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Motivation: Design optimization of a wind power plant

Provided by NREL

Vattenfall’s Horns Rev wind farm off Denmark®

« Wake steering scenario « Maximize total power production

« Uncertain inputs « Black box code

*Figure from https://www.rechargenews.com/wind/will-wind-wake-slow-industrys-ambitions-offshore-/2-1-699430
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SNOWPAC*

OUU problem statement

Ry =R (x*,0) = %C{Qig)<0%f (x,0)

*F. Augustin, Y. Marzouk, A trust-region method for derivative-free nonlinear constrained stochastic optimization. 2017
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SNOWPAC*

OUU problem statement

Ry =R (x*,0) = %C{Qig)<0%f (x,0)

Features of SNOWPAC:

*F. Augustin, Y. Marzouk, A trust-region method for derivative-free nonlinear constrained stochastic optimization. 2017
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SNOWPAC®

OUU problem statement

Ry =R (x*,0) = %C{Qig)<0%f (x,0)

Features of SNOWPAC:
0. Extension of NOWPAC: Deterministic derivative-free nonlinear constraint optimization method

using trust-regions

*F. Augustin, Y. Marzouk, A trust-region method for derivative-free nonlinear constrained stochastic optimization. 2017
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SNOWPAC®

OUU problem statement

Ry =R (x*,0) = %C{Qig)<0%f (x,0)

Features of SNOWPAC:
0. Extension of NOWPAC: Deterministic derivative-free nonlinear constraint optimization method

using trust-regions

1. Estimate robustness measures: Use sampling, e.g. Z/, = E[fy(X)] ~ R = %,Z,-’L f(x,6;)+¢en

*F. Augustin, Y. Marzouk, A trust-region method for derivative-free nonlinear constrained stochastic optimization. 2017
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SNOWPAC®

OUU problem statement

Ry =% (x*,0) =

min
%#°(x,0)<0

Z'(x,0)

Features of SNOWPAC:

0. Extension of NOWPAC: Deterministic derivative-free nonlinear constraint optimization method

using trust-regions

1. Estimate robustness measures: Use sampling, e.g. Z/, = E[fy(X)] ~ R = %,Z,-’L f(x,6;)+¢en

2. Implement new trust region management: Account for noise €y in objective/constraint

evaluations = Ak 1 > VAEN

*F. Augustin, Y. Marzouk, A trust-region method for derivative-free nonlinear constrained stochastic optimization. 2017
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SNOWPAC®

OUU problem statement

Ry =R (x*,0) = %C{Qig)@%f (x,0)

Features of SNOWPAC:
0. Extension of NOWPAC: Deterministic derivative-free nonlinear constraint optimization method

using trust-regions
1. Estimate robustness measures: Use sampling, e.g. Z/, = E[fy(X)] ~ R = %,Z,-’L f(x, 6;)+ &N
2. Implement new trust region management: Account for noise €y in objective/constraint
evaluations = Ax 1 > VAiEn

3. Introduce Gaussian process surrogates: Mitigate effect of noise € = a-2ogp(X) + (1 — ) - ey

*F. Augustin, Y. Marzouk, A trust-region method for derivative-free nonlinear constrained stochastic optimization. 2017
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SNOWPAC®

OUU problem statement

Ry =R (x*,0) = %C{Qig)@%f (x,0)

Features of SNOWPAC:
0. Extension of NOWPAC: Deterministic derivative-free nonlinear constraint optimization method

using trust-regions
1. Estimate robustness measures: Use sampling, e.g. Z/, = E[fy(X)] ~ R = %,Z,-’L f(x, 6;)+ &N
2. Implement new trust region management: Account for noise €y in objective/constraint
evaluations = Ax 1 > VAiEn

3. Introduce Gaussian process surrogates: Mitigate effect of noise € = a-2ogp(X) + (1 — ) - ey
4. Only feasible trial points, i.e. Z¢ (xx+1) < 0, should be accepted

= Feasibility restoration mode: min Y (m(x)?+Agm; (X))
mE(x)<t je.s
X=Xk [| <Ak

*F. Augustin, Y. Marzouk, A trust-region method for derivative-free nonlinear constrained stochastic optimization. 2017
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SNOWPAC®

OUU problem statement

Ry =R (x*,0) = %C{Qig)@%f (x,0)

Features of SNOWPAC:
0. Extension of NOWPAC: Deterministic derivative-free nonlinear constraint optimization method

using trust-regions
1. Estimate robustness measures: Use sampling, e.g. Z = E[fy(x)] ~ R = L YN | f(x,0,) + en
2. Implement new trust region management: Account for noise €y in objective/constraint
evaluations = Ax 1 > VAiEn

3. Introduce Gaussian process surrogates: Mitigate effect of noise € = a - 2ogp(X) + (1 — o) - ey
4. Only feasible trial points, i.e. Z¢ (xx+1) < 0, should be accepted

= Feasibility restoration mode: min Y (m(x)?+Agm; (X))
mE(x)<t je.s
X=Xk [| <Ak

*F. Augustin, Y. Marzouk, A trust-region method for derivative-free nonlinear constrained stochastic optimization. 2017
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Multilevel Monte Carlo estimator: Mean

Mean in OUU:
me%Mean = mXaxE[Q(X, 0)]

TGiles, M.B., "Multilevel Monte Carlo methods,” Acta Numerica, Vol.24, 2015, p.259-328
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Multilevel Monte Carlo estimator: Mean

Mean in OUU:
me%Mean = mXaxE[Q(X, 0)]

« EstimatorT:

L L
E[Q] = Q) ~ pQ] = Y mlQ¥ - =} —
=0

TGiles, M.B., "Multilevel Monte Carlo methods,” Acta Numerica, Vol.24, 2015, p.259-328
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Multilevel Monte Carlo estimator: Mean

Mean in OUU:
m)?x%Mean = mXaxE[Q(X, 0)]

« EstimatorT:

_ L __ _ Lo X _
Bl = (@ ~ agla = Y mla - oV =} (el - aff
/=0 (=0 "Vt j=1
« Sample allocation:
L
min CgNéE,
L — —_—
L L =
s.t. V[ut] = €2, where V[uy'] = Z V[Még) - ﬂé,g 1)]
(=0

TGiles, M.B., "Multilevel Monte Carlo methods,” Acta Numerica, Vol.24, 2015, p.259-328
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Multilevel Monte Carlo estimator: Mean

Mean in OUU:
m)?x%Mean = mXaxE[Q(X, 0)]

« EstimatorT:

£

L L
— o B 1 _ B
E[Qu] = uo'{Qu] ~ uy QL = ;E)uo[O“) — Q] = ;;,E Y @7-af™), a"V =0

I

I
—

« Sample allocation:

L
min Z C/Nf,
NE )=
¢ (=0

L —
L - ¢ =
st Vit = €2, where V[ug] = Y V[u” — ;)
(=0

Y

« Solution:

B L
NE = A\/V[QE c Q] ,where A =72} \/V[Q,— Q_1]C,
¢ (=0

TGiles, M.B., "Multilevel Monte Carlo methods,” Acta Numerica, Vol.24, 2015, p.259-328
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Multilevel Monte Carlo estimator: Standard deviation

Mean in OUU: Standard deviation in OUU:
m)?x%Mean = m)?xE[Q(X, 0)] m)?x%pback = m)?xE[Q(X, 0)] —ac[Q(x,0)]
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Multilevel Monte Carlo estimator: Standard deviation

o Estimator:

G[QL] -V V[QL ~ \ HEAL Gblased

where

L
VIQ] ~ wy Q] = Z 1[QY] — o[t ]

—1) (=) 1
¥ s (B ol -l ). o

*For V[@] see FM, GG, DTS, MSE, RNK, HJB, YMM: Higher moment ML estimators for OUU applied to wind plant design, AIAA

Scitech 2020 Forum
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Multilevel Monte Carlo estimator: Standard deviation

o Estimator:

G[QL] -V V[QL ~ \ HEAL Gblased

where

L
via] ~ pl = Y m[QY] - m[a )]
/=0

— Z N, — 1 (Z(Q/( )—,u(() ))2_(05,6 )_.u((),g ))2>7 Q/(,o ) =0
¢=0"V¢ =1
- Sample allocation¥:
m|n Z C/N?,
f
m 1 V[u““]
s.t V[Gblased] — £°, where V[o, |ased] ~ 2

*For V[@] see FM, GG, DTS, MSE, RNK, HJB, YMM: Higher moment ML estimators for OUU applied to wind plant design, AIAA

Scitech 2020 Forum
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Multilevel Monte Carlo estimator: Standard deviation

o Estimator:

G[QL] -V V[QL ~ \ HEAL Gblased

where

L
via] ~ pl = Y m[QY] - m[a )]
/=0

— Z N, — 1 (Z(Q/( )—,u(() ))2_(05,6 )_.u((),g ))2>7 Q/(,o ) =0
¢=0"V¢ =1
- Sample allocation¥:
m|n Z C/N?,
f
m 1 V[w“]
s.t V[Gblased] — £°, where V[o, |ased] ~ 2

« Solution: = Numerical Optimization
*For V{ud'] see FM, GG, DTS, MSE, RNK, HJB, YMM: Higher moment ML estimators for OUU applied to wind plant design, AIAA

Scitech 2020 Forum
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Multilevel Monte Carlo estimator: Scalarization

Mean in OUU: Scalarization in OUU:
me%Mean = m)?xE[Q(X, 0)] mfx%pback = mXaxE[Q(X, 0)] — aoc[Q(x,0)]
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Multilevel Monte Carlo estimator: Scalarization

o Estimator:

S[QL] := E[Q/] + ao[Q] = [Lguracﬁ\ —m

biased -
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Multilevel Monte Carlo estimator: Scalarization

o Estimator:

S[QL] := E[Q/] + ao[Q] = [Lguracﬁ\ —m

biased *
« Sample allocation:

L
min Z C/N?,
NG =0

4

s.t.V E\ML — €2, where V EM\L %V‘[,WL+05(;/“"L\
0

biased
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Multilevel Monte Carlo estimator: Scalarization

o Estimator:
S[Q1] = E[Q/] + ao[Qu] ~ ff + acpl ="

« Sample allocation:

L
min Z CgNS,
N} =0
s.t. V[{"] = €2, where V[{"] ~ Vgt + O‘%

« Variance of scalarization:

V[E") = VI + 00h e

|ased

= VI + 02V [Offpgea] +20COVIIE:, Optzcog

biased

< V[ + 02V[Olhons] + 2|\ VIS - V]oghoms

« Solution: = Numerical Optimization
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Multilevel MC coupling with SNOWPAC

Generic MLMC error estimators:

« Reminder: (1) R' = L YN f(X,6;) +en | (2) Dt > VA4en | (3) €= 206p(X) + (1 — 1) - en
« Mean ﬁgL:
iy _ (EN
V[l/‘o | = (?)2

. Standard deviation |/ f4S:

SE(olan]) ~ ——/VIgg] = 2
2,/ 1t

« Scalarization 1/ ?ML:

m T TR D4 =V A
SE(S[QL]) S \/V[,LLO ] + a2V[Gbiased] + 2|OC| \/V[ouo ] ) V[Gbiased] — ?

$Delta method: SE[f(8)] ~ |'()|SE[0],6 = iz, f(8) = 0z
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Problem statement

Objective: Constraint:

2.log(1.5) 2.log(1.5)
—%5 X+1.— ——>5
(X, &) = ger(x) + &

gL(x,&) = guer(x) + AE®, & ~ % (—0.5,0.5)

(x—2)° Fx<3 9det(X) =
f(x) =< 2log(x —2) +1 if x >3
x € [0,6]

OUU:

mXin f(x)

Mean:

s.t. f(x) > E[gn(x, &)]
Push back:

S.t. f(X) > E[gH(X7 é)] +36[9H(X7 é)]

Friedrich Menhorn (TUM), et al. | menhorn@in. tum. de | MF strategies for OUU of wind power plants


mailto:menhorn@in.tum.de

Scientific Computing
Department of Informatics

Technical University of Munich

Problem statement

(X — 2)2 if x < 3
f(x) =< 2log(x—2)+1 ifx>3
x € [0,6]
OuuU:
min f(x)
Mean:
s.t. f(x) > E[gn(x,&)]
Push back:

S.t. f(X) > E[gH(X7 é)] +36[9H(X7 é)]

Constraint:

~ 2.log(1.5) 2.log(1.5)
GoerlX) = =5 g X +1.m- =5

9H(X,&) = Gatet (x) + &°
gL(x,&) = goet(x) + AE®, & ~ % (—0.5,0.5)

OUU Verification Case

4.0
3.51
3.01
25¢ . S ==
~20{ \ A=

154\ = §
1.0- e — Flgul

-- Elgu]+ 3olgn]
0.5 e initial value

¢ Mean optimum

0.0 X Push back optimum

0 1 2 3 4 5 6
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Sampling Results

Mean x = 4
—e— MC
350 A —e— MLMC Mean
—o— MLMC Scalarization
—e— Reference
300
250
200 +
150
100
V)
50 A /
0 __—* .

—-0.430 -0.425 -0.420 -0.415 -0.410 -0.405 -0.400 -0.395 -0.390
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Sampling Results

Scalarization x = 4

40 A

35 1

30 A

25 A

20 A

15 A

10 -

5_

0

MC

MLMC Mean

MLMC Scalarization
Reference

bt

-0.40

—-0.35

-0.30 -0.25 -0.20 -0.15
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OUU Results

1.0015 - —— Objective
----- Constraint
e MC
X  MLMC Mean
1.0010 A ¥  MLMC Scalarization

1.0005 A

1.0000 A

0.9995 A

0.9990 1,

—0.0008 -0.0006 —0.0004 —0.0002 0.0000 0.0002 0.0004
+1
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OUU Results

1.0015 - —— Objective
----- Constraint

e MC

X  MLMC Mean
1.0010 A ¥  MLMC Scalarization
1.0005 A
1.0000 A
0.9995 -
0'9990 1 T T T T T T T

-0.0008 -0.0006 —0.0004 —0.0002 0.0000 0.0002 0.0004

+1

Push back:

s.t. f(x) > E[gn(x,&)]+30[gH(x,&)]

1.13 4

1.12 A

1.11 A

1.10 4

1.09 A

—— Objective
------ Constraint

e MC

X  MLMC Mean

V¥  MLMC Scalarization

0.940 0.945 0.950 0.955 0.960
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Wind plant application

Setup:

« three NREL 5 MW turbines (RD 130 m, HH 110 m) standing 650 m and 1300 m apart
« RANS model with actuator disk turbine representation using WindSE (nttps://github.com/NREL/WindSE)
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Wind plant application

Setup:

« three NREL 5 MW turbines (RD 130 m, HH 110 m) standing 650 m and 1300 m apart
« RANS model with actuator disk turbine representation using WindSE (nttps://github.com/NREL/WindSE)

Parameters: (Turbinei=1, 2, 3)

« Yaw angle design: y; € [—45°,45°]
« Yaw angle noise: 6, ~ £ (0°,5°)

» Inflow wind speed: 6, ~ .4 (7.52,17)
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Wind plant application

Setup:

« three NREL 5 MW turbines (RD 130 m, HH 110 m) standing 650 m and 1300 m apart
« RANS model with actuator disk turbine representation using WindSE (nttps://github.com/NREL/WindSE)

OUU Mean:

Parameters: (Turbinei=1, 2, 3)

max %Mean := Max E[fpower ('}’17'}’277379U79}’1797’279Y3>]

Folots Tt « Yaw angle design: y; € [—45°,45°]
OUU Push back: - Yaw angle noise: 8, ~ £(0°,5°)
Max Hppack = max Elfpower(+)] =30 fpower(-)] - Inflow wind speed: 6, ~ .4/(7.5,1)

Friedrich Menhorn (TUM), et al. | menhorn@in. tum. de | MF strategies for OUU of wind power plants 12
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Wind plant application

Setup:

 three NREL 5 MW turbines (RD 130 m, HH 110 m) standing 650 m and 1300 m apart
« RANS model with actuator disk turbine representation using WindSE (https://github.com/NREL/WindSE)

OUU Mean: Parameters: (Turbine i =1, 2, 3)

max Aean = Max Elfyower (1,725,600, 01,05, 05)] . vaw angle design: % € [45°,457]

OUU Push back: « Yaw angle noise: 8, ~ £(0°,5°)
YT},%G%Pback = },Tygf;@]E[fpower(’)] — 30 [frower(*)] « Inflow wind speed: 6, ~ 4 (7.5%,1%)

(a) FINE (DoF 494760) (b) MEDIUM (DoF 61476) (c) COARSE (DoF 20760)
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Wind plant application

Setup:

 three NREL 5 MW turbines (RD 130 m, HH 110 m) standing 650 m and 1300 m apart
« RANS model with actuator disk turbine representation using WindSE (https://github.com/NREL/WindSE)

OUU Mean:

Parameters: (Turbinei=1, 2, 3)

YTY%:;%M%” - YTY%:-;EVPOW“ (%1:%2,78, 00, 011, 0, O )] . yaw angle design: y; € [—45°,45°]

OUU Push back: - Yaw angle noise: 8, ~ £(0°,5°)
max % ‘= max [Elf 3|l —30olf, . . : c 0~ m qm
L Pback Lo [power( )] [power( )] Inflow wind speed: 6, ~ .4 (7.5 5 1 S)
R e aes
o oy
(a) FINE (DoF 494760) (b) MEDIUM (DoF 61476) (c) COARSE (DoF 20760)
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Results

Mean:

Objective: Rmean = Elfpower]

3.1

Objective value
N N N N w
[«)} ~ [e0] [(e} o

N
o

MC evals

mmmm MC path
2.4 MLMC NE
m— MLMC N*

0 20 40 60 80 100 120 140
Optimization steps

Y1, Y2, Y3 in degrees

40

30

20

10

-10

-20

Design: yaw angle y1, Y2, V3

B "

am
| |
m ®
a [
:l = " k)
5 L] ‘lllll.- -"....'.-.I
'f_- '...‘.‘ ‘ll....A R
l-l.-‘-.' — 1y, MC v $%g P, nnnn
. £ =M
s " == y3MC
. ;': — y; MLMC N&
" ==y, MLMC NE
' == y3 MLMC NE
0 20 40 60 80 100 120 140 160

Optimization steps
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Results
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Summary:

« NOWPAC - Derivative-free trust region methods for constrained nonlinear optimization

« SNOWPAC - Stochastic derivative-free optimization using Gaussian process surrogates

« WindSE - Python Package for Wind Farm Simulations

« DAKOTA — Design Analysis Kit for Optimization and Terascale Applications

= New MLMC estimators for Standard Deviation and Scalarization coupled with SNOWPAC.

Future work and open questions: Links:
- Target different wind applications/setups « SNOWPAC: github.com/snowpac/snowpac
e From MLMC to MFMC « Dakota: dakota.sandia.gov

« WIindSE: github.com/NREL/WindSE

Sandia National Laboratories is a multimission laboratory managed and operated by National Technology and Engineering Solutions of Sandia
LLC, a wholly owned subsidiary of Honeywell International Inc. for the U.S. Department of Energy’s National Nuclear Security Administration under
contract DE-NA0003525. This paper describes objective technical results and analysis. Any subjective views or opinions that might be expressed in
the paper do not necessarily represent the views of the U.S. Department of Energy or the United States Government.
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