q5F Reactive Power limitQg ; Qg

independentof current operating point

oP§ Py P Real Power limitPg ;P
dependenton current operating point
g = 0 if generator is switched o
g = 1 if generator remains on
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Network Flow Model

L
Vb, b Pppo 23 Vpo, po
- I

bus b bus b°

Kirchho Current Law (KCL): conservation of ow at buses
X X
Py = aPg + Phpo Real  balance
926y 420y b%2 By,
ng = ng’ + qt';bo Reactivebalance
092Gy d2Dy b%2 By,
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Network Flow Model

L
Vb, b Pppo o Vp0, b0
> o
|

bus b bus b°

Kirchho Current Law (KCL): conservation of ow at buses

X G D X L

Py = dPg + Ppbo Real balance
926y 420y bo2 By,

qS = 4QF + Qo Reactivebalance
092Gy d2Dy b®2 By,

Kirchho Voltage Law

p'gbo = bevg + VpVpo Gppo COS ppo + BppoSin ppo

qIBbo = Bbbvg + VpVpo GppoSin ppo  BppoCOS ppo Cbbovg

Because of power losses in the linggi0 6 plo, anddspo 6 oy,
T



Disconnecting Lines

L
Vb, b Pppo 23 Vpo, po
I
bus b bus b°
Modi ed KVL
plﬁbo = Gppo¥po(Pp 0o COS ppo)  Bppotp ¥y SIN ppo

v
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Disconnecting Lines

Vb, b p:t;bo o Vb, po
|
bus b bus b°
Modi ed KVL
Pobe =  Gooofbo(¥  ¥poCOS ppo)  Brpoly ¥ SiN ppo
When ppo = 1, (lineis connected):

Force Oy =Vp , Yoo= Vo , pp0= b po, ) KVL holds
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Disconnecting Lines

Vb, b F;tbo o Vb, po
bus b | bus b°
Modi ed KVL
Popo = Gopoto(¥  ¥p0COS bpo)  Bopolhlh SiN pro Pho(1  bpo)
When ppo = 1, (lineis connected):

Force ¥ =Vyp , ®0= Vo , o= b 1o, ) KVL holds
When pno = 0, (line is not connected):
Popo := GopoVy, (V,  Vpo€0SQ  BppoVy, Viosin0
Force 9= Vy , %= Vo , o= 0, ) Ppo=0
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Disconnecting Lines

Vb, b F;tbo o Vb, po
bus b | bus b°
Modi ed KVL
Popo = Gopoto(¥  ¥p0COS bpo)  Bopolhlh SiN pro Pho(1  bpo)
When ppo = 1, (lineis connected):

Force ¥ =Vyp , ®0= Vo , o= b 1o, ) KVL holds

When pno = 0, (line is not connected):

Popo = GopoVy (V,  V40€0SQ  BppoVy, Vo sSinO

Force ¥, =Vy , ¥0=Vio , p0o=0, ) Phpo=0

Voltage and angle relations enforced by standard MILP constraint s.
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Objective
Minimize load shed / at risk , Maximize expected delivery

Planned supplyp] = aPg

Supply probability= it in section 0
1 if in section 1

Objective X X
max aPP + aPg
d2so d2s?
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Objective
Minimize load shed / at risk , Maximize expected delivery

Planned supplyp] = aPg

Supply probability= it in section 0
1 if in section 1

Objective X X
max aPP + aPg
d2so d2s?

d 2 S9=S? is a decision) new formulation

Formulation
Split 4
d= odt+ 1a; O 1d b
Objective X
max Pg( od+ 1d)
d

v
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Solving the problem
Islanding formulation with AC power ow is MINLP

Procedure
@ Solve to optimum withapproximatedpower ow model (MILP)
Q@ Cut lines
© Solve AC optimal load shedding opt. (NLP)
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Solving the problem
Islanding formulation with AC power ow is MINLP

Procedure
@ Solve to optimum withapproximatedpower ow model (MILP)
Q@ Cut lines
© Solve AC optimal load shedding opt. (NLP)

We consider 2 approximations to Kirchho 's Laws:

DC Constant Loss:

I Drop the reactive power constraints
I Set all voltages to 1
I Assume line lospiSss = its pre-islanding value
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Solving the problem
Islanding formulation with AC power ow is MINLP

Procedure
@ Solve to optimum withapproximatedpower ow model (MILP)
Q@ Cut lines
© Solve AC optimal load shedding opt. (NLP)

We consider 2 approximations to Kirchho 's Laws:

DC Constant Loss:

I Drop the reactive power constraints

I Set all voltages to 1

I Assume line lospiSss = its pre-islanding value
AC PWL:

I Include reactive power constraints

I Linearize KVL

I Include PWL approximation of cosine terms
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Approximated Power ow models: DC

L
Vb, b Popo s Vo, b0
- [

bus b bus b0

AC power ow

plgbo = bevg + VpVpo Gppo COS ppo + Bppo Sin ppo
Qbpo = Bbbvg + VpVpo GppoSiN ppo  BppoCOS ppo
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Approximated Power ow models: DC

L
Vb, b Popo s Vo, b0
- [

bus b bus b0

DC power ow

iBbbo) | Gpboj (susceptance conductance)
Vp 1
Sin ppo bh©
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Approximated Power ow models: DC

L
Vb, b Popo s Vo, b0

bus b bus b0

DC power ow

iBbbo) | Gpboj (susceptance conductance)
Vp 1
Sin ppo bh©

Then

Pbbe = Bpbo ppo
Obbe = O
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Approximated Power ow models: DC

L
Vb, b Popo A Vo, b0

bus b bus b0

DC power ow

iBbbo) | Gpboj (susceptance conductance)
Vp 1
Sin ppo bh©

Then

Pbbe = Bpbo ppo
Obbe = O

No losses

Pobe + Py = 0

A. Grothey (Edinburgh) MINLP approach to islanding GOR 2012 15/ 26



Computational tests

Steps
@ Solve OPF: for pre-islanded state using the full AC equasion
@ Remember predicted line-loss

© Based on this solution solve the DC -MILP problem to decidiee
best islands and generator shut downs.

© With the islands and generator shutdowns xed, solve an oml load
shedding problem using the full AC equations.

v
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Computational tests

Steps
@ Solve OPF: for pre-islanded state using the full AC equasion
@ Remember predicted line-loss

© Based on this solution solve the DC -MILP problem to decidiee
best islands and generator shut downs.

© With the islands and generator shutdowns xed, solve an oml load
shedding problem using the full AC equations.

v

Software and examples
1 and 4 use IPOPT (COIN-OR).
3 uses CPLEX 12.3 (using 8 cores)
IEEE test cases up to 300 buses.

A. Grothey (Edinburgh) MINLP approach to islanding GOR 2012 16/ 26



AC infeasibility (DC constant loss)

Setup: all single lines/generators marked as uncertainumt

Some AC solutions were infeasible because voltage limite we
violated.

Percentage that were AC infeasible:

n® 9 14 24 30 39 57 118 300
AC infeasible 0 13 21 23 17 10 12 18
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AC infeasibility (DC constant loss)

Setup: all single lines/generators marked as uncertainumt
Some AC solutions were infeasible because voltage limite we
violated.
Percentage that were AC infeasible:

n® 9 14 24 30 39 57 118 300
AC infeasible 0 13 21 23 17 10 12 18

What can be done?

Relaxing voltage limits in the contingency?
09 v 1.1 cures some cases.

Alter the tap setting post-islanding?
Relax the post contingency line?
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AC infeasibility (DC constant loss)

Setup: all single lines/generators marked as uncertainumt

Some AC solutions were infeasible because voltage limite we
violated.

Percentage that were AC infeasible:

n® 9 14 24 30 39 57 118 300
AC infeasible 0 13 21 23 17 10 12 18

What can be done?

Relaxing voltage limits in the contingency?
09 v 1.1 cures some cases.

Alter the tap setting post-islanding?
Relax the post contingency line?
Use AC PWL in MILP for islanding
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Power ow models: Derivation of AC-PWL model

L
Vb, b Popo s Vo, b0
- [

bus b bus b0

AC power ow

b0 = beV2 + VpVpo GppoCOS ppo + BppoSin ppo
b

Oobo = BppVi + VoVbo GopoSiN ppo  BppoCOS ppo ooV
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Power ow models: Derivation of AC-PWL model

L
Vb, b pbbo / Vpo, po
»>- o
|

bus b bus b0

Piecewise linear AC power ow

De ne
PEbe = (Pobo  Potb)=2 a5p6 = (Cbbo  QObop)=2
pLOtfos = Popoo + Poo%b QLObSOS = Obpbo + Qoo
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Power ow models: Derivation of AC-PWL model

Vb, b p:l;b" o Vpo, bo
|
bus b bus b°
Piecewise linear AC power ow
De ne
PEbe = (Pobo  Potb)=2 a5p6 = (Cbbo  QObop)=2
|
PO = Pobo+ Poob Obbo = Obbo + %
Then
Pobo = pbbo =2+ Php6 Obbo = qbbo =2+ Oy
Poob = PIP=2  PEYS Ooob = O0=2  ORYS
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AC-PWL approximation: real power ow

ave

— 1/nL L
Pobd =  3(Pobe  Pbon)
= %(V& Vgo) BpboVp Vpo SiN ppo
— 2 2
= G Vo) + 3((vb 1) (vpo 1)?)
B + B( sin )+ bsin (1 vyVyo)
| — L L
Pobo = Ppbo* Ppop)
= beo(Vg + Vgo) 2GppoVp Vo COS ppo
= G(Vp )2+ 2G(1 cos )+ 2G(Vpvpo 1)(1 cos )
Piecewise-linear (PWL) approximation
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AC-PWL approximation: real power ow

ave

— 1/AL L
Pobd =  5(Pobe  Pbon)
= %(V& Vgo) BpboVp Vpo SiN ppo
_ G 2 2
= G(vp vpo) + Z((vo 1)* (Voo 1)%)
B + B( sin )+ bsin (1 vyVyo)
| — L L
Pobo = Ppbo* Poop)
= beo(Vg + Vgo) 2GypoVp Vo COS ppo
= G(Vp )2+ 2G(1 cos )+ 2G(Vpvpo 1)(1 cos )
Piecewise-linear (PWL) approximation
Keep linear terms irv;
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AC-PWL approximation: real power ow

PeyS = 3(Pooo  Pb)
- %(V& Vgo) BbeVbeOSin bb©
= G(Vb Vo) + (Vo 1)? (vpo 1)?)
B + B( sin )+ b sin (1 vabo)
plbobSOS = p|5b0+ plﬁob)

= beo(Vg + Vgo) 2GypoVp Vo COS ppo
= G(Vpb Vpo)?+ 2G(1 cos )+ 2G(VpVpo

1)(1 cos)

Piecewise-linear (PWL) approximation
Keep linear terms irv;

Use piecewise linear (SOS2 set) approximation of cos
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AC-PWL approximation: reactive power ow

Ogss = 3(Gobe Goon)
= %(Vt? Vi) GopVbVhoSin ppo  Copo(Vh Vi)
= (B+C)(Vp Vpo) EEE((vo 1)? (Voo 1)?)
G + G( sin )+ G(1 VpVpo)sin
U = Gobo+ Goop

= 2BppoVpVpo COS ppo Bbe(Vg + Vgo) Cbe(Vg + Vgo)
2B(1 cos ) B(Vp Vpo)2 + 2B(VpVpo)(1 cos )
2C(Vp Vpo 1) C((vo 12+ (vpe 1))

Piecewise-linear (PWL) approximation
Keep linear terms irv;
Use piecewise linear (SOS set) approximation of cos
Also model reactive power ow

v
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AC-PWL approximation: reactive power ow

Ogss = 3(Gobe Goon)
= %(Vt% Vi) GopVbVhoSin ppo  Copo(Vh Vi)
= (B+O)(W W) EE (v D (veo 1)?)
G +G( sin )+ G(1 VpVpo)sin
U = Gobo+ Goop

= 2BppoVpVpo COS ppo Bbe(Vg + Vgo) Cbe(Vg + Vgo)
2B(1 cos ) B(Vp Vpo)2 + 2B(VpVpo)(1 cos )
2C(vo Voo 1) C((vp  D*+(vpo 1?)

v

Piecewise-linear (PWL) approximation
Keep linear terms irv;
Use piecewise linear (SOS set) approximation of cos
Also model reactive power ow

v
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Case:B= 5G=1C=05 jj<=57; 095 v 105.
max DC AC PWL
P = B 2500 X X
+ G(vp  Vpo) 0:100 X
+G=2((vu D? (v 13 0:001
+ B(1 VpVpo) Sin 0:245
+ B( sin ) 0:103
ptoss=  2G(1 cos) 0:245 X
+ G(Vp  Vpo)? 0:001
+ 2G(VpVvpo 1)(1 cos) 0:023
v = G 0:500 X
(B+ C)(vp Vpo) 0:495 X
(B+C)=2 (o 1)? (v 13 0:001
+G(  sin) 0:021
+ G(1  VpVpo) Sin 0.051
gq-°=  2C(v, Vo 1) 0:550 X
2B(1 cos) 1.224 X
B(Vy Vpo)? 0:050
Cl(ve D2+ (wvpo 1)+ 0:000
+ 2B(WwVvpo 1)(1 cos) 0:125
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AC feasibility problems

DC constant loss
G) © ©

‘l‘w \‘\21 \ ‘22

17

Infeasible voltages
vo = 1:15, vg = 0:85
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AC feasibility problems

DC constant loss

)
N\ N\
‘ 2

)
T

1’7J !

(=)

L1 \‘\21 | 2

Infeasible voltages Feasible voltages
vz = 1:15, vg = 0:85 Vo = 1:02, vg = 0:99
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Obtaining AC-feasible solutions

24-bus network: voltages & ows

10 300
5 200
100
_ 0 s o
S ]
T s {2 100
-- 5
10 200
300
15 q
— PWL-AC 400 — PWL-AC
—AC-OLS — AC-OLS
20 - : - - - 500 : - - -
0 5 10 15 20 25 30 0 10 15 20 25 30
Line | Line |
(a) Angle di erences (b) Real ows
GOR 2012 23126
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Obtaining AC-feasible solutions

24-bus network: voltages & ows

1:06 T T T T 100
1:04 1 50
1:02 1~
3 g 0
g 1 IS
£ s 50
0:98
) | 100 1
0:96 — PWL-AC — PWL-AC
—AC-0OLS — AC-OLS
094 n n n n 150 n n n n n
0 5 10 15 20 25 0 5 10 15 20 25 30
Bus b Line |
(c) Voltages (d) Reactive ows
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Obtaining AC-feasible solutions

Table: % AC infeasible

n® 9 14 24 30 39 57 118 300
DC 0 13 21 23 17 10 12 18
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Obtaining AC-feasible solutions

Table: % AC infeasible

n® 9 14 24 30 39 57 118 300

DC 0 13 21 23 17 10 12 18
PWL-AC O O O O O O 0 2
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Obtaining AC-feasible solutions

Table: % AC infeasible

n® 9 14 24 30 39 57 118 300

DC 0 13 21 23 17 10 12 18
PWL-AC O O O O O O 0 2

Table: PWL-AC median solve times

n® 9 14 24 30 39 57 118 300
DC Optimality 0.0 01 01 01 02 02 0:3 0.6
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Obtaining AC-feasible solutions

Table: % AC infeasible

n® 9 14 24 30 39 57 118 300
DC 0 13 21 23 17 10 12 18
PWL-AC O 0 0 0 0 0 0 2
Table: PWL-AC median solve times
n® 9 14 24 30 39 57 118 300
DC Optimality 0.0 01 01 01 02 02 0:3 0.6
PWL-AC Optimality 0:0 09 14 34 26 154 2619
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Obtaining AC-feasible solutions

Table: % AC infeasible

n® 9 14 24 30 39 57 118 300

DC 0 13 21 23 17 10 12 18

PWL-AC O 0 0 0 0 0 0 2

Table: PWL-AC median solve times

n® 9 14 24 30 39 57 118 300
DC Optimality 0.0 01 01 01 02 02 0:3 0.6
PWL-AC Optimality 0:0 09 14 34 26 154 2619
PWL-AC 10% gap 00O 09 08 31 1.0 116 594 1283

A. Grothey (Edinburgh) MINLP approach to islanding
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Current and future research

Larger networks
Computation

I Heuristics
I Aggregation/decomposition

Bus/node splitting
Dynamic stability
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Thank you
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