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Novelties related to offshore cost estimation

Accessibility depends on the weather. Penalties outside of a contractual quota
of free maintenance days.

=

Failure Maintenance

Wave height
Saint-Brieuc - 2022
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Optimizing maintenance of offshore electrical substations

e » Many components per substation

» Boats, helicopters and workers are shared among the
stations

We work with very large Markov Decision

Processes
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Modeling fan maintenance as a MDP

Component Notation Fan example

States xeX # broken fans ¥ ¥ ¥ ¥ ¥ ¥
e {0,...,7+}

Actions acA maintain / do nothing v o

Costs c(x, a) capacity loss

Transitions p(x’ | x,a) fan failure probabilities 10 fans + 2 redundant
Horizon T 40 years
maintain
00-09-00-0-0
full capacity reduced capacity broken

We are searching for good policies 7(x).
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Linear Programming (LP) approach for MDPs

Dynamic Programming Linear Programming variables: v,(t)

Backward induction on V;(x):

Vr(x) =0 Vx max Zax vx(1)
. ’ ’ x
Vi(x) = min [C(X’ 2)+ ZP(X | %, 8) Ve (x )} st w(t) < clx,a) + > p(x | x,a) v (t + 1),
Optimal policy: 77 (x) = argmin, [-- -] vV ox,at<T
v(T)=0, Vx

a > 0: initial distribution.

Under some assumptions (a, > 0 for all x...) any optimal LP solution satisfies the Bellman
equations at equality.
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The dual LP: occupancy measures
variables: py ,(t) >0

min Z c(x, a) fix,a(t)

>0
m= Xx,a,t

s.t. Zux,a(l):ax Vx

D hea(t)

=20 PIx | X @) pror 5(t—1)
Vx, t>?2

Combinatorial actions

Probability of visiting state x and taking
action a at stage t.

Search for a stochastic process
with minimum expected cost. . .

...amongst those consistent
with the MDP: initial state
and flow constraint.

L By strong duality, the optimal values of the two LPs are equal. ]
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What are we doing today ?

» In this talk we will focus on the dual and try to build approximations.

» Remember that the variables are probabilities.
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MDP: state

The station consists of C components.

free days remaining @

@ Global degradation state é\@‘\ /@
@ x = (xeepric] € ® [1:n°].

cel1:C]

degradation state

H[l:C] n¢ possible degradation states.

9/21



One component

MDP: state

free days remaining

OEICICNO,

degradation state

Multiple components

Combinatorial actions
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Maintenance schedules
Time step of the MDP = 2 months

1 6 11 16 21 26 31 36 41 46 51 56
Fans (3 workers)
Cables (2 workers)
Cooling system (4 workers)

Transformers (5 workers)
Switchgear (4 workers)

Generators
Control system

Pumps
Free days (no penalty)

B Maintenance (free day)

Free day (no penalty) No activity
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Maintenance schedules
Time step of the MDP = 2 months

1 6 11 16 21 26 31 36 41 46 51 56

Fans (3 workers)
Cables (2 workers)
Cooling system (4 workers)

Transformers (5 workers)
Switchgear (4 workers)

Free days (no penalty)
B Maintenance (free day)
Free day (no penalty) No activity

For now we assume we have a small catalogue of admissible maintenance schedules.
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MDP: actions maintenance schedule u

= binary variable m¢ for c € [1: C],
scheduling stage = 2 months equals 1 if ¢ is maintained.

= number of penalty free days used

penalty free days . .
in the scheduling stage «.

free days remaining

action

— Deterministic link

degradation state
maintenance schedule
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MDP: transitions

scheduling stage = 2 months

penalty free days

free days remaining

action

— Deterministic link

degradation state
maintenance schedule
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MDP: transitions

scheduling stage = 2 months Components degrade independently.

penalty free days

free days remaining

action

— Deterministic link

fffff + Dynamics

fffff + Policy

degradation state
maintenance schedule
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Cost

Cumulative penalties over the two
months, accounting for both

scheduling stage = 2 months

penalty free days

free days remaining

failures

L1 [
action ““N\ =N\
Deterministic link
"""" Dynamics and maintenance
—————— >~ Policy

degradation state
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Solving the MDP

» The size of the state space prevents solving by dynamic
programming.

@
.

\
\

probabilities of the values taken by the global
(state, action) pair at each time step.

COF
» The variables in the LP represent the @
O

minimize Z Z cost,(state, action) x proba,(state, action)

proba>0 .
t state,action

s. t. Flow constraints

This LP is also not tractable due to the number of variables.
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Solving the MDP

» The size of the state space prevents solving by dynamic
programming.

» The variables in the LP represent the
probabilities of the values taken by the global
(state, action) pair at each time step.

240
minimize Z Z Ce (X, U) ok (£)
©n>0
t=1 x,k,u

s. t. thx’k'u(t) = Z ]1{¢(k,K(u)):k’}p(X,|X7 U) ek (t —
u

x,k,u
This LP is also not tractable due to the number of variables.

Combinatorial actions

1)
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Exploiting the structure of the MDP

Combinatorial actions

» The transitions decompose by component.

> The cost can be approximated as a sum of terms over a small number of
subgroups of variables:

el kyu) = E(u) + 30 & (xE, m) - S ()
c

!
c,c

L

NI

Maintenance

Failures
(It is a factored MDP)
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Tractable LP approximation

minimize Z Z cost,(action) x proba,(action)

proba,proba>0 -
t action

+ Z Z costf (state®, action®) x probaj (state®, action®)

Cc state€,action®
s.t. Local flow constraints;
Consistency between p and v.

» We introduce variables representing the
probabilities of the value taken by the local
(state€, action®) pair for each component c?.

!Bertsimas and Migi¢ 2016.
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Tractable LP approximation

240

anli/rQ(i)ze szt(u)l/u +Z Z M) e eme s (£)
= t=1 u

c=1 x°,k,m° Kk

s.t. Z Ni'ck'mm(t) = Z ]l{¢(k,n):k’}pc(x/c|xc7 mc):uf(ckm‘/{(t - 1):

x€,k,m° .,k
Z:u)ickm‘n(t) < Z I/U(t)'
x¢,k u|M®(u)=m°
K(u)=k

» We introduce variables representing the

probabilities of the value taken by the local

(state€, action®) pair for each component c?.

!Bertsimas and Migi¢ 2016.
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Are we happy with that ?

» Is it exact ? No.
» Is it good enough 7 Yes.

What if the set of admissible schedules is combinatorial 7
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Introducting column generation

» Iteratively add variables (columns) to the master problem.

shadow price A

Master problem Pricing problem
Restricted LP Find best new
over current schedules L schedule u )
W A ’

new schedule u

» Simple but surprisingly effective in many applications, provided that the pricing
problem can be efficiently solved.
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Column generation and Rolling Horizon heuristic (RH)

Master Problem

c,m K

min Z &8 (u) vu(t)

n,v=0
eu’, t dual variables \; ..
u o Pricing Problem
D G M) eime (1)
c,x€,me,t

me K
s.t. flow constraint mln &8 (u) + Z A8 (u), K(u)

Do temen(S D w(t)
X<,k . ueu’s new column u*
M€ (u)=m®, K(u)=r c(u*,t) <0

e

MILP over the full combinatorial set U

Solved over restricted set U’ C U
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Column generation and Rolling Horizon heuristic (RH)

Master Problem

min Z & (u) vu(t) e

yv>0
u, dual variables A} A
ue Pricing Problem
+ Z (%, M) e () — =

cxS,me,t
) ¢, ME(u), K(u)
s.t. flow constraint m|n & (u) + Z)\

Do bekmen(® S D0 wlt)
x€,k . ueu’s new column u*
ME (u)=m®, K(u)=r 2(u*,t) < 0

Dl

MILP over the full combinatorial set U

Solved over restricted set U’ C U

1. Fix the first-stage distribution to the current state. Rolling Horizon heuristic

2. Solve the LP over a cropped horizon.

3. Apply the highest-probability action: a* = arg maxactions proba; (action®).
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Case study

» 7 key High-Voltage Direct Current (HVDC)
components.

» Weather scenarios corresponding to the
upcoming Centre Manche 1 project location,
built using pgc..... data.

» Benchmark against an operational rule
(among others).

Free maintenance
s Paid maintenance

| Degradation scale
| New year

% *

Component
IS

Multiple components

Combinatorial actions

Table: Simulated cost over 40 years

Policy Mean VaRg 05
RH 126 257
Naive 249 1671

Accessibility threshold |

Wave height (m)

o 200 a0 s00 00

accessibility
percentage

Time (days)

Cost

o 20 a0 0 )

Time (days)

0
Time (days)
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» We solve a large MDP with combinatorial action using a
tractable LP approximation exploiting the structure of the
MDP.

Thank you !
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