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Optimal Prefiltering in Iterative Feedback Tuning

R. Hildebrand, A. Lecchini, G. Solari, and M. Gevers

Abstract—Iterative feedback tuning (IFT) is a data-based method for
the iterative tuning of restricted complexity controllers. A ‘“‘special exper-
iment” in which a batch of previously collected output data is fed back at
the reference input allows one to compute an unbiased estimate of the gra-
dient of the control performance criterion. We show that, by performing an
optimal filtering of the data that are fed back, one can minimize the asymp-
totic variability of the control performance cost and, hence, minimize the
average performance degradation that results from the randomness of the
data. The expression of the optimal filter is derived, and a simulation illus-
trates the benefits that result from using this optimal filter as compared to
the use of the classical constant filter.

Index Terms—Identification for control, iterative feedback tuning (IFT),
stochastic optimization.

I. INTRODUCTION

Iterative feedback tuning (IFT) is a data-based iterative scheme to
optimize the parameter of a feedback controller according to a linear
quadratic Gaussian (LQG) cost function. At each iteration, an estimate
of the gradient of the cost function is constructed from a finite set of
data obtained partly from the normal operating condition of the closed
loop system and partly from a special experiment in which the output
of the plant is fed back in the reference signal of the closed loop. The
IFT algorithm converges to an optimal controller as the number of it-
erations tends to infinity [4]. In a separate contribution, we derived an
analytical expression for the asymptotic covariance of the controller
parameter vector, as well as that of the gradient estimate required for
the IFT iterations [3]. The result was derived for the IFT of a distur-
bance rejection controller.

In this note, we use the expressions derived in [3] to maximize the
average asymptotic accuracy of the achieved IFT cost by choice of a
prefilter for the reference signal in the special experiment. The prefilter
affects the signal to noise ratio in this experiment; it was left as a degree
of freedom in the original formulation of IFT. An analytical expression
for the optimal prefilter is given. It depends on certain characteristics
of the unknown process. However, in the spirit of IFT, these charac-
teristics can be estimated from data collected under normal operating
conditions, which are available in large quantities. Thus, the compu-
tation of the optimal prefilter does not necessitate any special exper-
iment on the process and hence does not impose any additional cost.
‘We also present a Monte Carlo simulation example which confirms the
asymptotic covariance expression derived in [3] and shows the benefits
obtained by the use of the prefilter.

Manuscript received April 23, 2003; revised May 18, 2004 and October 13,
2004. Recommended by Associate Editor S.-I. Niculescu. This work was sup-
ported by the the Belgian Programme on Interuniversity Attraction Poles, initi-
ated by the Belgian Federal Science Policy Office and the European Research
Network on System Identification (ERNSI) funded by the European Union. The
scientific responsibility rests with its authors.

R. Hildebrand is with the Laboratoire de Modélization et Calcul (LMC),
Université Joseph Fourier (UJF), 38041 Grenoble, Cedex 9, France (e-mail:
roland.hildebrand @imag.fr).

A. Lecchini is with the Department of Engineering, University of Cambridge,
Cambridge CB2 1PZ, U.K. (e-mail: al394 @cam.ac.uk).

G. Solari and M. Gevers are with the Center for Systems Engineering
and Applied Mechanics (CESAME), Université Catholique de Lou-
vain, B-1348 Louvain-la-Neuve, Belgium (e-mail: solari@csam.ucl.ac.be;
gevers@csam.ucl.ac.be).

Digital Object Identifier 10.1109/TAC.2005.852554

IEEE TRANSACTIONS ON AUTOMATIC CONTROL, VOL. 50, NO. 8, AUGUST 2005

The note is organized as follows. In Section II, we briefly recall the
IFT algorithm for disturbance rejection and results from [3] that we
rely upon. This enables us in Section III to establish a design criterion
for the optimization of the prefilter and, accordingly, derive the optimal
prefilter. In Section IV, we present the simulation example. Conclusions
are given in Section V.

II. IFT FOR DISTURBANCE REJECTION

We assume that the plant to be controlled is a single-input—single-
output (SISO) linear time-invariant system; its transfer function is de-
noted by G(q). The output of the plant is affected by an additive sto-
chastic disturbance v(t) assumed to be quasistationary with zero mean
and spectral density ®,(w). The transfer function G(g) and the dis-
turbance spectrum P, (w) are unknown. We consider the closed-loop
system depicted in Fig. 1, where C(q, p) belongs to a parametrized set
of controllers with parameter vector p € R". The transfer function
from v(t) to y(t, p) is denoted by S(q, p). In this note, we consider the
situation where the control objective is to perform disturbance rejection
only. Thus, normal operating conditions are defined as those for which
the reference signal () is set at zero. The goal is to find a minimizer
for the cost function

T(6) = SEly(t.p)* + Nalt. p)*] 1)

where A > 0 is a penalty on the control effort chosen by the user.

The IFT method is an iterative procedure that gives a solution to
this problem. It is based on the construction, at each iteration step, of
an unbiased estimate of the gradient of .J(p) from data collected on the
plant with some present controller C'(p) in operation. The cost function
J{(p) is minimized with an iterative stochastic gradient descent scheme
of Robbins—Monro type [1]. After each iteration, the controller param-
eter vector is updated (p,, — pn+1), and new data are collected on the
closed-loop system with this updated controller in order to estimate the
next gradient. Under some suitable assumptions [2], [4], the sequence
of controllers converges to a local minimum of J(p).

The IFT parameter update rule is given by

_ oJ
Prtl = pn — TR, leStN |:—(/)n)] 2)

ap

where v, is a positive step size and R, is a positive—definite
matrix. The reader is referred to [3] and [4] for details of the
algorithm to construct the gradient estimate. Here, it suffices to
recall that, in order to construct estx[(9.J)/(9p)(px. )], first a batch
{ut(t, pu), y*(t, pn) }i=1,..,~ of N data is collected with the con-
troller C'(q, py,) in the loop under normal operating conditions, i.e.,
with 7(¢) = 0. Then, this batch of data is used to construct the signal
sequence {r(t) = — K, (q)y*(t, pn) }e=1,... n which is applied to the
reference input of the system (see Fig. 1); this is the “special experi-
ment,” which deviates from normal operating conditions. It produces a
second batch of input and output data {u>(t, pn ), ¥*(t, pn) }i=1.....N»
which are used to construct the following estimates of the gradients of

u'(t,pn) and y' (t, py):
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r(t) =0 ~ult p)

Fig. 1. Control system under normal operating conditions.

An estimate of the gradient of J(p) at p,, is then obtained as
N

oJ 1 . oy «
Yo, |
+ Au' (£ Jest {%(t, m” G)

The choice of the prefilter I, (¢) is a degree of freedom of the algo-
rithm and affects the signal to noise ratio in the special experiment.

The sequence of parameters p,, converges to a local minimum of
J(p).In [3], under some suitable technical assumptions, the following
characterization of the asymptotic accuracy of the method was estab-
lished. Let p denote the local minimizer of .J(p) to which the sequence
pn converges and H (p) denote the Hessian of .J(p) around 5. Let the
sequence of step sizes be given by v,, = (a)/(n) where a is a positive
constant, let the sequence I?,, converge to a constant positive—definite
R, and let the covariance matrix Cov|estx[(9.J)/(9p)(p)]] be posi-
tive definite.

Then, the sequence of random variables v/n(p, — p) converges in
distribution to a normally distributed zero mean random variable with
covariance matrix

S = (1,2/ MR Cov {ostw {Q(ﬁ)” R_](zAdet 4)
0 dp
ie., /i(pn — P)2N(0,3), where A = (1/2)I — aR™ " H(p).
The asymptotic accuracy of IFT thus depends on the covariance of
the gradient estimate. This quantity in turn can be influenced by the

prefilter K, (). In [3], an asymptotic, with respect to the number of
data IV, expression for this covariance was derived. It is given by

) B aJ —_r -
7\ll—r>1<l>o NCov |:est;\' [%(pn):H =Z[K, ]+ 1 (5)
where
e 1 LTS pa) PR (w) e e
Sl = g7 [ PRI O
X(?C(deﬂf’n)g(cjda/’n)dw (6)
ap dp

and II is a constant matrix which does not depend on the prefilter
I(,, (¢). In [3], a frequency domain expression for II was also derived.
However, for the objective of designing the prefilter the expression of
IT is not specifically of interest.

III. DESIGN OF THE OPTIMAL PREFILTER

In this section, we propose a criterion for the design of the prefilter
K, (q) and we deliver the expressions of the corresponding optimal
prefilter. We assume that the current controller is near the optimal one.
Therefore, in order to construct a design criterion for the prefilter, one
can employ the asymptotic covariance results given in Section III.

A. The Design Criterion

Letus take E[.J(p, )] —.J(p) as a measure of quality of the controller
C(pr). Note that this measure is positive by definition of 5. Denote
Ap, = pn — p, then, expanding J(p) into a Taylor series around p
and retaining only terms up to second order, we obtain E[.J(p,)] —
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J(p) = 0.5- E[Ap: H(p)Apn] (notice that J(p) is analytical for
p = p since it is the integral of a function that analitically depends
on p). In the previous section, we saw that \/nAp,, is asymptotically
normally distributed with zero mean and covariance ¥ given by (4). Let
us now adopt the choice R = H (p), i.e., we consider a Gauss—Newton
scheme. Then, the asymptotic covariance of /nAp, becomes

Ly
3y =

@)

2
a 1 . aJ , _ —14T
5 = lR Cov {eth {—ap (p)” [R].

This yields
lim n-E [AﬁZH(ﬁ)Aﬁn]

n—oo

2

= % Trace |:C0v |:estN [g—p](ﬁ):” [Ril]yl':| . (8

2a —1
We will take this expression as the criterion to be minimized for the
design of the optimal prefilter.

There are different methods to satisfy the condition R = H(p). A
classical method to obtain a sequence of estimated matrices R,, which
converges to the Hessian is to fit a regression model using the gradient
estimates obtained in the previous iterations; see [7] and [8]. In practice,
in order to use (8) as a criterion for the design of the optimal filter, at the
iteration n one has to replace the optimal parameter p on the right-hand
side by the current parameter p,,, since the prefilter is estimated from
data obtained under the current operating conditions (as will be shown
in the next subsection). In the same way, K must be replaced by the cur-
rent estimate of the Hessian I?,,. These approximations are reasonable,
since the procedure described in the present note is for the case where
the current controller is near the optimal controller. It aims at achieving
optimal asymptotic accuracy of the expected control performance cost.

B. The Optimal Prefilter

The optimal prefilter at iteration n is the filter /{',, that minimizes the
criterion (8) with p replaced by p,, : It minimizes the weighted trace of the
covariance of the gradient estimate. In order to obtain a bounded solution
we need to restrict the gain of the prefilter. A straightforward constraint
is a bound on the energy of the reference signal 2 (¢), i.e., on the input
of the second experiment. This bound represents the level of acceptable
perturbation to the normal operating conditions during the second exper-
iment. We thus arrive at the following optimization problem:

-opt . —1 aJ
KP' = arg min Trace {Rn Cov |:estN |:— (pn )H }
K ap
subject to Var [7,27 (f)] <

where « is selected by the user. By using (5), and recalling that IT does
not depend on the prefilter, we can rewrite the optimal prefilter design
problem as follows:

~opt __ . : =7
IGPY = arg min Trace {Rn _(Ixn)}
subject to Var [r(t)] < a. (9)

The explicit solution of this problem is characterized by the following
proposition.
Proposition 3.1: The optimal prefilter solving (9) is given by

. 4
KoP(e?*)

— coust - [S(e7, pu )P & (@)L + AT, po) 2P
100, Locr
x Trace {Rn ! W(e]w'/ pn)W(e’]d'/ pn)}
where the constant is determined by the design restriction.
Proof: See the Appendix O
In order to compute the optimal prefilter in practice, one needs an esti-
mate of the unknown spectral density |S(e’*, p,,)|*®, (w) of the signal

(10)
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Fig. 2. Parameter p(e), the 1024 parameters ps obtained using the constant filter (X ) and the contour lines of J(p).

y(t, pn) which is the output of the plant under normal operating condi-
tions, i.e., with zero reference signal. The estimate can be obtained with
standard techniques in the time or in the frequency domain [5], [6]. Note
that since the data needed to estimate this quantity do not stem from a
special experiment they are available in large amounts. In fact periods of
normal operating conditions can be interlaced with the IFT special ex-
periments. By assuming these periods to be much longer than the length
of the special experiment from which the gradient is estimated, the con-
tribution of the variability in the estimate of |S(e?*, py, )|?®.,(w) to the
variability of the gradient estimate can be considered as being negli-
gible. Having an estimate of | S(e’*, p», )|*®,(w) one can construct the
magnitude of the optimal prefilter by calculating the fourth root of the
right-hand side of (10). Then, there exist standard tools to approximate
a given magnitude function by a stable minimum phase filter.

IV. SIMULATION EXAMPLE
Consider the system described by

¢ =054

(q) = ith nois
G(q) 10341 — 02842 with noise spectrum
1 2
o) = ‘ 140.9c=

Let the class of controllers be C'(¢, p) = p*+p®¢~* andset A = 0.6
in (1). The (local) minimizer p = [—0.690 58 0.331 (5] has been found
numerically. The Hessian of .J(p) at j is given by

1.87521 0.22642

H(p) = .
(7) {().22642 2.444 38

Let us assume that the constraint on the reference signal 72 (t) during
the IFT procedure is that this signal has to have one half the energy

of the output of the first experiment. We quantify the performance im-
provement obtained with the optimal filter (10) with respect to the con-
stant prefilter when the criterion E[A7Z H (5)Ap,] is used, both fil-
ters satisfying the same energy constraint. We consider the IFT pro-
cedure with experiment length N = 512, step sizes v, = 1/n and
R, = H(p).

We first calculate the theoretical values of ¥ for the two cases by
using the numerical value of H (p) and the complete asymptotic ex-
pression of ¥ derived in [3]. For the constant prefilter, we obtain

2.74

—2.02
=102
10 {—2.02 }

1.71

and, correspondingly, lim,, — .. 7 - E[ApY H(p)Ap,] = 8.39- 1072,
As for the optimal prefilter, we obtain

1.87

—-1.21

‘ -1.21
=102
10 { 1.16 }

and lim,, oo n - B[AfL H(7)Ap,] = 5.79 - 1072, The improvement
in the asymptotic value of E[A 5 H(5)Ap,] between the two cases is
31%.

In order to confirm the validity of these theoretical values, we have
performed a Monte-Carlo simulation. The parameter vector ps has
been extracted 1024 times. The extractions have been performed by
starting the IFT procedure at po = p, in order to eliminate the transient
effect of the initial condition, and then running eight iterations of the
IFT parameter vector update up to the parameter vector pg. The 1024
parameter vectors obtained this way are shown in Fig. 2 for the case
of the constant prefilter. The corresponding sampled estimate of X is

2.64

—1.94

& o —1.94
=10 { 1.65
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and the corresponding sampled estimate of 8 - E[AjL H(5)Afs] is
8.38-1072. The parameter vectors obtained for the case of the optimal
prefilter are shown in Fig. 3. In this case, the sampled estimate of ¥ is

1.93

-1.21 1.18

$_1072. { —1.21]
and for 8 - E[ApL H(7)Aps] we obtain 5.98 - 1072, The estimated
improvement between the two cases hence equals 31.5%, as predicted

by the theoretical calculations.

V. CONCLUSION

In this note, we have shown how the performance of the IFT al-
gorithm for disturbance rejection can be improved by prefiltering the
reference input for the special experiment. The effect of the prefilter
amounts to decreasing the contribution of the process noise in the spe-
cial experiment to the error in the gradient estimate. Hence the prefilter
will be the more effective the bigger the contribution of the process
noise in the special experiment is. This is the case if a low energy level
of the reference signal for the special experiment is required.

APPENDIX

A. Proof of Proposition 3.1
We address the following optimization problem. By choice of K,

minimize

17 1S(pn) ['23

T LAY

L= —
27 J_,
x Trace {B;lg(pn)%(pn)} dw

12 1
B Py

Parameter p(e), the 1024 parameters ps obtained using the optimal filter (X ) and the contour lines of J(p).

subject to

1 " . .
I - F/ Ko 215 (pn) B de < a.

-7

By the Cauchy—Schwarz inequality, we have

1 /7 3.3 2
LL> (—/ 1S ) P22 (1 4+ MC(P)

2w
2
x | Trace R;l%(ﬂn)ﬂ(ﬂn) dw
ap ap

and equality holds if and only if the integrands in the expressions for
Iy and I> are proportional. It follows that I, realizes the minimum of
I, if and only if I = « and there exists a positive constant 3 such that

-2 2 — |5(ﬂn)|4<1>i
A

[1+ AIC ()]
_,0C aoc™
x Trace {Rn W(pn)a—p(pn)} .

Proposition 3.1 now follows immediately. O
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On the Stability of a Linear Bioprocess Model
With Recycle Loop

Hideki Sano and Noboru Kunimatsu

Abstract—In this note, we treat a linear bioprocess model with recycle
loop and analyze the spectrum of the closed-loop operator in order to dis-
cuss the exponential stability. It is shown that a C,-semigroup generated
by the closed-loop operator satisfies the spectrum determined growth as-
sumption and that the recycle loop works effectively for the process through
a numerical simulation.

Index Terms—C-semigroup, linear bioprocess model, recycle loop,
spectrum determined growth assumption.

1. INTRODUCTION

Recently, modeling and/or control of bioprocess are actively studied
by many researchers (see, for example, [1], [2], [6], [9], [12], and the
references therein). In [2], Bourrel and Dochain have introduced two
distributed parameter bioprocess models of hyperbolic type; one is a
linearized basic bioprocess model and the other is a sequential reactor
model, and they have shown that, for each bioprocess model, the open-
loop system becomes exponentially stable under a condition depending
on parameters of the model. In [12], feedback control is applied for the
linearized basic bioprocess model with boundary input and the expo-
nential stability is discussed based on Huang’s result [5] concerning the
spectrum determined growth assumption. The same approach has been
applied by Xu et al. [14] and Kunimatsu and Sano [8] to the proof of ex-
ponential stability of a counter-flow heat exchanger equation with zero
bundary conditions and the stability analysis of a counter-flow heat ex-
changer equation with boundary feedbacks, respectively. In addition,
we notice that the approach is similar to the one used in [3, Th. 5.1.7]
to prove that the spectrum determined growth assumption holds for re-
tarded differential equations.

In this note, we discuss the stability of the linear bioprocess model of
sequential reactor type with recycle loop. The bioprocess model, which
is of hyperbolic type, is super-stable without adding any controls since
the growth bound of the uncontrolled semigroup is —oo, namely, the in-
finitesimal generator of the semigroup has no finite poles on complex
plane. However, in the reaction process, it may be possible to yield
more output for given inputs by introducing a recycle loop. For that
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reason, it is meaningful to consider the closed-loop system consisting
of the bioprocess model and a recycle loop. In this note, we show that a
Co-semigroup generated by the closed-loop operator satisfies the spec-
trum determined growth assumption and that the recycle loop works ef-
fectively through a numerical simulation. Moreover, we show that there
exists a set of singular parameters for the bioprocess model in the sense
that the growth bound —oc of the uncontrolled semigroup is invariant
under a special recycle loop. On the other hand, it should be noted that,
for a mono-tubular heat exchanger equation, a suitable output feedback
has been applied to the system in order to produce finite poles from the
viewpoint of pole assignment problem (see [7] and [13]).

The result by Huang concerning the spectrum determined growth
assumption is summarized as follows.

Theorem 1 [5, Ths. 1, 4]: Let e be a Co-semigroup with
the infinitesimal generator 4 in a Hilbert space H and set
wo := lim—c(log [le' | ccm) /1), 00 := sup{Re(A\); A € a(4)},
where o(A) denotes the spectrum of A. Then, the spectrum de-
termined growth assumption 09 = wq is satisfied if and only if
sup{||(AL — A) || z¢zny; Re(A) > ¢} < oo holds for each ¢ > 0.
Furthermore, the computational formula relating to the growth bound
wp is the following:

wo = inf{o;o > oo, sup{||(AM — A) |2y Re(N) > o} < oo}

II. SYSTEM DESCRIPTION

We will consider the following linear bioprocess model of sequential
reactor type [2]:

aai;(t, )= — %Z: (t,x) —arz1(t, ) — arzz2(t, @)
%itz(t, )= — %Z; (t,x) — az1z1 (t, ) — asoz2(t, @)
— aszzs(t, )
Oz3 Oz3
51 (t,x) = —a—x(t,x) + a1121(t, ) + aszz2(t, @) — aszz3(t, x)
(t,x) € (0,00) x [0,1]
z1(,0) = ui(t)  22(t,0) = uz(t)
23(t,0) = us(t), t € (0,00)
z21(0,2) = z10(z)  22(0,2) = z90(2)
23(0,2) = z30(), z €10,1]
yi(t) = z(t1) ya2(t) = »(t,1)
ys(t) = z3(t, 1), t € (0,00) (H

where z1(t,x), z2(t,x),z3(t,&) € R represent the concentra-
tions of substances Cp,C3,C5 at the time t and at the point
x € [0,1], respectively. And uq(t),u2(t),us(t) € R are the in-
puts and y(¢),y2(t),ys(t) € R are the outputs. The parameters
@11, G12, A21, A22, A23, A32, a3z are strictly positive constants de-
pending on the reaction process
Ci+Ce—Cs C3+Ca— Ny
where N is a substance different from C, Cs, Cs.

In the aforementioned reaction process, we can obtain the substances
Cs5 and N> using substances C; and C'; only. Now, let our objective to
yield more output C'3 for given inputs C'y and C>. So, we consider an
output feedback law

ui(t) = kiyi(t)  us(t) = kay2()

us(t) = ksys(t) 2)
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