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Introduction:

* Physical Versus Virtual Sensors
* Heterogeneous Fleet of Machines

Effective Identification of Cyclic and Resonance Excitations:

* Introduction to the identification approaches
» Description of the Problem and the system modeling

» |dentification results | c oT nt MRy
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Physical Versus Virtual Sensors:
Drawbacks:
+ Limited spatial and temporal coverage Advantages:
. Uncertainty U Slgnlflcantly lower costs
o * Where physical sensors can not be deployed
* Limited robustness * Reducing signal noise
. A lost . + Can recognize and compensate drift phenomenon in physical sensors
ccuracy fost overtime * Flexible and can be redesigned as required

Data sources (e.g., * To share the same signal along the fleet of machines
physical sensor data)
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Virtual Sensor Concept,
Martin D, Kuihl N, Satzger G. Virtual sensors. Business & Information Systems Engineering. 2021 Jun;63:315-23.
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Heterogeneous Fleet of Machines

Different Architecture Types
3-Stage Gear Box 2-Stage Gear Box

High Speed Shaft (HSS)
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Characteristics Characteristics Characteristics

A Double row spherical. Self-aligning Double row tapered. Self-aligning Single row tapered
B Single row tapered E Single row tapered / Double row tapered
C Double row cylindrical F/G Single row cylindrical L1 /L2 Deep groove ball bearings



sLaMCoS ©

Laboratoire de Mécanique
des Contacts et des Structures

UMR 5259 k

Amﬂ. :5

W
\ | g -

MOIRA
INSA 5 W g o
L_aboratoire de mécar—nue des Contacts et des J bructures

Graph Theory:

Layer 1 - Geometry
3-Stage Gear Box

2-Stage Gear Box
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BL1 h h .
%, Graph Theory:2-Stage Gear Box
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Graph Theory:2-Stage Gear Box

Layer 2 — Interaction and Boundary conditions

Spur Gear
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Spur Gear
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Graph Theory:2-Stage Gear Box

Layer 3 — Physical Sensors

$ Accelerometer

g Optical Encoder
"Ny
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Graph Theory:2-Stage Gear Box

Layer 4 — Virtual Sensor
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Effective Identification of Cyclic and Resonance Excitations:
Ty
m m m Primary Shaft
U
M1 'j(:'l +C1-561+K1-x1 = —F:g '(1+E'Sin(zl'91)) - -
8 Feear
Mz'jéz'i‘Cz').Cz‘l‘Kz'xz:F'(1+ﬁ’Sin(Zl’91)) Tr
. Secondary Shaft m m [E}
L -6, + Cr, - 01 = [Tyl = Rp1 - Fy - (1 + B - sin(zy - 61)) +Texq
12 02 + CTZ ”TR” - sz ¢ (1 + ﬂ * Sin(Zl . 01)) Beafi"sB»_r.‘ Se;;“jary .-V-JBearinglt

Gear

Fgear = Fy - (1 + B - sin(z, - 0,)) & Tox1 = Cr-t+ Cs-sin(w(t) - t)
\ )
Y
Fluctuation

Fy =Ky (Rp1- 61+ Rp262) + Cq (Rp1- 01+ Ry - 02) + K5 - (x1 — x3) + Cy * (%1 — %2)

External
Excitations
l Linear System
X1
Working Condition My ¥+ Cpx+ Ky xq x;
Driving torque T} ——p > My ¥, + Gy X+ Ky - X, 9, ~
Load torque Ty L-6,+¢C, -6 P i
T L-f,+C, -6

=B IFgearll - sin(zy - 61)
B IFgearll - sin(zy - 6;) sin
. — <
=B * Rp1 - WFgear|l - sin(zy - 6)

B Rpz * IFgear|l - sin(z, - 61)

Cyclic Excitations 11
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> Modal Parameters Identification in
Frequency Domain

Algorithm using complex Frequency Response Function (FRF) of a MIMO system

Based on: Advantages:

- produces “fast stabilizing” stabilization charts:
- the Least Square Complex Frequency Estimator (LSCF)

- use of frequency-dependent weighting functions (the

. eigenfrequency inclusion of weights in the Least Squares cost function allows
stabilization chart in a specified + modal damping factor to improve accuracy of the estimates)
order range + identified FRF (discrete z- . )
model) - the LSCF estimator can easily be adapted to more

sophisticated solvers such as the Generalized Total Least-

Squares implementation
- The Least-Squares Frequency-Domain estimator (LSFD)

* complex residues
* identified FRF using s-model

12
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Spectrums in Hz, Order, and Angular (Constant average speed):

Spectrum of angular speed w1(l) -g8=

Spectrum of angular speed w1(l) -g8=

Spectrum of angular speed w1(l) -g8=
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Swept frequency Excitation:

Notations:

*  f.(t) — the user-specified frequency sweep
*  fitactuary (t) — the actual output frequency sweep, usually equal to f,(t)
* y(t) — the Chirp block output

y(t) = cos(¥(t) + po)

« Y(t) — the phase of the chirp signal, where ¥(0) = 0, and 2rf;(t) is the

derivative of the phase (
* Linear
1 dp@®) . :
fil)) =o—— »  Only holds for: < Quadratic
*  ¢o — the Initial phase parameter value, where ycpir (0) = cos(¢o) * Logarithmic

\

14
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Equations for Unidirectional Positive Sweeps:

1 dy(t)
fil®) =0 —
. e User-Specified Frequency Actual Frequency

Frequency Sweep Block Output Chirp Signal Sweeps A(0) B G, fi(actual) ( t)
Linear y(t) = cos(P(t) + ¢o) fit)=fotp-t g = filty) — fo fiactuar (£) = fi(t)

tg
Quadratic Same as Linear fi(®) = fo + Bt? g = filtg) = fo fitactuary(@®) = fi(t)

ty?
Logarithmic Same as Linear () = fo(fi(ftg) )é N/A ficactuany () = fi(t)

0
Where fi(ty) > fo> 0

Swept cosine y(t) = cos(2nf; ()t + ¢o) Same as Linear Same as Linear ficactuary () = fi(£) + Bt

15
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» Logarithmic Instantaneous Frequency Sweep Rate: » Linear Instantaneous Frequency Sweep Rate:

Stabilization chart —— Stabilization chart
50 — X 151.415 T T T 1000 50 — X 153.332 - . . 1000
Y -94.4918 X 275.998 X 52.1236 Y -94.3567 T X 52.1235
| ,‘..3 ) Y A2 | i e 100 s AN S| Y 12426 1 900 - Y 999.999
. ~ 805 i { » oIS P
# S e - L ] - R S — 1] L
150 | — ™ o855 —TTR 1 800 As0F Vo 45s LB . 800
a ? 5 s 'S ? Y I 155 I§§ Sb? .
7 (] Y 700 | 1 s 135 ¢ TP R woor
'200'1\ I'ss o 1 2001 2o s f'ss sff
> L & X 327.747 sl ] I3 oL X 327.747 S5k
o 50 i $s Y -198.181 @ 250} d s 555 5% Y -198.136
= 1 5 2. 4 ss Ss
& 5 500 [ & il It
£ s00f | £ - —

it

-350 s

T
“Un

500
300 i s
i 400 X 28.3756 1 ‘ f 00
3 i Y 277.532 | | -350 49 df o k
L d L X 17.3157 f b s
40011 s, 5 ] I ] <400 of P 1 I / X 12.0276
) 5 200 Y 152.776 ./ p— 200 y R
-450 Measured FRF 1 100 -/ B -450 Measured FRF ‘: 1 100 | X 5.18433
= = = Discrete FRF using z-model i = = =Discrete FRF using z-model s .6 Y 153.495
-500 g A : ; £ g : - X0 -500 g : L : : z : 5 olXx0 g g 3 {
0 50 100 150 200 250 300 350 400 450 Y 60 10 20 30 40 50 60 0 50 100 150 200 250 300 350 400 450 qY60 10 20 30 40 50 60
Frequency (Hz) Frequency (Hz)
X 276.347 Bode Diagram
o —e Y -65.1708 : :
X 152.557 \J' e
Y -47.5743 | X 8091.51 d
B Y -71.6983
® X 323.848
-
S -150 - Y -107.444
=
&
= -200 |
—250 1 1 1
107 10° 10* 10° 10°

Frequency (Hz) 16



.....

LaMCoS T

Laboratoire de Mécanique

des Contacts et des Structures \
UMR 5259 oA

L_aboratoire de mécar—nue des Contacts et des J bructures

MOIRA

» A.Using "Cyclic external perturbation” + Ramp for excitation :

*  Constant Gear Mesh Stiffness (K, = 1.8 - e®)

*  Without cyclic fluctuation (f = 0) External _
Cyelic -+ Sin -
Excitations
M1‘5C.1+Cl‘xl+K1'X1=—Fg l
.Y .y . — Linear System X
M ..XZ * 'xz Ty =Ry Working Condition ) }_ N
o6y 4Gy 61 = [Tyl = Ry Fy 4 Ty ww—-@ S
. . _ ) I8 +Cp -6y . -
Iy -0, + Cp, - 6, = [|Tgll = Rpz - F, b 5 ”
To have cyclic excitation, depending on the angular position of the shaft:
Texl == CS - sin (fev/tr . Hl(t)) + CR -t
Once we can use analogy and write (¢ = 0): Then the Instantaneous Frequency f;(t) becomes:

f /tr dgl(t) f /tr
y(t)=cos<fe1;/tr-91(t)) fi®) = ==

17
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= (CaseA.1:

2000

1000

* Toxr = Cs - sin(fev),, - 61(8)) + Cg - t

-1000

® CS 50 & CR =10 & feV/

-2000

Rotational Speed (rpm)

According to the plot of the Frequency pf the Rotation: s

-4000 -

fO = 9.31 hz = 10 x ” p 50 60

Time (s)

=521235s
fi(ty) = 32.58 hz

Spectrum of angular speed u1(t) -pB=

INSA 55

. i i
Since the frequency bandwidth covered by the Instantaneous 101_{@ 0
Y 1.92964
frequency is not relevant to bandwidth of interest, the FRF ),
estimation is not good! 10! hpuneact
" 2 i
« To cover a correct frequency bandwidth, the slope of ramp (Cg ) b \/\\l i
103k g Y 0.000568959 |
needs to increase. _Ho_of);égg;gy xagor3s |
10 Y 0.000439313
10°°
108
0 2 4 6 8 10 12

Angular frequency (ev/tr)

FRF (dB)

Frequeny of Rotation (Hz)

MOIRA

35
0| Y 32580
25t
20}
15 |

=)

X 1.20898
g L| Y 931145

Frequency (Hz)

0
0 10 20 30 40 50 60
Time (s)
Stabilization chart
-120 X 132.249 — . + - -
Y -131.949
“ [| X 205.164
140 s i 4] Y -145213
X 218.498 § 8 T
|‘ | b £ H
2| Y 158106 | 5§ H
160 o Co N He Jh s |
"~ H % k T
U 501 s i i
P dy e ash
7 d fey R 2 i
180 4) - ‘?. [
' LS A
. [} ¢ : 1 l:.
d | I 1y
l: i i
=200 d ¢ {4 s
f s & "l
k s -
220 d i
Measured FRF S
= = = Discrete FRF using z-model
240 A A A A . . A A
0 50 100 150 200 250 300 350 400 450
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104

.r' AL %’M
Amﬂ_ :1
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15 = 250 =
. — X 52.1232
* Toxr = Cs - sin(fev),, - 61(8)) + Cg - t i xsams
el L 200 |
z ——shaft1 =
0 Shaft2 | I
* (=50 & Cg=100 & fe) = NN ! £
B05F ~J § 150]
g . 2
o s
: . S5y § wof
According to the plot of the Frequency pf the Rotation: 3 ;! g
2 ~ £
2.6 50
fo = 14.006 hz ar P
. | i i i i
=521235s % 10 20 30 40 50 60 % 5142555 20 30 40 50 60
Ti Ti
fi(ty) =247.642 hz s s
Spectrum of angular speed w1(t] -B= Stabiilzation chart
107 . =0 T T g T
X 153.332
Y -94.641
4100 [ "'\ (ool X 279.831
E X 1.00006 1 5 risyd = NPT
10 ¥ 0.275528 v ARNELN s *.‘_ -
* Although the maximum frequency covered by the Instantaneous ‘\ [ o A i Y
Q - T N
% = - ¥ 8% —
frequency is lower than the second resonance, but due to the transient e ] £ | B TN
) ) ) R B e e G| ?, 5 X 327.747 i
response the FRF estimation is good enough! 3 = M|
104 E f . T
250 Ly = 4 §
Measured FRF :
= = = Discrete FRF using z-model
10® ' : : ; : -300 : £ g £ £ : : :
0 1 2 3 4 5 6 0 50 100 150 200 250 300 350 400 450

Angular frequency (ev/tr) Frequency (Hz)
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External
Excitations

» B. Non-linear gear interaction:

M1-5€1+C1-561+K1'X1=—Fb'(1+ﬁ'sin(zl'91))

Linear System X1
MZ * Xp + CZ * Xp + Kz cXp = F:g . (1 + ﬁ . Sln(Zl . 61)) V\lgo.rk.mgtCOHdlt;on My X%+ Gy %+ Ky L)
.. . rving torque > My 3+ Cp %+ Koo xp 0
. .. . 1
Iy 01+ Cp - 01 = [[Tyll = Rpy - Fy - (1 + B+ sin(zy - 01)) +Texq Load torque T I -6+ G, - 6y —Y
Iy 0, + Cp, - 0y = ||Tgll — Rpy - Fy - (1 + B - sin(z, - 6,)) 6t l 5
* Varying Gear Mesh Stiffness (K;)
. . . . — ,
With cyclic fluctuation (f = 0.3) B WFouarl - sinz, - 6)
* The external excitation (T,,4) was chosen as: =C, - B NFoearll - sin(z, - 6;)
( exl) Texl - CR t =B+ Rp1 - Fgearll - sin(z;, - 6;) €—--- sin <
B Rpz * 1 Fgear|l - sin(z, - 61)
Cyclic Excitations
, « Ty =1-266N-m
L. + Cr =30
* 450 rev
Specti f lar speed w,(t) - 8=
i 1ot Stabilization chart ssic Al
2 - - - - - 251 : . . . . 145 - - - - X 53.9996 X 108 03
SHar Y34.1351 [ | Y 32.7409 |~ : !
| L ol X 270.002
15 Shaft2 A 40 "| r ‘il‘f s I Y 8.51211
1F 155 I i ! 1o i
H g e =
g 05 = -160 s 1 . '%“ ? ‘s‘s‘l ?
o 5 1} 5 e f
% 0 — — — -‘:_“ 5_155 d 1 SE !f‘\l ‘sl {
& T ‘ é 2 g grei L
o = oosf i ] w e — 8 .
5 0.5 4 | —T X 52.1235 Enr 7 1 “ - "
S E ol— Y 4337.59 A — Y A IV S—
g 4l : ATSE SN g =
e | T —— i s
15F 0.5 “80fs y 1 =
v ! ‘\: {
27 r -185 Measured FRF
= = = Discrete FRF using z-model - | | [ | [ | | [
2.5 - : ¥ . : 15 . : : : : -190 ; : : : : . : 5 100 200 300 400 500 600 700 800 900
0 10 20 30 40 50 0 10 20 30 40 50 &0 0 50 100 150 200 250 300 350 400 450 Angular frequency (evitr) 20

Time (s)

Time (s)

Frequency (Hz)
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» C.Both the Non-linear gear interaction with external cyclic perturbation:

* Varying Gear Mesh Stiffness (K;)
*  With cyclic fluctuation (8 = 0.3)
* External excitations are a cyclic perturbation, and a ramp in torque!

= (CaseC.1:
Ty = C - sin (feV/tr - Bl(t)) +Cr-t, Cs5=50 & Cr=230

The DrivingTorque: 7); =1-266 N-m

cyclicfrequency fer, =3

Spectrum of angular speed w, t-8=

03
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» C.Both the Non-linear gear interaction with external cyclic perturbation:

= (Case C.2:

Texl = CS - sin (fev/tr . Ql(t)) + CR . t, CS = 50 & CR = 30

The DrivingTorque: T7,, = 0.25-266 N -m

Rotational Speed (rpm)

cyclicfrequency fev, =3
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Questions:

In the presence of large frequency values, why half the fundamental harmonic appears? might be due to:
* Sampling: Not only coarse sampling induces error (Aliasing error), but also very fine sampling might

cause difficulties too — what is the criterion for the upper limit of frequency sampling?
* Non-linearinteraction inside the system? How to avoid it?
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Thank You
For Your Attention
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Introduction to the identification approaches

—— Chebyshev Polynomials
Time —Domain

Orthogonal Functions

— Fourier Series

+ Expanding of excitation and response signals in K%
. . [ Vo J—
the polynomial basis G
o
* Using integration and derivation property of the —— Block-Pulse Functions
orthogonal functions

* so-called operational matrix of respectfully
integration and derivation

Shifted Legendre

. . . Functions
Differential equations can be transformed

into algebraic equations Modelling and
Identification with

Rational Orthogonal
Basis Functions

Book:

“Modelling and Identification with Rational Orthogonal Basis Functions” Springer, London. 2005
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