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Second Approach: Set Reduction

Maintenance activity m must take place during the set of time periods

TOm)={t € T(m)|En < t < En+Dn}[ [{t € T(m)|Lm < t < Ln+Dm}

and it cannot start before E,, or finish later than L, + Dp,:

TS(m)={teT(m)|En <t < Lp+ Dn}
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Set Reduction (ctd)

The maintenance activities that
> can be in execution at powerhouse i during time period t is
Re=|{meM(i)|teTS(m)}
» must be in execution at powerhouse i during time period t is
Ri=|{meM(@i)|teT(m)}
Hence Ri: < r: < Rit
Lemma

The feasible number of active generators k at period t € T and powerhouse
i € T lies in the set

K(i,t)={k €Z| Ke < k < Kz },
where Kix = maX{ Git — Oih Cit - R’t} and Rit = (_;it — Rit.

The greater the difference between Git and Ky, and between G; and Ky, the
greater the reduction in the number of possible values for k.
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Third Approach: Valid Inequalities

The linear system formed by constraints

Z Zie = 1, ri + Z kzipe = C‘,-t, Viel te T
keK(i,t) keK(i,t)

is in general undetermined and has multiple non-integer solutions.
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Valid Inequalities (ctd)

We consider the case when R; = O:
» If riy =0, then Zkelc(i " Zik = Gi, which implies zy = 1 for k = Gp.
Hence,
> zw < VieI teT. (1)
ke K(it)\ G
> If ry > 1, then z = 0 for k = Gp.
Expressing ri: using the ym: variables, this is equivalent to

Z Ymer + Zik < 1, (2)
t' € {T(m) | (t=Dp+1) <t' < £}

for k= Gi,VieZ, me M(i), teT.
These are facet-defining inequalities.
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Valid Inequalities (ctd)

These last two sets of constraints will suffice to obtain integrality of a subset of
binary variables zj in the linear relaxation when

> Rit = aitv and

> the number of degrees of freedom of the original linear system

Z Zie = 1, ris + Z KZiek :C‘,-t, Viel, te T
ke (i) keK(it)

is sufficiently small.

The precise statement and its proof are in the paper.
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Computational Experiments

> We evaluated the 8 formulations obtained starting from the basic model
and including/excluding each of the three approaches
» We conducted two sets of experiments to determine the best combination:

1. Solve smaller instances and analyze the computation times to select a
subset of formulations.
2. Evaluate this subset on larger instances.
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Test System

Our instances were adapted from a cascade 4-powerhouse system with 3100
MW generation capacity in the Lac Saint-Jean region in Quebec, Canada:

Powerhouse ~ System type # generators  Inst. capacity (MW)
1 Reservoir 5 205

2 Run of the river 5 210

3 Reservoir 12 402

4 Run of the river 17 1587
Total 39 2404

For each powerhouse, we approximated the hydropower production function
with 30 linear inequality constraints.
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Test Instances — All Formulations

> For the first set of experiments, we used two levels for each of:

Number of maintenance tasks (8, 10)

Number of time periods (20, 25)

Time window length (5, 8)

Maximum number of outages in each powerhouse (2, 3)
Average duration of maintenance tasks (4, 5).

v

>
>
>
>

» For each of the 2° = 32 combinations, we created two maintenance
datasets, for a total of 64 test instances.

» The formulations have up to 456 binary variables, 775 continuous variables
and 12485 constraints.
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Results — All Formulations
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Tightening approaches

Norm. log CPU time

Formulation Set Valid Extended

Average  St. dev.
reduc. ineq. formul. Zp 0%
1 0 0 0 1.469 0.35
2 0 0 1 -0.849 0.40
3 0 1 0 0.790 0.38
4 0 1 1 -0.685 0.33
5 1 0 0 0.421 0.50
6 1 0 1 -0.880 0.34
7 1 1 0 0.511 0.39
8 1 1 1 -0.776 0.42

where we used normalized log CPU times

zjp = (tip — p4j)/ 0},

where tj, is the log CPU time to solve instance j € J with formulation b € B.
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Boxplot — All Formulations

Overall, the four formulations 2, 4, 6, and 8 give the best results:

Normalized per instance
log CPU time
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Performance Profile

Consider the performance profile of the cumulative relative frequency ps(7)
with which a formulation solves instances of the problem within a factor 7 of
the best possible value of log,(rs), where

rip = tip/ min tjp
J J/beBJ’

and 1
Pb(T) = ; size{j € \.7 : |0g2(rjb) S T}'
J
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Performance Profile — All Formulations

Cum. rel. freq. pp(7)
=

e
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Factor 7 of logy(r;s)

Factor 7 of log,(rjs)

» Formulation 6 is a clear winner for 7 < 0.8.
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» In fewer than 10% of the instances, models 2 and 8 are competitive.
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Test Instances — Best Formulations

» We now focus on formulations 2, 6 and 8.

> Our focus is on the optimality gaps that they can achieve for large
instances.

» We used 16 instances with more maintenance tasks than before:
Number of maintenance tasks (15, 20)

Number of time periods (25)

Time window length (5, 8)

Maximum number of outages in each powerhouse (2)

Average duration of maintenance tasks (4, 5).

YyVYyVYYVYY

> For each of the 2° = 8 combinations, we created two datasets, for a total
of 16 test instances.
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Optimality Gaps — Best Formulations
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CPU time CPU time
. 20,000 s 1,000 s
Formulation
Mean  St. dev. Mean St. Dev
2 0.0144 0.0069 0.0295 0.0235
6 0.0144 0.0071 0.0229 0.0076
8 0.0151 0.0073  0.0273  0.0222

» All three reached average optimality gaps below 3 % within 1,000 s.

» After 20,000 s, the average optimality gaps are all close to 1.5%.

» Formulation 6 had the best overall performance after 1,000 s, and
formulations 2 and 6 had similar average performance after 20,000 s.
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Summary and Current Research

» Hydropower maintenance scheduling is a difficult problem that has
received limited attention in the literature.

> We propose a mixed-integer linear optimization approach that can achieve
small optimality gaps for realistic instances, and is likely suitable for
practical application.

» Current research:

> Exploit the structure to develop a decomposition approach to solve more
complex, real-size instances.

> Consider uncertainty of water inflows.

> Understand the impact of the linearization of the hydropower generation
function (PGMO project with C. d"Ambrosio & W. van Ackooij).
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Summary and Current Research

You

Hydropower maintenance scheduling is a difficult problem that has
received limited attention in the literature.

We propose a mixed-integer linear optimization approach that can achieve
small optimality gaps for realistic instances, and is likely suitable for
practical application.

Current research:

> Exploit the structure to develop a decomposition approach to solve more
complex, real-size instances.

> Consider uncertainty of water inflows.

> Understand the impact of the linearization of the hydropower generation
function (PGMO project with C. d"Ambrosio & W. van Ackooij).

are welcome to contact me or to visit my group’s website:

Optimization for Smart Grids (OSG) e http://osg.polymtl.ca/
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Summary and Current Research

» Hydropower maintenance scheduling is a difficult problem that has
received limited attention in the literature.

> We propose a mixed-integer linear optimization approach that can achieve
small optimality gaps for realistic instances, and is likely suitable for
practical application.

» Current research:

> Exploit the structure to develop a decomposition approach to solve more
complex, real-size instances.

> Consider uncertainty of water inflows.

> Understand the impact of the linearization of the hydropower generation
function (PGMO project with C. d"Ambrosio & W. van Ackooij).

You are welcome to contact me or to visit my group's website:
Optimization for Smart Grids (OSG) e http://osg.polymtl.ca/

Thank you for your attention.

... s


http://osg.polymtl.ca/

