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Previous Work in CM for Wind Turbines

#Many Researcher have done work in several directions

L

#P Caselitz and Giebhardt have worked for several years
in Germany on CMS for WTs

# Institute for Solar Energy
Tech ISET Germany

# Discussed the CM
development of a 600 kW
WT

# Remote Access is used by
interconnecting the data
acquisition module and PC




Previous Work in CM for Wind Turbines

# Separate PC for

" Data acquisition

# Pricing Issue for B: H:
Smaller WTs 3 b .

Profibue ! Etfemel ! RS 485

# A solution is
required... !

[lata Aquisltion, Remale Anees
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Purpose of Research — Problem Statement

# An efficient and cost effective solution for CM

L

# CM can not be Generic initially

# CM cannot monitor every thing without a

reason... !

# To Identify the components that will require
CM a in-depth Reliability Analysis is required
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AOC 15/50 — Wind
Turbine System

L

¢50 K Watt system

eDownwind , Stall
regulated

ePassive yaw

oCut-in wind speed
4.6m/s

oCut-out wind speed
22.4m/s

eRated power 50Kwatt
@12m/s and up.




AOC 15/50 components

Integrated —
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System Description and components

—» Rotor

1. Blades

2. Bolts {10)
3. Magnetic Breaks

4. Hub

4>| Drive Train [—W

5, Gearbox
. Generator
7. Parking Brales

- Tower /Support

»  Controller

8. Yaw system
0. Tower
10. Anchor Bolts




Methodology adopted for
Reliability Analysis

#The steps
carried out to
conduct the
analysis
depicted in the
flow chart.

Systern and component
identification

g

Select one
component

Specifiing Failure Ilode

Select Failure Model

Relighility &nalysis

relishility




Failure Modes
# Reliability Analysis require failure rate data for all

 components.

FM Dependent on Working environment of
component.

Ny i
: i Ratidom Fadutes : i
J + Eatly failures ! “'--‘
'. : : o Wear out failures
¥ ! _,-rf | ae




FMEA and Selection of Reliability Models

Components Failure Modes | Consequences RA Model
Blade Fatigue System failure Physical Reliability
- Models
Hub Fatigue System failure Physical Reliability

Models
olts Shear 2 Bolts Failed = PhYSiCQL('};';ab"iW
failure/Fatigue | System Failure
erodynamic Fatigue 2 Brakes Failed |  Wiebul Reliability
reaks = Sys Failure
d:;enerator Random System Failure Random Failure Model
Gearbox Random System Failure | Random Failure Model
Parking breaks Fatigue Unable to stop. | Wiebul Refability
Yaw bearing Fatigue Degraded Wiebul\l/ll (ijeelilabiliw
Performance
Tower Fatigue System failure Physicl\?gg;';abi"tv
Controller Random System failure | Random Failure Model




#Exponential Reliability Model (Random
Failures)

% R(t) = @ -t

#\Wiebull Reliability Model
R(t)= exp-(t/6)°

#Physical Reliability Model

Governed by Stress distribution and Strength
characteristics of a component




Reliability Analysis - Reliability Block diagrams

BEralkes
QMagnetic) (Botts > CHUB D

R ritor = R take Maz = B 1lade ¥ B von: B 5uE

el

E O _train — I 24 Gearbox & R Generator & I 24 Erales Assembly

Bolts

E Support — K Tawr sys & R Torarer & R Anchor-Bolts

R..=R R R R

Rotor X D_TrainX Supportx Controller



Reliability Analysis — RANDOM FAILURES

3 — Components are Analyzed using CFR.

N

# (Generator
# Gearbox

# PLC
Failure Rate for Generator

Mt) =0.796 x 10 - / hr

R(t) = 0.997 for t = 8760 hrs (1 year)




Reliability Analysis — TIME DEPENDANT FAILURES
# 3- Component Failing due to Fatigue - Wiebull

zl&ellabjﬂty model.
Failure data available for Yaw bearing: Data

Manipulation required for Tip and Parking
brake

Tip Brake:
A=100.00x10 % /hr = MTTF = 10,000 hrs

Using Modeling Equation for Wiebull Model

MTTF = 0 I'(1 +ﬂ )




Reliability Analysis — TIME DEPENDANT FAILURES

#Unknown parameters — Selection of B(shape
-parameter) value with regards to following
table.

Table for B Values (Ebeling 1997)

Values Property
0<pB<1 Decreasing Failure rate DFR
B =1 Exponential Model or Random
Failures
1<B<2 Increasing Failure rate IFR
B=2 Linear Failure: Rayleigh Distribution
Model
B>2 Increasing Failure rate IFR
3<B<4 FR Values approach Normal
distribution




Reliability Analysis — TIME DEPENDANT FAILURES

# [ = 1.85 for Tip breaks.
# 0 =11260 Hrs

1
MTTF=6 (1 + 3 )

R(t) = 0.5334 @ t = 8760 hours

Similar approach is used to determine the
Reliability for Parking Brakes with = 2.2




Reliability Analysis — Physical Reliability Models
# Blades, Bolts, HUB.

4l

% Involve Two main Step.
1. Static Modeling.
2. Dynamic Modeling.

# Static Model — specifying the failure mechanics
, Structure type.

# Many model available — here used CONSTANT
Strength and RANDOM Stress Model.




Reliability Analysis — Physical Reliability Models
Blades.

R = o(~ Ln —~_) "

s= shape parameter for lognormal
stress distribution taken to 0.1

Kk = Strength of Material

Xmode = Xmed/exp (52) J

_Maximum Stress

X mode =



Reliability Analysis — Physical Reliability Models
# Stress on Blade Root

A
Y

L

T=C7%prR?U?  (Manwel 2002)

R
Mg = ljr[l/Z ot 8/9U2 2r] dr (Manwell 2002)
B
0

2T
My = R =—
3B
_ C
O max = MB I_
b




Reliability Analysis — Physical Reliability Models
Static and Dynamic Modeling

#R=p(! Ln <y

X

med

®R =exp 1Rt (Epeling 1997)

Loading Model for WT Blades (Manwell 2002)
m=60Kn,, H,Y

FT Dynamic Reliability (Periodic Loading)

rotor

R, .. =0.9068
Similar Procedure : Bolts, Hub & Anchor Bolts




Markov Analysis

# Markov model predict
-4-on-basis-of reliability

data how likely the M
system is going to be in

a certain state. @ y

Al

Standard Markov Equation
P_y (U —e- (M1 +A2 +A3 + A5) t

Pz (t) = e M+t _a@-(2A1+12)t

p3 (t) = et —@(#)t

p4 (U —e (A4 +2) t e -(A3+14 + A2) t

Ps (¥) = 1-P, (D) = P ()) =P, (D) = P, (£)




Markov Analysis

On the basis of model we have the individual
probabilities of being in every state.

S.No State of System Probability @ t = Probability @ t = 8076
8760 x2
1 P, () 0.3326 0.1106
2 P, (t) 0.035 0.0024
3 P. (©) 0.3868 0.1725
4 P, () 0.0395 0.309
5 P. (©) 0.2066 0.68294




Fault Tree Analysis

Probability of Top Event P(T) = System

Failure
4
P (T = I:rotor U I:controller U |=derive train U F
P (T = [Fblades Fbolts U FHub U Ftipbrk] U [FControIIer] U
I:generator U gearbox U |=parkmgbrk] U [Fyaw
P(T) =0.6427
R(T) = 1= P(T)
R(T) = 0.3573

Markov Analysis

33.26% availability in first year of
iInstallation the results for both

are fairly close

tower suppor

TNaie

F=1-R
Bi=Blade
Ti=Tuhe of Hub
Thi = Tip Break
hi = Balt

Rotor

——
| Controller | | DriveTemin | | Tower & support|

[Blades|  [Bats | | Hub | [ Tip Breaks |

hnd
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Reliability Analysis Result and Identification of

Problematic Components

Component Reliability Failure rates
Tip Brake R = 0.53340 1.00 x 104
Yaw Bearing R =0.90130 0.115x 10
Generator R = 0.99305 0.769 x 10 6
Gearbox R = 0.99440 0.63 x 10

Parking Brake R = 0.9990 2.16 x 10°®

Blades R = 0.90680 1.116 x 10>
Bolts R = 0.90680 1.116 x 10
Hub R = 0.90680 1.116 x 10
Tower and R = 0.99970 1.000 x 10~

Anchor Bolts




Adopted Methodology for CM System Design

Lowrest Senstrvty

| Relishility Aralysis Reailts |

Y

Classifieaton of conponent with
tegards to senstivay

Hiver mach
setsitnre the
COTponent
se?

Medom Sensitrty

r

Parameter Selection for

Most Senstive Cotrpanerts with
Conponerts Eandom Fahire rates
r {Drive Train}
Selection of 3
i easrahle Ptk Vihration Analysis
v tequired

Design Specifinations
and Sersor Selection

¥
[nstrmmert stom and
development of

montonng test bench

Data aequsitrn imterfare and
developmert of Montommgz
Alzortlm

'y
.l

components
Component | Sensitivity Selected
Parameter
1. Tip Brakes Highly Sensitive — Current
Wear out Effects Sensing
2. Yaw bearing Highly Sensitive — Strain
Wear out Effects Measurement
3. Generator Random Failure — Vibration
Low sensitivity Monitoring
4. Gearbox Random Failure — Vibration
Low sensitivity Monitoring

5.Parking Brake

Wear out but
longer life

Visual inspection




Experimentation and Analysis for CM system
Design

Imentation and
nalysis was performed
efore proceeding toward
he system design

n Inherent Imbalance of
ass was observed on the
erive Train

£=9.65x107 m/m

AR = ¢. (GF) .R
AR = 0.009118 ©
AV o AR

¢ Vibration Monitoring — Drive
Train

............

WWWWWW
BBBBB

Center of Rotation




Proposed CM system Block Diagram

# The Proposed CM setup(Test Bench) will be able
-4—to-provide Signals for three parameters strain,
current and vibration.

® The System: Electronic interfaces & Independent
SBC

5,

Atrain: Jm WV m

Conditioned Signals |g | Conditioning
INPUT to Analog port Board: A
of Bingle Board ot For three

selected

paramE tErS \\
Vibration Sign

Cotmputer for Analysis
and Monitoring 4

Interrupt Generated for PLC
Fy
Instrumentation Test Bench and
Signal Generation setup for
STRAIN, CURRENT and
VIBRATION

All Bignals CALIBRATED in Range of 0-5 volis




Sensors Selection (Current — Tip Brake)

# Power Supply- Tip
““brake: 0-5A/120VAC

# Sensor Detecting
Range.

# Dynamic Operation
Range in Harsh
Environments

# SCDO5PUN — CUI Inc

oy

* &+ *+ »

1. 12 spply
2. Chatpat
3.HAC

4. Conrion




Sensors Selection (Strain — Yaw Bearing)

# Metal Strain Gauge
# Bridge Configuration

# Half Bridge
configuration

#GF = 2.0;, R =120Q

# Two Gauges provide
Temperature
Compensation

:Rdémﬁ s el = ol o=

i o oo Fes

203 R i TS o 5
T




Sensors Selection (Vibration Analysis)

# Piezoelectric sensors are typically used.

A
\V

# Sensor Detecting Range (Frequency).

¢ Dynamic Operation Range in Harsh Environments

¢ ACH-01: Manufactured “"Measurement Specialist Ltd”

|_E|_I—_|1 10 P—# ACH-01

r”) SERIAL #

381
hl‘i'-%
i
i
i
E
¥
S

ACH-01-03 with Shielded Cable




Layout Design of Instrumentation Board

# Based on Selected Sensor the following Layout was
_designed to capture the signals and Acquire Data for

_6

analysis and Monitoring.

Legend:
® Strain Sensor 12000 (3m\)

® Current sensor 0-54
Wibration Zensor ¥mV/g,

e SHIFT STAGE

‘—

+— AMPLIFIER SHIFT STAGE

AMPLIFIER

Iamduinn

voltage

£ SHIFT STAGE

AMPLIFIER

pIeog a[oUI§ JO 1L OJ Fo[eUY

Strain Yariation
Setup

Current

Yanation Setup

\.‘r’
RMS- DC 4#”’.‘

Yibration Source




Test Bench Setup
Strain Variation Setup

# Signals Source — _,
“—Test Bench Setup
for three parameters
Current Variation Setup




Designed Instrumentation Board

# Board Operate at supply of + 15 volts DC

# Separate on board supply setup for Current
Sensor

# Output signal protection for analog channels




Single Board Computer (SBC)

# JK-micro system Pico
“7~Flash digital board

# Pico Flash — Pico I/O
analog expansion

# Equivalent to Intel 186
processor

Built in Dos Env.
# Cand C++ lib

# 12 bit 11 analog
channel and 2 digital
ports for output and
input

# Interfaced with LAPTOP
using HyperTerminal

10 SR |

e S S W —




Signal conditioning and Calibration - Strain

Strain Instrumentation Circuit
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# Input Strain Vs Output Voltage

# DC — offset

Y (strain) = 0.0064 x3 — 0.052 x2 + 0.14 x — 0.11




Signal conditioning and Calibration - Current

Shift and Amplifier Stage
l i
RMS to DC comverter = [T
T k1%
=] Wit Range (0.0w0-0.76) [=k]
. G Ca— Ay
“" T |
=} L3324 Lm324 |
— ™G i Sl st Nl :
¥ Wy T el —";"\-"_-—’—:. “a] WOLUT{ObaSv)
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=12
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100K
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# Input Current Vs Output Voltage . /

# DC — offset

Y (current) = 0.112x°-1.656x* +9.432x3 —

25.72x2 +34.05x -16.28

i)




Interface and Calibration - Vibration

Imterface provided with
Acclerometer

+1 5

W1

— || e SHIFT STAGE “

e o
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=t o ‘ z
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# Interface provided with
datasheet

# DC - offset for complete signal
capture
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Vibration Analysis and FFT result
# DFT is required

% DFT computation takes N2 1 gein ™ e
multiplication and N(N-1) _ .
additions to compute |

#® Smart FFT computation
routine — Butterfly algorithm

¢ Routine adopted from R
therature Harmonics 0 1 ol
@ TOtaI COmpUtathn << 1 Sec il o Voltage Level

for N = 256 sample window




Condition Monitoring Routine

# Routine written in C++

% Moving Average window

for Current samples

¢ Instantaneous Strain
Sampling

¢ FFT computation for N/2
frequency harmonics

@ Interrupt for PLC

START

L 2
Temory botintin or
Storinz Feal Time Data

100

=1|r
| (et Same e |

»
| e S Samle |

NO

»
(v Crmrert Sample in Iarky Arg
Strain Samp e

¥

¥ = 256 Voltaze sample fomn
Beceleroemeter for Wibration
Signanme for Hi2 poire FFT

s1zmificart Changes
n Curert, Strain
and FFT Frequency
sampk vahes for
whratonl 77

YES

renerate Iteropt
for PLC

WIATT FOR
EESET




Concluding Remarks

Reliability Analysis for AOC15/50- Design of LOW cost CM
system

& Reliability Analysis similar to result of other researchers
# Life time Vs Environment
@
@

Unavailability of Failure data related to Wind Engineering
System is less then 50% reliable/Available

# CM system design based on RA: Different Failure data may
suggest a different design

#® CM system may perform differently when mounted on
AOC15/50

# Voltage Drift in Current Sensor
# SBC capable of handling more parameters
# Vibration analysis: Average magnitude of spectrum




@

&
&
&

@

Recommendations for Improvement

Precise Wind Turbine part data.

#-Further-Detailed Reliability Analysis

Field Test for CM system

LAN capabilities of SBC

Improved Current Sensor is required
4 setups of strain

# Detailed in vibration analysis
# FFT Range and Resolution
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