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Normalized demand:

Reserve options for ancillary
services based on forecast
statistics

On-line capacity

Forecast

Actual demand

Revised forecast

Capacity planning



Excess capacity:

Power flow subject to peak and rate constraints:

K

Z(t)Z (t)a

Q(t) = Z(t) + Za(t) − D(t), t ≥ 0 .

−ζa− ≤ d

dt
Za(t) ≤ ζa+ −ζ− ≤ d

dt
Z(t) ≤ ζ+

One producer, one consumer model



Excess capacity: hedging policy

K

Z(t)Z (t)a

Q(t) = Z(t) + Za(t) − D(t)
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Downward trend:
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One producer, one consumer model



Relaxations: instantaneous ramp-down rates:

Cost structure:

Control: design hedging points to minimize average-cost,

−∞ ≤ d

dt
Z(t) ≤ ζ+, −∞ ≤ d

dt
Za(t) ≤ ζa+.

c(X(t)) = c1Z(t) + c2Za(t) + c3|Q(t)|1{Q(t) < 0}

minEπ [c(Q(t))] .
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Za(t)

)
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Za(t)

)
Markov model & control
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Markov model:Markov model: Hedging-point policy:Hedging-point policy:

q̄2 q̄1

Ancillary service
is ramped-up when
excess capacity falls
below

Ancillary service
is ramped-up when
excess capacity falls
below q̄2

Markov model & control
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Markov model:Markov model: Hedging-point policy:Hedging-point policy:

q̄2 q̄1

γ0 = 2ζ++ζa+

σ2
D

, γ1 = 2γ+

σ2
D

.

Optimal parameters:Optimal parameters:
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γ0
log

c3
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log
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Markov model & control



Discrete Markov model:Discrete Markov model:

Optimal hedging-points
for RBM:
Optimal hedging-points
for RBM:

Simulation:Simulation:

Average costAverage cost
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c1 = 1, c2 = 20, c3 = 400, ζ+ =
1

10
, ζa+ =

2

5

q̄∗2 = 2.996

q̄∗1 − q̄∗2 = 14.978

Q(k + 1) − Q(k)

= )Z(k) + Za(k) − D(k + 1

D(k) i.i.d. Bernoulli

Markov models & control



Excess capacity:

Flows are determined by allocation decisions

Optimal hedging points remain computable

Zij(t)

KK

KK

KK

Z (t)Z (t)

Z (t)Z (t)
City 2City 2

City 1City 1

Q1(t) = Z1,1(t) + Z2,1(t) − D1(t)

Q2(t) = Z1,2(t) − D2(t)

Two-supplier model



1. Fast ramp-down rates,

Relaxations:

Workload model:

two-dimensional BM

−∞ ≤ d

dt
Z (t) ≤ ζ1+, −∞ ≤ d

dt
Z (t) ≤ ζ 2+

XX = (= (QQ11, Q, Q22, Z, Zaa
22,,11))

Q1(t) = Z1,1(t) + Z2,1(t) − D1(t)

D(t)Q2(t) = Z1,2(t) − D2(t)

W1(t) =

= ∞

Z2,1(t) − Q1(t) W2(t) = −Q2(t)

1 2

2. Responsive ancillary service,

ζ 2+

Markov model & relaxation



W1(t) = Z2,1(t) − Q1(t)

W2(t) = −Q2(t)

Velocity constraints in fluid model
and its relaxation

dd
dtdt ((tt;;xx)) == vvww

dd
dtdt ((tt;;xx)) == vvww

ζ1+

ζ1+

ζ1+

ζ1+

VV

VV̂
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Markov model & relaxation



W1(t) = Za
2,1(t) − Q1(t)

W2(t) = −Q2(t)

c̄(w) = min c(

subject to

System cost:

Effective cost:

Transmission
constraints

Workload
constraints

C = c1
(
Z1,1(t) + Z1,2(t)

)
+ c2Za

2,1(t)

+c3 (|Q1(t) )|1 (Q1(t) < 0) + |Q2(t |1 (Q2(t) < 0))

(Q1, Q2, Za
2,1)

q1, q2, za)

q1 − za ≤ K1

q2 ≤ K2

za ≤ K3

za − q1 = w1
−q2 = w2

Markov model & relaxation



W1(t) = Za
2,1(t) − Q1(t)

W2(t) = −Q2(t)

c̄(w) = min c(x)Effective cost:

Ki = ∞
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Markov model & relaxation



Sensitivity to transmission constraints?

Game among suppliers?

Design of financial contracts?

Future work:

Workload formulation and relaxation leads
to tremendous model reduction

See strong solidarity between fluid, RBM,
and other optimal MDP solutions

Contributions:
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q̄ ∗
2 =

1

γ0
log

c3
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q̄ ∗
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2 =
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γ1
log

c2
c1

Conclusions & Extensions
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