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Attenuation of vibrations and noise has become a major objective!

Why? * Technological reasons

* Environmental constraints

*Ships

*Buildings
*Manufacturing devices
*Memory devices

*Planes

Spatial platforms
«Cars, trucks
Pipes

oooooo
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Techniques for noise and vibration attenuation:

*Passive — use of materials having absorbtion properties
*Semi-active — changing the properties of the absorbing materials and devices

*Active — use of an auxiliary source for compensating vibrations and noise

«Adaptive — to take into account in real time the unknown and time varying characteristics
of vibrations and noise.

This presentation is concerned by « adaptive active noise and vibration attenuation »

I.D. Landau & al « Adaptive YK parametrization for active noise and vibration attenuation » %
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[ Active noise and vibration attenuation — A control perspective}

Presence of resonant modes in physical structures can be a source of
generation/amplification of noise and vibrations

Active damping (active absorbers) is a basic control problem where by feedback one tries to
damp the low damped modes taking into account the Bode Integral limitations
(frequency shaping of the sensitivity function)

Active damping may be adaptive in order to take into account large variabilities of
the plant parameters.

I.D. Landau & al « Adaptive YK parametrization for active noise and vibration attenuation » %
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[Active noise and vibration attenuation — A control perspective}

Presence of resonant modes in physical structures can be a source of
generation/amplification of noise and vibrations

Active damping (active absorbers) is a basic control problem where by feedback one tries to
damp the low damped modes taking into account the Bode Integral limitations
(frequency shaping of the sensitivity function)

Active damping may be adaptive in order to take into account large variabilities of

the plant parameters.

This is not the subject of this presentation!

I.D. Landau & al « Adaptive YK parametrization for active noise and vibration attenuation » %
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[ Active noise and vibration attenuation — A control perspective}

ANC — Active Noise Control AVC — Active Vibration Control
The challenging problem is to attenuate the effect of the propagation of vibrations and noise
Noise or vibration are disturbances which have to be attenuated

Passive and semi-active approaches do not allow to achieve enough attenuation and
an active approach has to be used

ANC and AVC require the introduction of a secondary source (an actuator in control terms)

I.D. Landau & al « Adaptive YK parametrization for active noise and vibration attenuation » %
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[Active noise and vibration attenuation — A control perspective}

ANC — Active Noise Control AVC — Active Vibration Control

The challenging problem is to attenuate the effect of the propagation of vibrations and noise

Noise or vibration are disturbances which have to be attenuated

Passive and semi-active approaches do not allow to achieve enough attenuation and
an active approach has to be used

ANC and AVC require the introduction of a secondary source (an actuator in control terms)

Objective : Strong attenuation of the disturbance (noise or vibration)

From a control point of view we have to solve a « regulation » problem

ANC and AVC raise the same control problems (and of course use the same solutions)

I.D. Landau & al « Adaptive YK parametrization for active noise and vibration attenuation »
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[ Basic configurations for active noise and vibration attenuation }

___— Feedback control

1. No information available in real time upon the disturbance

2. Animage of the disturbance is available in real-time
Feedforward control

I.D. Landau & al « Adaptive YK parametrization for active noise and vibration attenuation »
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[ Basic configurations for active noise and vibration attenuation J

___— Feedback control

1. No information available in real time upon the disturbance

2. Animage of the disturbance is available in real-time
Feedforward control
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[ Basic configurations for active noise and vibration attenuation }

___— Feedback control

1. No information available in real time upon the disturbance

2. Animage of the disturbance is available in real-time
Feedforward control
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 The disturbances are unknown and time varying Adaptive Regulation
* The « plant » has almost constant dynamic characteristics

(in most of the applications)

Problem

I.D. Landau & al « Adaptive YK parametrization for active noise and vibration attenuation » 10
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[Basic Control Configurations in ANC and AVC ]

d(t)

y

disturbance

Feedback configuration

Primary path

p(}r)

Cf—v Controller u() >

Secondary path

\

___rpc

Residual
acceleration (force)

ot or noise
. e(t)
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[Basic Control Configurations in ANC and AVC ]

d(t .
Jist é) > Primary path Residual
ISturbance p(t) acceleration (force)
+ or noise
. . u(t v e(t
Feedback configuration ?—' Controller ( ): Secondary path ——;»O—()>
disturbance
d(t x(t
( ) > T ( ) Residual
Primary path N acceIecr)z:-ltri]c())r;S ((aforce)
: : . . e(t) - Requires an additional sensor
Feeforward conﬁguratlon Positive feedback coupling Internal itive feedback
M < n ernal pos e reedpac
+ Secondary path
ANy u()
N > G
+ Feedforward
compensator

Do as much as possible by feedback (limitations due to Bode Integral) and then add feedforward compensation

I.D. Landau & al « Adaptive YK parametrization for active noise and vibration attenuation » 19 %
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[Basic Control Configurations in ANC and AVC ]
d(t)

: » Primary path Residual
disturbance p(t) acceleration (force)
back ; ' u(t) + e(t) or noise
Feedback configuration ?_’ Controller > Secondary path —->O—
|Adaptation alg. ]
disturbance
d(t) - T ﬂf(t) Residual
. acceleration (force)
Primary path + or noise
: : . . - Requires an additional sensor
Feeforward conﬁguratlon Positive feedback coupling Internal positive feedback
M =< + P
+ x Secondary path
y(t)rs ult)
— N > G
+ Feedforward
compensator Adaptation alg.

Variability of the disturbance chraracteristics requires the use of an adaptive approach

I.D. Landau & al « Adaptive YK parametrization for active noise and vibration attenuation » 13 %
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[ Some examples in AVC (1) J

primary force (disturbance)

Active suspension ™

piston
residual force

v

actuator
) o = controller
motor (piston position)

support inertia chamber

o gipsa-lab

o

E I.D. Landau & al « Adaptive YK parametrization for active noise and vibration attenuation » 14
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[ Some examples in AVC (1) J

primary force (disturbance)

Active suspension ™

piston
residual force

actuator
4— controller
motor (piston position)
support inertia chamber
¢ imary force (disturbance

i rachinG primary force (disturbance)

< Sl : . elastomere cone
. : [ RN \
inertial \

actuator
i

steel housing

residual force

Inertial actuator

}

coil winding oW
elastic link ampliﬁer "— controller
mobile part

(magnet)

o gipsa-lab

o
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T




=
a.%

gipsa-lab

[ Some examples in AVC (2) J

Support

Support

I.D. Landau & al « Adaptive YK parametrization for active noise and vibration attenuation »




[ Some examples in AVC (2) J

Measurement of the
image of the disturbance

I

. I
Disturbance source I
I

/ (Inertial actuator 1)

Support

Compensator actuator
L

(Inertial actuator II)

e e e e e — - Residual acceleration — — — — — — — — — — -

o gipsa-lab

o
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[ Some examples in AVC (2) J

Measurement of the
image of the disturbance

I

. I
Disturbance source I
I

/ (Inertial actuator 1)

Support Global primary path

Primary path

Secondary path

Compensator actuator
L

(Inertial actuator II)

e e e e e — - Residual acceleration — — — — — — — — — — -

o gipsa-lab
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E I.D. Landau & al « Adaptive YK parametrization for active noise and vibration attenuation » 18 CIIrs
T




[ Some examples in AVC (2) J

Measurement of the
image of the disturbance

I

. I
Disturbance source I
I

/ (Inertial actuator 1)

Support Global primary path

Positive feedback coupling
/ (Reverse path)

/

Primary path

Secondary path

Compensator actuator
L

(Inertial actuator II)

e e e e e — - Residual acceleration — — — — — — — — — — -

o gipsa-lab
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[ Some examples in AVC (2) J

Measurement of the
image of the disturbance

Disturbance source

/ (Inertial actuator 1)

Support Global primary path

Positive feedback coupling
/ (Reverse path)

/

Primary path

Parameter e°(t)
Adaptation secondarv path
Algorithm econdary pa
\
Compensator actuator
— Feedback | _ — P
< < .

+ Controller (Inertial actuator II)
R Residual acceleration
at)

| Power
~ | Amplifier

o gipsa-lab

—
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[ Some examples in AVC (2) J

Measurement of the
image of the disturbance

Disturbance source

/ (Inertial actuator 1)

Support Global primary path

V.4 ) Positive feedback coupling
Feedforward yl(t) / (Reverse path)
Compensator |
yd / Primary path
Parame'_[er e°(t)
Adaptation S q h
Algorithm econaary pa
\Compensator actuator
+ (Inertial actuator II)
R Residual acceleration
(t)
| Power
~ | Amplifier
o gipsa-lab

—
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[ Some examples in AVC (2) J

Measurement of the
image of the disturbance

Disturbance source

/ (Inertial actuator 1)

Support Global primary path

G (t) 7 0.(t) Positive feedback coupling
Feedforward Y1 / (Reverse path)
Compensator | primary path
Parameter e°(t)
Adaptation
Algorithm Secondary path
+ | 6,(t) \
] Compensator actuator
C) — | Feedback | _ — _
Controller (Inertial actuator II)
R Residual acceleration
(t)
| Power
~ | Amplifier
o gipsa-lab
o) :
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gipsa-lab

[ An example in ANC (silencer)]

Feedback

Configuration
Jimerce] ~ Secondary path\ j e

Residual noise measurement

rimary path

e—

Control signal

P —
Amplifier

Disturbance source signal

Amplifier

e(t) uft)
pC XxPC Target
Development PCIM-
Matlab DAS1602 16
Slmuhnk

/DEE\ /DSE\
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[ An example in ANC (silencer)]

e Primary path

Feedback
Configuration

Ete,ﬁ,ce Secondary path

Residual noise measurement Control signal C—
Amplifier Amplifier
e(t) uft)
b IPC B | xPC Target
ev’; ot?a"t:en l————! PCIM- Disturbance source signal
phlel DAS1602 16
Simulink

e R T

4— Primary Path
A

Reverse path

Feedforward Interface Path
Configuration

u(t
( ) Amplifier

— y y(t) —
Development Simul!nk ~ Interface
= Realime || Disturbance signal M

Matlab DAS1602-16

o gipsa-lab

o
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[Adaptive feedback noise attenuation }

@ Primary path

§Bealap

f e Incoming noise : .
oMING NOISE_ W) primary path |
(disturbance) :
Interface Secondary path a ReS|duaI
'\ @ PO/ noise
Residual noise measurement Control signal K\ + e O(t)
: = u(t)
Amplifier Amplifier
e | [un Ametter : ?—’ Controller * Secondary path [
Re xPC Target \
Do pm R— = isturbance source signa
- owra 1 F— \ _
| Adaptation alg. |-

:\
\

= /=

Type of disturbance: Multiple tonal (narrow band) noise with unknown and time varying characteristics

I.D. Landau & al « Adaptive YK parametrization for active noise and vibration attenuation » 55 %




[Adaptive feedback noise attenuation J

@ Primary path

f e Incoming noise : .
omiNg NOISE_ WM primary path
= (disturbance) :
Interface Secondary path 0 ReS|dua|
'\ @ PO/ noise
Residual noise measurement Control signal = u (t) + e O(t)
Amplifier Amplifier
e | [un Ametter : ?—’ Controller * Secondary path [
Re ' xPC Target \
Do pm = isturbance source signa
- owra 1 F— \ .
— | Adaptation alg. |«

05—\ 08—\

Type of disturbance: Multiple tonal (narrow band) noise with unknown and time varying characteristics

Challenges
* Removing the need for an aditional microphone

* What control strategy for cancelling this type of disturbance?

* Could we use a « direct » adaptation scheme?
(to avoid explicit identification of the disturbance model and computation of the controller at each sampling)

I.D. Landau & al « Adaptive YK parametrization for active noise and vibration attenuation » 26 %
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[Adaptive feedback noise attenuation J

@ Primary path

f e Incoming noise : ,
oMING NOISE_ W) primary path |
= (disturbance) :
Interface Secondary path e (t) ReS|dua|
\ @ PO/ noise
Residual noise measurement Control signal + eo(t)
V miter — u(t)
Amplifier Amplifier
e | |uo ” i ?—’ Controller  Secondary path [
PC ' xPC Target \
o leatFll’_abk || DA;’S;’;/‘Z- 6 Disturbance source signal d I
T = | Adaptation alg. |«

/ E — \\ E —— \\
=/ A\ /UL \

Type of disturbance: Multiple tonal (narrow band) noise with unknown and time varying characteristics

Challenges
1. Removing the need for an aditional microphone
2. What control strategy for cancelling this type of disturbance?
3. Could we use a « direct » adaptation scheme?
(to avoid explicit identification of the disturbance model and computation of the controller at each sampling)

Answers:
1) Feedback 2) Internal model principle 3) Youla-Kucera paramerization of the controller

I.D. Landau & al « Adaptive YK parametrization for active noise and vibration attenuation » >7 W
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Adaptive YK Feedback attenuation of narrow band noise
(or vibration)

Incoming noise  w(t)
(disturbance) g

\ p(®)

u(t) +y e°(t)

?" Controller Secondary path ?Q—-\—»
\

L Adaptation alg.

Primary path Residual
noise/acceleration

I.D. Landau & al « Adaptive YK parametrization for active noise and vibration attenuation »
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[Adaptive YK Feedback attenuation of narrow band noise J

(or vibration)
Secondary path
p(tl
ing noi 1 u(t B e°(t)
Ir(lg?srtnljrnbgarr:sge i, Primary path Residual —()— S ® > AG " —
noise/acceleration 0 G
p()
u(t) ty e°(t)
?—' Controller »| Secondary path

Adaptation alg.

Ro

A

Closed loop poles: P(q™1) = A;So+B¢R,
e Secondary path is characterized by a high order model (30 to 70 parameters)

I.D. Landau & al « Adaptive YK parametrization for active noise and vibration attenuation » 59 %
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[Adaptive YK Feedback attenuation of narrow band noise }

(or vibration)
Secondary path
1 econdary pa p(tl
' ' B e°(t)
om0 e | gt O o ey 2 O
noise/acceleration 1. 0 Ag
'\ p(t)
u(t) +y e

? >  Controller Secondary path ?C)"\"
\

\— Adaptation alg.

A

w(t) Y= Agp
Ro |

AN
An image of the disturbance

Closed loop poles: P(q—l) = AgSo+BgR, (Disturbance observer)
* Secondary path is characterized by a high order model (30 to 70 parameterV

e QisacFIRfilter

* Poles of the closed loop remain unchanged independently of the parameters of Q

I.D. Landau & al « Adaptive YK parametrization for active noise and vibration attenuation » 30 %



Adaptive YK Feedback attenuation of narrow band noise
(or vibration)

Secondary path

p(t)
N 1 B *% e(t)
Incoming noise  d(t) [ .. _ O u® G
(disturbance) > Primary path Residual - S, Ag n —

noise/acceleration 1.
'\ p(t)

u (t) +V , € O(t)

? >  Controller Secondary path ?O—T
\

\— Adaptation alg.

A

A

Allows a full asymptotic
rejection of the disturbance -
using IMP R,

w(t) Y= Agp

AN
An image of the disturbance

(Disturbance observer)

A

Closed loop poles: P(q™1) = A;So+B¢R,

Q is a FIR filter
Poles of the closed loop remain unchanged independently of the parameters of Q

Secondary path is characterized by a high order model (30 to 70 parameters) /

Based on the Internal Model Principle (the controller should contain the model of the disturbance)
N sinusoids: order of Q=2N . %

I.D. Landau & al « Adaptive YK parametrization for active noise and vibration attenuation »
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Adaptive YK Feedback attenuation of narrow band noise
(or vibration)

Secondary path

p(t)
o 1 ¢ B Yoooeo)
Incoming noise  d() [ .. . —(O)—| = u®) | G _,& g
(disturbance) » Primary path Residual -\ S, Ag + g

noise/acceleration -
'\ p(t)

u (t) +V , € O(t)

? >  Controller Secondary path ?OT
\

\— Adaptation alg.
Allows a full asymptotic /
rejection of the disturbance -
using IMP Ry |«

A

w(t) W = AGp

l_ Parameter |

adaptation|

 Qis aFIRfilter

* Poles of the closed loop remain unchanged independently of the parameters of Q

* Based on the internal model principle (the controller should contain the model of the disturbance)
* N sinusoids: order of Q=2N

» Extremely fast adaptation,
I.D. Landau & al « Adaptive YK parametrization for active noise and vibration attenuation » 37 @



Most important:

[ Direct adaptive feedback regulation J

YK parametrization allows to express the measured residual error (e°(t)) as a function
of the errors in the Q parameters (with respect to the optimal ones)

Consequence:
A direct adaptive regulation
scheme can be built

)

o gipsa-lab

§

e(t+1)=[Q@™")~ Qt,.q )] -

—(O—

A

—dp* -1
Pl ) () +x(t )
P(q7) Vanishing term
S d th
econdary pa o0
u(t) B )
Ag + -

Parameter |
adaptation |

I.D. Landau & al « Adaptive YK parametrization for active noise and vibration attenuation »
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[ Direct adaptive feedback regulation J

Most important:
YK parametrization allows to express the measured residual error (e°(t)) as a function
of the errors in the Q parameters with respect to the optimal ones
~ ~ —-d B* -1
e(t+1) =10 ™) - O, g - Iy +xe

-1
P(q7) +—— Vanishing term
Secondary path

p(t)
1 u(t) B % e°(t)
—_’O_’ S > AG n >
0 G

Consequence:
A direct adaptive regulation
scheme can be built

Parameter |
adaptation |

« The order of the Q polynomial depends upon the order of the disturbance model
denominator (Dp) and not upon the complexity of the plant model

e Particularly dedicated to multiple narrow band disturbances or limited band disturbances (Bode limitations)

I.D. Landau & al « Adaptive YK parametrization for active noise and vibration attenuation »
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[ Direct adaptive feedback regulation J

Most important:
YK parametrization allows to express the measured residual error (e°(t)) as a function
of the errors in the Q parameters with respect to the optimal ones

(©+1) =10 ) - O, )1~ B ) ity 4t 41
el rta )l P(q ) i ‘)\Vanishingterm

$

Consequence: 0 =1q1,92, -1 ; (t) = [§,(6), (O ...]
A direct adaptive regulation o) = [w(),w(t—1)...]

scheme can be built L(g~!) = g~Bs/P

() = L(g M)
t+1)=[0-0®)] v

I.D. Landau & al « Adaptive YK parametrization for active noise and vibration attenuation »
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[ Direct adaptive feedback regulation J

Most important:
YK parametrization allows to express the measured residual error (e°(t)) as a function
of the errors in the Q parameters with respect to the optimal ones

(©+1) =10 ) - O, )1~ B ) ity 4t 41
el rta )l P(q ) i ‘)\Vanishingterm

$

Consequence: 0 =1q1,92, -1 ; (t) = [§,(6), (O ...]
A direct adaptive regulation o) = [w(),w(t—1)...]

scheme can be built L(g~!) = g~Bs/P

() = L(g M)
t+1)=[0-0®)] v

Standard form for the synthesis

~ T
e(t+1) = [0 —0(t+ 1)] () of stable adaptive schemes

* Performance will depend of course also upon the design of the parameter adaptation algorithms

I.D. Landau & al « Adaptive YK parametrization for active noise and vibration attenuation »



[ Adaptive Attenuation of Acoustical Interference }

Nominal frequencies: 1) 170 Hz and 170.5 Hz + 2) 285 Hz and 285.5 Hz

Variations of + 10 Hz for the nominal frequencies
YK adaptive feedback

0.8
06
0.4
0.2

0

SEEES

180. Hz and 180.5 Hz
295Hz and 295.5 Hz

170 Hz + 170.5 Hz
285Hz + 285.5 Hz

-0.2 T

-0.4 +
-0.6

-0-8 'open loop Adaptive feedback

0 5 10 15 20 25 30 35

)

o gipsa-lab
D I.D. Landau & al « Adaptive YK parametrization for active noise and vibration attenuation » 37 %
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[Attenuation of 2 simultaneous tonal noises}

Noise Frequencies : 170 Hz and 285 Hz

Open loop

Adaptive feedback

Global Attn.: 89.5 dB
Attn. 170 Hz: 60 dB
Attn. 285 Hz: 55.9 dB

Magnitude [dB]

Magnitude [dB]

-121
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110

o

-130

-140

Power Spectral Density

1

I I :
-\ll 'rl E\ nl.“« | f\ l ]
S |
‘A \L N '\lr\..w;'wl i 'WJL =) le»‘whmk_wa

0 200 400 600 800 1000 1200
Frequency [Hz]

Power Spectral Density

Evolution of the
Q parameters

H WL‘J "(
o W 11,“’ \Mﬂjul ' | J|¢ Bisie

0 200 400 600 800 1000 1200
Frequency [Hz]

1
Time [seg]
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[Step Changes in Noise Frequencies]

Nominal frequencies: 170 Hz and 285 Hz
Step changes: +/- 10 Hz
e o . . . | Open loop

02

015

01

0.05 -

asst Adaptive feedback
° Adaptive
Open loop 4: - feedbck

o gipsa-lab

o

E I.D. Landau & al « Adaptive YK parametrization for active noise and vibration attenuation » 39 @
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o gipsa-lab

)

Glpea-

|

Chirp frequency variation of 2 simulatenous
tonal disturbances

1) From 100 Hz to 200 Hz + 2) From 200 Hz to 300 Hz (from 5s to 30s)

Open loop
B KS

Open loop

i ning| Open loop
04r ./
0.2
=
2 o
g‘ .
s Adaptive feedback
0.4
| | Adaptive feedback
d0'60 9 10 15 20 25 30 35 =
Time [s] IS
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Residual

noise

[ Adaptive Feedforward Noise Attenuation ]

_ Primary Path

A Reverse path
Secondary
I ' Path
e(ty u(t)
y Y0

Simulink
Real-Time
DAS1602-16

Development
PC

l|<Disturbance signal M

Matlab

Incoming

noise

0,

©

Disturbance

Primary path

Discrete-time T.F.

I.D. Landau & al « Adaptive YK parametrization for active noise and vibration attenuation »

d(t X(t)
3 of T Residual
+ noise
Positive feedback coupling @ /
0
M | e (t)
Secondary path, v
o =1 un| @
N G
+ .-
@ 1Adaptive feedforward
I compensator ' Uo(t)
---------- STV CE———
Parameter Adaptation Algorithm
M=B,,/A, ; G=B./A.
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[ Adaptive Feedforward Noise Attenuation ]

Incoming Disturbance Primary path

: - i dt x(t .
noise Lm_ Primary Path ‘ — noise S(t) W ( ) R T ( ) Resu_jual
' al N noise
A — - @ Positive feedback coupling @ /
Secondary eo(t)
I ' Path :

e(ty u(t)

1Adaptive feedforward

TDisturba nce signal I compensator
L (ST PAA- -

Parameter Adaptation Algorithm

Simulink
Real-Time
DAS1602-16

Development
PC
Matlab

Discrete-time T.F.
M=B,,/A\ ; G=B/A¢

State of the art (before 2011)

* Stability problems caused by the internal positive coupling

* Use of refined LMS (XLMS, FULMS...) adaptation algorithms but without a stability analysis

I.D. Landau & al « Adaptive YK parametrization for active noise and vibration attenuation » 47
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[ Adaptive Feedforward Noise Attenuation ]

Incoming Disturbance Primary path

) _ Primary Path noise d(t X(t)
noise I_m i s(t) W ® o T Residual
: , noise
—— Reversepath _1 &~ @ Positive feedback coupling * @ /
g o N\ C M | e
3 Secondary path !
. + + v
E(t) 2l Amplifier y(t) I’V\ - “J(t) @ | G
‘ y(t) + .-
— Simafiri @ 1Adaptive feedforward
R e || Disturbance signal M : compensator ARl : UO (t)

Discrete-time T.F. Parameter Adaptation Algorithm

M=B,,/A\ ; G=B/A¢
State of the art (before 2011)
* Stability problems caused by the internal positive coupling

* Use of refined LMS (XLMS, FULMS...) adaptation algorithms but without a stability analysis
New solutions

* Introduction of stability based adaptive algorithms

* Inherent stable structures despite internal positive feedback using Youla-Kucera parametrization
I.D. Landau & al « Adaptive YK parametrization for active noise and vibration attenuation » 43 W



YK Parametrized Adaptive Feedforward
Noise/Vibration Attenuation

Disturbance Primary path Residual
() dt) I X(t) noise/

W acceleration
+

Positive feedback coupling

M k e’(t)
+ 0 Secondary path, v
vCE N e V

I Adaptive feedforward L0
| compensator U (t)
—————————— PAA

Parameter Adaptation Algorithm

* Problem: To assure the stability of the internal coupling positive feedback loop independently of the parameters
of the feedforward compensator which should minimize the residual noise

I.D. Landau & al « Adaptive YK parametrization for active noise and vibration attenuation » 44 %
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Disturbance

YK Parametrized Adaptive Feedforward

Noise/Vibration Attenuation

Primary path

Residual
X(t) noise/ s(t)

d(t)
t
s(t) W of T
Positive feedback coupling
M e
t =
L YO % o

I Adaptive feedforward

Secondary path N

EHV

acceleration

Disturbance

d()

Primary path

+

e®(t)

|
compensator
1- 200 PAA

'Uo(t)

Parameter Adaptation Algorithm

X y()
LO—

X(t) Residual
o T noise/
N acceleration
Positive feedback coupling
0
M e”(t)
Secondary path
+ u(t) *
>0~ 1/S, G

Ry

* Problem: To assure the stability of the internal coupling positive feedback loop independently of the parameters
of the feedforward compensator which should minimize the residual noise
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Disturbance

Noise/Vibration Attenuation

YK Parametrized Adaptive Feedforward J

Primary path

s(t) d(t)
—_— W >

T

Residual
X(t) noise/ s(t)

Positive feedback coupling

M P
+
é y(t) 5 L U(t)
+

I Adaptive feedforward

Secondary path N

EHV

acceleration
+

e®(t)

|
compensator
1- 200 PAA

'Uo(t)

Parameter Adaptation Algorithm

Disturbance

d(®)

Primary path

é y()
+

X(t) Residual
o T noise/
acceleration
Positive feedback coupling
0
Mk e (t)
Secondary path
>0~ 1/S, ol G |
+
Bg /A
Aq
-1 +
O | Bwm

* Problem: To assure the stability of the internal coupling positive feedback loop independently of the parameters
of the feedforward compensator which should minimize the residual noise

* Youla — Kucera parametrization assures the stability of the internal positive feedback loop (defined by the choice of
Ro and So) independently of the parameters of the FIR feedforward compensator filter Q (A=1)

* The stabilisation of the internal feedback loop and the optimisation of the feedforward compensator are dissociated
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Disturbance

d(o)

YK Parametrized Adaptive Feedforward
Noise/Vibration Attenuation

Primary path

X(t)

— W >

T

<

+

Positive feedback coupling

M
+l 0 Secondary path N
+ N | G ; ;

I Adaptive feedforward

|
compensator
1o DRI _ PAA

Parameter Adaptation Algorithm

Residual

noise/ s(t)
acceleration

Disturbance

d(®)

Primary path

e®(t)

—)

|
v

X y()
LO—

X(t) Residual
ol T noise/
acceleration
Positive feedback coupling
0
M e”(t)
Secondary path !
R, po-[1s,]—=[ G V
+
RV / u0(t)
Qg - - - |- - - - PAA- -
~ |+
Ayt O By Parameter Adaptation Algorithm

* Problem: To assure the stability of the internal coupling positive feedback loop independently of the parameters
of the feedforward compensator which should minimize the residual noise

* Youla — Kucera parametrization assures the stability of the internal positive feedback loop (defined by the choice of
Ro and So) independently of the parameters of the FIR feedforward compensator filter Q (A=1)

* The stabilisation of the internal feedback loop and the optimisation of the feedfroward compensator are dissociated

§(sanp

I.D. Landau & al « Adaptive YK parametrization for active noise and vibration attenuation »

&



[Adaptive Feedforward Broad-band Noise Attenuation }

Mainly dedicated to attenuation of broad-band disturbances

Stability based standard IR compensator

=
=

dB]
I
o

W
Hz

20

0f

Magnitude [

-20

m= (J)pen loop
m (Closed loop

|
0 200

|

| | |
400 600 800 1,000 1,200
Frequency [Hz|

Presence of very low damped
complex poles (risk of instability)

The stability approach does not guarantee
the damping of the poles of the internal loop
(they may be very close to the unit circle)
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[Adaptive Feedforward Broad-band Noise Attenuation }

Mainly dedicated to attenuation of broad-band disturbances

Stability based standard IR compensator

60 | T T

. E === (pen loop
Q40 . === Closed loop
3=
— 2

)

- [ ]

Z - .

&b " -

g - L

=0 :

| | |
400 600 800 1,000 1,200
| Frequency [Hz|

|
0 200

Presence of very low damped
complex poles (risk of instability)

The stability approach does not guarantee
the damping of the poles of the internal loop
(they may be very close to the unit circle)
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Stability based YK — IR compensator

= (pen loop
= (Closed loop

| I |
0 200 400 600 800 1,000 1,200

Frequency [Hz]

The central controller forces some (IIR) or all (FIR) poles

to be enough far from the unit circle
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[Beyond the delay barrier using YK parametrization ]

There are potential application areas where:
—

-~ Length secondary path (2> 3) > Length primary path (4->3)
(delay) (delay)

Beyond the theoretical limit for standard Feedforward
Compensation (Secondary path shorter than Primary path)

o gipsa-lab

=y C
E I.D. Landau & al « Adaptive YK parametrization for active noise and vibration attenuation » 50 CWJ
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[Beyond the delay barrier using YK parametrization J

There are potential application areas where:

Length secondary path (22 3) > Length primary path (4> 3)
(delay) (delay)

Beyond the theoretical limit for standard Feedforward
Compensation (Secondary path shorter than Primary path)

e Standard IIR structures are unstable
e Standard FIR structures have very poor performance
and tend to become unstable on a long horizon.

o gipsa-lab

)

Glpea-
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[Beyond the delay barrier using YK parametrization ]

There are potential application areas where:

"i Length secondary path (22 3) > Length primary path (4> 3)
(delay) (delay)

0.15

Disturbances - p(t) Residual noise - e(t) ‘

0.1 31.7dB 23.9dB
)i I

0.05

Amplitude [V]
o

-0.05
Beyond the theoretical limit for standard Feedforward

i ] -0.1
Compensation (Secondary path shorter than Primary path) Broad-Band Noise Broad-Band Noise
150-250 Hz 250-350 Hz
» Standard IIR structures are unstable 015 5 100 150 200 250 300
e Standard FIR structures have very poor performance Time [s]

and tend to become unstable on a long horizon.

Results using FIR YK adaptive feedforward compensator
(60 parameters)

o gipsa-lab

o

E I.D. Landau & al « Adaptive YK parametrization for active noise and vibration attenuation » 59 @
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{ Design of adaptive feedforward attenuation schemes }

» Establish an equation for the residual error (noise/acceleration) of the form:

v(t+1) = —e(t+1) = H,(¢-1) [0 — 8] ¢(0) For 8 = const.

(not obvious at a first glance)

6 = vector of optimal parameters of the compensator filter (unknown)
6 = vector of adjustable parameters of the compensator filter
¢ = vector of measurements (observations) — inputs and outputs of the compensator filter

I.D. Landau & al « Adaptive YK parametrization for active noise and vibration attenuation »
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{ Design of adaptive feedforward attenuation schemes ]

Establish an equation for the residual error (noise/acceleration) of the form:

v(t+1) = —e(t+1) = H,(¢-1) [0 — 8] ¢(0) For 8 = const.

(not obvious at a first glance)

6 = vector of optimal parameters of the compensator filter (unknown)
6 = vector of adjustable parameters of the compensator filter
¢ = vector of measurements (observations) — inputs and outputs of the compensator filter

Introduce a filter L on the data (will results from stability considerations)  (t) = ¢((t) = L(g Yo (®)
Re-write equation of the residual error as

v(t+1) = H () [0 — 8] p(b) where H(qg %) =H, (7Y .[L(g~ )"

I.D. Landau & al « Adaptive YK parametrization for active noise and vibration attenuation » 54 %



§(Bsa-aB

{ Design of adaptive feedforward attenuation schemes ]

Establish an equation for the residual error (noise/acceleration) of the form:

v(t+1) = —e(t+1) = H,(¢-1) [0 — 8] ¢(0) For 8 = const.

(not obvious at a first glance)

6 = vector of optimal parameters of the compensator filter (unknown)
6 = vector of adjustable parameters of the compensator filter
¢ = vector of measurements (observations) — inputs and outputs of the compensator filter

Introduce a filter L on the data (will results from stability considerations)  (t) = ¢((t) = L(g Yo (®)
Re-write equation of the residual error as

v(t+1) = H () [0 — 8] p(b) where H(qg %) =H, (7Y .[L(g~ )"

Replace 6 = const. by a time varying one
v(t+1) = H(g-Y) [0 — 8¢t + D] p(©®

This is a standard form for the synthesis of stable adaptive schemes.

I.D. Landau & al « Adaptive YK parametrization for active noise and vibration attenuation »
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[ Stability based parameter adaptation algorithms ]

@ = vector of parameters (é[f} = estimated parameter vector)
¢ = vector of measurements (observation vector)
= regressor vector: v =L¢ ; L="filter

Adaptation error (a priori)

Stability based adaptation algorithms

Data Filter

I.D. Landau & al « Adaptive YK parametrization for active noise and vibration attenuation »
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[ Stability based parameter adaptation algorithms ]

@ = vector of parameters (é[f} = estimated parameter vector)
¢ = vector of measurements (observation vector)
= regressor vector: v =L¢ ; L="filter

Measured residual error (noise/acc.)

Adaptation error (a priori)  v°(t)=-e°(t) (feedforward schemes) vO(t)=e°(t) (feedback schemes)

Stability based adaptation algorithms

Data Filter
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[ Stability based parameter adaptation algorithms ]

@ = vector of parameters (é[f} = estimated parameter vector)
¢ = vector of measurements
= observation (regressor) vector: w = L¢ ; L= filter

Measured residual error (noise/acc.)

Adaptation error (a priori)  v°(t)=-e°(t) (feedforward schemes) vO(t)=e°(t) (feedback schemes)

A A O(t+1
0(t+1)=0(t)+yy () 1+:¢(T(t)13)(t) Scalar constant adaptation gain ()

Stability based adaptation algorithms

n R 0 : . .
6 (t+1)=0(t)+ Ft)p(t) 1+¢1T/(t()t;(3¢(t) Matrix adaptation gain (F)

Data Filter

I.D. Landau & al « Adaptive YK parametrization for active noise and vibration attenuation » 53 %
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[ Stability based parameter adaptation algorithms ]

@ = vector of parameters (é[’f} = estimated parameter vector)
¢ = vector of measurements
= observation (regressor) vector: w = L¢ ; L= filter

Measured residual error (noise/acc.)

Adaptation error (a priori)  v°(t)=-e°(t) (feedforward schemes) vO(t)=e°(t) (feedback schemes)
A A vO(t+1)
0(t+1)=0(t)+yy () T OV O Scalar constant adaptation gain ()
Stability based adaptation algorithms
A _A vO(t+1) Matrix adaptation gain (F)
O(t+1)=0(t)+Ht)Y(t) T OF OV
Data Filter L = function of (M, G, Ro,S0)

Plays a fundamental role for stability

I.D. Landau & al « Adaptive YK parametrization for active noise and vibration attenuation » %
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[Stability conditions for adaptive feedback/feedforward J
noise/vibration attenuation

v(t+1) = H(g-Y) [0 — 8¢t + D] p(©®
Stability condition:

H(z™Y) (orH(z71) -4/, for time varying adaptation gain) should be Strictly Positive Real (SPR) ( *)

H(qg™Y)=H, (q¢"Y) .[L(g™ )] H,(q~1) = f(G,M,R,,S,)

I.D. Landau & al « Adaptive YK parametrization for active noise and vibration attenuation » 60 %
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[Stability conditions for adaptive feedback/feedforward J
noise/vibration attenuation

v(t+1) = H(g-Y) [0 — 8¢t + D] p(©®
Stability condition:

H(z™Y) (or H(z™ 1) -4/, for time varying adaptation gain) should be Strictly Positive Real (SPR) ( *)

H(qg™Y)=H, (q¢"Y) .[L(g™ )] H,(q™*) =f(G,M,R,,S,)

Best choice for L (trying to approach H=1): | [=f (G, M ,Ro,50)

When doing this, condition (*) becomes in most of the cases:

)

% and % should be strictly positive real T.F.

I.D. Landau & al « Adaptive YK parametrization for active noise and vibration attenuation » 61 %
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[Stability conditions for adaptive feedback/feedforward J
noise/vibration attenuation

v(t+1) = H(g-Y) [0 — 8¢t + D] p(©®
Stability condition:

H(Z_l) (or H(Z_l) - ’1/2 ) (for time varying adaptation gain) should be Strictly Positive Real (SPR) ( *)

H(qg™Y)=H, (q¢"Y) .[L(g™ )] H,(q1) = f(G,M,Ry,S,)

Best choice for L (trying to approach H=1): | [=f (G, M ,Ro,50)

When doing this, condition (*) becomes in most of the cases:

P

G M : -
- and - should be strictly positive real T.F.

Or equivalently:
The phase difference between G and G and between M and M should be < |90°|
at all frequencies (can be relaxed using averaging arguments)

Consequence: one needs good models of G and M!
(system identification is a must)

I.D. Landau & al « Adaptive YK parametrization for active noise and vibration attenuation » 62 %
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{System Identification — a key point for stabilityJ

y Reverse
path
Step 1 Data acquisition under e
experimental protocol PR-B.>. [ path
(15 to 305) Pseudo Random

Binary Sequence

Step 2 > Estimation of the model order from data (Duong-Landau method)

Step 3 > Unbiased parameter estimation of an ARMAX
model (XOLOE alg. gives the best results)

Step4 > Model validation (whiteness test)

I.D. Landau & al « Adaptive YK parametrization for active noise and vibration attenuation »



{System Identification — a key point for stabilityJ

y Reverse
path
Step 1 Data a.ch|5|t|on under A secondary| €
experimental protocol ahiladnadl T path
Pseudo Random
(15 to 305) Binary Sequence

Step 2 > Estimation of the model order from data (Duong-Landau method)

i Bt Dlagram
Step3 > Unbiased parameter estimation of an ARMAX | ... w4 n = = =Gl )
model (XOLOE alg. gives the best results) v AN —
Step4 > Model validation (whiteness test) WY N
* High order models with many resonances and anti-resonances 50 ‘ ;
* Double differentiator behaviour af \ L
0 : - . 2
. v Freﬂj.a-'ll:'-:' (Hz) -
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[ The methodology — A summary ]

* This methodology has been developed in
joan Doré Landau the field of active vibration control and
Tudor-Bogdan Airimitoaie

Abraham Castellanos-Silva applied in the field of active noise control

Aurelian Constantinescu

Adaptive and
Robust Active

R. Melendez et al. « Data driven design of tonal noise feedback

cancellers », IFAC World Congr. 2017, Toulouse

l. Landau et al. « Robust and Adaptive Feedback Noise Attenuation
V|brat|0n in Ducts”, IEEE Trans. on CST, March 2019

| l. Landau et al. « Why one should use Youla Kucera parametrization in
CO ntr0| adaptive feeforward noise attenuation? » IEEE —CDC, Nice, 2019
Methodology and Tests

l. Landau et al. « Beyond the delay barrier in, active feedforward

noise control using YK paramtrization » J. of Sound and Vibr., Sept. 2019
T. Airimitoaie et al « Algorithms for adaptive feedforward noise

AlC 4 Springer attenuation—A unified approach and experimental evaluation »,

IEEE Trans. on CST, to be pulished

http://www.gipsa-lab.grenoble-

m gipsa-lab inp.fr/~ioandore.landau/adaptivecontrol/
E I.D. Landau & al « Adaptive YK parametrization for active noise and vibration attenuation » 65
T




§(Bsa-aB

[ Some research subjects]

 Combined feedback and feedforward attenuation of noise /vibrations

* Adaptive feedback and feedforward attenuation of noise and vibration in the
presence of significant changes in the models of the secondary and reverse paths

I.D. Landau & al « Adaptive YK parametrization for active noise and vibration attenuation » %
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[ Some research subjects]

 Combined feedback and feedforward attenuation of noise /vibrations

* Adaptive feedback and feedforward attenuation of noise and vibration in the
presence of significant changes in the models of the secondary and reverse paths

Preliminary results indicates the usefulness of Youla — Kucera parametrization.
However many problems remain to be solved!

T. Airimitoaie |. Landau. « Combined adaptive feedback and feedforward compensation

for active vibration control using Youla—Kucera parametrization”, J. of Sound and Vibr., pp 422-441, 2018
Ph. Mulhaupt et al. “Asymptotic rejection of nonvanishing disturbances despite plant—-model mismatch »
International J. of Adaptive Control and Signal Porcessing , 2012, pp1090 -1110

B. Vau I. Landau, «Youla-Kucera feedback disturbance rejection in the presence of plant uncertainties”

IEEE-CDC 2019, Nice, 2019 %
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Thank you for your attention!

Do not hesitate to contact me:
ioan-dore.landau@gipsa-lab.fr
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