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Outline of the Talk 

 
Project I: Power System Control and Optimization 

Project II: Optimization Methodologies for Large-Scale Power Systems 
 



Project I: Power System Control and 
Optimization 
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],0[ Tb ∈Γ

bΓ
→=Γ 0b →=Γ Tb 2

n
btbt Qq = btq

btq
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(ã = 0, x = 1)

x = 1
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ã� = 1

(1− ã�)x� = 1 �

Ps := P(more than k lines are overloaded) = P(
∑
�∈L

(1− ã�)x� ≥ k + 1) ≤ ε,

sup
ξ∈P

{Pξ(
∑
�∈L

(1− ã�)x� ≥ k + 1)} ≤ ε

% � � � �
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Let U(x) ≥ F (x) := supξ∈P{Pξ(
∑

�∈L(1− ã�,t)x�,t ≥ k + 1)}

Let X := {x ∈ {0, 1}|L| : F (x) ≤ ε} and X := {x ∈ {0, 1}|L| : U(x) ≤ ε}.
Then

X ⊆ X.

U(x)
Let s0(x) = 1, si(x) =

∑
C⊆L:|C|=i pC

∏
j∈C xj , and

(
j
0

)
= 1; vi ≥ 0

U(x) = max{∑|L|
j=k+1 vj :

∑|L|
j=i

(
j
i

)
vj = si(x) i = 0...m}

π ∈ R
m+1

X = {x ∈ {0, 1}|L| : ∃π ∈ R
m+1 : π�S(x) ≤ ε, π�T ≥ e�k }.

π�S(x)

X̄
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min
∑
g∈G

∑
t∈T

cg(pg,t) +
∑
n∈N

∑
t∈T

hn,tqn,t

s.t. G(pg,t, p�,t, qn,t) ≥ 0

− SLR� · (1 + α�,tx�,t) ≤ p�,t ≤ SLR� · (1 + α�,tx�,t) ∀� ∈ L ∀t ∈ T[
sup
ξ∈P

(
Pξ(

∑
�∈L

(1− ã�,t)x�,t ≥ k + 1)

)
≤ ε ⇒ π�S(x) ≤ ε, π�T ≥ e�k

]
∀t ∈ T
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min
∑
g∈G

∑
t∈T

cg(pg,t) +
∑
n∈N

∑
t∈T

hn,tqn,t

s.t. G(pg,t, p�,t, qn,t) ≥ 0

− SLR� · (1 + α�,tx�,t) ≤ p�,t ≤ SLR� · (1 + α�,tx�,t) ∀� ∈ L ∀t ∈ T

π0t +

m∑
h=i

(
i

h

)
πht ≤ eik i = 1, ...n, t ∈ T

π0t +

m∑
h=1

∑
Ct∈Ih

t

phCt
yhCt

≥ ε, t ∈ T

yhCt
≤ M+

h xj ∀j ∈ Ct, ∀Ct ∈ Ih
t , h = 1, ...,m, t ∈ T

yhCt
≥ M−

h xj ∀j ∈ Ct, ∀Ct ∈ Ih, h = 1, ...,m, t ∈ T

yhCt
≤ πht −M−

h (h−
∑
j∈Ct

xj) ∀Ct ∈ Ih
t , h = 1, ...,m, t ∈ T

yhCt
≥ πht −M+

h (h−
∑
j∈Ct

xj) ∀Ct ∈ Ih
t , h = 1, ...,m, t ∈ T

π0t ≤ 0; πht free h = 1, ..., n; yhCt
free ∀Ct ∈ Ih

t , h = 1, ...,m

x�,t ∈ {0, 1}; pg,t, qn,t ≥ 0.

where Ih
t := {S ⊆ {1, ..., n} : |S| = h}

�8�

<#(��
 ���

����	���������+�

9��0�9�K+�

"���	��*	
���

�"9�

J	�+�5������
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3+�?�
3+3�� ,-.� ?+=?� 3+33Q�

3+3?� ,/.� 4+=?� 3+3�4�

3+,�
3+3�� ,0.� ,+=?� 3+33:�

3+3?� 01.� ?+33� 3+3,3�

ε
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Outline of the Talk 

 
Project I: Power System Control and Optimization 

Project II: Optimization Methodologies for Large-Scale Power Systems 
 



Renewable Power Adoption 

•  Adoption Levels of 20% in Upcoming 20 Years  
•  Spatio-Temporal Patterns & Scales Significantly Different Than Those of Loads 

Wind 
Ramps 

Wind Speed Correlation 

Wind Turbine Behavior 



Interdependent Infrastructures 

Supply 

Compressor(s) 

Gas-Fired Plant 

Natural Gas Transmission Electricity Transmission 
Wind Supply 

Load 

- Gas Pipelines Provide Storage Capacity to Mitigate Fluctuations (Ramps & Capacity) 

- But, Gas Travels at 30-50 mph (Storage Has to be Built up Well in Advance) 

- Aggressive Gas Withdrawals Cascade Upstream the Pipeline (Compromises Stability) 

- Shortages of Natural Gas for Power Plants Occuring More Frequently 
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Emerging Behavior 



Questions & Technical Challenges 

- Economic Questions: Do Markets Spread Risk & Incentives in a Fair Manner?  

- Reliability Questions: How to Characterize Uncertainties? How to Mitigate Them?  

- Complexity: Nonconvex, Mixed-Integer, Huge Networks, Huge Probability Spaces 

- Emerging Features: Multi-Scale, Multi-Physics, Stochastic, Optimal Control, Networks 



 
Interior Point Algorithm  
Convex Multi-Stage Stochastic Programs 
 
Stochastic Economic Dispatch for Illinois with                           
Up To 2 Billion Variables & 10,000 Scenarios Solved in 
Under an Hour 
 
Pushed Advances in Numerical LinearAlgebra Library 
PARDISO (O. Schenk) 
 
Strong Scaling on Several Platforms:                        
BlueGene/P/Q (Argonne), Titan (Oak Ridge) 
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Argonne’s Blue Gene/P 
32,000 Nodes 



Stochastic Day-Ahead Market Clearing 

 - Deterministic Clearing Induces Price Distortions That Bias Incentives & Revenue Adequacy  
 - New Stochastic Clearing Formulation Guarantees Fairness & Revenue Adequacy 
  

min
dj ,Dj(·),gi,Gi(·),f�,F�(·)

ϕsto := E

[∑
i∈G

αg
iGi(ω) + Δαg

i |Gi(ω)− gi|
]

− E

⎡
⎣∑
j∈D

αd
jDj(ω)−Δαd

j |Dj(ω)− dj |
⎤
⎦

+E

[∑
�∈L

Δαf
� |F�(ω)− f�|

]

s.t.
∑

�∈Lrec
n

f� −
∑

�∈Lsnd
n

f� +
∑
i∈Gn

gi −
∑
i∈Dn

di = 0, (πn) n ∈ N
∑

�∈Lrec
n

(F�(ω)− f�)−
∑

�∈Lsnd
n

(F�(ω)− f�) +
∑
i∈Gn

(Gi(ω)− gi)

−
∑
j∈Dn

(Dj(ω)− dj) = 0, (p(ω)Πn(ω)) ω ∈ Ω, n ∈ N

− F̄�(ω) ≤ F�(ω) ≤ F̄�(ω), ω ∈ Ω, � ∈ L
0 ≤ Gi(ω) ≤ Ḡi(ω), ω ∈ Ω, i ∈ G
0 ≤ Di(ω) ≤ D̄j(ω), ω ∈ Ω, j ∈ D



Illustrative Study : Wind Uncertainty 

ϕ Mπ
n πn

Deterministic -217529 {9,9,9,-205,-208,-273} {100,100,100,100,100,100}
Stochastic -217628 {0.001,0.001,0.001,0,0,0} {96,96,96,307,310,374}

Stochastic-WS -218266 - -
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Per Node Premia Day-Ahead Prices Social Surplus 



Illustrative Study : Transmission Contingencies 

E[P g
i (ω)] E[Cg

i (ω)] MISO

Deterministic {5803,4723,5100,-919,9627} {5231,50,3876,47,3387} 40570
Stochastic {5107,3955,3683,7371,9623} {5107,51,3683,46,3383} -118103

Stochastic-WS {4951,3888,3422,7170,9479} {4951,47,3422,45,3079} -118283

1 51 5

3

2 4

6

Ḡ = 100
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α = 100

α = 100

α = 200

α = 1000

D̄(ω) ∼ N (250, 50)

α = 1α = 1

Ḡ(ω) = {10, 20, 60, 70, 90}Ḡ(ω) = {10, 20, 60, 70, 90} F̄ = 50F̄ = 50

F̄ = 50
F̄ = 25

F̄ = 25F̄ = 25

F̄ = 100

F̄ = 100F̄ = 100

ISO Revenue Payments 



Deterministic 

Stochastic 
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 - How To Characterize Uncertainty? Central vs. Distributed? 
 - What if ISO Neglects Long-Range Correlations?  
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- Argonne’s Mira BlueGene/Q : 16,384 Nodes 
- Covariance Reconstruction From Numerical Weather 
Prediction Ensembles using RBLW Estimators 
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 True Covariance 

(Quasi-Geostrophic Model) 
 

 
 Rao-Blackwell-Ledoit-Wolf 

(Reconstruction from Samples) 



- Nonconvex Interior-Point Algorithm : Advances in Theory (Office of Science Funding) 
- Exploits Heterogeneous Structures : Stochastic, PDEs, Networks, Multi-Stage…  
- Enables Distributed Model Construction : Privacy Concerns 
- Applications: Gas-Electric, Security-Constrained & Multi-Period ACOPF,  Predictive Control for AGC… 

min
∑
ω∈Ω

fω(x, xω)

s.t. gω(x, xω) ≥ 0, ω ∈ Ω

Kω =

[
Hω JT

ω

Jω

]

⎡
⎣ Hxx Hxu JT

x

Hux Huu JT
u

Jx Ju

⎤
⎦

⎡
⎢⎢⎢⎢⎢⎣

K0 BT
1 BT

2 . . . BT
Ω

B1 K1

B2 K2

...
. . .

BΩ KΩ

⎤
⎥⎥⎥⎥⎥⎦

Stochastic, Network 

Reduced Space (PDE) 
min f(u, x)

s.t. g(u, x) ≥ 0

⎡
⎣ Jx Ju

Hxx JT
x Hxu

Hux JT
u Huu

⎤
⎦

min
∑
ω∈Ω

fω(x, u, xω, uω)

s.t. gω(x, u, xω, uω) ≥ 0, ω ∈ Ω

⎡
⎢⎢⎢⎢⎢⎣

K0 BT
1 BT

2 . . . BT
Ω

B1 K1

B2 K2

...
. . .

BΩ KΩ

⎤
⎥⎥⎥⎥⎥⎦

Stochastic PDE Network 
Φω =

⎡
⎣ Jx Ju

Hxx JT
x Hxu

Hux JT
u Huu

⎤
⎦

Jx invertible
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Gas-Electric Co-Dispatch 

,H�

�1

n1 n2

�2

n3

θn1

θn2

Δθ�2

s

d

p�2(0) = θn2
+Δθ�2

p�2(L�2) = θn3

Gas Supply  
Flow 

Demand (Power Plant) Compressor Boost 

Suction Pressure 
Discharge Pressure 

Time 

0�
Preparation Period 

(1st Stage) 
Operation Period 

(2st Stage) 
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Gas Supply  
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Illinois Power & Gas Transmission Systems 



Emerging Structures: Stochastic-PDE-Network 

∑
�:rec(�)=n

fout
� +

∑
i:sup(i)=n

si −
∑

�:snd(�)=n

f in
� −

∑
j:dem(j)=n

dj = 0

Conservation at node n ∈ N

f�
∣∣
x=0

= f in
�

f�
∣∣
x=L�

= fout
�

p�
∣∣
x=L�

= θrec(�)

p�
∣∣
x=0

= θsnd(�), � ∈ Lp

p�
∣∣
x=0

= θsnd(�) +Δθ�, � ∈ La

f�
∣∣
x=0

p�
∣∣
x=0

f�
∣∣
x=L�

p�
∣∣
x=L�

θrec(�)θsnd(�) f in
� fout

�

Δθ�

Transport Equations for link � ∈ L := Lp ∪ La

si

fout
� f in

�

dj

n

∂p�
∂t

+
1

A�

p�
ρ�

∂f�
∂x

= 0

1

A�

∂f�
∂t

+
∂p�
∂x

+
8λ�

π2D5
�

f�|f�|
ρ�

= 0

P� = f in
� cpT

((
θsnd(�) +Δθ�

θsnd(�)

) γ−1
γ

− 1

)Compression Power for link � ∈ LA
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Stochastic Gas Line-Pack Dispatch 

Low Demand High Demand Nominal Demand 

“Inventory” 

Finding: Line-Pack Withstands Abrupt Changes of Power Plant Demand (30% in an Hour)   

30% Increase 
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Deterministic Gas Line-Pack Dispatch 
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Finding: Sacrificing 0.2% of Electric Dispatch Cost Results in 50% Savings in Gas Compression Power  

Integrated Gas+Electric Dispatch 
55
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No.Sce n Obj Iters Time(hh:mm:ss) MPI Proc.
96 1,930,752 1.39×102 42 01:13:16 8
96 1,930,752 1.39×102 42 00:38:18 16
96 1,930,752 1.39×102 42 00:24:55 24
96 1,930,752 1.39×102 42 00:19:23 32
96 1,930,752 1.39×102 42 00:12:42 48
96 1,930,752 1.39×102 42 00:06:48 96

No.Sce n Obj Iters Time(hh:mm:ss) MPI Proc.
96 1,930,752 1.39×102 42 00:29:54 8
96 1,930,752 1.39×102 42 00:14:45 16
96 1,930,752 1.39×102 42 00:10:00 24
96 1,930,752 1.39×102 42 00:07:36 32
96 1,930,752 1.39×102 42 00:05:14 48
96 1,930,752 1.39×102 42 00:02:54 96

Kω =

[
Hω JT

ω

Jω

]

⎡
⎢⎢⎢⎢⎢⎣

K0 BT
1 BT

2 . . . BT
Ω

B1 K1

B2 K2

...
. . .

BΩ KΩ

⎤
⎥⎥⎥⎥⎥⎦

⎡
⎢⎢⎢⎢⎢⎣

K0 BT
1 BT

2 . . . BT
Ω

B1 K1

B2 K2

...
. . .

BΩ KΩ

⎤
⎥⎥⎥⎥⎥⎦

Exploiting Stochastic Structure 

Exploiting Stochastic + Reduced-Space Structure 

Argonne’s Fusion Cluster 
320 Nodes 
12.5 TB Memory 

Kω =

⎡
⎣ Jx Ju

Hxx JT
x Hxu

Hux JT
u Huu

⎤
⎦
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