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Quick Bio

—Undergrad in Physics at Ohio State University
o Research in Nuclear Energy, Cosmology

—Currently pursuing MS in Computational Science
at University of California San Diego

—Goals: Build scientific computing skills that allow
me to get involved in a variety of problems

o HPC, Statistics, Data Visualization




Sensitivity Analysis

Wind turbine simulations are complex and often mask the relationship between input parameters
and simulated outputs due to multi—scale nonlinear interactions across turbulent flow fields.

Sensitivity Analysis:

“The study of how uncertainty in the output of a model can be apportioned to different sources of
uncertainty in the model input” (Saltelli et al., 2004)

Motivations:
—Searching for errors in the model
—Research prioritization

—Model simplification



Input Parameters

ti : turbulence intensity

ws : wind speed

alpha : shear exponent

yaw : fixed nacelle angle relative to u—component wind

rho : air density

tor : generator torque constant

aubu:
av,bv:

aw, bw:

spatial coherence parameters

~N(11.12, 6.50)
~N(6.49, 1.67)
~N(0.249, 0.171)
~N(7.65, 8.00)
~N(1.057,0.0281)
~N(0.000442,0.00005)

~U(1.5, 26.0), ~U(0, 0.08)
~U(1.7, 18.0), ~U(0, 0.0045)
~U(2.0, 17.0), ~U(0, 0.11)



Quantities of Interest

Edgewise Direction
<€ > Flapwise Direction

—Generated Power (kW)

—RootMyb1 (kN-m)

o Blade 1 flapwise moment at the blade root
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—RootMxb1 (kN-m)
o Blade 1 edgewise moment at the blade root
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Simulation Workflow

TurbSim v2 is used to create turbulent wind time series

|

OpenFAST: Aero—Servo—Elastic tool then simulates the wind turbine

For a 630 second real time simulation, ~ 1400 seconds of cpu time required

Each simulation is serial, no communication required between simulations —> embarrassingly parallel




Elementary Effects for Screening Parameters

Y: Qol
Y = f(Xl,Xz, ...,Xk)
f: simulation + post—processing

X1,X5, ..., X : k input parameters

FXe, s Xi F D, o Xi) = Xy s Xy oo X30)

5 A: perturbation

EEl' —

T : number of starting points

1 1% r
.=_E j -*=—E EE’ 1 -
=~ ) EE; W= 1I il o; = ;E:(EEi]—Mi)
]= .
j=1

Measure of sensitivity:
Higher values highlight
important effects and that
the model is sensitive to
input variation

Measure of interactions
and/or non—linearity.



| Latin Hypercube Sampling + Perturbations

(0,1) (1,1) FXy, 0, Xi + A, o, X)) — Xy, o Xiy oo, X))

@0 e :
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A= +0.3
3 , ‘ Alternated sign for each sample to prevent a bias toward the upper end of the distribution
‘_‘ If boundary reached, flipped sign again to stay in input domain.
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LHS Interval Sampling
LARIR,BLALI. B

Example of k=2 parameters, r=4 samples

r - (k + 1) = 12 simulation starting points
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” x—axis: number of turbulence seeds measure is averaged over
UL ; y—axis: measure value (u; or g;) O
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Convergence of EE measures for Generated Power
r-(k+1)-ts=30-13-10 = 3900 simulations



Elementary Effects
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Wind speed is significantly
more influential than other
parameters can be taken
out of consideration in
future sensitivity analyses



Elementary Effects

B Generated Power

BN RootMybl
BN RootMxbl

fi alpha yaw rho tor au b u awv b wv aw b w
ti alpha yaw rho tor au bu awv b v aw b w

Coherence parameters in the v
and w components are orders
less influential than other
parameters and can be taken out
of consideration in future
sensitivity analyses

.



12 | EE Sensitivity Rankings

Generated Power Flapwise Bending Moment Edgewise Bending Moment
WS 89.6 WS 31.3 WS 4.50
yaw 6.53 yaw 2.47 yaw 0.33
rho 3.89 rho 2.00 tor 0.29
alpha 2.34 tor 0.64 rho 0.19
ti 2.10 alpha 0.47 ti 0.14
tor 0.73 ti 0.16 alpha 0.13
b_u 0.63 b_u 0.14 b_u 0.06
au 0.42 a_u 0.09 a_u 0.04
b_v 0.032 b_v 0.013 b_v 0.005
a_v 0.029 a_v 0.013 a_v 0.004
b_w 0.009 b_w 0.003 b_w 0.0017

aw 0.006 a_Ww 0.002 a_Ww 0.0012




Comparison with Robertson Parameter Sensitivity Study

Parameters

=
=

o (g

®

Flapwise Bending Moment

yaw
rho
tor
alpha
ti
b_u
a_u
b v
a_v
b w
a_w

2.47
2.00
0.64
0.47
0.16
0.14
0.09
0.013
0.013
0.003
0.002

Edgewise Bending Moment

yaw
tor
rho

ti
alpha
b_u
a_u
b_v
a_v
b_w
a_w

Robertson, Amy, Latha Sethuraman, Jason Jonkman, and Julian Quick. 2018.
“‘Assessment of Wind Parameter Sensitivity on Ultimate and Fatigue Wind Turbine

Loads: Preprint.” Golden, CO: National Renewable Energy Laboratory. NREL/CP-5000-

70445. www.nrel.gov/docs/fy180sti/70445.

0,33
0.29
0.19
0.14
0.13
0.06
0.04
0.005
0.004
0.0017
0.0012



Elementary Effects: Interaction Regions

1.0 < p; i—th variable has non-linear and/or high
interactions, non—monotonic effects

0.5 = p; = 1.0 i-th variable has quasi-monotonic effects

0.1 < p; 0.5 i-th variable has monotonic effects

p; < 0.1 i—th variable has almost linear effects




Elementary Effects: Generated Power
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non—linear and/or high interactions,

non—monotonic effects:

au bu

quasi—monotonic:

tor, alpha, ti, yaw, ws



Elementary Effects: RootMybl

non—linear and/or high interactions,
non—monotonic effects:

2.0

1.5 A
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e G
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Elementary Effects: RootMxbl

0.5
0.4
yaw
bl
® i
® Wws
034 ® alpha
® Yyaw
e rho
@ tor
|
» au
® bu
av
® bv
0.2 4 -
tor $ 24
- rho ® ® bw
ti
b_u )
®
0.1 ¢ alpha
a_u
0.0 T T T T
0.0 0.1 0.2 0.3 0.4

0.5

non—linear and/or high interactions,

non—monotonic effects:

a_u, b_u, yaw, ti

quasi—monotonic:

alpha, rho, tor



| Variance-Based Sensitivity Analysis

High Dimensional Model Representation:

k k
Y=FX)=fo+ ) i)+ ) fi(XuX;)+

i<j

All terms in decomposition are orthogonal:
fo=E()

fi=EXY |X) - fo

fij =EW Xy, X)) — fo— fi —f;

ot frz Ky Koo Xy

fi is the effect of varying X; alone

fij is the effect of varying X; and X; simulataneously
(along with individual variations)



| Variance-Based Sensitivity Analysis

FOX) = fo"‘Zfz(X)'i‘zfu(Xu X))+ + fiz e Xy, Xi)

i<j

Square and integrate both sides:

Var(Y)— ZV +2Vl]+ +V12 k

i<j

The decomposition of the output is now in quantified terms for each input (and interactions)



Main Effect

Vi Var; (E.;(Y |X;)) »  If the conditional expectation has a
5= Var(Y) - Var(Y) large variation across X; values, then
X; is important

The main effect sensitivity index corresponds to the fraction of the uncertainty in the output, Y,
that can be attributed to input X; alone.



Total Effect

Var(Y) = Var(E(Y|X.,)) + E(Var(Y| X-;))

E(Var(Y| X.;))= Var(Y) — Var(E(Y|X.;))

l

Remaining variance of Y that would be left, on average, if we could determine the true values of X_;.
Average calculated over all possible combinations of X_;.

o - E(Var(Y| X.;))
L™ var(Y)

The total effects index corresponds to the fraction of the uncertainty in the output, Y , that
can be attributed to input X; AND its interactions with other variables.



Quick Example

3 factor model: X1, X5, X3

1= 51+5; +5;3+ 512+ 513 + 523 + 5123

N |/

i N //
Main Effect nd order

interaction

Sty = S1+ S12 + S13 + S123

N

Total Effect for X;

\

3rd order
interaction



Sampling and Estimators

Each row is an input vector:

0.500 0.500 0.500
0.250 0.750 0.250
Sob(4,3)=| 0 J50 0.250 0.750
0.125 0.625 0.875
1 )
A
0.500 0.500
A= 0.750 0.250
0.250 0.750
0.625 0.875
0.500 0.500
a2 0250 0.250
0.750 0.750
0.125 0.875
0.500 0.500
a1 0250 0750
0.750 0.250
0.125 0.625

N (rows) = 4, k(columns) = 3,

N (k + 2) = 20 simulation starting points

Janon et al estimator:

Sy _

JPA(x)dx — [ [ f(x-q, ) f(Xa, Ta)dx!,dx

[ F(x)2dx — ([ f(x)dx)®

T B fUDn — GREF B + FAD)?

Var(Y)

Jansen estimator:

St

d

J PP(x)dx — [ [ f(x-a,z) f(X-a, Ta)dx}dx

J f(x)?dx — ([ f(x)dx)’
NZ(f(A)n f(A)n)?

Var(Y)



Generated Power: Main Effect Index

Convergence of Indices for Generated Power
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. ti alpha  yaw rho tor a_u b_u
Main Effect 0.0510 0.0691 0.678 0.134 0.00874 0.0125 0.0235

ti alpha  yaw rho tor a_u b_u
Total Effect 0.0837 0.0720 0.685  0.134 0.00900 0.0221 0.0389

Generated Power: Total Effect

3.72%
2.12%

0.86%

12.83%

65.57%

i malpha myaw ®rho Etor HMa u Hb_u




ti alpha yaw rho tor a_u b_u
Main Effect -0.00745 0.0119  0.636  0.271 0.0448 -0.00121 0.00593

ti alpha  yaw rho tor a_u b_u
Total Effect 0129 0.0215 0647 0271 00462 0.0104 0.0189

Flapwise Bending Moment: Total Effect
b_u alpha ti

aw
62.93%

mti malpha "yaw Emrhomtor ma_umb_u



Variance-Based Sensitivity Analysis

f =sin(2rzy — 7) + Tsin?(27zs — 7) 4+ 0.1(27za — 7)* sin(2mzy — )

.

A pproach Func Ewval Grid Type &1 Sa Sy Sy Sy St1q
LHS 5000 - 2.88446e-01 4.42871e-01 5.52915e-03 5.93029e-01 4.00977e-01 2.32240e-01
LHS 25000 - 3.05843e-01 4.37050e-01 -1.87194e-02 5.66730e-01 4.30240e-01 2.48935e-01
LHS 50000 - 3.28016e-01 4.34040e-01 -8.27517e-03 5.61866e-01 4.45603e-01 2.41798e-01
LHS 250000 - 3.15380e-01 4.42334e-01 5.15642e-03 5.55366e-01 4.43332e-01 2.46431e-01
LHS 500000 - 3.14020e-01 4.42135e-01 -9.13024e-04 5.60501e-01 4.33634e-01 2.36443e-01

Tang, G., laccarino, G., and Eldred, M.S., "Global Sensitivity Analysis for Stochastic Collocation Expansion, paper
AIAA-2010-2922 in Proceedings of the 51st AIAA/ASME/ASCE/AHS/ASC Structures, Structural Dynamics, and
Materials Conference (12th AIAA Non-Deterministic Approaches Conference), Orlando, FL, Apr 12-15, 2010.



Main Effect ti alpha  yaw rho tor a_u b_u
0.0388 0.0390 0.400 0.0551 0.424 0.00945 0.0143

Total Effect ti alpha  yaw rho tor au b_u
0.0521 0.0518  0.403 0.0604  0.441 0.0137 0.0212

Edgewise Bending Moment: Total Effects

42.28%

yaw

mti malpha

yaw HErho HEtor Ma u Hb_u



Generated Power: EE and VBD

EE Sensitivity: VBD Total Sensitivity:
yaw 6.53 yaw 0.685
rho 3.89 rho 0.134
alpha 2.34 ti 0.0837
ti 2.10 alpha 0.072
tor 0.73 b u 0.0389
b_u 0.63 a_u 0.0221
a_u 0.42 tor 0.00900

Different rankings!



Generated Power: EE and VBD

Elementary Effects: Generated Power

yaw

alpha
yaw
rho
tor
au

0000000

av
b_v
aw

b_w

o rho

w
o000

b u alpha
L

a_u, b_u predicted as non—linear and/or highly interactive:

. ti alpha yaw rho tor a_u b_u
Main Effect 0.0510 0.0691 0.678 0.134 0.00874 0.0125 0.0235
ti alpha yaw rho tor au b_u
Total Effect 0.0837 0.0720 0.685 0.134 0.00900 0.0221 0.0389
T — M 0.391 0.0404 0.01 o 0.028 0.436 0.399
T

=> EE somewhat predicts interactions



Flapwise Bending Moments: EE and VBD

EE Sensitivity VBD Total Sensitivity
yaw 2.47 yaw 0.647
rho 2.00 rho 0.271
tor 0.64 tor 0.0462
alpha 0.47 alpha 0.0215
ti 0.16 b _u 0.0189
b_u 0.14 ti 0.0129
a_u 0.09 a_u 0.0104

Different rankings!




Edgewise Bending Moments: EE and VBD

EE Sensitivity VBD Total Sensitivity

yaw 0.33 tor 0.441
tor L yaw 0.403
rho 0.19 rho 0.0604
ti 0.14 ti 0.0521
alpha 0.13 alpha 0.0518
b_u 0.06 b_u 0.0212
a_u 0.04 a_u 0.0137

Different rankings!




Polynomial Chaos Expansion

Polynomial chaos: spectral projection using orthogonal polynomial basis fns

00 Wo(€) = (&) voléa) = 1 _Disribution _ Density function Do Fogh Theton  SUppon g
: Wi(€) = ¥al&) dol&a) = & Normal v, madial BOIN LS 7) s B
- . " ' ViP5 == Gclegaiey o= TG L Legendre P, (z) I [-1.1]
R _ a.} le.} (5) US!ng :Irﬁf';] js ‘J’E:T:'.j(:"; = -';_1 Beta % Jacu.nhi!'!."'“'l'.r} (1 =x)*(1 +x)# [=1,1]
:' : 3(§) = () vulla) = § Exponential 5= Laguerre L, (2) i 19, o0}
J:U e(8) = PYills) i(ba) = &6 Gamma rl—‘T‘. Generalized Laguerre Ly (z) 2t [0 6]
Ts(€) = (&) dal&) = -1
* Estimate a; using regression or numerical integration: (R, ;) 1 /R@ (€) de
s = - b— i 0 C
- . J o2 o2y | J EAS
sampling, tensor quadrature, sparse grids, or cubature (w5 (5! Ja

—Truncate polynomial at some finite level, P

—Uses output value in estimation of coefficient

—Once coefficients are estimated, can calculate Main Effect and Total Effect Indices
—A fitted polynomial can be integrated analytically. No need for MC
-Won’ t have same numerical issues as MC Integration resulting in nonsensical negative indices

—Michael Eldred,
DAKOTA Manual



Polynomial Chaos Expansion

Sparse-grid level Simulations required

2 173

3 1179 X
4 6355 X
5 28678 X

X: could not figure out reason DAKOTA crashed after initial cycle of
simulations.(Support suggested hardware failure)

**Take PCE results lightly, just wanted some comparison



(Unconverged) PCE Total Sensitivity:

yaw 0.737
4 rho 0.143
1 alpha 0.0809
ti 0.0307
4 tor 0.00947
- b_u 0.00117
) a a_u 0.00107
2 04
- VBD Total Sensitivity: EE Sensitivity:
i 15 g yaw 0.685 yaw 6.53
4 ; rho 0.134 rho 3.89
- e o ti 0.0837 alpha 2.34
2 16 alpha 0.072 ti 2.10
b_u 0.0389 tor 0.73
4 a_u 0.0221 b_u 0.63
i tor 0.00900 a_u 0.42

L | |
o h

[
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rootmybl Sobol' indices:

=
=
£
I

|

Total

(Unconverged) VBD Total Sensitivity

1.1234331224e-03 2.4026740583e-03 ti

2.3518945871e-02 2.4294130328e-02 alpha

6.3417383047e-01 6.3530841011e-01 yaw yaw 0.635
2.8478609594e-01 2.8530717214e-01 rho b 0.285
4.8117560725e-02 4.8210668736e-02 tor

1.8593941077e-03 2.7143513169e-03 a u tor 0.0432
3.459032412%9-03 4.7243006583e-03 b _u alpha 0.0243
. i il . i b_u 0.00472
4.3609657035e-06 ti vaw a_u 0.00271
6.6385889831e-04

m;pté YVaw ti 0.00240

]
i
1 Lad
1 L
1
Ll
L
I ']
[a]
LI
LM
T
|
1 I‘_I L1
| [ LI C
W ot ot
4
J
[}

8075040235e-05 alpha rho
4.3220455694e-04 yaw rho
L T3R5 T T VBD Total Sensitivity EE Sensitivity
3.9229723924e-05 alpha tor
B.84377T7T461%e-06 vaw tor
1.5065468060e-05 rho tor yaw 0.647 A 2.47
4.10993691362-04 ti a u rho 0.271 rho 2.00
1.1781587344%e-05 alpha a u tor 0.0462 tor 0.64
1.2306542571e-05 yaw a u
1.7257621891e-05 rho a u alpha 0.0215 alpha 0.47
7.1301567012e-06 tor a u b_u 0.0189 t 0.16
B.3835559126e-04 ti b u ti 0.0129 b u 0.14
7.5602927787e-06 alpha b u
1.3204900618e-05 vaw b u a_u 0.0104 A 0.09
5.1397746440e-06 rho b u
5.5204627576e-06 tor b u
3.9548722326e-04 a u b _u




rootmxb]

(Unconverged) PCE Total Sensitivity

yaw 0.349
tor 0.343
rho 0.124
alpha 0.109
ti 0.0384
a_u 0.0319
b_u 0.0312

VBD Total Sensitivity EE Sensitivity

tor 0.441 yaw 0.33
yaw 0.403 tor 0.29
rho 0.0604 rho 0.19
ti 0.0521 ti 0.14
alpha 0.0518 alpha  0.13
b_u 0.0212 b_u 0.06

a_u 0.0137 a_u 0.04




Table 7: Sobol’ Indices for the Ishigami Function

f =sin(2rzy1 — w) + Tsin®(2wzs — 7) 4 0.1(27z3 — w)* sin(2wx1 — 7)

A pproach Func Ewval Grid Type S1 Sa Sa Sy Sy S1q
LHS 5000 - 2.88446e-01  4.42871e-01 5.52915e-03 5.93020e-01 4.00977e-01 2.32240e-01
LHS 25000 - 3.05843e-01  4.37050e-01  -1.87194e-02  5.66739e-01  4.30240e-01 2.48035e-01
LHS 50000 - 3.28016e-01  4.34040e-01  -8.27517e-03  5.61866e-01  4.45603e-01 2.41798e-01
LHS 250000 - 3.15380e-01 4.42334e-01 5.15642e-03 5.55366e-01 4.43332e-01 2.46431e-01
LHS 500000 - 3.14020e-01  4.42135e-01 -9.13024e-04  5.60501e-01  4.33634e-01 2.36443e-01
PCE 8 tr2 1.00000e-00  3.62082e-32 3.62082e-32 1.00000e-00  7.01534e-32  2.12723e-31
PCE 27 tr3 4.15063e-01  4.30941e-01 2.69333e-32 5.60050e-01  4.39941e-01 1.44995e-01
PCE 64 trd 3.99679e-01 3.15380e-01 2.17138e-32 6.84620e-01  3.15380e-01 2.84941e-01
FCE 216 trb 4.05169e-01 2.80300e-01 1.56108e-30 7.19700e-01 2.80300e-01 3.14531e-01
PCE 25 sp2 1.00000e-00  1.36887e-31 0.00000e-00 1.00000e-00  1.36887e-31 0.00000e-00
PCE 177 spd 6.71159e-01  4.44492e-02 1.83743e-07 9.55551e-01  9.59348e-02  2.32906e-01
PCE 1073 spb 3.69705e-01 3.54341e-01 3.14446e-19 6.45659e-01 3.54790e-01 2.75516e-01
PCE 6017 sp8 3.16646e-01  4.37727e-01 1.91006e-31 5.62273e-01  4.37727e-01 2.45627e-01
PCE 32001 spl0 3.13906e-01  4.42411e-01 2.04501e-30 5.57580e-01  4.42411e-01 2.43684e-01

Tang, G., laccarino, G., and Eldred, M.S., "Global Sensitivity Analysis for Stochastic Collocation Expansion, paper
AIAA-2010-2922 in Proceedings of the 51st AIAA/ASME/ASCE/AHS/ASC Structures, Structural Dynamics, and
Materials Conference (12th AIAA Non-Deterministic Approaches Conference), Orlando, FL, Apr 12-15, 2010.



Parameters Conclusions

—Wind speed is orders of magnitude more important than any other parameter
o SA purpose: research prioritization. Allocate resources to measure uncertainty, physics more.

—Across the studied Qols, yaw had high sensitivity
o SA purpose: research prioritization. Allocate resources to measure uncertainty, physics more.

—Some parameters could be insignificant for one Qol, but very significant for another Qol
o tor had highest sensitivity for edgewise moment

o SA purpose: searching for errors in the model

—Spatial coherence parameters consistently bottom of rankings
o SA purpose: model simplification. Fix these values and simplify simulation.



Methods Conclusion

—Elementary Effects
o Computationally cheap

o Filters out extreme parameters for future studies
o Good proxy for total sensitivity
> Qualitative

—Variance Based QMC
o Computationally expensive
o Numerical issues with subtraction
> Slow convergence rate
> Quantitative: Main and Total Indices

-PCE

o Exponential convergence rate
> Provides quantitative indices via polynomial coefficients
> Provides functional relationships between a set of output response metrics and set of input variables

(e}

DAKOTA parallelization issues and frequent crashing
Can fix this with more time

> Tough math behind the scenes, difficult to code



Thanks!

—Access to top tier supercomputing resources

—Improved Linux, shell-scripting skills, scaling code, managing large amounts of data

—Global Sensitivity Analysis techniques

—Learned about wind energy and the importance of simulations in field
o Got to climb SWIiFT turbine!



