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Abstract

The real-time identification and control of biomedical systems has allvags and still is a challenge. In order to follow
the advances in anesthetic practice and respond to the new demandg iafféat assessment, the design of robust adaptive
control based on the diversity of individual behaviour is consideTédm: synthesis procedure embodies methods for selecting
a set of individual model stabilizing controllers and is used on a switchipgrsisory control. Based on the ideas introduced
by (Hespanha and Morse, 2002), we implement a switching schemtdacontrol of the neuromuscular blockade of patients
undergoing surgery. This approach uses a bank of stabilizing consr@seh of them associated to a candidate model for the
patient dynamics. Switching is made by means of a selection criterion lmased identification error. This scheme proves to
have a good performance improving the tracking of the referendéeyreven in the presence of measurement noise.
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I. INTRODUCTION

The control of physical systems often involves a very highgrde of uncertainty in the system dynamics, resulting from
the individual behavior diversity. Mathematical modelg @mcreasingly used in such assessment, providing a desaoripf
interindividual sensitivity. One way of overcoming thisoptem is to use a system description based on multiple madels
an attempt to mimic the diversity present in Nature. Thidtégue has been considered by several authors, in ordertamnob
switching control schemes.

Model based switching control consists, roughly speakimglesigning a time-varying controller as follows. Givenraqess
to control and a bank of candidate models for this processng&aller is tuned for each model in order to achieve therddsi
control goals. At each time instant a model is chosen, thsttdggoroximates the process in a suitable sense, and tlespond-
ing controller is then made active. This gives rise to a viitg (thus time-varying) control scheme as illustrated igufFe 1.

In this Figure,ref denotes the reference,denotes the control inpug, the process output] a bounded input disturbance,

a bounded measurement noise, dhik the process to be controlled. Assume tRais described by the transfer functidfp.

We consider a bankC = {K;, j € J} of stabilizing proper controller transfer functions’(c) is a time-variant controller
constructed from the bank in the following way. Based on the values @fandy, the selection procedurg yields at each
time instantt the indexo (t) € J corresponding to the controller that should be active at tihge. The signab(.) is known

as theswitching signal This scheme gives rise to different concrete control agfias according to the different classes of
admissible controllers in the bark and to the different selection procedures, see for instéiioese, 1996) and (Narendra and
Balakrishnan, 1997). Here the index skts taken to be finiteJ = {1,..., N} and it is assumed that each of the controllers
K in the bank is tuned to solve the tracking problem for a lineae- mvanant modelV/;. Intuitively, if the process response
is Closer to the response of modl;, one expects the controllegl; to perform better than the other ones. This motivates
the implementation of a selection procedi¢hat corresponds to the minimization of a suitable functibthe identification
errore; := y —y;, wherey; denotes the response &f; to the inputu. A similar approach can be seen in (Newtsl, 2002).

A crucial issue in this context is the stability of the ovémbitching system. Indeed, even in case each of the coatsoll
K is stabilizing, the same does not necessarily hold for thaltieg time-varying controller. In a recent paper (Hesgaand
Morse 2002) a procedure was proposed in order to solve tbidgm, based on the construction of adequate realizatamms
the process and the controller transfer functions.
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The main goal of this paper is to apply this procedure in acwig supervisory control of neuromuscular blockade, as
an alternative method to the ones implemented (Magalhd@$; Z5aivaoet al., 2006). The practical implementation issues
for switching between stabilizing controllers are consgdefor the control of neuromuscular blockade of patientdengoing
surgery. An extensive simulation study proves that thig@ggh reveals to be robust, even in the presence of smalirpations
and noise (Magalhes, 2006). Since the procedure is basadank of stabilizing controllers, methods will be proposed
select such a bank from a given set of candidates controllers

Fig. 1. Switching controller configuration

[I. CONTROLLER REALIZATION CONSTRUCTION
The procedure proposed in (Hespanha and Morse, 2002) leaithe tfollowing algorithm. Given a bank of controllers
transfer functions and assuming that the process transfetion 4, is known:

1. Pick a controllerk™* € K.
2. Consider minimal realizationsi(B,C) and (',G,H,J) for Hp and K* respectively. Obtain andY such thatd + XC

and F' + Y H are asymptotically stable.

3. Define,
[ A+ XC 0 _( B
AE'_( 0 F+YH)’BE'_(Y)’

4. For each controllef(; € K, define the following transfer function,

Sj = (=Yo + XcK;)(Xp + Yo K;) ', (1)
with Xp, Yp, X andYe given by
Xp :I—CE(SI—AE)leE (2)
Yp = CE(SI — AE)ilBE
and
K, =Xc'Yo
of K,, with
Xc = I+FE<SI - AE)ilBE (3)
Yo = FE(SI — AE)ilDE +Gg

5. Obtain stable realizationsi(,B;,C;,D;) for eachsS;, more precisely:
5.1 Pick any realization4;,B;,C;,D;) for S; with A; stable.
5.2 For eacly € J take Q; symmetric and positive definite such that,

QiA; + ATQ; = —1I.
5.3 ComputeN; such thatQ; = N/'N;.

5.4 Define:
A, = NyA,N; 2,
Bp = Npov
C’ pu—
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6. Define for each controlleK; the realization [;,G;,H;,J;) given by,

Fo— Ap — BgFg + BgDyCg  BgCp
P BPCE P ’

BN

b

G, = ( —DE+BEB£)DP+GE) )

HPZ(—FE-i-DpCE Cp) and Jp:Dp+GE.

7. Consider the realizatiofdp + DpCg, By, Cg) for the process transfer functiafi p

The switching scheme to be implemented in the next secties ti®e realizations for the different controllers and far th
process given in steps [6.] and [7.]. This guarantees thatnfatter what is the adopted switching criterion) the rasgilt
time-varying closed-loop system has a Lyapunov functiod ignhence stable, (Hespanha and Morse, 2002).

IIl. NEUROMUSCULAR BLOCKADE CONTROL BASED ON DIVERSITY

In this section we apply the previous algorithm to the problef controlling the neuromuscular blockade by means of
administration ofatracurium The dynamic response of the neuromuscular blockade mayHtellad by a linear compartimental
pharmacokinetic model relating the drug infusion rate) [1.g kg~! min~'], with the plasma concentratian(t) [g ml~],
and a nonlinear dynamic model relating(t) to the induced pharmacodynamic responge) (Weatherleyet al, 1983). The
pharmacokinetic model may be described by the state eaqsatio
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where(a;, A;) are patient-dependent parameters.
The pharmacodynamic effect for atracurium may be modeliethb Hill equation,

10005,
Ch+cl@)

The variabler(t), normalized between 0 and 100, measures the level of themescular blockade, 0 corresponding to full
paralysis and 100 to full muscular activity. The plasma emtiationc,(¢) is related to the effect concentratien(t) by

é(t) = —=Ac(t) + Acp (). 7)

Cso, B, A are also patient-dependent parameters.

r(t) (6)

u(t) a a, c,(®) A c(t) 1/t c.(t) Hill r(t)

s+A s+1/1 equation

(2] (2] (2] [+ ]

Fig. 2. Empirical pharmacokinetic/pharmacodynamic model

As it can be seen in Figure 2 the transfer function (Lagal., 1998) fromu to c. is given by

A ap a9
)=o) (2 4 ) ©
and the relationship between andr remains described by the Hill equation 6.

Taking into consideration the specific characteristichefdystem under control as well as clinical constrainthéfeéedback
control systematracurium is administered through an inicial bolus followed by a coatis infusion and the controller is
coupled with a saturation function that can be represenyed(b) = max {0, u(t)}. A bolus is a single dos& injected in a
short period of time, usually represented by

u(t) = Bé(t)ug kg™,

wheref(t) is a Diracé function.

Our control objective is to achieve a desired level of theraswscular blockade, given by the Hill equation 6, spedifica
r(t) = 10%, that we will denoteref,.. Inverting the Hill equation (6), one obtains the corresping reference valueef,., for
the effect concentration. Therefore we shall perform ourtr@d on the signakt.(¢), in order to make it follow the reference
valueref. , and afterwards recover the corresponding value(of.

For that purpose, we consider a family of linear mod&ts= {M; : j = 1,..., N}, of the form (8), that are intended
to describe a wide range of clinical situations. The comesiing bank of continuous-time controllers consists /6f,=



{Kj:j=1,...,N}}, such that each of them solves the desired tracking probterthé associated modél/;. Thus we are
in the presence of a Model-Controller bank,
{(M;,K;), j=1,...,N}. 9)

With the purpose of implementing the control scheme giventh®y Figure 1, the procesB is assumed to be nominally
described by a model/* ¢ M. The model-controller paif);, K;) for which K; does not stabilizé/* is removed from the
bank. This yields a restricted bank of stabilizing congdlE C K, based on which the controlléf (c) will be constructed.

7 S
M ]
U :
: o
(M~ |
N
)
Yy
+F_
ol e
ming £ (k) = f(eo) 9,

Fig. 3. Selection procedure.

The specification of the controller bank together with thatoaller selection procedurg yields a concrete control strategy.
The selection proceduré can be seen in Figure 3 and is implemented as follows. At easfiarit t, the controllef; to be
chosen is the one associated with the matlgl for which f;(e;) = fot w(7)|ej|?dr is minimum, wherew(r) is a weight

function of the form )
w(r) = 100 — 100 * exp (- (Tﬁa> > ,
with « and 3 positive constants. Eacl; is a modified PID controller of the form

C48 1
Ki=g9.(1 — ],
! g( +1+’78+Ci8>

where~ is taken to be a small positive number (note that 0 would give a PID). This adaptation is introduced in order to
guarantee that thé&';'s are proper transfer functions.

According to (Mendonga and Lago, 1998; Lemaisal, 2005) eachi’; proves to be suitable for practical implementation,
fitting the restrictions imposed by the characteristicshié tlinical environment application.

IV. SIMULATION EXAMPLES
In this section, we denotg as the process response considering the process descyibed.tMoreover, we defing as,

y=y+aod, (10)
where ¢(s) is a transfer function taking the form,

(—19.27s + 3132)
(s2+ 10.5s + 24.72)

¢(s) =

and d is an impulsé(t). We also defingj as,
y=y+mn, (12)

wheren is a bounded Gaussian noise. In the present simulations n&daw the following model-controller bank:
{(Mj,Kj), j=1,...,100}, (12)

and two distinct modeld4,; and Mgs were chosen in order to simulate the real procBs§ he choice of these two models
relies on the fact that both represent interesting andrdiffefeatures. Namelyl/s; is one of the models from the bank that
most present a transient response with an initial signifigastability when controlled by a single stabilizing caoiter.
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Fig. 4. Switching control forM4; using the stabilizing controller bar. In these simulations conditions described by (i) were usetithe control action
was saturated at the level 0.
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Fig. 5. Switching control fotMgs using the stabilizing controller barf. In these simulations conditions described by (i) were usetithe control action
was saturated at the level 0.

In order to implement the proposed control scheme, we cengig: following restricted controller bank,
R ={K;:j e {15,24,36,37,39,40,47, 49, 50, 52, 56, 65, 68} } .

This single bank contains just stabilizing controllers éaich of the models being considered, but note that Bathand K
were removed fron. For each model, the following distinct simulation conalits have been applied: (i) the model output
is subject to a disturbancé given by (10) in the time instarit= 45, the control action begins 3@inutesafter the standard
initial bolus administration §00ug kg—') and the referencecf, is time dependent (i.e. the value is initially fixed at a low
level during the 30ninutesbeing gradually raised to the set poirit%, (Mendonca and Lago, 1998)); (ii) a bounded Gaussian
noisen(t) was superimposed to the output process in the intereal40, 85] and has the form (11), the control action begins
att > 0 since there is ndolus administration and the reference is a fixed valug, = 10%. The simulation results are
presented in Figures 4, 5, 6 and 7.

V. CONCLUSIONS

Using the ideas introduced in (Hespanha and Morse, 2002)mpkemented a switching control scheme for the control of
neuromuscular blockade based on a bank of stabilizing albers. An extensive simulation study proves that this nppraach
reveals to be robust, even in the presence of small pertanisaand noise. This new technique applied to the automatitral
of neuromuscular blockade, has given good results and caimdered as a reliable approach to the problem.
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