DEPARTMENT OF CIVIL ENGINEERING
[IT DELHI

PART (l)
INTEGRATION OF GLOBAL

VIBRATION AND EMI
TECHNIQUES

Dr. Suresh Bhalla

Professor
Department of Civil Engineering
Indian Institute of Technology Delhi, Hauz Khas, New Delhi 110 016

Website: http://web.iitd.ac.in/~sbhalla |
Email: sbhalla@civil.iitd.ac.in Tel: (011) 2659-1040 Fax: (011) 2658-1117




DIFFERNCES BETWEEN GLOBAL VIBRATION
TECHNIQUES AND EMI TECHNIQUE

Since now you have personal experience of beth the
techniques in lab, you can find out differences with regard
to following points:

* Frequency range
e Sensor range
« Data acquisition (time/ frequency domain)

« Level of experience needed

Please do self-assessment and comment on the above
points with regard to both the techniques



ANY COMMON GROUND ?

 Piezo sensors suitable for both
* Involve vibration

» Baseline healthy data needed to
arrive at damage assessment

Can the two techniques be integrated? Let us go through a
case study.



CASE STUDY 1:

SHANKER et al. (2011)
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GLOBAL VIBRATION TECHNIQUE:

First natural Second natural Third natural frequency
S.No. State frequency / frequency / /

(% change) (% change) (% change)
1 Undamaged 45 (-) ‘ 190 (-) 410 (-)
2 State-1 45 (0.0%) 189 (0.52%) ‘ 410 (0.00%)
3 State-2 45 (0.0%) 189 (0.52%) ‘ 408 (0.49%)
4 State-3 41 (8.9%) 185 (0.97%) 402 (1.95%)
5 State-4 39 (13.3%) 182 (4.21%) 399 (2.68%)
6 State-5 37 (17.8%) 179 (5.79%) 392 (4.39%)
7 State-6 36 (20%) 174 (8.42%) 387 (5.61%)
8 State-7 34 (24.4%) 170 (10.52%) 380 (7.32%)

Changes not discernible in beginning
(incipient damage)!!



GLOBAL VIBRATION TECHNIQUE: CURVATURE
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GLOBAL FREQUENCY CHANGES

First natural

Second natural

Third natural frequency

State-1

45 (0.0%)

189 (0.52%)

S.No. State frequency / frequency / /
(% change) (% change) (% change)
1 Pristine 45 (-) 190 (-) 410 (-)

410 (0.00%)

State-2

45 (0.0%)

189 (0.52%)

408 (0.49%)

4 State-3 41 (8.9%) 185 (0.97%) 402 (1.95%)
5 State-4 39 (13.3%) 182 (4.21%) 399 (2.68%)
6 State-5 37 (17.8%) 179 (5.79%) 392 (4.39%)
7 State-6 36 (20%) 174 (8.42%) 387 (5.61%)
8 State-7 34 (24.4%) 170 (10.52%) 380 (7.32%)

In real scenarios, such small changes might arise out of

statistical variations!!!

LOCALIZATION MORE UNREIALBLE




APPLICATION OF
EMI TECHNIQUE

USING ARRAY OF PZT PATCHES
ON SAME BEAM




CONDUCTANCE SIGNATURES
OF PZT PATCHES

0.0003

0.00025 -

0.0002 -

Conduntance(G)

0.00015 -

0.0001

Pristine

State-2

State-1

100000

105000

110000

Frequency(Hz)

115000

120000

10



IMPEDANCE BASED
STRUCTURAL IDENTIFICTION
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VARIATION OF EQUIVALENT

PARAMETERS (EMI TECH.)

PZT 5

S.No.

State

Equivalent

Stiffness

Equivalent

Damping (c)

% change

Pristine

State-1

4 State-3 7.04 x 108 6.2
5 State-4 7.05 x 108 8.35 7.4 6.6
6 State-5 7.06 x 10° 8.32 7.5 6.9
7 State-6 7.09x 106 8.30 7.8 7.2
8 State-7 7.09x 106 8.30 7.8 7.2

Changes of discernible magnitude even for incipient

damage
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VARIATION OF EQUIVALENT
PARAMETERS FOR ALL PZT PATCHES

Pristine State 1 State 2 State 3
PZT No | k(N/m) | k(N/m) | Change | k(N/m) | Change | k(N/m) | Change
x 106 | x 10° | (%) | x 10| (%) | x 10° | (%)
PZT 1 6.56 6.86 4.7 6.97 6.3 7.44 13.5
PZT 2 8.67 947 ' 9.2 9.73 ;12.3 10.54 '21.6
PZT 3 7.65 8.51 L1 8.83 15.5 9.53 24.6
PZT 4 5.97 6.41 7.4 6.67 11.6 7.20 20.7
PZT 5 8.45 8.92 5.6 9.26 9.7 10.03 17.5
PZT 6 6.78 7.04 3.9 7.28 7.4 7.70 13.6
PZT 7 8.56 9.44 3.3 9.09 6.2 9.37 9.5
PZT 8 6.53 6.73 2.9 6.83 5.4 6.83 7.2
PZT 9 8.56 8.65 1.1 8.66 1.2 8.66 1.2
PZT 10 6.63 6.68 0.8 6.69 0.9 6.69 0.9
PZT 11 7.89 7.92 0.4 7.92 0.4 7.92 0.4
11 PZT sensors @ 40.2 cm
1 2 3 4 5 6 7 10 11

401.6 cm
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LOCALIZATION OF INCIPIENT DAMAGE
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ANY LIMITATIONS OF EMiI

TECHNIQUE?? (SEE PZT 5)

. Equivalent Equivalent % change
amage
S.No. Stiffness (k) | Damping (c)
state Kk -
(N/m) (Ns/m)
1 undamaged | 6.53 x 10° 8.94 0 0
2 State-1 6.73 x 10° 8.50 2.9 4.9
3 State-2 6.83 x 10° 8.45 5.4 5.5
4 State-3 7.04 x 10° 8.39 7.2 6.2
5 State-4 6.6
6 State-5 7.06 x 10°
7 State-6 7.09x 10° 8.30 7.8
8 State-7 7.09x 10° 8.30 7.8

Hardly any further change after damage
reaches moderate level....




GLOBAL VIBRATION INDICATORS CAN
ALLEVIATE THIS PROBLEM

First natural Second natural .
Third natural frequency /
S.No. [ Damage state frequency / frequency / (% change)
(% change) (% change) ¢ g
1 Undamaged 25 (-) 190 (-) 410 (-)
2 State-1 25 (0.0%) 189 (0.52%) 410 (0.00%)
3 State-2 25 (0.0%) 189 (0.52%) 408 (0.49%)
4 State-3 23 (8.0%) 185 (0.97%) 402 (1.95%)
5 State-4 22 (12.0%) 182 (4.21%) l 399 (2.68%)
6 State-5 21 (16.0%) 179 (5.79%) ‘ 392 (4.39%)
7 State-6 21 (16.0%) 174 (8.42%) ‘ 387 (5.61%)
8 State-7 19 (24.0%) 170 (10.52%) ‘ 380 (7.32%)

Changes discernible for
moderate to severe damage 16



DAMAGE LOCATION IDENTIFICATION USING
GLOBAL TECHNIQUE (MODERATE DAMAGE)
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DAMAGE LOCATION IDENTIFICATION
USING GLOBAL DYNAMIC TECHNIQUE
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IN CONCLUSION......

EMI TECHNIQUE CAN FACILITATE CAPTURE OF
INCIPIENT DAMAGE.

IT CAN ALSO ENABLE DAMAGE LOCALIZATION.

FURTHER ADVANTAGE OF THE EMI TECHNIQUE
CEASES AFTER THE DAMAGE REACHES
MODERATE TO SEVERE LEVEL.

SEVERE DAMAGE CAN BE MORE REALISTICALLY
QUANTIFIED BY GLOBAL VIBRATION TECHNIQUES.

BOTH TECHNIQUES MEANINGFULLY
COMPLEMENT EACH OTHER.
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Shanker et al. (2011)




DEPARTMENT OF CIVIL ENGINEERING

IT DELHI
PART (Il)

LOW-COST ADAPTATIONS

AND PRACTICAL
CONSIDERATIONS

Dr. Suresh Bhalla

Professor
Department of Civil Engineering
Indian Institute of Technology Delhi, Hauz Khas, New Delhi 110 016

Website:
Email: Tel: (011) 2659-1040 Fax: (011) 2658-1117



COST-EFFECTIVE ADAPTATION OF
EMI TECHNIQUE

Conventionally, the EMI technique employs impedance analyzer (or the LCR
meter), which typically costs Rs 8 to 15 lakh.

Peairs et al. (2004) proposed a low cost electrical admittance measurement

technique based on FFT analyzer (which typically costs Rs 5 lakh) in place of
the impedance analyzer.

PZT patch bonded to structure

| -
FFT Analyzer 1
R v,

A, g
T(Current) l
®

(0]
Circuit employed by Peairs et al. (2004). ? . R} R?
; .



COST-EFFECTIVE ADAPTATION OF
EMI TECHNIQUE

TWO HARDWARE SOLUTIONS DEVELOPED AT
IIT DELHI

1. SELF IMPEDANCE APPROACH
2. TRANSFER IMPEDANCE APPROACH
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PROPOSED SELF IMPEDANCE APPROACH
(Bhalla et al, 2009)

PZT patch bonded to structure

Function I (Current)
Generator

Digital
Multimeter

Hardware cost

<Rs 1 lakh !!!




Y] (S)

5.00E-03

4.90E-03 -

4.80E-03 -

4.70E-03 A

4.60E-03 -

4.50E-03

However, we need to be content with absolute magnitude only.....

REPEATIBILITY TEST

——Set1 —Set2 — Set 3
150 152 154 156 158
Frequency (kHz)

Excellent Repeatability

160
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Y[ (S)

0.006

0.0055

0.005

0.0045

0.004

0.0035

0.003

[Ya|

LCR meter

%

Proposed low-cost approach

150 151 152 153 154 155 156 157 158 159
Frequency (kHz)
9.00E-04
8.50E-04 - Before
8.00E-04 | damfge
7.50E-04 -
7.00E-04 -
6.50E-04
After
6.00E-04 -
damage
5.50E-04 -
5.00E-04 ‘ ‘ T T
150 152 154 156 158
Frequency (kHz)

~ 5% deviation

This deviation is not very
significant since EMI
technique depends upon
“change” in signature
rather than the absolute
value

LCR (active admittance) Low -cost (Active admittance)
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ENHANCED SENSITIVITY VIA
SIGNATURE DECOMPOSITION
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PROPOSED TRANSFER IMPEDANCE APPROACH

(Bhalla et al., 2009)

PZT | actuator

S |®

PZT

Sensor

Function
Generator

Host structure

Function
Generator

Dgital |
multimeter

Hardware cost

<Rs 1 lakh !!!
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Gain

0.07

0.06 -

0.05 A

0.04 1

0.03 A

0.02 -

0.01 1

—Set1 —Set2 —Set3
Excellent
Repeatability
150 152 154 156 158 160
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0.07
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0.05{  After Before

damage
Effect of damage 0.04 -

Gain

O T T T T
150 152 154 156 158 160

Frequency (kHz)
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FURTHER REFINEMENT AND FULL
AUTOMATION (Chudamani, 2011)

Bhalla etal, 200 Earlier model (not
H uitable for VXI control)

PZT patch bonded to Aluminium Strip

FG model 702C (u-TEC Electronic
Measuring Instruments)

unction Generator 6“:5" Vi

* Frequency input : both Quasi-sweep and Step by Step manner, while

* (Can be control by VEE PRO software.

30
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AUTOMATION OF LOW-COST HARDWARE SET-UP

=] Frequenc-v Range | «|

Low-Cost Hardware Set-up

= ToiFrarn Function Generatar =]

VEE PRO

| EERNE] - i ||

From |90k
| anilent31220C1ass.Closed
' 10K T 4 agilent33z20class | | DoubleClickto Add Operation >
Step [200 - '
=—n [= ToiFtom Function Generator =]
|25— agilent31220CIass = Createlnstance(;
B - ] agllent31220C1ass . nitalzel USB0:2
= Double-Click to Add Operation = agilent33220CIass "
< »
— TofFtom Function Generator =]
'y agilent33220CIass | |agilent33Z220C1ass Apply. SetSinusoidFrequency,
— = Double-Cick to Add Operation =
-— Freguency
SR i
Amplitude ¢ 3
= TofF rom DM =]

agilent34d10Class = CreatelnstanceC'AgiIent.Agif
valtage = agilent34410C1ass Valtage ACValtane ||

agilent34410CIass Closed
= Dauble-Click to Add Operation =

waltage

agilent3441DClass.lnitialize("USElD::2391::255?::'; agilentS{MMClass Ll

—

| A | lw(B*707+C)
' | Result s
| C

l = i
- Admittance vs Freguency Plot = |"
Admittance
YDatal

—
ik adk sk 102k 106k 110k
Freguency
- TaFile =
To File: ADesktopC TRIALImyFile xls |

W Clear File &t PreRun & Open

WRITE TEXT a,"t", b EOL
= Double-Click to Add Transaction =

CONTD....



EXPERIMENT |: REPEATIBILITY STUDY

PZT patch

LCR METER

CIRCUIT

Vi - ALUMINIUM STRIP
oh T S e TR

o At L) s R
. L e 'I:.

Low Cost Hardware Set-up LCR Meter 3



MINIATURE IMPEDANCE
ANALYZER

COST COMPARISION

LCR Meter $ 20000
Low-cost EMI $ 2000

AD5933 $200
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[ AD5933 Beta Version REV1.0

Help:How to use software

— Sweep Parameters
Start Frequency [Hz)

[Buuuo

Delta Frequency [Hz)

|2

Number of Increments [9 Bit)

|1 [iTh]

Number of Settling Time
Cvcles

|15

MCLK_Ref Clock Frequency

|1 6000000

USER INTERFACE OF
ADS933

-System clock

" External clock

¢ Internal oscillator

— Output E xcitation

Rangel:2vp-p
Range2Z2:1vp-p
Range3:0.4vp-p

0 o (0] (0

Range 4:0.2vp-p

— PGA Control

* Gain = X1
¢ Gain = X5

- Calibration Impedance

¢« Resistor only R1

¢~ Capacitor only C1

Resistor in series
" with Capacitor

R1+C1

Resistor in parallel
¢ wwith capacitor

R1lC1

— Complex Circuit
(R1lIC1)+ R2

Resistor I 200E3

wvalue R1

Capacitor |1 5E-12

wvalue C1

IZODE 3

Resistor
wvalue R2

Program Device Registers

- DDS Settling Time Cycles ——

= X1 [Default)
" X2 [Double)
¢ X4 [Quadruple)

— Cahbration Gain Factor

o Mid_rpoint Frequency
calibration

— Multi-Point Frequency
calibration

Calculate Gain Factor |

Calculated Gain Factor
| 5.13427021632825E-10

Internal Temperature

Current Device Temperature
25. 00000 Degrees Celcius

—Start S P
T Enable Continuous sweep

I= View Theoretical
calibration profile

Start Sweep

Download Impedance
D ata

Absolute Impedance | Z |

L

Impedance Phase

10

=10 —
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Conductance (S)

COMPARISON WITH LCR

0.06
~
/ \
0.04
0.03
== = AD5933

0.02
0.01

0

64000 64500 65000 65500 66000 66500

Frequency (Hz)

67000
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Conductance (S)

REPEATIBILITY TEST

0.88

0.87

0.86
—(2
= = (l

0.85

64000 64500 65000 65500 66000 66500
Frequency (Hz)

67000

Conductance (S)

0.878

0.874

0.87

0.866

0.862
65000 65100 65200 65300 65400 65500 65600 65700 65800 65900 66000

Frequency (Hz)
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Conductance (S)

0.89

DAMAGE INDUCTION

0.88

0.87

Damaged

/ Undamaged

-

e

== == Damaged
Undamaged
0.86
0.85
64000 64500 65000 65500 66000 66500 67000 67500
Frequency (Hz)

68000
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EXPERIMENTAL SETUP

(@
ot

Cover Plates
4 e ok
Y 3 ~ e

MS flat plate (1270x965x8 mm) welded on
box section pipe of size 38x38 mm
parametrically and supported on rollers at the
corner with cover plates and PZTs patches.
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DAMAGE DETECTION IN
PROTOTYPE STRUCTURES

0.35
0.3
o 0.25

0.2
0.15

0.1
0.05

Panel No.15
STEEL PLATE WITH PZTs AND DAMAGE
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G(S)

0.0015

0.001

0.0005

200 300 400

frequency (kHz)

500

600




TEMPERATURE EFFECTS

COEFFICINT OF CORRELATION IS KEY PARAMETER

v'Observed to be positive for all cases (and between 0 and 1).
CC =1 means signatures exact match. Value goes to negative if
starkly different.

| & — — where G' is the post-damage conductance at the i" measurement point and G is
Con(G*,G) == X (G GG -G
i=1

the corresponding pre-damage value.

0 1
CC = COV(G ’G ) where o; and o; are the standard deviations of the baseline signature and the
T0) signature after damage respectively. G®and G* respectively are the mean values of
the baseline signature and the signature after damage.
TEMP °C
30-40 30-45 30-50 30-55 30-60
CcC
43
0.604 0.468 0.364 0.2769 0.207




vertical shift

l Re(Y, ;) L Re(Y,,)

¥ il

J,

_ A ¢4
M =Y Re(¥,,)-Ret.; ,) -5,

.
i=1




EXAMPLE SIGNATURE COMPENSATION

0.001
0.0009
0.0008
0.0007
0.0006
0.0005
0.0004
0.0003
0.0002 — 55
0.0001
0

100 110 120 130 140 150 160

Thousands

frequency(kHz)

G(S)

Vertical shift = 3.6367¢-004
Horizontal shift=- 1.6 KHz

0.0008
0.0007
0.0006
0.0005
0.0004
0.0003
0.0002
0.0001

100

120 140 160

frequency(kHz) Thousands

== 55 compensated







G(S)

0.0016

0.0014
0.0012

0.001
0.0008

0.0006

0.0004
0.0002

W

WA N

G(S)

0
100 110 120 130
frequency(kHz)
0.0025
0.002
0.0015
0.001 !
i\ ‘
a4 A

0.0005 |4k \."'
0

120 130

frequency(kHz)

140

150

e haseline at 30

damage at 70

—30°C
— 40
50
=60
70
80

Base line signatures at 30°C and
damage at 70°C

Un damaged signatures at
different temperatures




150

frequency(kHz)

Uncompensated signatures with
damage at 70°C

0.0025

RMSD
1)
0.002 | 30%
0.0015 == Base Temp
wn
G} Comp 40°C
0.001
1 | Comp 50°C
A
A e Comp 70°C
0.0005 M\/'.\ M N Ry v ’
AT A _\&1 ‘M‘]“' Comp 70°C damage

0

100 110 120 130 140 150

frequency(kHz)

All signatures compensated to
baseline signature.




PRACTICAL ISSUES

LONG TERM REPEATABILITY

SENSOR PROTECTION

POSSIBLE MULTIPLEXING
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Conductance (S)

LONG TERM REPEATABILITY

0.0006

0.0005 1

0.0004 1

0.0003 1

0.0002 ||}

0.0001

— Dayl — Day9 — Day20 — Day26 — Day40 — Day49 — Day64

100

110 120 130 140

Frequency (kHz)

50

150



—~
2]
N
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]
-
(®)
>
O
c
o
@)

0.00065

0.00055

0.00045

0.00035

0.00025

0.00015
100

110

120 130
Frequency (kHz)

140

150

— —_—
_— -

Conductance (S)

0.00045

0.00035

0.00025

0.00015

130
Frequency (kHz)

140




MULTIPLEXING OF SIGNALS

3499B switch
control system
Controlling housing N2260A _
personal computer  multiplexer module HP 4192A impedance

analyzer
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DAMAGE DETECTION BY
MULTIPLEXED SIGNATURE

< 6 x 100 mm q
A
E ®m B m B
: B g B m W
S i
x B g B B B4
o«
B m B @m B
\ 4

~>PZT patches

Damage (10mm ¢ hole)

0.007

0.006

0.005

0.004 -

0.003

Pristine state

g

"o
\ rl\
e\

N
RN -~ o
e
'll"\_\""_l \A
N ’
fter damage

120 121 122 123 124 125
Frequency (kHz)

= Acquire the multiplexed signature in routine checks

= This saves on time of acquisiton
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THANK YOU

SUGGESTED READING:
BHALLA ET AL. (2009)
Lim et al. (2006)



