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Abstract— The recently-proposed method for iterative the measurements and therefore also affects the closed-loo
correlation-based controller tuning is considered in thispaper  performance.
for the tuning of multivariable Linear Time Invariant (LTI) con- In the recently-proposed correlation-based approach to

trollers. The parameters of the controller are updated directly del followi th bl f t noise is ad
using the data acquired in closed-loop operation. This apmach moael following, the problem of measurement noise IS ad-

allows one to tune some elements of the controller transfer dressed differently [6]. The underlying idea is inspireanfr
function matrix to satisfy the desired closed-loop perfornances, the correlation approach that uses instrumental variabids
while the other elements are tuned to mutually decouple the js well known in the system identification community [7].
closed-loop outputs. The controller parameters are calcated 16 controller parameters are tuned to make the closed-loop
by minimization of the cross-correlation function involving .

instrumental variables. A very simple choice of the instrunents OUIPUt error between the dem_gned closed-loop system and th
is proposed. The approach is applied to a simulation model i~ @chieved one uncorrelated with the external referenceabign
gas turbine engine, and excellent results are obtained intsms  This way, the closed-loop output error ideally only congain

of decoupling and performance. the contribution of the noise, while the achieved closemblo
system captures the dynamics of the designed one. More-
over, the calculated controller parameters are asympatbtic
insensitive to measurement noise. The iterative cormelati
based tuning approach has been successfully applied to a
l. INTRODUCTION laboratory-scale magnetic suspension system in [6]. The co

The essential ingredients of any control design procedu%o”er paramete_rs are |terat|\{ely ca_llcu!ated as the E:D1LFI!f
include the acquisition of process knowledge and its efficie a cross-correlayon eq_uat|_on |r_1volvmg instrumental arbkes._ .
integration into the controller. Reliable models of indigt In_ [8]_’ the tuning objective is reform_ulated as the mini-
plants are often difficult or impossible to obtain mainly dae mization of the 2-norm of the correlation function b_etween
the high complexity of the plants and/or the excessive cbst %—\e cIosed-IoopIOl_Jtput error and the r.efe.renC(_e S|gnal. A
modeling. The controllers designed on the basis of reduce equency-domain mterpretgtlon OT t.he. cntenoq giverthiat
order models may well lead to unsatisfactory performanc%aper ShO_WS that the algorithm minimizes the mte_gral of the
when applied to real plants due to modeling errors. squared difference between the achieved and designedtoutpu

An alternative to model-based control design is to use thseenS't'V'ty functions weighted by the square of the refeeen

information collected on the plawfirectly for controller up- signal spectrum. In [9], a generalized correlation critBris

date. This idea stems from the area of direct adaptive Cbntrgroposed that allows thg con.troIIerl parameters to t?e tuned
. . . : uch that the reference signal is as little correlated asilples
in particular from self tuning regulation (STR) and mode

. ith both the input and output closed-loop errors. It has
reference adaptive control (MRAC) [1]. Recently, severa]\gveen shown that, by minimizing this generalized criterion,

methods have appeared in the field of data-driven controllﬁge desired closed-loop output can be approached while

tuning such as controller unfalsification [2], simultansou, ~. =~ S
taking into account some penalty on the control action, i.e.

erturbation stochastic approximation control [3], item@ .. . . o o
P PP [3], it it is possible to handle the mixed sensitivity specificasion

feedback tuning [4] and virtual reference feedback tunin . . :
[5]. An important question that arises in this research are% [10], an adaptation of this approach to the disturbance

. . : . rejection problem has been treated. A theoretical survey of
is how to cope with the noise that necessarily corruptt:?1iS method can be found in [11]
P . . _ The application of data-driven methods to the control of
This research is partially supported by the Belgian Prognanon LTI ltivariabl t h f d backs. O f th
Interuniversity Attraction Poles, initiated by the Belgid&ederal Science muitvariable systems has a rew drawbacks. Une o0 €

Policy Office. main difficulties is the calculation of the gradient of the
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criterion. Typically, the number of experiments needed to - — — - _ _ _ _ _ _ _ _ _ _ _ _ ,
estimate the gradient increases with the number of plant Achieved Closed-Loop System
inputsn,, and outputsq,,. An example is the IFT approach W1 _elp.t) u(p, ) X
where nyn, + 1 experiments per iteration are necessaryr () ’ K(p) ’ el

|

|

[12]. However, some efforts have been done recently to
reduce the number of experiments with this approach (for
more details see [13], [14], [15]). Another problem isthe | ————-—-c - ——————_
design of decouplers. For a method that minimizes a norm
of an error signal, it is not possible to incorporate the Mga= (I + GoKo) 'GoKp
decoupler design into the criterion if all the inputs areited

simultaneously. Instead, for eliminating the influence of a
input on a particular output, it is necessary to excite thptit

while keeping the other inputs constant and to minimize an

error signal norm at that output. For MIMO systems withy transfer function matrix withy~! being the backward-
largen,, andn,, this requires a large number of experimentshift operator. It is assumed thatt) is a zero-mean quasi-

In this work, the tuning of LTI multivariable controllers stationary stochastic process.
using the correlation approach is proposed. Assuming thatconsider the block diagram of the model-following prob-
the number of inputs and outputs is equal, the elemenjsm presented in Fig. 1. The upper part shows the achieved
that are not on the main diagonal of the controller trangjosed-loop system with the true plant, whekg(p) <
fer function matrix are tuned to eliminate any interactionpnr.xn, is g transfer function matrix parameterized by some
between the outputs of the closed-loop system (in the seqyframeter vectop € R™»*1, andr(t) € R™*! represents
this will be called “diagonalize the closed-loop system”)external reference signals. The reference sigméls are
while the elements on the main diagonal are tuned t9ssymed to be uncorrelated with the disturbaneés.
provide the desired closed-loop performance. The fact tha{,thermore, the reference signals from different inptite (
the decoupling is done in a natural way by decorrelating glements of the reference signal vectér)) are assumed to
certain input from an output without the need for additionape mutually independent.
experiments makes this approach particularly appealing fo The |ower part in Fig. 1 shows the reference moN&j
the tuning of MIMO controllers. The controllers on thegefining the desired behavior of the closed-loop outputs
main diagonal feature the same characteristics as the ORESt). The reference model can be constructed, for example,
described for SISO systems. The parameters of the resultigg the desired closed-loop system containing a model of
decouplers and controllers are asymptotically not affbctgpne plant Go and the controllerKo. It is assumed that
by the noise. Only one experiment per iteration is needafle reference modeMy has a diagonal structure. In this

for the tuning of all controllers and decouplers regardtefss \yay, the controllerK, meets the control and decoupling
the number of inputs and outputs since all reference inpuipecifications with respect 6.

can be excited simultaneously. A recent result in the field The closed-loop output error is defined as:

of open-loop MISO identification shows that the variance of

the parameters can be smaller for the case of simultaneous oe(pt) = y(p,t) — ya(). (2)

ehxci_tation of all pl_ané inputs c_0||”|nparedbto the (I:ased(‘j"_’he” Let the following sensitivity functions be defined:

the inputs are excited sequentially one by one. In addition, e .

the expperimental cost is gignificarz/tly sma)I/Ier in the case of * Output sensitivity function:

simultaneous excitation [16]. S=(I+GK)! 3)
The remainder of the paper is organized as follows. Some

notations and the basic idea of the correlation-based gunin

approach are given in Section Il. Section Ill deals with T =(I+GK)'GK (4)

the tuning of LTI multivariable controllers. The simulatio

results are presented in Section IV. Finally, some conalydi

remarks are given in Section V.

Fig. 1. Achieved multivariable closed-loop system and éfemrence model

« Complementary sensitivity function:

wherel € R"™*"v is the identity matrix. The closed-loop
response can be written as:

Il. PRELIMINARIES y(p,t) = Tr(t) + Sv(t), (5)
A. Notations and the control error is:
Consider an unknown LTI multivariable discrete-time sys- e(p,t) =r(t) —y(p,t) =S (r(t) —v(t)). (6)

tem described by:
The (i,)™" element of the controller transfer function

y(t) = G(g " u(t) + v(t) (1) matrix is in the form of following one-degree-of-freedom

wherey(t) € R™*! denotes the outputs of the true plantcontroller:
at timet, u(t) € R"=*! the control signalsy(t) € R"»*!
disturbances acting at the output a@{q~!) € R™v*"

S (¢, p)

(g1 p) =
KW (q 7p) - R(i-j)(q_l,p)

(@)



where eM(t)

R(gtp) = 14r{g 4+ oDg™ uie)
S(ij)(qflm) = s((J”) + sgw)(1 + 4+ 551”)_1(1 netl Ko(p)
L - 21\p
For simplicity, it is assumed that all controllers
K@ (g p),i = 1,...,n4, j = 1,...,n, have the
same order. The controller parameter vegios written as K12(p)
follows:
T _ 07 27 (1ny)T 1T (nuny)” e?(t)
p _[p ’p 7"'7p 7p 7""p ] K22(p)
where
p(ij)T — [Tgij) Tgij) ) S(()ij) Sgij) ) N Fig. 2. Multivariable2 x 2 controller

Note thatn, = (n, + ns)n,n,. It will be assumed in the

sequel thafp is expressed as: the closed-loop system. By doing so, the outpl¥ (p, )
pT = [, p@ .. pro)] ®) will then achieve the desired outpyél)(t). Note that the

o effect of modeling errors due td? (¢) is eliminated by the
As far as the notations are concerned, the signals collectddcouplerk (12)(p).

under closed-loop operation using the control&fp) will A similar reasoning follows for the outpt?® (p, t)

carry the argumenp. The elements of vector signals and

transfer function matrices will carry the position as a supe I1l. CORRELATION REDUCTION FORMIMO SYSTEMS

script in the parenthesis and will not be in bold. For exampléA. Control Design Criterion

y'" (p,t) will denote thei’" component of the output vector  jithout loss of generality, it is assumed that the plant has

y(p,t). Furthermore, the backward-shift operator' will  an equal number of inputs and outputs = n,,. In this
be omitted whenever appropriate. work, the elements of the controller transfer matk(p)
B. Idea of Correlation-Based Tuning will be tuned in the following way:

« The diagonal element& ) (p), i = 1,...,n, are

Consider again the model-following problem shown in

Fig. 1, and assume for simplicity that, = n, = 2 with ';\L/llned to satisfy the control specifications defined by

the controller given in Fig. 2 operating in the loop. Let the Thd. fdi | el 1 (i) _ L

design specification be as follows: Controlldfé2) (p) and "€ off-dlagonal elemen (p), i # Jii,j =
1,...,n, are tuned to be decouplers. That is, controller

K(2)(p) are to decouple the outpu& (p, t) andy (p, t)

from (1 (t) and r(®(t), respectively; controllergs (1) _ . ! ,
7’(22)() o) Sspectively . 1)(p) reference signat)(t) on the outputy(p,t). This

and K*?)(p) are to provide satisfactory tracking Qi (t) . ' Gi)

by 4 (p. 1) and (2)(75) by ) (p. 1), respectivel in turn means that, if the de_couplé{f (p) has been
Yy e, Ya Wy, 1), TESPECHVELY. tuned similarly, the mutual influence of?) (p,t) and
Consider the outpuy®(p,t). When applying the con- y@(p, 1) is suppressed

troller Ko to the true plant excited by the reference signal | t d ' the followi i irol desi terion:

r(t), the outputy™(p,t) contains the contributions due to ntroduce the toflowing control design criterion.

the disturbancer(t) and the reference signats?) (t) and J(p) = FT(p)F(p) (9)

r(2)(t). The reference signat$?) () andr(? (t) are mutually

independent and uncorrelated wittit). Hence, the idea of With the cross-correlation function pY defined as:

adjusting the parameters df (1?)(p) to make the output F(p) = E {F( 10
y(p,t) uncorrelated with the reference sign&l (). The (p) {F)} (10)

resulting decoupler provideg? (p, t) that contains only the where E{-} is the mathematical expectation, and the vector

contributions due tov(t) and () (¢ ), i.e. the influence of F(p) € R™="«"«*1 reads:

r@(t) onyM(p, t) is eliminated.

K@) (p) is tuned to eliminate the influence of the

Now consider the tuning of< (*')(p). Again, with K F(p) = [fugp),flz(p),;--,f1nu(p),
o(peratlng in the loop, the observed closed-loop outputrerro fo1(p)s -, Fruna (P)] (11)
soi, p,t) contains a contribution due to the disturbance i,

v(t ) and another contribution stemming from the difference
betweenG and Gy that, in turn, has two parts originating fii(p =N ZC” i (pst) (12)

from (1) (t) andr(®(t). The idea is to adjust the parameters

of K(”)( ) so as to makeslt)(p,t) uncorrelated with where N is the number of data, and the variablgs and
r(D(t). The controller updated in such a way compensateg; are defined below. The componeﬁt_,( ) € Rr=x1

the effect of modeling errors to the extent that the closedorresponds to the controllek ) (p). The way then.-
loop errore‘Y (p,t) contains only the disturbance filtered bydimensional vector of the instrumental variables(t) and



the variablen;;(p,t) € R are constructed depends onwhere Z(t) € R"="="«*"" i5 g matrix of instrumental
whether or not the controllei(“)(p) is on the main variables in block diagonal form:

diagonal ofK(p): .
F Zt) = d 1), Cra(t), ..., Cin. (1),
e i=7j: K& (p)is tuned so as to reduce the correlation ®) tag ( 11 (t), Gra () Gin ()
CQl(t)v SERE) Cnunu (t)) (18)

between the'? (p, ) and () (¢). Taking into account
that the tuning of the controllers("?)(p) and the and vectorA(p,t) € R™«"=*! follows as:
decouplersk (9 (p) is done simultaneously, the output

B i i . AT ,t: ,t, 7ta---a n 7ta
4@ (p, ) will follow 47 (t) up to the effect of the dis- (p.0) =" [m(p.0).ma(p, 1), .. Mun. (1)
turbance error in the case of perfect decorrelation. Thus, 121(P 05+ T (P, )] (19)
the vector of instrumental variableg;(t) € R™*! The minimization of criterion (9) is intractable since

should be chosen to be correlated with the referenge involves the product of expectations that are unknown.

signalr(*) () and independent of the disturband® ().  Therefore, let us define the following criterion:

Here, a shifted version of the reference sigrél(t) is _ o

adopted: J(p) =E{F'(p)F(p)} (20)

g(t) _ [r(i)(t+l)7___’r(i) (t)’_._7r(i)(t —1)] @13) This new c_riterion can be minimized using the stochastic
approximation method. It can be shown th&lp) < J(p),

wherel is large enough with respect to the number of.e. by minimizing (20) one minimizes, in fact, an upper

controller parameters, i.ex, = 20 +1 > n, +ns.  bound on (9) [11].

Furthermore: . .
B. lterative Solution

ni(p,t) = 5512(/07 t) (14) A local minimum of (20) can be found as the solution of:
For a discussion about the properties of the resulting OF (p)

controller, the reader is referred to [11]. J'(p) = E{ ap F(P)} =0
« i # j: To eliminate the influence of?) (t) ony®(t), it

(21)

which can be obtained using the following iterative formula

is sufficient to decorrelate these two signals. Therefortﬁ?]:
¢i;(t) andn;;(p,t) can be chosen as: LR (p)| -
; - . Pit1 = p; — 7@ ! ‘ F(p;) (22)
W=D+, r D), P9 (- 1) (15) o |p.
and where v; is a scalar step size an@ some appropriate
nij(p,t) = y® (p,t). (16) positive-definite matrix. Under the assumption of (i) bound

o edness of the signals in the loop, (i) a step size tending
To tune the decouple’k ") (p) by a method that to zero appropriately fast, and (iii) an unbiased estimdte o
minimizes the 2-norm of the closed-loop output errop(p)/dp, this scheme converges to a local minimum of
(such as IFT), it is necessary to excite the compahe criterion as the number of iterations goes to infinity.
nentj of the reference signat(t) while keeping the  Since the matrix of instruments(t) is independent op,

other components equal to zero and then to minimizghe derivative ofF'(p) is determined as follows:
the 2-norm ofy(p,t). For MIMO systems with a B
large number of inputs and outputs, this requires a  9F(p)

‘ = i XN: BA(pv t) ‘ ZT(t)

large number of experiments per iteration to tune all op p=p. N P ap p.
decouplersk (“9)(p), i # j. Moreover, by minimizing ' N '

the 2-norm ofy() (p, t) one makes a trade-off between _ 1 3 dy(p, t)‘ rZ7(t) (23)
noise attenuation and elimination of the influence of N= 9p |p

r()(t) on y®(p,t). In contrast, with the correlation-
based approach only one experiment per iteration
needed for the tuning of the whole vectpr i.e. of
all controllersk (“9) (p). Furthermore, the criterion (9)-
(12) is not influenced by the noise. All this makes th
correlation-based approach particularly adequate for the
tuning of decouplers. I =diag(g,9,..-,9) (24)

Note thatn, > n, + n,. \_Nhennz = n, +ns the p_arameter§ with the vectorg € R'*™« beingg = [1, 1, ..., 1].

of K(p) are the solution of a cross-correlation equation an accurate value of the derivative (23) cannot be com-

F(p) = 0. Note also that the vectdr'(p) can be expressed o4 pecause the derivative pfp, ) with respect top is

in compact form as: unknown. Nevertheless, one can write formally:

ZZ(t)A(p,t) (17) %([f,t)

t=1 ’pl

The latter equality in (23) follows due to the fact that (i)
the elements of the vectoh(p,t) are either the compo-
nents ofeqe(p,t) or the components of(p,t), and (i)
Oeoe(p,t)/0p = Jy(p,t)/0p. The linear transformation
atrix I' € R"«>*™«" s in block diagonal form:

1

F(p) = N = |:1/]1 (p£1)7 t)a 1/’2(052), t)7 cee 7wnp (pgnp)a t):|



Closed-loop responses

with

1.5 T T
wk (ng)a t) = %ﬁ;;) =8G BK(p) e(pi, t) . l*;.,J\H\frf\ﬁ‘v\f\j"v‘y’ﬁ\ﬁ E
Pl 0P 1
Although the transfer matrix functior$ andG are typically § > ff,"”""‘"'\"'\""]‘5\\\ iy
unknown, they can be identified and replaced by their est A i AT A
matesS and G. Note that an unbiased estimateadfw -05; : - -
can alternatively be obtained at the costgfr,, additional
closed-loop experiments, as is done in the IFT approach f 5 ‘
MIMO systems [12]. Lsl, an |
In order to increase the convergence spégdk typically — = |! Vs et |
chosen as a Gauss-Newton approximation of the Hessian 3§ *[ \ ,_.‘.,~,~"'7?‘\.T”WW¢M“
the criterion J: 3 o5} e TNV,
B B T 0ba- AM\W,«AMWV@%A#\;(/»\/S APV = v "
F F
Qp;) = 0 8(1)) ‘ <36(p) ‘ ) (25) 0% 5 _ 10 15
P lp. P lp, Time [s]

This _sectlon has .presented_ th.e principles of |terat|v§ig. 3. Closed-loop responses. Reference signals (dayh-desired
correlation-based tuning of multivariable LTI controelThe  responses (dotted), achieved responses with the initisralter (dashed)

vector of parameters is found by minimizing the crossand final controller (solid)
correlation criterion (20) using the stochastic approxiora
method. This algorithm converges to a stationary poir .
provided an unbiased estimate of the gradient is availabl
However, obtaining an unbiased estimate of the gradie .. 17"‘““““\
for MIMO systems is very costly. It is proposed here tC3 oslf i ]
compute the gradient using an identified MIMO model 3 !

which requires only one experiment with the closed-loo i
system irrespectively of the number of inputs and outputt _o5s w w
However, in this case, local convergence of the algorithm i
guaranteed only if the full-order model is identified.

CbT vs. IFT controller

0

I
IV. SIMULATION EXAMPLE ;’!
"
]
I

S0

In this section, the basic features of the proposed alguarith ;i !
are investigated and compared to the ones of IFT for MIM(3 o - / i
systems. The aim is to tune a multivariable Pl controlle
for a LV100 gas turbine engine [18]. The initial controller _y5 ‘ ‘
and simulation conditions are taken from [12]. The plan 0 ° Time [s] 1 o
is represented by a continuous-time state-space model with
five states, two inputs and two outputs. The model is disFig. 4. CbT vs. IFT controller: Reference signals (dash);ddesired
cretized using Tustin approximation with the sampling@deri responses (dotted), closed-loop response with the CbTradlent (solid)

. . . - and IFT controller (dashed)

Ts = 0.1s. Each experiment is performed with a different
realization of the measurement noisg) which is generated

as a zero-mean, stationary, white Gaussian sequence Withy discrete-time state-space model with three states is

variance0.00251. _ o identified to calculate the estima€e. After eight iterations,
The initial 2 x 2 controllerK, (see Fig. 2) is given as:  this procedure provides the closed-loop response shown in
1-0.99¢"!  0.1-0.099¢~" Fig. 3. A comparison with the desired response (dotted line)
Ko = < l—g—1 1-g=1 ) (26) shows that these two curves are superposed except for the
1-0.99¢q 1-0.99¢q . .
B T_¢-1! effect of the noise. In addition, the change of the reference

) | b e
Eight numerator coefficients are tuned (two for each transf&'9nals rt)(t) and r® (1) does not provoke any visible

2 1 H
function element), while the denominators are kept fixed &'2n9€ on the outputg® (t) and y )@' respectively. In
1 — ¢~ '. The following reference model is given: other words, the closed-loop system is almost completely

) diagonalized. The value of the tuning criterion is reduced b
18-04_% 0 more than 99%. The controller obtained with the correlation
Maq = (27)  pased tuning (CbT controller) is given as follows:

0.4q— 1
0 1—0.6¢—1

) ] o ] 0.3636—0.09866¢ '  0.3653—0.2691¢
The reference signalgt) are given in Fig. 3. The step size Kovr = ( T—q 1 T—q 1 ) (28)

_ -1 _ o, —1
v; = 1 is kept constant throughout the experiments. 18'691_1q8;116q 3'4513f§;§°2q



In order to compare the IFT controller provided in [12],

0.248-0.03¢ " 0.38—0.199¢*

_ 1—q~1! 1—q—1
Kirr = 16.47—15.91¢"*  0.063+0.054¢ " (29)
1—q1 1—q1

to the CbT controller, an experiment is performed with th?
simulation conditions mentioned above. Let us define th
sum of squared output errors as:

Simulation results illustrate the features and the appli-
cability of this tuning approach to a LTI MIMO system.
Comparison of the proposed tuning method with IFT on
the simulation model of a LV100 gas turbine engine shows
that the correlation-based controller tuning providegdset
racking performance in fewer experiments. In addition,
8bT controller diagonalizes almost perfectly the closeabl

system.

N
_ 1 T
SSOE = I ;:1 €oe(Pyt)Eve(p,t) "

where N 151. The observedSSOE with the CbT

REFERENCES

K. J. Astrém and B. WittenmarkAdaptive Contral Addison-Wesley,
1989.

] M. G. Safonov and T.-C. Tsao, “The unfalsified control cept and

controller is 0.0050, while that with the IFT controller is
0.0082. Since IFT contains a noise-rejection objectivdlevh
CbT does not, one would expect that IFT performs bette®
in a noisy situation. Howevel§. SOE obtained with CbT is
smaller. This is due to the fact that IFT did not succeed in (i)[4]
fully decoupling the closed-loop system, and (ii) comgiete
satisfying the model-following specification. To illustea
this, an additional experiment without noise is performed.
The results are shown in Fig. 4. The closed-loop responsgy
obtained with the CbT controller follows almost perfectly
the desired response. In contrast, the closed-loop respons
obtained with the IFT controller shows some discrepancy il
the last 5 seconds of the response. In addition, the influence
of the change in the reference signél) () at the instants
Os and 5s is visible op(? (t).

In terms of experimental cost, the IFT controller is ob-
tained after 6 iterations (and a total of 30 experiments)9l
compared to 8 iterations (and 8 experiments) with the CbT
controller.

(5]

(8]

[10]
V. CONCLUSIONS

In this contribution, the parameters of a linear timqll]
invariant multivariable controller are tuned by minimigin
a cross-correlation function. The controllers on the main
diagonal of the controller transfer function matrix areddn
to fulfill the desired output specifications, while the off-
diagonal controllers are tuned to be decouplers. In cantrd$s3]
to the approaches where in a first phase decouplers are
designed and in the second phase diagonal controllers are
designed, the design of the controllers and decouplersie dd4]
simultaneously here. 1

The cross-correlation criterion is minimized iteratively
using the stochastic approximation method. An unbiased es-
timate of the gradient of the output is necessary to guagant
convergence of the algorithm to a stationary point. It is
proposed here to compute the gradient using an identifiétf]
MIMO model, which requires only one experiment with the[18
closed-loop system regardless of the number of inputs and
outputs.

learning,” IEEE Trans. on Automatic Controlol. 42, no. 6, pp. 843—
847, 1997.

] J. C. Spall and J. A. Cristion, “Model-free control of rimear

stochastic systems with discrete-time measuremel#&E Trans. on
Automatic Contral vol. 43, no. 9, pp. 1198-1210, 1998.

H. Hjalmarsson, M. Gevers, S. Gunnarsson, and O. Lediterative
feedback tuning: Theory and application[EEE Control Systems
Magazine pp. 26—41, 1998.

M. C. Campi, A. Lecchini, and S. M. Savaresi, “Virtual eeénce feed-
back tuning: a direct method for the design of feedback otiets,”
Automatica vol. 38, no. 8, pp. 1337-1346, 2002.

A. Karimi, L. Miskovi¢, and D. Bonvin, “Iterative coslation-based
controller tuning with application to a magnetic suspenssgstem,”
Control Engineering Practicevol. 11, no. 9, pp. 1069-1078, 2003.

1 T. Soderstrom and P. Stoica, “Instrumental variabktimnods for system

identification,” in Lecture Notes in Control and Information Science
A. V. Balakrishnan and M. Thoma, Eds. Berlin: Springer-detl
1983.

A. Karimi, L. MiSkovi¢, and D. Bonvin, “lterative comslation-based
controller tuning: Frequency-domain analysis,4itst IEEE-CDCLas
Vegas, USA, December 2002.

L. Miskovic, A. Karimi, and D. Bonvin, “Iterative combller tuning by
minimization of a generalized decorrelation criteriomy” 13th IFAC
Symp. on System identificatjoRotterdam, The Netherlands, August
2003, pp. 1177-1182.

——, “Correlation-based tuning of a restricted-conxtie controller
for an active suspension systergiropean Journal of Contrplol. 9,
no. 1, pp. 77-83, 2003.

A. Karimi, L. Miskovi¢, and D. Bonvin, “Iterative coelation-based
controller tuning,” International Journal of Adaptive Control and
Signal Processingvol. 18, pp. 645-664, 2004.

12] H. Hjalmarsson, “Efficient tuning of linear multivabie controllers

using iterative feedback tuningfhternational Journal of Adaptive
Control and Signal Processingol. 13, pp. 553-572, 1999.

L. Gerencsér, Z. Vago, and H. Hjalmarsson, “Randmtion methods
in optimization and adaptive control,” ihecture Notes in Control
and Information SciencesB. Pasik-Duncan, Ed. Berlin, Germany:
Springer-Verlag, 2002, vol. 280/2002, pp. 137-154.

——, “Randomized iterative feedback tuning,” tbth IFAC World
Congress Barcelona, Spain, July 2002.

5] H. Jansson, H. Hjalmarsson, and A. Hansson, “On methods

gradient estimation in IFT for MIMO systems,” ib5th IFAC World
Congress Barcelona, Spain, July 2002.

6] M. Gevers, L. MiSkovi¢, D. Bonvin, and A. Karimi, “Idgification of

a two-input system: Variance analysis,” 16th IFAC World Congress,
to appear Prague, Czech Republic, July 2005.

H. Robbins and S. Monro, “A stochastic approximationttmoe,” Ann.
Math. Stat. vol. 22, pp. 400-407, 1951.

] M. Yeddanapudi and A. F. PotvilNonlinear Control Design Blockset:

User’s Guide Natick, MA: The Mathworks Inc., 1997.



