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@ Subject to transmission, capacity, congestion constraints

maximize Zvj(uj) — ZCI(SI)
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subject to E uj = E S
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@ Assumption: Absence of network constraints
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@ Optimization problem is trivially solved: mins c(s) s.t. i =s — ¢(0)
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@ At time k, ui is observed

u ikﬂ = ”ﬁ(A ]
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o ISO predicts k11 = uk + i
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Bellman Equation and Dynamic Programming
Ji = min Xeuie + p(xs1) + h(ue, di) + Exgponn [isl -
U

= Solution uj is function of previous prices and consumption decisions

Case h=0:

U;—k:dn—k—ﬁ_l(%>v k:27"'7n

Case h(uk, dk) = p(uk — dk)2 :

dk + \7()\k71 — Ak + 2p(dk — dk—1 + uk—1)
2oV +1

up = , k=0,...,.n=2
Assumptions
OE[)\kJrl]:/\k, k:O,...,nf2

o p(-) is a quadratic function for h # 0 = Vi := p(x) + Ji is quadratic
= V= V7(x) is linear
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@ Utility and cost functions of consumer and producer are constant and time-invariant*

Case 2: Consumption Model with Price Memory

Nt = (1) = é(u) = € (P (=X) = B (— 1) + o)

For simulation purposes, model p and ¢ as quadratic functions:
2 2
cx)=ax  p(x) = Bx
@ Price and consumption dynamics:

a a

Ak = _EAk—l + Bz\kfz + 2ady
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@ System of linear, non-homogeneous difference equations

o Stability guaranteed for 0 < e < 1/2, where € := o/
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Case 2: Consumption Model with Price Memory
@ Price and consumption dynamics:

Ak = —%)\kfl + %Ak—2 + 2ady

1
= ﬁ(z\kq — k) + dk
@ Stability guaranteed for 0 < & < 1/2, where € := /8

Uk

Simulation for Constant Demand dy = d

Price vs. Scaled Demand Consumption vs. Demand

12,0 3.0
HHM HHH Parameters Used:
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_élo.o y“WW‘I‘T‘I‘WHHW‘H‘“w““““W‘\W“H égz_s mmﬁmmmmmHm e d=2
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Case 2: Consumption Model with Price Memory

@ Price and consumption dynamics:

a a
Ak = _BAk—l + Bz\kfz + 2audi
1
= %(/\kq — k) + dk
@ Stability guaranteed for 0 < e < 1/2, where € := o/
Variable Demand Model

Uk

e Sinusoid of period 12 hours®: 2adk = v + Asin ((k — 5)7/6)
30

Variable Demand Model

25

Demand

20

12 18
Hour of the Day

23
Conference on Decision and Control (2016).

5D. Zhou, M. Balandat, and C. Tomlin. “Residential Demand Response Targeting Using Machine Learning with Observational Data”

. In: 55th IEEE
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Analysis of Market Stability (cont'd.)

Variable Demand Model

@ Sinusoid of period 12 hours: 2adk = pu + Asin ((k — 5)7/6)

30 Variable Demand Model
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2

£25

3
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0 6 12 18
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30 Variable Demand Model
o
2
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5
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20
0 6 12 18
Hour of the Day
@ Price dynamics:

23

M = axt + oxt + pu+ ersin ((k — 5)7/6) + e cos ((k — 5)7/6)

9/12



Analysis of Market Stability (cont'd.)

Variable Demand Model

@ Sinusoid of period 12 hours: 2adk = pu + Asin ((k — 5)7/6)

30 Variable Demand Model
o
2
£25
5
a
20
0 6 12 18
Hour of the Day
@ Price dynamics:
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@ Sinusoid of period 12 hours: 2adk = pu + Asin ((k — 5)7/6)
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o
2
£25
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Hour of the Day
@ Price dynamics:
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k— o0

M = axt + oxt + pu+ ersin ((k — 5)7/6) + e cos ((k — 5)7/6)
@ For0<e<1/2:
Ak ——— w+

1/e%+622 .Sin(w

T e — V3e
T 4 arctan (;\/1))
6 3 \/§eg + e
N as e/ "Damping” ¢ as € 7, 0 for e=0, Phase Lag
o Parameters ¢; and e:

o 1+¢(V3-1)/2 A
' 1+ (V3 —1)e+ (2 — V3)e?

_ ((1-V3)/2
2= 1+(\ﬁ—1)e+(2—\6)€2A
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Case 3: Consumption Model with Price and Consumption Memory
o Difference Equation for prices:
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Akt1 = —— X + Ak—1 + 2adk — di—1
e Y+p
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Case 3: Consumption Model with Price and Consumption Memory
o Difference Equation for prices:
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Pt vt v+
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Analysis of Market Stability (cont'd.)

Case 3: Consumption Model with Price and Consumption Memory

o Difference Equation for prices:

@ Recall assumptions made:
o Vi(xk) = p(xk) + Jj = 3}

Prices / Demand

10.0

8.0

6.0

4.0

2.0

0.0

—
M =222

Ytp

o h(uk, di) = p(ux — di)?
@ Stability guaranteed for £ := /vy < 1/2+ p/vy
@ Faster convergence to equilibrium

Price vs. Scaled Demand

« 2a
Ak + ——M—1 + 2adik —
Y+ p ! v+

Consumption vs. Demand

25
220
&
£
a
—15
<
2
a
£10
2
5
—— Prices, p=0.1,e =048 |V 05 —— Cons., p=10.1, =048
Prices, p = 0,& = 0.48 J =— Cons., p=0,e=0.48
—— Demand -2a 0.0 —— Demand
0 24 48 72 96 0 24 48 72 96

Hours

Hours

L dy
P

Parameters Used
e =204
e v=4
e p=0o0rp=01

@ Initial conditions:

A=X=0
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o Implications of RT Pricing not well understood

@ Our contribution: Analysis of price and consumption stability
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o Implications of RT Pricing not well understood

@ Our contribution: Analysis of price and consumption stability

Dynamic Consumption Behavior
@ Previous analysis assumed static utility functions

@ Our contribution: Derivation of consumption models with price and consumption
memory

Follow-Up Work

@ Formulation of hedging strategies for load-serving entities to mitigate risk

11/12



Thank You!
Questions?



