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Equipment Capabilities: o W
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7.5 MW TB and 15 MW TB

7.5 MW Test Bench

15 MW Test Bench Performance Specifications

Test Power 7,500 kW Test Power 15,000 kW
Maximum Torque 6,500 kNm Maximum Torque 16,000 kNm
Maximum Speed 20 rpm Maximum Speed 17 rpm
Inclination 4°to6° Inclination 6 °
Static Axial Force + 2,000 kN Static Axial Force + 4,000 kN
Static Radial Force + 2,000 kN Static Radial Force + 8,000 kN

Static Bending Moment + 10,000 kNm Static Bending Moment + 50,000 kNm



Equipment Capabilities:
/7.5 MW TB and 15 MW TB

Test Power
Maximum Torque
Maximum Speed
Inclination

Static Axial Force
Static Radial Force

Static Bending Moment

7,500 kW
6,500 kNm
20 rpm
4°to6°
+ 2,000 kN
+ 2,000 kN

+ 10,000 kNm

‘ ENERGY

CENTER

15 MW Test Bench Performance Specifications

Test Power 15,000 kW
Maximum Torque 16,000 kNm
Maximum Speed 17 rpm
Inclination 6 °
Static Axial Force + 4,000 kN
Static Radial Force + 8,000 kN

Static Bending Moment + 50,000 kNm
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Test Capabilities
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15 MW HIL Grid Simulator Virtual Test Bench Test Capability
Desired Desired Load
WT-DTF Utility Bus (23.9 kV) Speed —_— Motor Vector —_ LAU
> Controller Controller
Measured
Speed Load Vector
- l y
Measured fomnd p Load Vector Command
Speed
1
V | e——
u
—y Torque -
- Desired Torque —>  Controller
Motor Drive Ciig €

A

' Simulated Grid Experimental Bus Power © o Simulator
Recirculation

Virtual Test Bench Simulator Performance

Specifications
Test Power 15000 kVA Virtual testing and validation yes
Frequency range 45...65 Hz Multi-domain modeling yes
Sequence capability 3 and 4 wire Test protocol verification and VES
. . optimization

High Voltage Ride Through HVRT 100...145% — - -

. Flexible model configuration es
Low Voltage Ride Through LVRT 100...0% X - - 'gurat Y

) Uncertainty in analyses reduced
Unsymmetrical LVRT yes .
Operator training yes

Power quality PQ evaluation yes Students involvement high



System Configuration

Approximate location
= [ of control point
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Large disk rigidly
mounted to
driveline

Hydraulic actuators
push on disk to
create forces and
moments at hub
point
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Aerodynamic Load Analysis
* Wind and rotor, TurbSim & AeroDyn
e Full turbine simulation, FAST
e Generation of main shaft loads

Pure Simulation Based Analysis o " MATLAB
* Detailed component simulation L S Rme—— ~w | SIMULINK
* Collaborative multidomain modeling & G

* Involve faculty, students, etc.

Load, Speed

Hardware In the Loop Simulation - concurrent
e Model reduction for realtime ¥ REALTIME
* Integrate actual HMI hardware
* Virtual test bay

'
e
Full Turbine

Test Bench Operation
* Increased utilization
* Advanced test profile execution
e Confident performance
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Objectives

o Capture system level dynamic behavior
in addition to component dynamics

Models include:

 Multi-body Dynamic Elements
» FEA & Flexible Element
 Control Systems

Disturbances

e Actuator Models o e |
« Hydraulic Systems :: L ——-O—"~| Controller [~ System [
* Interaction Models DSk D‘ A -
e Aero elastic codes
i Measurements
« Electro mechanical A 5
IN te raCtI on Negative SRVA Positive Servolet® Pilot Valve ‘Amplifier
Spool *—— S, —» Spool
Displacement T Tl /N Displacement

Body of Disk

T
High spo - 20000
Subsystem I,ul,l ¥ | ::::::::..::.::_.
o\ b ) — 1
: _r _,\?:7__‘_ ____________ ottt o oo o—me [_ 5 r | ‘
hyd it | 3 o L LU
FyYy e E— {
I o— ¢ | ez L §E e
I m n J i = il._' =
Ll

Fluid Flow Subsystem
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Actual Test Rig
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Desired
Speed

Measured
Speed

Power ™

>

Motor
Controller

Recirculation

Desired Load
Vector 2 LAU

> Controller

Measured
Load Vector

Load Vector Command

Torque
Controller

Motor Drive [€—— ) Grid -
Simulator
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e How we have validated
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Measurement Uncertainty ) RS
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Sources of Un(_:ertainty Pressure Model

. %ne%esrlfﬁé?rt])érﬁsthe PIESSHT® P;j = Pa, + WN(0,0.115 bar) + ¢/ (—2 bar, 2 bar)
" Gisplacement of th disk Force Model

: Inertial effects F F + WN( mn) r Z/{( —b, b)

l_S'p'I'l'H‘e—e#e'et's—a't—t‘h‘e—l'e'\ﬂW i
Center of Force Assumed Load Model

Hub Point/Control Point

y=Tp
= [F, F, F. M, M.]
p=1[pip2 - Pl
More Comprehensive Load Model
\Loaﬁfifgigiﬁm [F, F, F, M, M.]" = f(F,2,y,2,a, 3,7, &7, %, Wy, Wy, W)
Net Actuator = K)P

Loads

Coupling
Loads

Control Point :'
@ads Z aF FGJ + WN( ]’ﬂ.’r?) ( b b) t)p)

R. F. Schkoda, “Static Uncertainty Analysis of a Wind Turbine Test Bench’s Load
Application Unit,” in 2015 American Controls Conference, Chicago, IL, July 1-3, 2015

Inertia and
Moment of Inertia
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Pressure Uncertainty

sSummary
Variance of Component
Aleatoric (statistical) | Epistemic (systematic)

Fy 44.37e6 514.2e6

Fy 11.09e6 128.6e6

F. 11.09e6 128.6e6

M, 0 0

My 113.80e6 1,319.0e6

M. 113.80e6 1,319.0e6
Displacement

Uncertainty Summary

T | y | z o | 8 | o
+20 mm +0.8 deg
Fy kN 0 0 0 0 0 0
Fy kN 0 25.1 0 0 0 0
F, kN 0 0 25.1 0 0 0
Mz kNm | 0 0 0 0 0 0
My kKNm | 0 0 30.1 0 174.8 0
M, KNm 0 | -30.1 0 0 0 -174.8
Conclusions

« Displacement based
uncertainty depends
heavily on the test

profile.

e Statistical uncertainly
can be helped with
averaging but the
systematic error

remains
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* Theoretical analysis 00
based on the systematic n A
error of the pressure Z 300/\/\ AW ~
measurement Ty \/ \\/ \/ \/
u nce rtal nty 100‘50 52 54 56 58 60

e 9594 confidence interval

+42KN which suggestsa ™
2% full scale error = 00|
 This interval is supported = 2o
by data from the slow 10
= = =g 100 150 200 250 300 350
oscillation repeatability Frcs [N
te St - :‘ - 'Erxhzzrrier:iiZIti)S% Cl) 2% FS Accuracy

e Observed interval is
28.75kN which suggests
a full scale error of
1.44%




Vertical Force (Fz) Evaluation
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 Theoretical analysis based
on the systematic error of
the pressure measurement
uncertainty

e 95006 confidence interval
+15kN which suggests a
0.75% full scale error

 This interval Is supported
by data from the step-up-
step-down repeatability
test

e Observed interval is
14.35kN which suggests a
full scale error of 0.72%

F, [kN]

F_[kN]

Error [kN]

300

200
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A\
{ Update stiffness values

e Static load profiles were used | MBRGfGx  TroAnm (o

| MBRG_fCy TrqArm_fCy

to validate force deflection | MBRGC: TroAmiie N | |---B-—- .

/ s

1 Optimization
1

1

DAKOTA

e U

behavior of the DUT model |

* Main bearing and gearbox
trunnion deflections were oo oo ERE b
studied

« Model showed similar o R

Algorithm

Min (¥ Cost_Function_Fx,y,z),

- 2 2 L]
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System Level Validation

« A series of filtered white noise g p— N
profiles are proposed

« The goal is to study the input-
output relationship of the test
bench across a frequency range

* Profile generation procedure

— Simulate a white noise series

— Filter this series to the desired cutoff
frequency (used a 4t order ——
Chebyshev filter with 0.5dB ripple) T

— Scale the series so that its
magnitude is within amplitude
bS)unds 99% of the time (see slide
2

— Further scale the signal so that its
derivative is within bounds 99% of
the time

« The resulting signals may be
applied one at a time or in
combinations (i.e. actuating the
tilt and yaw directions
simultaneously and actuating the
tilt, yaw, and thrust directions
simultaneously)
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 Multi-body dynamics
 Control systems

» Electrical/power systems
 Real-time execution
 Wind load simulation

 Test profile development
and evaluation

 Third party tool integration

Wind and Main Shaft Load Simulation Desired__| Desired Load |
Speed Motor Vector LAU
‘ ' o I == > Controller Controller
2(M)MNW'\"’WV‘W — h} Measured
~ = ——k Speed Load Vector
b Z 100 _ v
z 8 C and s
£ 0 e Measured <0mman Load Vector Command
E ool Speed
-200 —> |
APV el | ® . €
300
10 15 20 25 30 33 40
(a)
g - : e Torque | ]
‘é ~Desired Torque —>{  Controller
g T— Motor Drive [€ .G“d =
Power Simulator
Recirculation

Time (sec)

Time Domain Simulation
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Re-design LAU Controller for

improved Test Bench dynamic
performance.

Accuracy evaluation and Uncertainty Analysis of LAU performance

— Facs
—,

Afh AR
\

24 24 é )
Var(Y;) =E [Z AWNILS du? =
j=1 j=1 y

+2 3 e WNeaWN

g, }‘ \ % \ jkij<k
- \ \ ‘{ \ \ + 2. . ciiljcinld %.
VRVRyAYRY I VAN

TVV VIV

54 56
Time (sec)

24 24 o
i S
+23° 3 WA jealh ) /\
=1 k=1 =
S

AR
Error [kN]

\

100 150 200 250 300 350 “loo 150 200 250
1 F [kN]

Developing a procedure for
Main shaft-to-LAU alignment
within 0.1 mm accuracy.

refar

Rotor Inertia
Compensation through
Motor drive controller

(on-going ).

L
= [ { 3 .
B — {5



Hardware In the Loop (HIL) i
Nacelle Testing CENTER

1d.

Command
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Hardware In the Loop (HIL)

Non-Simulation Sower

Amplifier
Nacelle
Controller

Generator N

v =0\ o Vo
2 <

L,
R2 2
>

O
e e e e e e e e e e e e

,.
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System Input
Wind

System Input
Grid
Transient

Yaw Command

Pitch Command




W ENERGY
g INNOVATION

Nacelle Testing N/ CENTER

Hardware In the Loop (HIL)

Simulation Sower

Amplifier
Nacelle
Controller

v =0\ o Vo
2 <

Generator

L,
R2 2
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e e e e e e e e e e e e
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System Input
Wind

System Input
Grid
Transient

Yaw Command

Pitch Command
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 Objective of the Hil strategy is to have a controllable and
repeatable environment that the nacelle/DUT can interact with.
 The abstraction of the test bench is a key barrier to this goal.
— absence of blades and a tower
— negligence of pitch and yaw dynamics

— differing inertia between the test bench drivetrain and the nacelle
hub assembly

 The result is dissimilar boundary conditions

« Complete wind turbine
model running in parallel

Mechanical Test Bench | | Device Under Test

RENK TB Control

to drive motor

|

|
| l
" Fo, A | |
Wlth tESt benCh . : Fg;lyljyl;/liz |: WTG Control |
 Wind profile is predefined | T | [Wiechanical | [ Fiectrical || !

. | ML VOGS CRAE0L i ontroller | | Controller

« Pitch commands sent to | (TurbSim) Model | C“” o :
mo d e I : Aero Model Structural | : Pitch T |
I (AeroDyn) Model | Commands = I
° Torque Commands Sent | Full Wind Turbine Model (FAST) f'l |
to model and generator | P :
« Speed reference is sent R = |
| 1
I T
I |

Nacelle
y [
Drive :D LAU | Drivetrain :D Generator DTA
System | J‘/
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Drivetrain with no
tower or blades

Tin+Tgen —co=Jw

If Tgen IS known, then
Tin and o are dependent

-
TABLE 1. MODEL PARAMETERS
Parameter value
Ji 3.4e6 kgm?
J 1.2e6 kgm2
Cy 117e3 Nms/rad
o) 65e3 Nms/rad
k 2e9 Nm/rad
Val
7:‘.?]' -
6,
Emulated T,
System Tin | -
+ wq 1 +
PI T -
Cozref‘ - in S




HIL Proof of Concept

shows that the actual speed of
mass two followed the
reference signal rather well.

This result is not trivial
because it relies on the
assumption that the measured
speed of mass one may be
substituted for the measured
speed of mass two.

Compare this to the attempt at
assuming that the torque
measured at the motor is equal
to the torgue experienced at
the control point

7\

T

m 91 92
XXX k XXX

0.12

DUT Speed (rad/s)

o o
o
o0

=

e

=
(]
E

&
o
(S

Control Point Torque Variation (kNm)

Actuation Torque (kNm)

_IOO L L L
10 15 20 25 30
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= Speed Ref
Speed Act

15 20 25 30
Time (sec)

(a)

Torque Ref
Torque Act 7

0 15 20 25 30

Time (sec)
(b)

Time (sec)
(c)



Wind Speed (m/s)

Wind Speed (m/s)

Generator Torque Command (kNm)

L Simulated Results

15 . -
— Yy
— Wi
10} [=—Vz]
Wind Profile
st
0k
5 ! ‘ !
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25 Lm 40
Hor Wind Vel |
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Controller
3
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5
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4
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(a)
815 :
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Feedback
825
83 1
835
84
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Z 200t
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e Predefined wind
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profile

drives the test bench

* Overall response Is based
on interaction between
controller and test bench

Test Bench Response

F_Tracking
300

— Orig
— Input

2501
—— Outwut

150+

F Tracking
y g

40 S ——i—
—— Orig
20+ Input 1

Outout

kN

100
10

15 20 25 30 10 15 20 25 30
Time (s) Time (s)
(a) (b)
M, Tracking
400

— Input
Outout

z 0
=
200
400 - . v
10 15 25 30
Generator Torque Tracking Rotor Speed Tracking
8.15 2157
Orig — Orig
8.2} — Input nl —— Input
—— Qutout = Quioul
825} ]
83
20} |
8351 0
8.4 195t
10 15 20 25 30 10 15 20 25 30
Time (s) Time (s)
() (g)
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kNm

-220

-240 ¢

300
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260

280+
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* Main shaft torque error Y g At
IS comparable to errors i, S5
In other directions

 No significant difficulty
with trying to control
speed

TABLE 2. TRACKING ERROR RMS
Direction | Orig-Input | Input-Output

F, 0.22 6.33
Fy 0.00 11.32
F, 0.04 9.51
M, 76.92 24.85
M, 65.84 29.81
GenTorque 0.00 0.00
RotorSpeed 0.00 0.05
M, = 10.56
Units are appropriate for each
quantity (kN, kNm, RPM)
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Duplicate RDDS
Identical hardware and software
Test profile evaluation
Operation troubleshooting

Concurrent Real-Time System
Detailed component simulation
Collaborative multidomain modeling
Involve faculty, students, etc.

REAL-TIME

(

Speedgoat Real-Time System S
e .:‘:::‘ pefumane

i = speedgoat
Sue Ll

Nacelle controller implementation
Mechanical and electrical control ﬁ..,,“.;rﬁfl'm

real-time simulation and testing

Flexible real-time simulation

National Instruments PXI

Flexible simulation and DAQ i ! " "‘ﬁ:?'}-lli%“ﬂl\ElhTS

Execute NREL FAST code
Integrates with facility DAQ




ENERGY

Current Simulation Lab Setup [ ) iovanos

CENTER

Development
Workstation

National Instruments
PXI Chassis

o Concurrent system runs SIMPACK, MATLAB and Simulink models
In real time

NI PXI Chassis runs LabVIEW code and NREL's FAST in real-time
 Duplicate RDDS
« Communication via EtherCAT or reflective memory
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e \What we have modeled

e How we have validated
e How we are validating

e \What these models facilitate

— )

Understanding of the dynamic systems allows the equipment to be

used Safely, Efficiently, and Competitively.
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