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Power Grid Operations
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System Description:

118 buses

186 branches

91 load sides

54 thermal units

One—line Diagram of IEEE 118-bus Test System

IIT Power Group, 2003
[http://motor.ece.iit.edu/data/ltscuc/IEEE118bus_figure.pdf]
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Power Grid Operations At Sandia

Wind and Solar Forecasting and Scenario Generation...
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Optimal Power Flow (DC and AC)
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Security Constrained Unit Commitment (Linear/Nonlinear)
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Reliable and Resilient Operation
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Impact of Renewables ...
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Nonlinear Optimization for Power
Grid Systems
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Fast Solution of ACOPF (NLP)
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N-1 Contingency Constrained ACOPF (Stochastic NLP)
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Global Solution of Nonlinear Power Grid, e.g. UC-AC (MINLP)

118 buses . "@ . ” T
186 branches = e — ~
91 load sides +n @Tj) ]IF Lo J—G> t (?25 2
54 thermal units «T] - . 15 lré})
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One—line Diagram of IEEE 118-bus Test System G /— =1 ('?)—‘ ! TJ‘—‘L[‘ @ .
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[http://motor.ece.iit.edu/data/ltscuc/IEEE118bus_figure.pdf] (G-
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Our Software Environment: Pyomo

William E. Hart

Carl Laird
Jean-Paul Watson
David L. Woodruff

= Project homepage Pyomo —

. - Optimization
= http://software.sandia.gov/pyomo .
P N Modeling

) ) in Python
= "The Book

= 2nd Edijtion released in June 2017

@ Springer

= Mathematical Programming Computation papers

= Pyomo: Modeling and Solving Mathematical Programs in Python (Vol. 3, No. 3, 2011)
= PySP: Modeling and Solving Stochastic Programs in Python (Vol. 4, No. 2, 2012)
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Our Hardware Environments ) e

= Qur objective is to run on commodity clusters
= Utilities don’t have, and don’t want, supercomputers
= But they do or might have multi-hundred node clusters

= Various HPC platforms we use and have used

RMAX RPEAK
SYSTEM YEAR VENDOR CORES (GFLOP/S) (GFLOP/S)
Sky Bridge - Cray CS300-LC, Xeon E5-2670 8C 2.6GHz, Intel Truscale 2015 Cray Inc. 29,584 532,900 615,347
Pecos - Xtreme-X , Xeon E5-2670 8C 2.600GHz, Infiniband QDR 2012 Cray Inc. 19,712 336,800 410,010
Chama - Xtreme-X GreenBlade GB512X, Xeon E5-2670 8C 2.600GHz, 2011 Cray Inc. 19,680 332,000 409,344
Infiniband QDR
Dark Sand - Appro Xtreme-X Supercomputer, Xeon E5-2670 8C 2012 Cray Inc. 14,720 268,100 306,176

= Multi-Core SMP Workstation
= 64-core AMD, 512GB of RAM
= For only $17K from Dell....
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Modeling Power Systems With Pyomo @&z

4  Existing Solvers

Algebraic
Modeling Pyomo

William E. Hart
Carl Laird
Jean-Paul Watson
David L. Woodruff

Pyomo —
Optimization
Modeling
in Python

@ Springer

Hackebeil, Hart, Laird,
Siirola, Watson, Woodruff,
and many others...

Lahoratories



Modeling Power Systems With Pyomo @&z

Algebraic
Modeling

Power System
Model Formulation
& Solution
System Analysis

Matpower & Other
Input Formats (PSSE)

Integrated
Python-based
toolchain

William E. Hart
Carl Laird
Jean-Paul Watson
David L. Woodruff

Pyomo -
Optimization
Modeling
in Python

@ Springer

Hackebeil, Hart, Laird,
Siirola, Watson, Woodruff,
and many others...

IPOPT

Lahoratories



ACOPF Problem Formulation

min Z GeneratorCosty(P,, Q)

gegG
ik, vk,
z{ 'v{-
fil =YL |4 VieL
ztr Utr
it vt
Pl = (080 il 020 ) VieL
Q= (' -al, — oD Ly VieLl
Ph= @O 42O VieL
Q= (W il — O L) VieL
Si > (P)?+(Q)) VieLl
St > (Ph)? + (Q%)* Vier
0= Z P+ Z P+ Z Pg — ZP&-{-Y;}I-[(UE)2+(U?)2] Vb €B
leBt, leBt,, deD? gege
0= > Qi+ > Q4+ D QL— D QL+Yh -[w)*+0h)? VbeB
leBt, lent,, deDb gege
v, = (v2)% + (v))? Vb B
'U‘ref =

J
b I al
bounds on vy,, P&, Q%, S%, S
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Pl Transmission Model

Real Power, Reactive Power,

Apparent Power Constraints

From the Branches

Power Balance Constraints

Voltage Maximum/Reference
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ACOPF Solution With Pyomo/lpopt .

_ Number of Solution Time
Case Name .
Variables (CPU Seconds)
casedgs 67 0.015
case5 67 0.003
case9 _ 95 _ 0.004
case9Q 95 | 0.004
casebww 105 _ 0.004
nesta_case_14 ieee 194 0.007
caseld 197 0.005
case30 399 0.028
case24_ieee_rts 416 0.016
case39 465 0.015
case57 767 0.015
casell8 1832 0.037
case89pegase 1881 0.067
case300 4025 0:13
case30Q 4025 0.14
case2383wp 28456 _ 2.6
case2737sop 31846 _ 2.3
case2736sp 31927 2
case2746wp 32183 2
case2746wop | 32357 | 21
case3012wp 35242 2.6
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Pvomo/Ipopt
Table 1: Problem Size and Performance Results

Case Name Optimal Solution Optimality Gap (%) CPU Time (s) Iterations
Caseb6ww 3126.36 8 x 1073 0.26 4
Casel4 8081.52 3 x 103 0.43 3
Case30 574.52 0.0 0.95 5
Case39 41864.18 5x 1073 1.21 3
Case57 41737.79 6 x 1073 7.29 12
Case89 5817.60 9 x 103 46.2 44
Casell8 129660.69 6 x 103 18.5 14
Case300 719725.10 9 x 1073 82.7 49
NESTA Casebww 3143.97 0.0 0.74 7
NESTA Casel4 244.05 3x 103 0.22 3
NESTA Case30 204.97 0.0 0.57 4
NESTA Case39 96505.52 9 x 1073 3.00 8
NESTA Case57 1143.27 6 x 103 9.62 20
NESTA Case89 5819.81 9 x 103 55.8 57
NESTA Casell18 3718.64 0.0 93.7 55
NESTA Case300 16891.28 0.0 138.2 26

Taken from: Global Solution Strategies for the Network-Constrained Unit Commitment (NCUC)
Problem with Nonlinear AC Transmission Models. Liu, Castillo, Watson, and Laird —

Oetimization Online, under review.
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N-1 Contingency-Constrained ACOPF @i
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System Description:

118 buses

186 branches

91 load sides

54 thermal units

One—line Diagram of IEEE 118-bus Test System

IIT Power Group, 2003

[http://motor.ece.iit.edu/data/ltscuc/IEEE118bus_figure.pdf]
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System Description:
118 buses T

186 branches
91 load sides
54 thermal units

One—line Diagram of IEEE 118-bus Test System

IIT Power Group, 2003
[http://motor.ece.iit.edu/data/ltscuc/IEEE118bus_figure.pdf]
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N-1 Contingency-Constrained ACOPF
Problem
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System Description:

_ T
Make a decision about how to operate now while considering
II’!‘ Power Group, 2003

all N-1 possibilities for transmission element failure.

[http://motor.ece.iit.edu/data/ltscuc/IEEE118bus_figure.pdf]
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Contingency-Constrained ACOPF
Problem
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L Lines G Generators
B All Buses D Load Buses
S Scenarios 7T Time periods

min} ps ) !Z C (Pgis Qguts) + 1D [(ch,t,s ~ PG+ (QS. — Qﬁ,s)z:

seS teT |geg geG

o2 3 (Pl = PP)" + (@b — Q31

beD
ilr s Vbt (D) ts
;9 vl
st | bts | =V, | GFOts VieLl,teT,seS
215?‘13 Ub_t(l),t,s
] J
Uit,s Ubt(1),t,s
Py =YS[(U’” )2 + (vl )2] VbeH,teT,seS
b,t,s b b,t,s b,t,s ) )
Q7 =—YS|:(’UT )2 + (vl )2] VbeH, teT,seS
b’t)s b b,t,S b,t,s ! !
0=> P+ > Pl +P AP ,—PF, VbeB teT,seS
lely leOy
0= Qfist > Q, Q5.+, ,—QF, VbeEB teT,seS
ledy leOy
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Contingency-Constrained Stochasticm g
Programming ACOPF

L Lines G Generators
B All Buses D Load Buses
S Scenarios T Time periods

min} p, ) [Z CE(PG, QS0 +m1 Y [(PEe — PiS) + (@5, — @:5.)°"]  Obijective: Expected Value of

"€ rel Lo 9<9 Generator Op. Costs
* 2 * 2
+p2 ) [(P,f;t,s - P5)" + (Qbes — Q5F) ]] + Penalty
beD
2;:,3 [ U%:f(l),t,s
- J v
st | Dts | =V, | bfODbs VieL,teT,seS
"t Ubt(1),t,s
szt,s i ”gt(z),t,s
PS,s = Y [W5)? + (0],0)7] VbeH, teT, s€S
S e =Y :(v;t,s)z + (vg,t13)2] VbeH, teT,seS
0=> Pt A+ > P, 4P, +P; —PF, VbeB teT,seS
LELy le®@y
0= Qiuet D> @, AQi:+Qbr—QFs VbOEB teT,s€S
ey le@y
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Contingency-Constrained Stochastic
Programming ACOPF
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L Lines G Generators
B All Buses D Load Buses
S Scenarios 7 Time periods

. P 2]
mlnzpsz ZCE ts!Qgts +plZ|:( g,t,s g,gs) +(Qgts gts)
s€S teT | geg geG )
L AL L *L)2
+p2 Z [(Pb,t,s — PR+ (Qps — Q) ]
beD J
vy . .
“'}; 8 POt IV Relationships
st. | hte | =Y, | fObs VIEL, teT,seS (to/from) Every Line
e 0N @ SandT)
Z;Jt 5 vgt(l),t,s
Pb,t,g =YS [("-’Z,t,s)2 + (’Ug‘t‘s)z] VbeH,teT,seS P| Transmission
Q=Y [(u}*;,t,s)2 + (v],1,0)?] VbeH, teT,seS Model
0=> P, +> Pl 4P} AP} . —P%, VbeB teT,se8
leTy le@,
0=> Qi+ > Q, +Q. ARt Qs VbEB teT,se8
leT, leOy
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Contingency-Constrained Stochastic
Programming ACOPF
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L Lines G Generators
B All Buses D Load Buses
S Scenarios 7 Time periods

sES teT | geG geG

. 2 27
mlnzps Z |:Z CE(PQC?LS’ QﬁfsS) +p1 Z [(Pgt,s - P;,(t;:.s) + (Qgt,s - Q;,Ct;,s |

o1 3 (s = B + (@hs — &5)']

beD J
?:if:,s [ (Ug:f(l)’t,_g
if vl
st | Lts | =Yy, | YfOts VieL, teT,seS
Zi,_t,s Ubt(1),t,s
il,Jt,s i Ugt(l),t,s
P, =Y$ [(vg;,t,a)2 + (vg"t’s)ﬂ VbeH, teT,scS
Qira = Y5 [(0he,0)? + (v].)] VbeH,teT, s€S Power Balance
0= Z Py, st Z ﬂ{t,s"‘Plft,s"'Pét,s_Pft,s VbeB,teT,s€S (to/from) Every Bus
= IO, (alsSand T)
0 - Z Q?,t,s'i_ Z: Q{t,s'*'QbS,t,s'l'Qg‘,t,s_QEt,s V b = Ba t € T: s € S
LETY leOy
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Contingency-Constrained Stochastic g,
Programming ACOPF

lt,s

Pl =iyt i + Vi e s VIEL tET,s€S

: r - fi Power (to/from
Q{,t,s — ’Ugf(l),t,s o Z{,t,s - ’Ubf(!),.t’s - Zif..g s V l e E, t e T, S e S ( )

. Every Line

Plt,t,s = 'U;t(z),t,s : i?;,s +Ugt(£),t s z?t:_:s VIEL, teT,seS (all S and T)
Q}tie = Vi) 0 B0 — Vet tro Bt VieL, teT,seS
(Pl )2 +(Qf, ) < (SY)? VieL, teT,seS
(Pz,t,s)z + (Qs,t,s)2 < (SU)2 VieLl, teT,se8
(VEJL)2<(Ugt3)2 (v bts)z (Vy)? VbeB, teT,seS
PFt < PG, < PSY VgegG, teT,seS
QS <QF,, <Q5Y VgegG, teT,seS
rb,t,s=0 VteT,seS
Py = Pp* VbeD, seS
b = Q" VbeD, seS
—PSR < PG ,— PS5, < PR Vgeg, seS
Pgl,o—szz,o Vgeg
0 =Q520 Vgeg
Pg_Glo=P£1,s Vgeg, seS/{0}
Q5 10=Q% 1 Vgeg, seS8/{0}
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Contingency-Constrained Stochastic g,

Programming ACOPF

f -fr
Piys = 'Ubf(z) ts " Uts T 'Ubf(z) tys "z,t,s
— fr 317
Ql,t,s = 'Ubf(c),t,g "t 'Ubf(.!) t,s " Uts
t R -t -t
Py s = Vhaye,s  ts T vbt(!),t,s EH

t | Latr o L atd
Qz tys — Ubt(),t,s " Uit,s T Ubt(l),t,s " Uit,s

Viel, teT,seS
VieLl, teT,seS
VieLl, teT,seS8
VieLl, teT,seS

Laboratories

(Ps)* +(@f,)% < (8Y)?
(Ples)® + (@i,s)* < (8Y)?

VieLl, teT,seS
VieLl, teT,seS

(%L)2 < ('vgt 3)2 + (’Ug t, 3)2 S (VbU)2
PGL < PG < PGU

g,t,s
QGL <QS,, < QEU
Uf‘bts =0
Pb,l,s: E;*L
Qfls _Q*L
—PyT < Pyl — Py, < POR

G G
Pg,lO Pg,20

G G
nglso - Qg,2,0

G _ pG
Pg’l’o _ Pg’]"s
G —_ NG

9’1’0 _ g‘l?s

VbeB, teT,seS
Vgeg, teT,seS
YVgeg, teT,seS
VteT,seS
VbeD, s€S
VbeD, s€S
Vgeg, seS
Vgeg

Ygeg
Vge g, seS/{0}
Vge g, seS/{0}

Line limits on (to/from)

of every line
(all S and T)
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Contingency-Constrained Stochastic

Programming ACOPF

f  _,r -fr 7 -f3
Py s = Vhrayts  Hits T Vbry,es * Uitys

fo :fr -fq
Qs = Ubry,t,s " tit,s T VBt t,s " its
t . -t 7 ]
Prys = Ugt(t),t,s “ig,e + Ubt(1),t,s "~ Ut,s
+ 7 -1 't j
Qs = 'Ugt(,:) t,s Wits — Ugt(f.),t,s “4y
2 2 U\2
( Ets) +(Qlts) S(S )
2 2 U\2
(Pl,t,s) + (Ql,t,s) < (S )

VieLl, teT,seS8S
VieLl, teT,seS8S
Viel, teT,seS
VieLl, teT,seS

VieLl, teT,seS8S
VieLl, teT,seS
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(Vi;L)z < (vgt 3)2 + (vb t, 3)2 S (‘VbU)2

VbeB,teT,seS

PSL < PS, < PV

g,t,s —
L
QG < Qg':t!'g - QGU
rb,t,s =0
L L
Pb,l,s - E;k
L L
Qb,l,s = Q3
GR G G GR
P = Pg 1,s Pg,2 s S P
G
Pg,l,o = Py’ 12,0
G
Qg,l,o - QQ,Q,O
G
Pg 1,0 — Pg,l,s
Qg,l,O - Qg,l 8

Vgeg, teT,seS
Vgeg,teT,seS
VieT,seS
VbeD, s S8
VbeD, s S
YVgeg, ses
Vgeg

Vgeg

Vgeg, seS/{0}
Vge g, seS/{0}

Voltage limits
on every bus
(allSand T)
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Contingency-Constrained Stochastic [,
Programming ACOPF

PI{t,s = Ugf(l),t,s ) itf,;,s + Ugf(g)’t’s : ilfj,s VieLl, teT,seS

Q{t,s = Ugf(l),t,s ) itf,;,s - Ugf(l),t,s : ilf,i,s VieLl,teT,seS

¢ -t j tj
Plts = Vbt(),t,s * Ut T "’gt(z),t,s Uy VieL, teT,seS

Qf s = Vit Tt — Vbt ,ts * Gits VieL, teT,seS
(Pf0)% + (@, )% < (sY)? VieL teT,seS
(Plra)? +(Qf:0)* < (SY)? VieLl, teT,seS
(ViH)? < (0he6)% + (07,,,)° < (V)2 VbeB, teT,seS
R s L 2 Y Vgeg, teT,seS
QS < Q5 <QSY Vgeg, teT, seS
Vbt = 0 VteT,ses Generator bounds
Py, =Pt VbeD, seS on every generator
Qb1 = Q" VbeD, scS (@l Sand T)
—PFR < PG, —PY, < PFR Vgeg, scS
Pgl,():}:fzo Vgeg
le,o = Qfg,o Vgeg
Pg =P, Vgeg, seS/{0}
Q5 10=Q5 1, Vgeg, seS/{0}

Lahoratories



Contingency-Constrained Stochastic e,

Programming ACOPF

o _ . f j [
PE t,s — v?::f(l) t,s ' l:s + Ugf(l),t,s ’ zl,g,s

Q{,t s '”bf(z) t,s %{t s~ Vbf()tys ° 7’{%3
Pl 'Ubt(z) ts " Ues + Ugt(l),t,s : ?’fjts
Ql,t,s = Ubt(l),t,s sz;‘..s — Vht() 1, 7’?::3
(Pl +(Qf,)° < (8Y)?
(Plis)? +(Qle,s)° < (SY)?
(V)2 < (v5,4,6)* + (0], ) < (V7)?

pPEt < pg, , < PFY

VieLl, teT,seS
Viel, teT,seS
YViel, teT, seS
VieLl, teT,seS
Viel, teT,seS
VieLl, teT,seS
VbeB,teT,seS
Vge g, teT,seS

Laboratories

Fix load values

QL < QF,, < Q%Y VgeG, teT,seS for Nominal stage
D VieT scs @ll
1B = T VbeD, se€S
Qb1 = Q" VbeD, se€S
—PFE < Pf  — PF, < PIR Vgeg, seS8
Piho=Pgag Vgeg
Qg,l 0= Q_g;,:z,o Ygeg
P& =PI, Vgeg, seS/{0}
Qg,l,o Qg,l,s Vgeg, seS/{0}
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Contingency-Constrained Stochastic

Programming ACOPF
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PE{t,s = Ugf(z),t,s ' ?'zf:s + vgf(l),t,s "t VieL, teT,seS
sz,t,s = Ugf(l),t,s 'izf,:,s — Vhr()tys if:{,s VieL, teT,seS
L5 = Vbt(),ts ihts + Viy s " ilne  VIEL, tET,sES
Ql s = Vi) e.s * Hitis — Vbt tos * iln e VieLlL, teT,sedS
(Pl )% +(Qf, )% < (sY)? VieL teT,scS
(P +(Qf+.0)° < (SY)? VieLl, teT,sedS
(V)2 < (h )2 + (0], )% < (VY)? VbeB, teT,seS
Pt < PG, < PFY VgegG, teT,seS
Q" <QF, . <Q5” VgegG, teT,seS Ramping constraint
Uﬁb,t,s = VteT, se8 on all generators
P = PT VbeD, seS from stage 1 to stage 2
b — Q" VbeD, s€S (@l S)
—PER < PG ,—PF,,< PSR Vgeg,seS
P£1,0=P£2,0 Vgeg
le,o = ng,o Vgeg
Pg o= P, Vge g, seS/{0}
le,oz gls Vge g, se€S/{0}
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Contingency-Constrained Stochastic @mes
Programming ACOPF

‘Pl{t,s = Ugf(l),t,s i 2';!f,i:t‘,s-s + Ugf(!),t,s ’ i{J Vie Es te T: SES

t,s

Q{;t,s = Ugf(l),t,s - iz{:,s - v;f(l),t,s . i{i’s VZ e ;C’ t e T’ S e S

Plts = Vhiyts * s + Visty e " ihts Viel, teT,seS
Qf,t,s = vgt(l),t,s zf’;s — Vhy(1),t,s z;ft,s VieL, teT,seS
(1",5’;:,3)2 + (Q{t,s)Q < (SY)? VieLl, teT,seS
(Plt,s)% + (Qf4,5)° < (SY)? VieL teT,seS
(VE)? < (vh,0)% + (0], )7 < (V)2 VbeB, teT, s€S
Pt < PG, . < PSY VgegG, teT,seS
QS <Q5, . <Q5Y Vgeg, teT,seS
Vlpts =0 VteT,seS Enforce generator
Pl =PF VbeD, scS power solution equal
Q.. = Q" VbeD, se€S in stage 1 and 2
—PSR < p%  — PS,, < PPR Vgeg, seS for Nominal to Nominal
P§1,0=sz,o Vgeg
le,o = ng,o Vgeg
Pgl,o =P£1,3 Vgeg, se€S/{0}
le,o :le’s Vgeg, s S8/{0}
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Contingency-Constrained Stochastic m g

Programming ACOPF

P/, = ’Ubf(z) be iy et Vi te il
Qz,t,s = 'Ubf(z),t,s %f:s - ’Ubf(z),t,s z{%s
Pl = Ve (1) s ° i'y,s + vﬁt(;),t,s : ijts
Qf ts — 'Ugt(g) ts i?;,s - v;t(l),t,s : ifi&,s
(P, 3)2 + (Qz p 3)2 < (8Y)?
( z,t,s)2 + (Qf 3)2 < (8Y)?
(Vi)? < (vp40)% + (0], )° < (WY)?
PFL < PG, , < PEY

g g,t,s —
QGL < Qg,t , < QGU
vf"bts =0
Pb,1,3: b*L
Qg‘ls =Q*L
_PGR < Pgl,.s PgG2 A < PGR

G G
Prio=Fgap

G G
@g1,0 = @g20

VieLl teT,seS8S
Viel, teT,seS8S
VieLl, teT,seS
Viel, teT,seS
VieLl, teT,seS
VieLl, teT,seS
VbeB, teT, seS8S
Vgeg, teT,seS8S
Vgeg, teT,seS
VteT,seS
VbeD, se€8S
VbeD, se€S8S
Vgeg, seS
Vgeg

Ygeg

Laboratories

Non-anticipativity
constraints

G _ pG
Py,l,O - Py,l,s

G G
Qy,l,ﬁ — Q_g,l,s

Vgeg, se&/{0}
Vgedg, seS/{0}
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Contingency-Constrained ACOPF g
Results — Extensive Form

Problem data: case118 distributed with Matpower 4.1
- 118 buses, 54 active generators, and 186 branches

Multi-scenario problem with 128 scenarios in total
- Normal operating scenario and 127 contingencies
- Problem size: ~400,000 variables and ~385,000 constraints

Solution obtained in less than 5 seconds

*Wall-clock time from the Red Mesa supercomputing cluster at Sandia National Lab.
Each node: 12 GB RAM, two 2.93 GHz quad-core, Nehalem X5570 processors

But : Low run-times do not persist to 300-bus and larger cases...




Building the Model with Pyomo and @i
PySP

Algebraic
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Carl Laird
Jean-Paul Watson
David L. Woodruff

Power System
Model Formulation

& Solution Pyomo —
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S— in Python
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and many others...
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Building the Model with Pyomo and
PySP

Algebraic
Modeling
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Modeling
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& Solution
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Building the Model with Pyomo and @i
PySP

Algebraic
Modeling Pyomo EO

William E. Hart
PySP = StOChaStiC Jc:zzln%g:ﬂl Watson P H
Prog ramming David L. Woodruff :
(Watson, Woodruff) pyomo =
Optimization
Mode"ng Schur-IPOPT

in Python

Power System
Model Formulation
& Solution
System Analysis

Parallel NLP
Solver

@Spri.nger
Hackebeil, Hart, Laird,

: ] _ ' Siirola, Watson, Woodruff,
Matpower & Other and many others...
Input Formats
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Scenario-Based Decomposition via (@i,
Progressive Hedging

Progressive Hedging (PH)

PH lIteration O:
Solve Individual
Scenario MIPs

Standard MIP Solves

Key parameter: p

A

[Initialize Ws ]4— W, = ,O(X—;)

Global Convergence - l N B
) Y Criterion Achieved? Fix Variables Thate—— | (X . X) |S £
Done” )< >
Have Converged
. l J
4 )
PH Iteration I

Solve Weighted [* min f (x) +w,x+p /2| x=x|[*
_Scenario MIPs

A 4
4 )

Update Ws . W, =W, + p(X —X)

- J
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PH / CCOPF Issues of Note ) .

= Progressive Hedging issues / resolution

= No "direct” Python-based interface to Ipopt => significant of file
overhead during each iteration (approximately 30% overhead in runs)

= We are assuming (because it is empirically true) that Ipopt is locating
globally optimal solutions

CCOPF issues / resolution

= Conduct pre-filtering of contingencies for which no feasible dispatch
exists — via graph analysis

= The above allows for additional contingencies for which no feasible
dispatch exists

= There is no guarantee that there exists a collectively feasible dispatch
for the remaining contingency scenarios

= Consequently, critical to add slack variables for generation/load mis-
match in all power balance constraints

= Thus, we are identifying infeasible contingencies via post-processing,
through analysis of slack variables




Sandia

CCOPF PH Run Times (1) ) 5.

= Experimental setup
= One scenario (contingency) sub-problem per core
= 16 cores per node — Sandia’s Skybridge cluster
= |popt configured with MA27
= Some custom Ipopt option configuration
= Almost no PH tuning performed

= Performance focus
= Wall clock time — all that matters for operation

= Convergence to reasonable tolerances (1e-5)

= Yields very small discrepancies (in the sixth or greater significant digit) in
primal solution characteristics

Lahoratories



Sandia

CCOPF PH Run Times (2) ) 5.

= Sample of results

casebww 11 12 2S
cases’ 79 21 12 s
casell8 117 14 2m 3s
case300 322 8 2m 54s
case2383wp 2252 6 4m 50s

= Key message

= Using "modestly” sized clusters and open source software, we can
solve contingency-constrained ACOPF problems of very large scale in
(almost) operational time scales

Lahoratories



Geomagnetic Disturbances (GMDs) @Ez.

= Coronal Mass Ejections (CMEs) from the sun send charged particles (i.e., electrons, coronal
and solar wind ions) into space

= A GMD occurs when particles from a large Coronal Mass Ejection (CME) escape the sun’s
halo (corona) and are directed towards earth

= CMEs interact with earth’s magnetosphere-ionosphere producing ionospheric currents also
called electrojets

= Electrojets perturb earth’s geomagnetic field, inducing voltage potential at earth’s surface
and resulting in geomagnetic induced currents in the grid

= Grid risks:
= [oss of reactive power support which could lead to voltage instability and power system collapse

_______ Energetic — - —> N
Charged Particles

Heliosphere lonosphere
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GMD Grid Resilient Performance

By switching from an economical operation to a resilience-based operation
we are able to reduce the probability of system voltage collapse due to a GMD

- Resilient
«  AC topology Dispatch
*  Generator cost k Gl(?
Scenarios
k GMD
Scenarios Resilience
N GMD N GIC Baseline
Scenarios N Scenarios
Magnitude I _
Orientation Inductive Load
shedding
DC topology

Substation geolocations
Transformer configuration
Substation grounding
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Mitigating GMDs Through Proactive Dispatch
Baseline (right) and proactive (left) dispatch

IEEE 24-bus test case

Histograms report number of scenarios with given reactive power load

Q load shed

120 Q. load shgd

100

80

60

Number of Scenarios
Mumber of Scenarios

40

20

0 50 100 150 200 250 0 5 10 15 20 25 30 35
Load Shed (MVAr) Load Shed (MVAr)

=  Proactive diseatch can dramaticallx reduce the imeact of GMD events
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Conclusions and Future Directions (@&,

= The contingency-constrained ACOPF optimization problem is an
extremely relevant problem in power systems operations
= Only currently solved approximately (at best)

= The contingency-constrained ACOPF can be naturally formulated
as a stochastic program, and modeled and solved using existing
frameworks and algorithms (Pyomo, PySP, and Ipopt)

= Using modest (<3000) core cluster platforms, large-scale
contingency-constrained ACOPF problems can be solved in
operational time scales (< 5 minutes)

= Future directions and issues
= Tuning of PH (likely to have a major impact)

= Direct / controlled comparison with Schurlpopt as the solver
= Explore more difficult NESTA cases

= Probably need to target 1 minute for operational deployment
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QUESTIONS
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