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Combined maintenance and production optimization

Two main questions:

How do we operate optimally, knowing that we will perform
maintenance in the future?

How often should we perform inspections and maintenance?
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Combined maintenance and production optimization

Two main questions:

How do we operate optimally, knowing that we will perform
maintenance in the future?

How often should we perform inspections and maintenance?

These problems are often solved with Monte Carlo simulations.

Can we come up with a more efficient optimization-based approach?
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Dynamic optimization
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Dynamic optimization
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Dynamic optimization

ty
max o (&, x,z,u,m)dt (1a)
w 0

subject to

System d i
0 = g(&,z,2z,u,m) {ysem ynamies (1b)

and model equations
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Dynamic optimization

ty
max o (&, x,z,u,m)dt (1a)
w 0

subject to

System d i
0 = g(&,z,2z,u,m) {ysem ynamies (1b)

and model equations

0 = h(z,z,z,u,m) {System degradation (1c)
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Markov chain

1—Xg— A 1—-X— A 1-X =

at Ay

Figure: Markov chain
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Markov chain

1—Xg— A 1—-X— A 1-X =

at Ay

Figure: Markov chain

m Repairs follow As-Good-As-New (AGAN) strategy
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Modeling the probabilities

Ay — A, 0 00
du Ao —Au— A 00
a 0 Ao M=), O|H )
A

;i (t) : probability of being in state 7 at time ¢
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Modeling the probabilities

1 — A

B

— C
0751 — F (failed) | |
05} 1

| |
50 100 150 200
Time, t

Probability, p

Figure: Evolution of the probabilities without control
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Modeling the probabilities

How do the inputs / operating modes enter in the model?

W Aw,t) ) ©
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Modeling the probabilities
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Figure: Solid line: u = 1.
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Modeling the probabilities
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Figure: Solid line: v = 1.Dashed line: u = 0.67
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Including maintenance interventions

How do we include maintenance interventions / inspections in this type of
model?
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Including maintenance interventions

How do we include maintenance interventions / inspections in this type of
model?

Cfl—l; = A(u, t)u(t) + Rr(t) (4)
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Including maintenance interventions

How do we include maintenance interventions / inspections in this type of
model?

Rr(t) is a term that reset state to arbitrary condition

W Al yu(r) + Rr(1) @
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Including maintenance interventions

How do we include maintenance interventions / inspections in this type of
model?

W Al yu(r) + Rr(1) @
where
k
r(t) = STu(t)- | D6t —t) (5)
=1
1
0
R=|, 6)
—1

Rr(t) is a term that reset state to arbitrary condition
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As-good-as-new, corrective
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As-good-as-new, corrective

o8
0
R=1, (7)
-1
As-good-as-new, preventive
8
0
R=| ", (8)
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As-good-as-new, corrective
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Including maintenance interventions
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Figure: Evolution of the probabilities with inspections at 50, 100 and 150 weeks
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Optimization problem

tr

Jnin / ( —f+ ot fz-> dt (10)

where
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Optimization problem

ty
i — m i dt 10
u(rlr)l}g%l) /( [+ +f> (10)
where

fit) = ec(u,t)Tpu(t) Production
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Optimization problem
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Optimization problem

ty
i — m ) dt 10
ain (=5 ) (10

0

where

fit) = ec(u,t)Tpu(t) Production
fm(t) = ¢l r(t) Maintenance cost

k
fit) = ] (Zé(ttﬁ) Inspection cost

i=1
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Optimization problem

ty
i — m 5 ) dt 10
Juin /( f+f +f> (10)
0
where
fit) = ec(u,t)Tpu(t) Production
fm(t) = ¢l r(t) Maintenance cost
fit) = ] (Z 5t — ti)> Inspection cost
i=1
Subject to
%’t‘ — A(t,u)p(t) + Rr(t) Model
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Solving the optimization problem

Our optimization problem is on the form:

ly
min G(t, p,u,m) (11)
u,r 0
st g(t,pu,r) <0 (12)

Discretize problem, solve resulting nonlinear program (NLP) using
off-the-shelf NLP solver
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Optimal solution
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Figure: Optimal production strategy with maintenance after 92, 132 and 163
weeks.
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Conclusion

= SUBPRO  Com!

m Can optimize maintenance and opera-
tions at the same time

m Would have been difficult
with traditional Monte Carlo approach!

Future work:
m (more complex) non-linear model
m Distributionally robust
m Multi-stage maintenance planning
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Backup: Approximating r

Dirac functions are not good for optimization

k
F(t) = STu(t)- | Y6t —t:) (13)
=1
k k
7(t) ~r(t) = Y Boxcar(t) = 3 h,-(H(t ) —H(t—t; — ei)> (14)
i=1 =1

In practice, the Boxcar function is simply a piece-wise constant function

A. Verheyleweghen (NTNU) 25.09.19 18/17



Backup: Approximating r
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Figure: lllustration of how 7(t) (dashed line, circles) can be approximated by (t)
(solid line) to obtain a continuous .
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Backup: How to calculate f;

Inspection cost is proportional to number of inspections. How to calculate?

Formulate with complementary

fi = ¢y (15)
0<(1—y) L r>0 (16)
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Backup: How to calculate f;

Can be solved in IPOPT with a hybrid relaxation / penalty method

,ﬂ}igy —f(p,r,u,t)+ c(l) - vec ((1 —y(t) ® u(t)) (17a)
s.t. Ci—’: = Ap+ Rr (17b)
0<p)<1  (170)

0<r(t)<rw (17d)

0<u(t)<u (17e)

vec (r(t) ® (1 —y(t)) > e(l).  (17f)

Here, (-) denotes the inner product and (®) denotes the outer product.
This problem is solved sequentially {i} times such that

lim,e — 0,c — o
—>OO
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