N

N

A general adaptive feedforward compensation algorithm
for active vibration control with mechanical coupling
and local feedback

Ioan Doré Landau, Tudor-Bogdan Airimitoaie

» To cite this version:

Ioan Doré Landau, Tudor-Bogdan Airimitoaie. A general adaptive feedforward compensation algo-
rithm for active vibration control with mechanical coupling and local feedback. MED 2014 - 22nd
Mediterranean Conference on Control and Automation, Mediteranean Control Association, Jun 2014,
Palermo, Italy. pp.67-72, 10.1109/MED.2014.6961328 . hal-01394158

HAL Id: hal-01394158
https://hal.science/hal-01394158
Submitted on 16 Nov 2016

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://hal.science/hal-01394158
https://hal.archives-ouvertes.fr

A General Adaptive Feedforward Compensation Algorithm for Active
Vibration Control with Mechanical Coupling and Local Feedback

loan Doré Landabiand Tudor-Bogdan Airimitoare

Abstract— Adaptive feedforward broadband vibration (or

measurement with the disturbance is available. Most of the
active vibration control systems feature an internal "postive”

mechanical feedback between the compensation system anceth
reference source (a correlated measurement with the distur

for reducing the effect of disturbances. For stability reasns the
adaptation algorithms require the implementation of a filter on

observed data or a filtering of the residual acceleration in eder

to satisfy some passivity conditions. Recently the use of ¢h
"Integral + Proportional” (IP) adaptation has been proposed.

The paper provides a general algorithms for the adaptive feg-

forward compensation which includes as particular cases th
various algorithms presented in the literature. The algorthm

has been applied to an active vibration control system.

interaction between the presence of this local feedback con
noise) compensation is currently used when a correlated troller and the stability conditions for the adaptive femdf
ward compensation algorithms[8].This interaction is fiert
enhanced when the internal positive coupling is present.
Another important issue in adaptive feedforward com-
bance). Such systems have often also a feedback control looppensation is the design of filters either on the observed
variables of the feedforward compensator or on the residual
acceleration in order to satisfy positive realness coowliti
on some transfer functions. In [4], it was shown that for
small adaptation gains (slow adaptation) the violation of
the positive real conditions in some frequency regions is
acceptable, provided that in the average, the input-output
product associated with this transfer function is posjtiuet

LIST OF ACRONYMS

ANC Active noise control

AVC Active vibration control

FULMS  Filtered-u least mean squares

IIR Infinite impulse response

P "Integral + proportional”

IP-PAA  “Integral + proportional” PAA

PAA Parameter adaptation algorithm

PRBS Pseudo random binary sequence
SPR Strictly positive real (transfer function)

I. INTRODUCTION

the performance of the system is degraded. However, the
problem of removing or relaxing the positive real condition
can be also approached by adding a proportional adaptation
to the widely used integral adaptation (see [9]). Another
effect of the "Integral + Proportional” (IP) adaptation et

of speeding up the transients of the adaptation error.

A subject of debate in the context of adaptive feedforward
compensation was the choice between filtering the data or
filtering the residual acceleration (error) in order to St
the positive realness conditions required by the stability
analysis (in the presence of the internal positive feedback
or not). Some of the references discussing this issue are
[10], [11], [12], [13]. As it will be shown, the reason

Adaptive feedforward for broadband disturbance comto use one or both of the two options is related to the
pensation is widely used when a well correlated with thériterion which is minimized and to the presence or not of
disturbance signal (image of the disturbance) is availablnstable zeros in the secondary path. The paper provides
([1], [2], [3]). However, in many systems, there is a positiv @ general form for the adaptive feedforward compensation
mechanical coupling between the feedforward compensatigfgorithms which includes as particular cases (almost) all
system and the measurement of the image of the disturbanagaptive feedforward IIR compensation algorithms avéglab
Using adaptation algorithms which did not take into accouri the literature including recent developments. A stapili
this internal coupling often leads to the instability of theanalysis and experimental verifications are also included.

system. In the context of this inherent "positive” feedback
the adaptive feedforward compensator should minimize the

II. AN ACTIVE VIBRATION CONTROL SYSTEM USING AN
INERTIAL ACTUATOR

effect of the disturbance while simultaneously assurirg th

stability of the internal positive feedback loop [4].

Combining adaptive feedforward compensation with feed-
back control has been considered as an issue to further
improve the performance of the adaptive feedforward com-
pensation alone [5], [6], [7]. Unfortunately, there is eosiy
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Fig. 1. The AVC system used for experimentations - photo.



Measurement of the image ’—‘/Inertial actuator [ . cyeie . .
of the disturbance Support T (Pisturbance source) (source of instabilities) and makes the analysis of adaptiv

i () Fesarord 1~ | Global primary path (estimation) algorithms more difficult. Reliable models of
L1\t eedforwary — —1 -1 . . . e .
et | X W) D) the various paths can be obtained by system identification
eg((:;;leration Primary path D<Zil> tech n |queS
[ L. | Positive feedback coupling
AW (Reverse path) M (™) I1l. BASIC EQUATIONS AND NOTATIONS
Feedback controll A . .
== T The different blocks of the AVC system (FigJre 3(b)) are
G (Compensator) described in this section. The primarp), secondary )

and reverse (positive coupling{) paths represented in
Fig. 2. An AVC system using an adaptive feedforward and a firedback @) are respectively characterized by the asymptdyical
compensation scheme. .

stable transfer operators:

bPq + . 40D, ¢ "o

Figures[1 and2 represent an AVC system using a meap)(,—1) — Bp(g~') _

surement correlated with the disturbance and an inertial CAp(gh)  1+aPgt+ +al, q"an’
actuator for reducing the residual acceleration. The &irac P o (1)
. . . . . - -n

is representative for a number of situations encountered in Ba(q™) bYq " + ...+ anGq Pe

G =

practice. Details can be found in [4] Ac(g™Y)  14afq¢ '+ .. + agAG qanG(7 |
2
= e Global primary path —————————> e M) Bar(gY) Bgt + .+ bhL g
1s(t): ] e = = — )
}% L @ z T AM(qfl) 1+a{wq71+...+a%\“q AN
L l ,,,,,,,,,,,,,,, Primary path L Necidual ’ (3)
OO~ Mesmrmentore slenin  With By = ¢ B for anyx € {D,G, M}. G, M and D
denote the identified (estimated) models of G, M and D.
@ The optimal feedforward filter (unknown) is defined by
,,,,,,,,,,,, Global primary path —————————> | 1
:s(t) Ml w® ol (t) scoaonti N(g—!) = R(q™) 4
: — Primary path . :mcigcmcm (q ) ;S’(q_l)7 ( )
: Positive feedback coupling - Wh ere
L
| ! 566((1{!";rwardcompemalor A ) R(qil) =g+ qufl R (5)
| Oz N LG~ _ _ B e
- iamade) T S(g") =141+ A snsq " = 14¢7'S*(¢"). (6)

image of the disturbance

® The estimated feedforward filter is denoted by

PAA 0 [y g

Parameter adaptation algorithm R( -1
(. —1 q )
(b) N(g—) = S0 ()
Fig. 3. Feedforward AVC: in open loop (a), with RS controlterd adaptive . . .
feedforward compensator (b). The vector of optimal feedforward filter parameters is
O =[s1, ... Sng, T05 -+ Tnglt (8)

The corresponding block diagrams in open loop operation
and with the hybrid (feedback-feedforward) compensatiognd the vector of estimated feedforward filter parameters is
system are shown in Figurfs 3(a) 4dnd B(b), respectively. In a7\ _ - . A . T
Figure[3(0),7: (t) denotes tkgeffective output provided by O7 ) =[51(t), - Sns(®), Folt), - Fua (). ()
the measurement device and which will serve as input tdhe fixed feedback controlle’, computed on the basis of
the adaptive feedforward filteN. The control signaki(t), the model( to reject broadband disturbances on the output
resulting from the difference between the output of the feed’(¢), is characterized by the asymptotically stable transfer
forward filter denoted byi, (¢) and the output of the feedback function .
controller, is applied to the actuator through an amplifiéie K(g Y= %7 (10)
transfer functionG (the secondary path) characterizes the Ax(g™t)
dynamics from the control signal to the residual accelemati where
measuremente’(t)) (amplifier + actuator + dynamics of . P PR
the mechanical system). The transfer functibnbetween Br(q™) =bg +b1'q¢ "+ .. +by, ¢ ""x,  (11)
w(t) and the measurement of the residual acceleration (in 1y K -1 K —na,
oée)n loop operation) characterizes the primary path. The g ) =14arg . T d ’ (12)
coupling between the control signa(t) and the measure- The input of the feedforward filter (called also reference)
mentg; () through the compensator actuator is denoted big denoted byj, (t) and it corresponds to the measurement
M. As indicated in Figurg 3(b), this coupling is a "positive” provided by the primary transducer (force or acceleration
feedback. This unwanted coupling raises problems in preactitransducer in AVC or a microphone in ANC). In the absence



of the compensation loop (open loop operatiofy)t) = are also called, respectively, theriori and thea posteriori
w(t). The output of the feedforward compensator is denotedhfiltered adaptation errors.

by @1 (t+1) = iy (t+1|©(t+1)) (a posteriori outpu) The The coefficients¥, X € {B, A}, are the coefficients of
measured input to the feedforward filter can also be writtean IR filter, with all poles and zeros inside the unit circle,
as acting on the adaptation error

X By(ah)
pt+1)=wt+1)+H=—galt),  (13) .. By(g!
Aula™) Vi) =5 @)
where n
ﬁ:ﬂl(t)f’llg(t), (14) Xv(q—l) :1+q_1X\t‘(q_1) :1+Z,Ug(q—i, (23)
@1(t) andus(t) are the outputs given by the adaptive feed- i=1

forward and the fixed feedback compensator, respectively.where X € {B, A}. The filtereda posteriori unmeasurable
is the effective input sent to the control actuator. The arpri (but computable) adaptation error is given by
output of the estimated feedforward filter is given by N

vit+1)=v(it+10t+1)) =

af(t+1) = aa(t +1/©(t))

— —S'*(t, a Vi (t) + R(t7 ¢ Hint+1) =e(t+1)+ ;viBE(t +1—14)— ;vfu(t +1—1),
=T (e() - [050.6%0)] | 571 @4

(15) with (¢ + 1) given in [21).
Thea posteriori value of the output of the secondary path

where®7 (¢) has been given iff]9) and 2(t + 1) (dummy variable) is given by
&7 (t) = [~a1(t), ... —a(t—ng+1), . Bi(g™Y) ., A
A X R 3(t+1) = 2(t4+1|O(t+1)) = =L La(t|@(t+1)). (25)
J(t+1), (), ... g1t —np+1) (D) = 2O = 55y 11O
=[®5 (1), ®; (1)] (16) For compensators with constant parametef§t) = v(t),

, , , 0(t) = e(t), e(t) = e(t), 2°(t) = 2(t), aO(t) = a(t).
is called the observation vector. In the context of this papeRemark: when V{(g-1) = 1 (the adaptation error is not

fixed feedback compensatdkswill be considered. The input _. N L .
. filtered) the a priori and the a posteriori adaptation errors
to the feedback compensator is given by the performance

variable, therefore(t) = €°(¢). Its output will beusy(t) = will have respectively the forms
K - y5(t). The unmeasurable value of the output of the(t + 1) = v(t + 1|©(t)) =
primary path (when the compensation is active) is denoted _ et +110(1) = —e(t+ 1) = —a(t +1) — 2%t + 1)

z(t). The a priori output of the secondary path is denoted (26)
20t +1) = 2(t + 1|©(t)) while its input isi(t). One has . .
B (g Ba(g) vt+1)=v(t+10t+1)=c(t+1O(t+1)) =
DOt+1) =L Loy = 2L Ja@@t). A7) =—e(t+1)=—a(t+1)— 2(t +1). 27
(t+1) = 32yt = 520 ae). an (t+1) = —a(t+1) = 2(t+1) (27)
The measured residual acceleration (or force) satisfies the IV. DEVELOPMENT OF THEALGORITHMS
following equation The algorithms for adaptive feedforward compensation in
R the presence of a feedback controller will be developedunde
0 _ 0
et+l)=alt+1)+2(t+1) (18) " the following hypotheses:

The filtereda priori adaptation error is defined as H1) The signako(t) is bounded, i.e.,
Pt+1)=v(t+1/0(t) = lwt)| <o, VYVt (0<a< o) (28)
=%+ 1) + ing(tJr 1—i)— ivAu‘)(t+ 1—4), (which is equivalent to say that(t) is bounded and

— — W(q~") in Figure[3 is asymptotically stable).
(19) H2) Perfect matching condition - There exists a filter

Where N(q~1) of finite dimension such that

A R N(z71) _ _
O(t+1) = e(t+1|O()) = —e2(t+1) = —a(t+1)—2°(t+1), G(zY =-D(z* (29)
(20) 1-NEY)M(=1) (=) (=)
e(t+1) = e(t+1|O(t+1)) = —e(t+1) = —a(t+1)—2(t+1) and the characteristic polynomials:
(21) « of the "internal” positive coupling loop

Lin adaptive control and estimation the predicted output-atl can be . . . . .
computed either on the basis of the previous parameter astin{a priori, P(Z ) =Aum (Z )S(Z )—BM(Z )R(Z )7 (30)
time t) or on the basis of the current parameter estimates (a pw§téime
t+1). « of the closed loop (G-K)



Pa(z7Y) = Ag(z DAk (271 4+ Ba(z ) Br (271,
(31)
« and of the coupled feedforward-feedback loop

be,ff = AMS[AgAK + BgBK] — By RAK Ac
(32)
are Hurwitz.

eq. [3%) becomes the equation of the a posteriori residual
filtered adaptation errar(t + 1) (which is computed)

AvAcAKV

R T
T G[@f®(t+1)} ®,(t). (38)

v(t+1) =
Eg. (38) has the standard form for an a posteriori adaptation
error ([14]), which allows to introduce the general addptat
algorithm including filtering of the residual error and of
the observations as well as the "Integral + Proportional”

H3) Deterministic context - The effect of the measuremenqaptation suggests to use the following IP-PAA:

noise upon the measured residual error is neglected.

H4) The primary path modeD(z~1) is unknown and con- ~ ©x(t + 1) = Ox(t) + &(t)Fr(t)® (t)v(t + 1), (39a)
stant. Op(t+1)=Fp()T(t)(t + 1), (39b)
Once the algorithms are developed under these hypotheses, O(t+1)
H2 and H3 can be removed and the algorithms can be &(t+1)= , (39¢)
14+ 9T F F v
analyzed in this modified context. + (t)(fl(t) 1) + Fr(t)¥(?)
A first step in the development of the algorithms is to  ,(t 1) = ¢(¢t 4+ 1) + ZviBE(tJr 1—i)—
establish a relation between the errors on the estimation of i1
the parameters of the feedforward filter (with respect to the na
optimal values) and the measured unfiltered adaptatiom erro - vaI/(t +1—1), (39d)
e(t+ 1). This is summarized in the following lemma. i=1
Lemma 1: Let the system be described by edsl (1) - Fe ()W (DT (£)Fs (¢
(29). Under hypotheseé¢/1l, H2, H3, an 4, using a I = 1(t) —
(Z5). Under hypothesesl1, H2, H dH [ Fi(t+1) Mt>F(t) M(It)()(T) L.
feedforward compensata¥ with constant parameters, one ! @ T PE()F(1)P(?)
has: (39e)
o AyAGAKG 17T Fp(t) = a(t)Fi(t), F1(0) =~(0) - L a(t) > -0.5,
s(t+10) = P [0 -6 @), (39) (390)
e F(t) = £()F1(0) + Fp(1) (399)
where ® (the vector of parameters of the optimal filtar B )\I () P g
assuring perfect matching) is given iy (8), Et) =1+ )\Q(t) T () Fp(t)¥(1), (39h)
1
OF = [81, e Bng, T o Pug] = [OF, OF] (38 O(t+1) =61t +1)+Op(t+1), (390)
. 1> XM(t) >0, 0<X(t) <2, Fr(0) >0,
is the vector of constant estimated parametersVofand (39))
®(t) has been defined i {IL6). W(1) = B4 (1), (39K)

The proof of this lemma has been given irﬁ.&ﬁltering the
vector &(¢) with an asymptotically stable filtef.(¢~1) =
f—i, eq. [33) for® = constant leads to

St +116) = % @8] o). @)
®(t) = L(g~)®(t), (36)

and filteringe(t 4 1/©) through the filterV (¢~ ') one gets

AvAcAKGV

v(t+1|0) = Pro /T

[@ _ @}T ®,(1). (37)

wherev(t + 1) is the generalized filtered adaptation error
(see also Sectidn]ll for more detailsy, (¢) and X2 (¢) allow

to obtain various profiles for the matrix adaptation gain
F(t) ([14]), and~(0) is a positive scalar value. By taking
A2(t) = 0 one obtains a constant adaptation gain matrix
and choosingF; = ~I, v > 0 one gets a scalar adaptation
gain). Fora(t) = 0, one obtains the algorithm with integral
adaptation gain introduced in [4]. For the adaptive operati
anFy(t) with constant trace can be obtained by automatically
computing A1 (¢) and \y(¢) at each sampling period as a
function of the newly computed trace of the “Integral”
adaptation matrix, {#(¢)), and the desired constant trace,

Eq. (37) will be used to develop the adaptation algorithm§r(FI ). In this case, a design parameter — 0) (chosen

neglecting for the moment the non-commutativity of the Opéquaol to1 in Sectio,nlﬂﬂ) is also used. Thézg()quations are

erators wher® is time varying (however an exact algorithm iven below:

can be derived in such cases - see [14]). Replacing the fixgal '

estimated parameters by the current estimated parameters, M) = tr(Fy(t))
tl’(F[O) ’

Note also that eq[(39e) is obtained from

Da(t) = A;—(t)

(40)

2However, one should take into account that a change of pogthas
been done with respect to [8]. The following enumeratioregithe corre-
spondance in notation between the present article andu[8]) < d(t),
ay(t) < §1(t), a(t) < §(t), 91(t) < a(t), ande(t) < x°(t).

Frl(t+1) = MOFr (1) + X()® ()P (1), (41)



using the matrix inversion lemma ([14]). In Talfle I, several VI. COMPARISON WITHOTHER ALGORITHMS

of V- and are given. the algorithms presented in [4], [16], [11], the FULMS ([17]
In the last line of Tabléll, and the SHARF ([10]). Tab[elll gives a synthetic comparison.
Ppy_sp = AuS [AGAK + BGBK} — BuRAkAc (42) VIl. EXPERIMENTAL RESULTS

is an estimation of the characteristic polynomial of the The experl_ment_s cons_|dered n th's. paper: concern the
coupled feedforward-feedback loop computed on the bas?é(Stem described in Sec_tl _”' The objectwgs of the exper-
of available estimates of the parameters of the filter iments to be presented in this paper are to illustrate (i) the

_For the Algorithms 171, several options for updating advantage;_ ofhusmg P ;ad?ptatlpn ffglr pgrformar?ce 'mprove-
Pjy_s; can be considered: ment and (ii) the rationale for using filtering on the regoess

f the Algorith ¢ o and/or the filtering on the residual error. These aspects hav
» Run one of the Algorithmd or /7 for a certain ime , heen yet discussed previously in the context of adaptive
to get egtlmatt_as ak ?”d 5, . » feedforward compensation. The frequency characterifgics
o Run a simulation (using the identified models);

. e __the various identified models of the primary, secondary and
o UpdatePy,_s; at each sampling instant or from time

X . ; T reverse path and details of the identification procedure can
to time using AlgorithmI I (after a short initialization be found in [4].

horizon using one of the Algorithms or 11). The feedback RS controllér reduces the disturbance ef-

V. ANALYSIS OF THE ALGORITHMS fect on the residual acceleratio#? (¢)) where the secondary
pathG has enough gain.
The adaptive feedforward filter structure for all of the
The equation for the a posteriori adaptation error has thexperiments has beeny = 3, ng = 4 (total of 8 parame-
form ters). This complexity does not allow to verify the "perfect
. T matching condition” (not enough parameters). The feedback
v(t+1)=H(¢") [@ -0+ 1)} ¥(t) (43) controller has been active. A PRBS excitation on the global
primary path has been considered as the disturbance. $evera

A. Deterministic case

where experiments have been conducted:
H(g ") = wﬂ7 U =& (44) « | adaptation with filtering of the regressor;
Pro—yy L « IP adaptation with filtering of the regressor;
Neglecting the non-commutativity of the time varying oper- ¢ |P adaptation with filtering of the regressor and of the
ators, one has the following result adaptation error.

Theorem 1: Assuming that eq[{43) represents the evoluFor the adaptive operatihe AlgorithmsI;, andI.y have
tion of the a posteriori adaptation error and that the IP-PAAeen usdfiTime domain results obtained on the AVC system

(39) is used, one has: with only an "Integral” PAA are shown in Figufd 4. Figure 5
) shows the time domain result obtained using the IP-PAA. The
thj& v(t+1)=0 (45) advantage of using an IP-PAA is an overall improvement of
. O+ 1) the transient behavior. In Figuté 6, in addition to the IP-
Jm GTF() B (D) =0 (46)  PAA a filtering of the adaptation error usifg(g—!) =1 —
. 0.9¢~! has been introduced (which introduces a weight in
|| ®(t)|| is bounded 47) hi . : ;
_ 0 igh frequencies), using Algorithrfy,y .
Jim 5 (E 4-1) =0 (48)  Interms of global attenuation the three algorithms provide
. respectivelyl4.89dB 15.42 and22.12 dB
for any bounded initial condition®(0), »°(0), F(0), It is clear that "Integrak- Proportional” adaptation gives
provided that better results than only "Integral” adaptation and thangsi

o X a appropriate filtering of the adaptation error the resudis ¢
H'(z77) = H(z™") = o maxa(t) < A2 <2, V¢ (49)  pe further improved

is a SPR transfer function. VIII. CONCLUSIONS

The proof follows [15], [4], [9] and is omitted. The paper has considered a general structure for the adap-
tive feedforward compensation in the presence of an interna
_positive feedback and of a feedback controller. Experimlent

The adaptive system formed by €iq.}(43) and the adaptati@Qaluation on an active vibration control system has shown
algorithm [39) admits an equivalent feedback representati
(EFR). It is shown in (see [9])that using IP adaptation the ®Algorithms Iy - I1Iy can not be used in our case since the secondary
exceess of passivity which is introduced by proportiondiah has unstable zeros. o
daptation can be transferred to the linear path and rel Algorithms I1;, and 11y can also be used, but in this particular case,
aaap ™ - p e filters used in algorithm$;, and Iy, allow to satisfy the positive real
the positive real condition dn #9. condition.

B. Relaxing the positive real condition by IP adaptation



Fig. 4.

Regressor filtering Error filtering Double filtering
Alg.[Filter L (V =1)|Alg.[ Filter V (L =1) [ Alg. | Filters (/_ and L)
Ir L=G Iy v:é Iny L=G, V#1
__a _ 1+GK __a
11, = Lok Iy V= e Iy = Léx V#1
AyAgAKR A Pro_yr ApAGAKR A
I1I|L = SMECEK QITIV = —L=L0 A1]]; |l = SMEGEAK GV £ ]
r Pro_ry v Ay AgAgcl TV Pro_y; 7
TABLE |

ADAPTATION ALGORITHMS WITH REGRESSOR VECTOR ANPOR RESIDUAL ERROR FILTERING

Adaptation Adaptation gain Filtering Taking into account
Reference P | Matrix Scalar |Regressor vectorResidual error| Local feedbackinternal feedbagk

Present paper yes yes yes yes yes yes yes yes
4 no yes yes yes yes no no yes

8 no yes yes yes yes no yes yes

[16] no yes no yes no no no yes
FULMS no yes no yes yes no no yes
SHARF [10] no yes no yes no yes no no
[11] no yes yes no yes yes no no

TABLE I

COMPARISON OF ALGORITHMS FOR ADAPTIVE FEEDFORWARD COMPENSAON IN AVC WITH MECHANICAL COUPLING.

Plant output using broadband disturbance adaptive compensation after 50 ser
T T

Residual acceleration [V]

i
1000
Time [sec]

Real time results obtained with Algorithify, using "Integral”

I
0 500 1500

scalar adaptation gain.

Fig. 5.

Plant output using broadband disturbance adaptive compensation after 50 sec

Residual acceleration [V]

1000
Time [sec]

Real time results obtained with Algorithifiz, using "Integral +

0 500

1500

Proportional” scalar adaptation gain.

Fig.

Plant output using broadband disturbance adaptive compensation after 50 sec

Residual acceleration [V]

. ;
1000 1500
Time [sec]

6. Real time results obtained with Algorithip, - using "Integral+

I
500

Proportional” scalar adaptation gain and adaptation diitering.

(6l

(7]

(8]

Bl

that adding appropriate filtering of the residual error an{f®
proportional adaptation can improve the global perforneanc
of the system.
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