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Physikstrasse 3, 8092 Zürich (email: koch@eeh.ee.ethz.ch).
D.S. Callaway is with the Energy and Resources Group at the University

of California at Berkeley, 310 Barrows Hall, Berkeley, CA 94720-3050 USA
(email: dcal@berkeley.edu).
J.L. Mathieu and D.S. Callaway acknowledge financial support from

PSERC’s Future Grid Initiative, and S. Koch acknowledges financial support
from swisselectric research for the project Local Load Management.

baseline	
  

po
w
er
	
  

(me	
  –	
  1	
  day	
  
po

w
er
	
  

(me	
  –	
  1	
  day	
  

po
w
er
	
  

(me	
  –	
  1	
  day	
  

charging	
  

discharging	
  

v	
  
ba7ery	
  

[Mathieu,	
  Kamgarpour,	
  Lygeros,	
  &	
  Callaway	
  ECC	
  2013]	
  



Time-­‐varying	
  	
  
“thermal	
  bafery”	
  model	
  	
  

Mean	
  power	
  over	
  an	
  interval	
  

J.	
  Mathieu,	
  UMich	
  

IEEE TRANSACTIONS ON POWER SYSTEMS 1

State Estimation and Control of Electric Loads to
Manage Real-Time Energy Imbalance
Johanna L. Mathieu, Student Member, IEEE, Stephan Koch, Student Member, IEEE,

Duncan S. Callaway, Member, IEEE

θi(k + 1) = aiθi(k) + (1− ai)(θa,i −mi(k)θg,i) + ϵi(k)

mi(k + 1) =

⎧

⎪

⎨

⎪

⎩

0, θi(k + 1) < θset,i − δi/2

1, θi(k + 1) > θset,i + δi/2

mi(k), otherwise

θset + δ/2

θset − δ/2

ugoal(k) =
∑

j uj(k) = K(Pdesired(k+1)−Ppredicted(k+1))

S(k + 1) = S(k) + (P (k)− Pbaseline(k))∆T

Pmin(k) ! P (k) ! Pmax(k)

Smin(k) ! S(k) ! Smax(k)

J.L. Mathieu is with the Department of Mechanical Engineering at the
University of California at Berkeley, 4th Floor Collaboratory, Sutardja Dai
Hall, Berkeley, CA 94720-1740 USA (email: jmathieu@berkeley.edu).
S. Koch is with the Power Systems Laboratory at ETH Zürich, ETL G 29,
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Physikstrasse 3, 8092 Zürich (email: koch@eeh.ee.ethz.ch).
D.S. Callaway is with the Energy and Resources Group at the University

of California at Berkeley, 310 Barrows Hall, Berkeley, CA 94720-3050 USA
(email: dcal@berkeley.edu).
J.L. Mathieu and D.S. Callaway acknowledge financial support from

PSERC’s Future Grid Initiative, and S. Koch acknowledges financial support
from swisselectric research for the project Local Load Management.

IEEE TRANSACTIONS ON POWER SYSTEMS 1

State Estimation and Control of Electric Loads to
Manage Real-Time Energy Imbalance
Johanna L. Mathieu, Student Member, IEEE, Stephan Koch, Student Member, IEEE,

Duncan S. Callaway, Member, IEEE

θi(k + 1) = aiθi(k) + (1− ai)(θa,i −mi(k)θg,i) + ϵi(k)

mi(k + 1) =

⎧

⎪

⎨

⎪

⎩

0, θi(k + 1) < θset,i − δi/2

1, θi(k + 1) > θset,i + δi/2

mi(k), otherwise

θset + δ/2

θset − δ/2

ugoal(k) =
∑

j uj(k) = K(Pdesired(k+1)−Ppredicted(k+1))

S(k + 1) = S(k) + (P (k)− Pbaseline(k))∆T

Pmin(k) ! P (k) ! Pmax(k)

Smin(k) ! S(k) ! Smax(k)

J.L. Mathieu is with the Department of Mechanical Engineering at the
University of California at Berkeley, 4th Floor Collaboratory, Sutardja Dai
Hall, Berkeley, CA 94720-1740 USA (email: jmathieu@berkeley.edu).
S. Koch is with the Power Systems Laboratory at ETH Zürich, ETL G 29,
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Handling	
  reserve	
  uncertainty	
  within	
  a	
  dc	
  
op(mal	
  power	
  flow	
  (DC-­‐OPF)	
  formula(on	
  

•  Decision	
  variables:	
  
–  Genera(on	
  set	
  points	
  &	
  reserve	
  levels	
  
–  Load	
  set	
  points	
  &	
  reserve	
  levels	
  ß	
  given	
  that	
  load	
  flexibility	
  is	
  
uncertain!	
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•  Uncertainty:	
  
–  Wind	
  power	
  
–  Outdoor	
  temperature	
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Reserve	
  Modeling	
  
•  Secondary	
  frequency	
  control	
  (AGC)	
  provided	
  by	
  
loads	
  and	
  generators	
  
– Assumes	
  loads	
  are	
  cheaper!	
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  frequency	
  control	
  (AGC)	
  provided	
  by	
  
loads	
  and	
  generators	
  
– Assumes	
  loads	
  are	
  cheaper!	
  

•  Re-­‐dispatch	
  (15-­‐minute	
  market,	
  Ter(ary	
  control)	
  
provided	
  by	
  generators	
  
–  Covers	
  power	
  mismatch	
  between	
  expected	
  and	
  actual	
  
genera(on	
  (as	
  it	
  does	
  today)	
  

–  Provides	
  energy	
  to	
  return	
  loads	
  to	
  their	
  scheduled	
  
energy	
  state	
  (like	
  CAISO’s	
  Regula(on	
  Energy	
  
Management)!	
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Solu(on	
  Approach	
  
•  Chance-­‐constrained	
  OPF	
  	
  
•  Solved	
  with	
  probabilis(cally	
  robust	
  design	
  

[Margellos,	
  Goulart,	
  and	
  Lygeros	
  2012],	
  inspired	
  by	
  a	
  
scenario-­‐based	
  technique	
  [Calafiore	
  and	
  Campi	
  2006]	
  	
  

•  Probabilis(c	
  guarantees	
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•  More	
  details	
  this	
  aoernoon…	
  	
  
	
  “Quan(fying	
  the	
  Trade-­‐off	
  Between	
  Secure	
  and	
  
	
  Economic	
  Opera(on	
  of	
  Power	
  Systems	
  Under	
  
	
  Uncertainty”	
  –	
  Maria	
  Vrakopoulou	
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How	
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How	
  well	
  do	
  the	
  probabilis(c	
  
guarantees	
  work?	
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Key	
  Takeaway	
  

Reserves	
  from	
  loads	
  may	
  not	
  be	
  of	
  the	
  
same	
  “quality”	
  as	
  those	
  provided	
  by	
  
generators,	
  BUT	
  we	
  can	
  plan	
  for	
  load	
  
uncertainty	
  by	
  explicitly	
  considering	
  it	
  in	
  
our	
  problem	
  formula(on	
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New	
  direc(ons…	
  
•  How	
  do	
  uncertainty	
  and	
  reserve	
  costs	
  interact?	
  

•  How	
  can	
  we	
  handle	
  the	
  full	
  complexity	
  of	
  load	
  
control	
  uncertainty?	
  
– Mul(-­‐dimensional	
  	
  
–  Exogenous	
  and	
  endogenous	
  	
  
– Non-­‐sta(onary	
  

	
  
	
  

J.	
  Mathieu,	
  UMich	
  



New	
  direc(ons…	
  
•  How	
  do	
  uncertainty	
  and	
  reserve	
  costs	
  interact?	
  

•  How	
  can	
  we	
  handle	
  the	
  full	
  complexity	
  of	
  load	
  
control	
  uncertainty?	
  
– Mul(-­‐dimensional	
  	
  
–  Exogenous	
  and	
  endogenous	
  	
  
– Non-­‐sta(onary	
  
–  Insufficient	
  data!	
  

	
  
	
  

J.	
  Mathieu,	
  UMich	
  



New	
  direc(ons…	
  
•  How	
  do	
  uncertainty	
  and	
  reserve	
  costs	
  interact?	
  

•  How	
  can	
  we	
  handle	
  the	
  full	
  complexity	
  of	
  load	
  
control	
  uncertainty?	
  
– Mul(-­‐dimensional	
  	
  
–  Exogenous	
  and	
  endogenous	
  	
  
– Non-­‐sta(onary	
  
–  Insufficient	
  data!	
  

	
  
	
  

J.	
  Mathieu,	
  UMich	
  

Scenario-­‐based	
  
approaches	
  

Robust	
  
formula(ons	
  

Analy(cal	
  
reformula(on	
  

Vs.	
   Vs.	
  



THANK	
  YOU!	
  	
   	
  QUESTIONS?	
  

	
  
Contact:	
  Johanna	
  Mathieu	
  	
  

jlmath@umich.edu	
  

J.	
  Mathieu,	
  UMich	
  


