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Time consistent policy

“a policy is time consistent if and only if future planned
decisions are actually going to be implemented”
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Time consistent policy

“a policy is time consistent if and only if future planned
decisions are actually going to be implemented”
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Dynamic stochastic programming context

* For each node (A,B,C),
decision maker:

— Defines a multistage
problem to be solved

* P, P,(B)and P,(C)

¢ — Obtain
* Implemented decision
> * Planned policy
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Dynamic stochastic programming context

* For problem P,
/ decision maker obtain:
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Dynamic stochastic programming context

y(B)

x(A)

y(C)

* For problem P,
decision maker obtain:

— Optimal solution of all
nodes (A,B and C)

* Implemented decision
— x(A)

* Planned decisions

w_

> — y(B) and y(C)
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Dynamic stochastic programming context

* Given the
iImplemented decision

> x(A).

* Given uncertainty
realization B

 Decision maker solves
P,(B) and obtains:
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Dynamic stochastic programming context

«(B) * Given the implemented
decision x(A):

y(B)

* Given uncertainty

X(A) realization B

 Decision maker solves
P,(B) and obtains:

y(C)

* The implemented
decision
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Dynamic stochastic programming context
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* Given the
implemented decision
X(A).

* Given uncertainty
realization C

 Decision maker solves
P,(C) and obtains:



Dynamic stochastic programming context

* Given the implemented

X(B) [ )
decision x(A).
y(B) _ .
* Given uncertainty
realization C
X(A)
\  Decision maker solves
x(C) P,(C) and obtains:
y(C)
* The implemented
decision
I l l > —x(C)
1 2 3
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Dynamic stochastic programming context

* Time consistency

x(B) ]
requires
- x(B) = y(B)
x(C) = y(C)
x(A)
x(C)
y(C)

o1
w
v
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To characterize modeling simplifications in the planning step, in

contrast to the model used in the implementation step, as a
possible source of time inconsistency
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Stochastic Dual Dynamic Programming

( Uncertanties:
— Inflows: O, = {1,2, ..., N;} each with probability p; ,,.

(d Sampling one scenario w; € Q;:

Qt(vt—liwt,w) = min ¢ g; + Qry1(V¢)
9eVeft

Subject to: Ut
Aege + By + Cefy = dy » Ve = ut]
Ve + U+ Sp + M(Up +5¢) = Vg + We oyt (T ) St

Ve, 9t ft) € Xy .

d Qi1 (wp) = Zwentﬂ Pt+1,w Qt+1(vt: Wt+1,a))-
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Forward step

min - ¢t ge + Apyq
ey ftAt+1

Subject to
Argr + Biy: + Cefy = dg
Ve + U + S+ M(up + 5) = vt(inl) + Wt g
~(k k (k) \" K
ey = Q§+)1 (Vt( )) + (7T£+)1) (Vt — vt( )) ke M
Ve, 9e. ft) € Xy

v
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Backward Step

th) (v(t—l)' Wt,w) = min ¢ g+ aiq
9eYelt@es |- T T T T s
Subject to: | g (Ut(m)) z Pew0™ (v 1),Ww)l
Atge + Biye + Cefe = —) d; “ : e, |
k
V¢ + Ug + St + M(ut + St) = ’U(m + Wtw (T[ ) | ﬁ(m) _ z . ﬁ'(k) |
k k k k | “t+1 T tw!'tw |
Appq = Q§+)1( ( )) + (nt(+)1) (vt — vt( )),Vk € K™ « I WEQ _!

Gegof)EX, . o TTTTTTTTTTTY —_——
Yyt Jt t P ____j____-l

|
2 ey ) e |

5 I
:Q "W Wrg), ”T"Tl)l

-
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Stopping Criterion

> Hy: 1100 = H1200 /

>y

ALB < 1%/

Bounds

| | | -
I | | | >
1000 1100 1200 SDDP
iteration
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Framework

Implementation Model Planning Model
min c¢ + plan v min c + plan %
gtiytlft tgt Qt+1 ( t) gtrytrft tgt Qt+1 ( t)
Subject to Subject to
Acge + Brye + Ciofy = d; Argr + Beyr + Cofy = d;
Ve + U + 5 + M(up + s¢) Ve +up + 5 + M(up + s¢)
= V¢—1 + Wt,w; (T[t’w) = V1 + Wt,w; (T[t,w)
] l
(yt' gtlft) € X;mp (ytr gtrft) € Xf an-
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Planning Step in t

(d Solve SDDP using a planning model (simplified)

min ¢, g, + Q2. , (v
e t9t £+1(Ve)

Subject to:
Aige + Beye + Cefe = d;
Ve + U+ 5S¢ + MU + S¢) = Veq + Wi (T,00)
(ytlgtlft) € xtS

t t+1 t
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Planning Step in t

(J Obtain the recourse function for t + 1

min ¢, g, + Q2. , (v
e t9t £+1(Ve)

Subject to
Aege + Beye + Cofr = d;
Vet ur+ S + MU +S¢) = Vg + We g (T o)

(ytlgtlft) € xtS

/\Ut
Qf+ 1

t t+1 t
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Implementation step in t

(] Uses the recourse function (simplified) for t4+ 1 and
implements the first stage decision using a detailed model.

- S
min_ ¢ ge + Qrs1(Ve)
96 Ve[t

Subject to:
Arge + Beye + Cefy = di
Ve + U + S+ MU + S¢) = Vg + We s (T,0)
Ve, G ) € XP.

Ut

Implemented —= 5
Policy ), ! Qt+1

v

t t+1 t
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Planning Step in ¢t + 1

(d Solve SDDP using a planning model (simplified)

. S
min = cep19¢ + QP2 (V1)
It+1.Ve+1.Jt+1

Subject to:
Apy19e41 + Bey1Vesr + Cesafear = dea
Ve U +5¢ + MU + S¢) = Ve + Wi, (Tei1,0)
Vst Gests fear) € Xiha-

t t+1 t+2 i
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Planning Step in ¢t + 1

(] Obtain the recourse function for t + 2

. S
min = cep19¢ + QP2 (V1)
It+1.Ve+1.Jt+1

Subject to:
Apy19e41 + Bey1Vesr + Copafea1 = den
Vet U +S¢ + MU + 5¢) = Ve + W00 (Tei1,0)
Vst Gests fear) € Xiha-

Ut

t t+1 t+2 i
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Implementation step int + 1

 Uses the recourse function (simplified) for t + 2 and implements the first stage
decision using a detailed model.

. S
min = cgy19¢ + Qip2 (V1)
It+1,Ve+1.Jt+1

Subject to:

Aei19t+1 T Bev1Yer1 + Cerafee1 = dea
Vet ur+ S + MU+ S¢) = Ve + Wepq 5 (Tet1.0)

Ver1 Gevv frar) € Xia- -

| i —
t t+1 / t+2 .
Implemeted

policy 1,
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Uncertainty in inflow realization in the implementation step

t t+1 t+2 t

‘?({Q?ﬁ"}t 1»{xlmp}t 1»{Wtw}tw 1
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Simulating the implemented policy

 SDDP method extended to a rolling-horizon scheme

I: Sample M inflow paths, {w;.}; .

2: Set ¢ = 1 and initial conditions to {vg..} 2 ,.

3: for each sampled pathw = 1...... \l do

4 Converge SDDP with X, « XP" Vr > ¢,

5 Store the recourse function Q%"

6: Solve the implementation problem for period # using ,’ft'l".
7 Update P({Q{"" ., AX™ } ) {wew}ioty).
8: end for

9: t 1t +1.

10: ift =T + 1 then

I STOP.

12: else

13: Set initial conditions to {v;_, ,}*, stored in P.
14: Go to step 3.

15: end if
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Fast algorithm — Forward Step

min - Cge + ryq
ge.Yoft et

Subject to:
Argr + Biy: + Cefy = dg
Ve + U + S+ M(up + 5) = vt(inl) + Wt g
~(k k (k) \" K
Apy1 = Q§+)1 (Vt( )) + (7T5+)1) (Vt — vt( )) vk e (M

Ve ge. fe) € XPy .
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Fast Algorithm — Backward Step

~ ) .
Q"™ (Vi—1)yWe ) = min i grta
sujelto a: ET; (m) E Pt (V(e-1) We w)l

I

|
At gr + Bry: + Cefr = d; I e,
V¢ + Ug + St + M(ut + St) = v(m) + Wta) (T[(k)) :

) (00 ) o) m erl T
tenn = 0% (W) + (7)) (v - v®) vk e xcom g} " &,

O 90 fL € X5 f

?
§
M
S
g
af‘\
e

I
0" )(”(T 1) W), ”;"3 I

I
T (V(T 1)’WTNT) ”T"Tl)l
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Time Inconsistency Gap

(d The inconsistency gap is:

(1 There exists the possibilitity that the gap is due to a sampling error:
Ho: P = p°
Hl: ‘uD == /JS

S3+52

)

(J The null hypothesisis accepted if 0 € [GAP + 1.96 - | (
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Simplification Example — Kircchoft’s Voltage Law

O Simplified model X} :
xXP ={ (Yt»gtlft)l
Vv,V

U<u, <U
S<s <S§
G<g.<G
<f, <F}.

|

O Detailed model X7 :
X2 =X n{(ye, 9o fo, O fe = SO}
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Bus 1

O T = 60. (Last 12 periods are discarded).

d D=100MWh,

Thermal c G
Generator RS/MWh MW
G, 20 100
G, 100 55
Hydro % U
Generator m3 m3
H 150 80

& L AMPS

Bus 2

Gl

TL From To F Reactance
MW (pu)
1 1 3 100 1
2 2 3 65 0.5
3 1 2 25 1
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GAP: MMRS174.4
GAP confidence interval: MMRS$[174.05 174.55]
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Stored energy

I Cons. - IC 95% — v(m*) === Cons. - T(m") [l Incon. - IC 95% — v(m*) —#— Incon. - (m*)

Stored energy (avgMW)

Jan Apr Jul Oct Jan Apr Jul Oct Jan Apr Jul Oct Jan Apr Jul Oct
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Thermal Generation G,

I Cons. - 1C 95% — glavgMW ) —a— Cons. - glavgM W) [l Incon. - IC 95% — g(avgMW) —a— Incon. - glavgM W)

-
o

Themal Generation G2 (avgMW)

Jan Apr Jul Oct Jan Apr Jul Oct Jan Apr Jul Oct Jan Apr Jul Oct
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Spot price

I Cons. - IC 95% — spot(RS/MW h) —a— Cons. - spot(R$/MWh) [l Incon. - IC 95% — spot(RS/MW h) —a— Incon. - spot(RS/MWh)

100 —

90—

70 -

60 —

40 —

Spot price (RS§/MWh)

20—

10—
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Simplification Example — Security Criteria

min ¢/ g, + C"™°8 + a;4q

Subject to:
Pre-Contingency Post-Contingency
Agf + BSuf + CEff + pf+ — pf~ =dy; Ve eC
Ag: + By, + Cf; = d; vi +ug +s¢ + MQug +57) = Vg + Wit (7T (m)) Vcel
V¢ + Ug + St + M(ut + St) = Vt—1 + Wt,w: (ﬁ:gz)) ft SC_Ht’VC eC
fe =56, vE < V;VcEeC
—FSftSF —ZlcFletCSZlcFl;VCEC
9 <G u <Uvp, <V |lge — g¢l| < ZgRg;vc e
llue — ufl| < Z§Ry; Ve e C
8= ¢+ Ve ecC
K K K ~c,(k K
1 2 08, (o) <ng+>1+z ;+<1>> (v v vk € 3
cec
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Simplification Example — Security Criteria

min ¢/ g, + CT™P85 + a; 44
Subject to:

I Pre-Contingency Post-Contingency

|

|

|

|

|

| ASGE+BOUE+ COfE + 9F - ¢ =dpveec

Ag: + By: + Cfy = d; : vi tuf + ¢+ MUE + 57) = viq + Wiy (ﬁﬁ’im));\fc eEC

II vt+ut+St+M(ut+St) =vt_1+Wt’w:(7~T£z)) I ftc =SC_9tC;VCEC

hy f: = S6, . _vi<V;vcecC

_sttsf | —ZlCFletCSZlCFl,VCEC

I 9 <G u <Up <V : |l — 91| < ZgRg;ve e €
I |lue — uf|| < ZERy; Ve e €
I 8= ¢+ Ve ecC

W ———————— I
e e o o o o o o o e e e e e e e e M e M M M e M M M M M M e e e e e M e e e M e e e e e e
Cut
)
~(k k ~(k ~C,(k k
tess 2 000, (v) 4 (nggl by n§f1)> (v — v vk € 56
cecC
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Bus 1

O T = 60. (Last 12 periods are discarded).
d D=100MWh.

(J Using n — 1 in transmission lines only.

Bus 2

Gl

Thermal c G —
Generator RS$/MWh MW TL From To F Reactance
MW (pu)
G4 20 100
G, 100 55 1 1 3 100 1
2 2 3 70 1
Hydro 4 u 3 1 2 30 1
Generator m3 m3
H 150 80
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GAP: MMRS1761.8
GAP confidence interval: MMRS$[1737.9 1785.8]

% @ LAM PS Slide 38



Stored energy

I Cons. - IC 99% — v(m®*) == Cons. - 5(m*) [l Incon. - IC 99% — v(m*) —a— Incon. - 5(m*)
150 amm - o
140 - — | |
130 |- | | |
120 -

110

)

© °
o o
I [

80

70 -

Stored energy (avgMW

40 -

30

20 -

10—
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Thermal Generation G,

P Cons. - 1C 99% — g(MW) —a— Cons. - g(MW) [ Incon. - IC 99% — g(MW) —a— Incon. - g(MW)

N
o
I

Thermal Generation Ga (MW)

-
o
I
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Cons. - IC 99% J(MW) Incon. - IC 99% — §(MW) Incon. - §(MW)
|

Load shedding (MW)
BN
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Spot price

N Cons. - IC 99% — spot(RS/MW h) === Cons. - spot(RS/MWh) [l Incon. - IC 99% — spot(RS$/MW h) ——#— Incon. - spot(RS/MWh)

Jan Apr Jul Oct Jan Apr Jul Oct Jan Apr Jul Oct Jan Apr Jul Oct
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Stored Energy In the Brazilian Southeast Subsystem in 2012

M Stored Energy (2012) Mean Stored Energy (2000-2011)
30%

80%

70%
20%
10%

0%

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
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Inflow Energy In the SE Subsystem

250%

o o [
-] )| [ -]
= = -
&= & =

Yearly Energy Inflow (%LTM)

u
]
=

2012

g@
“Jh

bﬁﬂ {;’?'ﬂ h@ﬂ

Cumulative Probability
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Inflow Energy In the SE Subsystem

250%
S 200%
5
S Different from the usual, security criteria such as
E 150% n — 2 were constantly being implemented in the
E system in 2012. And in the presence of storms,
B security was reinforced and security criterionn — 3
E 100% was implemented.
L
=
i
[y}
2 50%

0%

h?,’tn n;'g]P nﬁo&n ﬁﬁ‘u&n ﬁgﬁlﬂ (;ghu h@\u a-{'ﬂq q;g )

Cumulative Probability
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