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Order Analysis

e Order Analysis is the art and science of extracting
sinusoidal contents of measurements from acousto-
mechanical systems under periodic loading

e Order Analysis is used for
— troubleshooting
— design
— synthesis

JSAE98, Vold Kalman, 3 B"‘je| & Kjar W



Applications of Vold-Kalman Filters

Typical Application

e Order Tracking Analysis

— QOrder analysis at extreme slew rates
» including gear shifts

— Separation of orders in multishaft systems

— Order Waveform extraction
» Playback of individual orders

JSAE98, Vold Kalman, 4 B"‘je| & Kjar W



Steps of Vold-Kalman Filtering

. . 4 Speed(Tacho 1) | _ (O] x|
. Record tlme Slgnals [FPM]  Speed(Tacho 1] | |Y walues
. . Working © Input © Input : Tac | 1,07k RPM
— select part of time signals AT UL
to be analyzed T
1.2k —

e RPM determination Qu () = exp(2pki ¢f (u)du),

e Order Waveform tracking Q(H)Q; (1) = Q. (1):
— Structural equation | AG _o,
. dS
» sinewave model \

o [un]

= =

= = =
] DT:! I Ig=eds

— Order waveform

_ . X(n)- & A(nQ;(n) =d(n),
— Data equation T st A L
» energy conservation a0-{—Plegmu] -
10 i _..-"'FH ime
. Output: T_ ﬁ/ﬁ‘x M _ bnalpze Hecordedg::[:sli:;jtl :2I]nput:FF|T Analyzer
4
— Phase assigned order fﬂZi}l\,f j Jll j I|| “
» i.e. Magnitude / Phase Wl | ; h Il HJ l‘ M"
1k S F 3 u.;!"zihj 3k = 3 ; |
2
3
4

» from RPM and phase
assigned orders 0 mo e m
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Time signal example and its STFT

e Use Bruel & KJ ar Time J._Expanded Time VK [Vibration) - Input
C aptu re An a|yz er Type [més] Expanded Time VK. [Vibration] - Input

Woorking : Input : Input ; Time Capture dnalyzer ——n

7705 to select data L
» from input / frontend

» from 7701 Data
Recorder

» from Sony DAT

e Selected time signal
— small electrical motor
_ 18 SeC duratIOn A Autospectrum(¥ibration] - Input2

[2] (Mominal W aluesz) Autozpectium STFT [Wibration] - Input [dB /1,00 mds]
whorking : Input : Input : Time Capture Analyzer

—288
—245
— 204
—1E.2
—120
—730
— 350
— 0,600
— 480
—.3.00
—13.2
— 174
— 218
—.258
Az RN T ik e —.300

e Short Time Fourier
Transform

— for overview and
Inspection :

— dominating orders 4
nos. 1, 3,9 and 10
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Tachometer Analysis — RPM Estimation

i Function Orgamiser
= - = =] Function Organiser

® Use BI‘UE| & KI%I’ |;." Time far Yald-K.alman
VOId'KaIman Order Tracklng i'_i,'-- Compressed Time for Y-k [Tacha) - Input
. . ==] Expanded Time for -k [T achao] - Input
Fllter1 Type 7703 .:' - =] Compressed Time for Y-k [Response] - Input]
¢ w25 Expanded Time for V-K [Responze] - Input
o - R
e RPM estimation IS a post . “old-¥.alman Order Filker

processing facility found in the

. . =| RPM M= E3
Function Organizer —_

Function I Tacho Source  Tacha Settings ! Curwe Fit I

. . Pulzez per Bevolution; !

e Level crossings determined to i T et
define a table of RPM values Histarasis: . e
as a function of time - called e
raW RPM & Positive ‘

) ) ] = Megative
— Including slope, hysteresis
and gearing
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Tachometer Analysis — RPM CurveFit

e Cubic least squares spline fit it Function: Hrganiser
= - Fur‘u:tlcun Orgarizer
to SmOOth data =- Time far Yald-K.alman
» continuity and first 1) Compressed Time for YK [T achal - Input
derivative Continuity ~£5] Expanded Time for W-K [Tacho] - Input
between segments .:' - = =] Compressed Time far V-K [Response] - Input]
P E E:-:|:|ar'u:|e::| Time for WK, [Rezponze] - lnput
. . == {xlu
® S|ﬂgU|ar events SUCh as b2 S "-.:"|:|I|:| k.alman Order Filker

gearshifts allowed
» relaxing first derivative

ContinUity Condition at Fur‘u:tiu:unl Tacho SDurcel Tacho Settings  Curve Fit I
hlnge pomts Mumnber of Segments: Hinge Paints [sec]: Add...
Delete |

e Rejections of outlier data, .
such as tacho dropouts T BEpl)

» Data refitted using cubic
least squares spline fit

e OQutput

» instantaneous RPM (as a
function of time)
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Tacho Signal and RPM profiles

_Expanded Time VK [Tacho] - Input

[ TaChO Slgnal (expanded) ] Expanded Time WK, [Tacho] - [nput

Wwéorking : Input : Tnput : Time Capture Analyzer —

e RPM Detection example T H IR

| 1]
~ level 30%, slope +, 1 O O

hysteresis 5% == e

— 15 segments, 0% rejection, :
no Hinge Points 4
B
3.0 9,02 9,03 9,04 SED]E 9,08 9.07 9,08 9,09
e RPM profiles
— Raw estimate e —iw
- Curvefltted reSUItS [HPM]_ Working:Input:Tniﬂt[-{‘?l'?r:zltaptureﬁnal_l,lzel CYU:?E:;S:HES
h H=67053z
teazured RPM Z=1,000
e Step by step procedure o P——
Y values
— data recording and selection 4 P il
— use conventional analysis 2l
techniques first, e.g. STFT
]
— compare raw and processed 0 4 . 12 16 ‘ -
RPM profiles
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Vold-Kalman filter setup

e Vold-Kalman Order Tracking Filter, |
Is a postprocessing facility =2 Function Drgariser
=HEZ] Time for Yold-K.alman

= - Cornpreszed Time for WK [Tacho] - [nput
® Step by Step procedure (Cont') 3] Expanded Time for ¥ [Tacha] - Input

— i ot E‘ Comprezzed Time for V-K [Responze] - Input]
select filter characteristics o i nu bl s

» one, two, three pole filters ) APM
. . e/ old-K. alman Order Filke
» constant or relative bandwidth —
"'.I"uld-l(alman Order Filter PAO, Mag
—_— apply decoup“ng |f needed Funu:tiu:unl FPH Su:-un:el Time Source  Properties I I:Iru:lersl
Group: I[nu:une] _ﬂ apply |
— select desired orders L flreeslc o
~Filker Tuype——————  Bandwidth
= 1 Pole " Constant; 1 Hz.
— SeIeCt Output &+ 2 Pole, Better Selectivibg % Propartional: 10 4
" 3 Pale, Best Selectivity
» order waveform or ~ Decimation
. — Dutput " Maone
” phase aSSIQned Orders € Order W avefom " Sampling Interval: | SEL
% Phaze Assigned Order = Factor 100

— apply decimation if needed
» for data reduction
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Output from a Vold-Kalman analysis

e Phase assigned orders

— Formats available: real,
Imag, mag, phase, nyquist

— Magnitude of the 4 selected
orders is shown

e Order waveform
— 1. and 3. orders are shown
— Playback via Sound Board
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Wold-K.alman Order Filteribration] (M agritude]
wWwhiarking : Input ; Input : Time Capture Analyzer e

J_Wold-Kalman Order Filter PAD, Mag

\

1. order /

g, ordeﬂ

‘_,a-«.nm
_.---"/ 3. order

T

T
e
Nl

10, order

Wald-F.alman Order Filkerlvibration]
“Wwhorking : Input : Input : Time Capture Analyzer p—
| |

[3 arder




Filter Shapes

o One pOIe fllter 4 Wold-Kalman Order Filter[Response] |_ O] %]
— poor selectivity, SF = 50 B i e —
— only for comparison with i ;L_—Hg,_-f_p_-q!ﬂt_-e_;:;—
earlier implementations %
.20 _..--""F// 7 o=y
o Three pole fiter | A | N
-40 :
— flatter passband and much i l\ \&
better selectivity, SF = 3.6 S ] /
. L ~ sheardel N\ [N
— highest overshoot in time = ,(/ \ e
. 10 20 a0 40 a0 B0 70 an a0
e Two pole filter i

— good compromise, SF =7.0

e Filter bandwidth can be
specified In

— order resolution
(in % of fund. frequency)

— frequency resolution (in Hz)

NB! Shape factor, SF is defined as
B\N6OdB / BW3dB
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Time response of filters

4_W¥old-Kalman Order Filter[Responsze])

e One sec. tone b urst ap p | | ed [dB/1.00%] Yald-K.alman Order Fiter[Respanse] [Magritude)

Wworking : Input : Input ; Time Capture Analyzer e

— burst (green curve) ;
/ 8 Hz 3 Pale
e Symmetrical responses o ﬁ W{H’-%E?@_‘% ______
'8 Hz 1 Pale.
— magnitude is shown 10 f | =
— “Non causal” filter . ,nm/ QA"\
— no phase bias w {“y / . . \ \1 \f\

T
a 400m 800 1.2 i ]1 B 2 24 28
3

e Decay
— exponential for one pole

— multipoles shows lobes
and longer decay times

Time frequency relationship,
BWsg X taUg gogp = 0,2

e “Same” early decay for all

three types _
_ simple time-frequency Recommended choice of BW,

relationship BW, 5 > (k X SRypy) / (30 X Resonance,g)
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Multiaxle Data

® TWO a.XleS Wlth Close and A Autospectrum[Response] - Input:1
CrOSS|ng Orders “S|mUIated” [z] [Maminal ¥ alues) Autozpectrum(Besponze] - [nput [dEA1.00%]
. h Wiorking : Input : [nput : Time Capture Analyzer
using sinewave generators — 8k
- — 0,400
—-3.80
4- —-g.00
— 122
— one axle with constant 3 B
speed N e
> 1kHz 1 .
. a — 416
— the second axle with — -
increasing speed 0 400 800 1.2k 1[|,_|Ek] A 24 28 3% f
» 300 Hz per. second —_—
— all orders with constant
amplitude
— 6 s recording e Pre-analysis using STFT
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Analysis without decoupling

A_V¥old-Kalman Drder Filter[Responsze]3
. [] old-K.alman Order Filter(Respanze] (Magnitude)
o TWO pOIe VOId-KaIman fllter Wcérk;g;: Input:InputiTimeEaptureAnaI_l,lzer _—
1 . Order
used
800 [1. Order]
e No decoupling et W
— using one tacho signal at 400 ; \\
a time 200m i \i

e Severe beating in extracted 0o S :

orders at order crossings N

Yold-K.alman Order FilterRezponge) [Magnitude)

wéorking : Input : Input : Time Capture Analyzer s L

e 1 kHz interacts with J " 12
— 1. orderat 2.7 s
— 2.orderat1.0s
— 3. order at 400 ms

— 4. order at 100 ms L |
“ u- - L [;] i 4 i a‘.ﬁ

1WAz 800m
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Analysis with decoupling

e Two pole Vold-Kalman filter
used

e Decoupling applied

— using two tacho signals in
simultaneous estimation

e Dramatic improvement in
guality of order function
extraction

— 1 kHz still interacts with the
swept orders nos. 3 & 4,

since they were not
included in the calculations
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A Vold-Kalman Order Filter[Response)3

3
5]

[+] Wold-K.alman Order Filter(R esponze] (M agnitude)
Wwhorking : Input : Input : Time Capture Analyzer &
1
200m
1. Order
E00m #
]
A00m [2. Order] \\
200m \I
]
n 2 4 5

3
5]

Wold-K.alman Order Filker[Responze] [ agnitude]
Wharking : Input : Input @ Time Capture Analyzer —
1.2
1
200m
1. kHz
B00m
400m
200m |
4
1] 2 4 5




Conclusion

Second Generation Vold-Kalman Order Tracking Filtering

e Order Tracking Analysis with
— No slew-rate limitation, can handle gearshifts

— Beat-free decoupling of close and crossing orders
» think SDOF - MDOF curvefitters
» think single reference - polyreference curvefitters

— Advanced Tacho Calculation
» including tacho repair

and improved performance such as

— Multipole filters
» flatter passband and higher selectivity

— Explicit Bandwidth Specification

State of the art Order Tracking Analysis I
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