
A
f

A
a

b

A
R
R
A

K
I
N
N
I
R
O

1

i
s
d
p
N
f
m
e
m
s

c
m
c
g
h
d
b
p
s

0
h

Journal of Process Control 23 (2013) 968– 979

Contents lists available at SciVerse ScienceDirect

Journal  of  Process  Control

jou r n al hom ep age: www.elsev ier .com/ locate / jprocont

n  offset-free  neural  controller  based  on  a  non-extrapolating  scheme
or  approximating  the  inverse  process  dynamics

lex  Alexandridisa,∗,  Marios  Stogiannosa, Alexandra  Kyrioub, Haralambos  Sarimveisb

Department of Electronics, Technological Educational Institute of Athens, Agiou Spiridonos, Aigaleo 12210, Greece
School of Chemical Engineering, National Technical University of Athens, Greece

a  r  t  i  c  l  e  i  n  f  o

rticle history:
eceived 15 January 2013
eceived in revised form 28 April 2013
ccepted 29 April 2013

a  b  s  t  r  a  c  t

This work  presents  a novel  control  scheme  based  on  approximating  the  inverse  process  dynamics  with  a
radial  basis  function  (RBF)  neural  network  model,  trained  with  the  fuzzy  means  algorithm.  The produced
RBF  network  constitutes  an  inverse  model  of the process,  which  can  be applied  as  an  explicit  control  law.
In order  to  avoid  extrapolation  in  the  RBF  model  predictions,  a concept  borrowed  from  chemometrics,
namely  the  applicability  domain,  is  incorporated  to the  proposed  framework.  Moreover,  an  error  cor-
eywords:
ntelligent control
euro-control
eural networks

nverse dynamics
adial basis functions
ffset-free control

rection  term  is  added,  allowing  the  inverse  neural  controller  to account  for modeling  errors  and  process
uncertainty  and  eliminate  offset.  The  proposed  approach  is  applied  to  the control  of  a  nonlinear  Con-
tinuous  Stirred  Tank  Reactor  (CSTR)  exhibiting  multiple  equilibrium  points,  including  an  unstable  one.
A  comparison  with other  control  schemes  on various  tests,  including  set-point  tracking,  unmeasured
disturbance  rejection  and process  uncertainty  highlights  the advantages  of the  proposed  controller.

© 2013 Elsevier Ltd. All rights reserved.
. Introduction

Computational intelligence has been used extensively dur-
ng the last two decades for designing novel automatic control
chemes, especially in cases where conventional methods fail to
evelop appropriate dynamic models of the process and/or com-
ute the control law [1]. In such situations, the Artificial Neural
etwork (ANN) technology offers an efficient alternative approach

or training dynamic models of nonlinear systems using experi-
ental information from the process [2,3] and for synthesizing

ffective nonlinear controllers [4,5]. The prospect of using ANN
ethodologies in chemical process control was reviewed by Hus-

ain [6].
There are three major directions in the design of discrete time

ontrol systems based on ANN techniques, which can be comple-
entary, namely model predictive controllers (MPCs), adaptive

ontrol techniques and inverse model-based control methodolo-
ies [6,7]. In MPC, neural network methodologies are applied on
istorical dynamic input–output data to construct the nonlinear
ynamic predictive model of the process [8–10]. Results have also

een reported on the development of reduced-order models, sim-
lifying the formulation of the optimization problem which is
olved in real time [11]. Adaptive MPC  methods based on ANNs

∗ Corresponding author. Tel.: +30 2105385358.
E-mail address: alexx@teiath.gr (A. Alexandridis).

959-1524/$ – see front matter ©  2013 Elsevier Ltd. All rights reserved.
ttp://dx.doi.org/10.1016/j.jprocont.2013.04.008
extend the applicability of standard MPC  systems to the control of
time-varying dynamics, by adding online adaptation capabilities to
the nonlinear models [12–15].

The main obstacle in the application of nonlinear MPC  is that
the nonlinear optimization problem that is formulated at each dis-
crete time instant must be solved in real time [16]; nevertheless, the
available time between two  subsequent time instants may  not be
sufficient even for satisfying the requirements of suboptimal MPC
[17]. To overcome this problem and extend the applicability of MPC
to systems with fast dynamics, the concept of explicit MPC  was
coined a decade ago [18]. Under this approach, the computational
burden of MPC  is moved offline, by pre-computing the optimal MPC
control law as a function of the current state. Today, concrete the-
ory exists that guarantees the exact solution of explicit MPC  for
linear systems [19], but only approximate explicit MPC  methods
have been developed for nonlinear systems [20,21]. Explicit MPC
actually partitions the state space in regions and in each region
a different control law is defined. However, explicit MPC  suffers
from the curse of dimensionality: especially for problems of high
dimensionality, the process of finding the correct region where
the current state belongs can be more computationally demand-
ing than solving the online optimization problem. Improving the
computational speed is the most important research issue today

in the MPC  literature [16], but the development of customized fast
optimization algorithms [22,23] is restricted to linear systems, or
systems iteratively linearized online [24,25]. Another possibility
is to completely avoid the solution of the optimization problem,

dx.doi.org/10.1016/j.jprocont.2013.04.008
http://www.sciencedirect.com/science/journal/09591524
http://www.elsevier.com/locate/jprocont
http://crossmark.dyndns.org/dialog/?doi=10.1016/j.jprocont.2013.04.008&domain=pdf
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ubstituting it with a neural network approximator, trained off-line
o minimize a control-relevant cost function [8].

The development of inverse model-based neural control
ethodologies [6,7] has evolved along two directions: (a) an exten-

ion of the linear Internal Model Control (IMC) method and (b) the
irect inverse control method.

Following the IMC  approach, an ANN dynamic model runs in
arallel with the actual process and the difference (error) between
he two outputs, which is due to model uncertainties and/or exter-
al disturbances, is subtracted from the set-point before being

ed to the inverse model [26–28]. The inverse model is realized
ither by numerically inverting the neural network at each interval
sing an approach like Newton’s method, or by training a second
eural network using the inputs of the process as outputs and
ice versa. Numerical inversion is computationally intensive and
ime-consuming, rather sensitive to initial estimates and may  not
ecessarily give the global optimum solution [29,30]. The incor-
oration of a second neural network model on the other hand

ntroduces extra complexity in the overall control scheme.
The idea behind the direct inverse control approach is to train an

NN as the inverse of the plant, so as to cancel the system dynam-
cs and make the plant follow the reference input. Therefore, using
his approach, a single ANN model is developed that acts as the
ontrol law, computing the values of the manipulated variables
hat are used as inputs to the process at each discrete time instant.
ast values of input and output (or state) variables of the system
long with the desired set-points constitute the input vector to the
NN model [31]. Measured disturbances have also been included in

he input vector in direct inverse control formulations [32]. Notic-
ng that MPC  acquires the form of an inverse model of the system
n the event of a predictive horizon being equal to one, the term
predictive inverse neuro-control” was recently suggested as an
lternative to direct inverse control [33].

As far as computational load is concerned, the direct inverse con-
rol approach is very efficient as it just requires the evaluation of a
onlinear function. Although most direct inverse control formula-
ions proposed in the literature are not able to account for model
ncertainties and unmeasured external disturbances [34–37], per-
ormance of the inverse neural controller can be improved by
electing appropriate excitation signals [31,38]. The additional
equirement of offset-free control can be achieved by adapting
nline the inverse model parameters [39].

In this work we introduce a new direct inverse neural con-
rol method, which retains the low computational complexity of
he standard inverse-based approach and additionally is able to
roduce zero-offset even in the events of unmeasured external dis-
urbances or uncertainties in plant dynamics, without the need
o adapt the model. The method uses the radial basis function
RBF) neural network architecture [40,41] and the inverse neu-
al controller is trained using the fuzzy means algorithm [42] on
xperimental input–output examples which are collected during
he dynamic operation of the system. A concept known as the
pplicability domain [43] is borrowed from the field of chemo-
etrics, to avoid extrapolation in the predictions of the inverse

eural controller. The extrapolation phenomenon results to unre-
iable predictions when the model is used in regions of the input
pace that have not been covered by training data, and thus, may
onsiderably deteriorate the controller performance.

The rest of this paper is structured as follows: In the next sec-
ion, the RBF neural network architecture is presented, followed
y a brief description of the network training methodology used in
his work. Section 3 introduces the proposed direct inverse control
ethodology, describing in details the incorporation of the appli-
ability domain criterion in the controller design, and the addition
f the error correction term. In Section 4, the efficiency of the pro-
osed control scheme is illustrated by applying the method to the
Fig. 1. Typical structure of an RBF network.

full range control of a nonlinear CSTR containing two  stable and
one unstable equilibrium points and comparing it with alternative
controllers. Finally, the paper ends with the concluding section.

2. Radial basis function networks

An RBF network can be considered as a special three layer neural
network, which is linear with respect to the output parameters after
fixing all the radial basis function centers and nonlinearities in the
hidden layer. The typical structure of an RBF network is shown in
Fig. 1. The input layer distributes the N input variables to the L nodes
of the hidden layer. Each node in the hidden layer is associated with
a center, equal in dimension with the number of input variables.
Thus, the hidden layer performs a nonlinear transformation and
maps the input space onto a new higher dimensional space. The
activity �l(uk) of the lth node is the Euclidean norm of the difference
between the kth input vector and the node center and is given by:

�l(uk) =
∥∥uk − ûl

∥∥ =

√√√√ N∑
i=1

(uk,i − ûl,i)
2, k = 1, 2, . . . , K (1)

where K is the total number of data, uT
k

=
[
uk,1, uk,2, . . . , uk,N

]
is

the input vector and ûT
l = [ûl,1, ûl,2, . . . , ûl,N] is the center of the lth

node.
The output function of the node is a radially symmetric function.

This work employs the thin plate spline function:

h(�) = �2 log(�) (2)

The final output t̂k of the RBF network for the kth data point is
produced by a linear combination of the hidden node responses,
after adjusting the weights of the network appropriately:

t̂k =
L∑

l=1

wlh(�l(uk)), k = 1, 2, . . . , K (3)

where wl stands for the synaptic weight of the lth node.

2.1. The fuzzy means algorithm

The fuzzy means (FM) algorithm has been introduced a decade
ago in order to replace the k-means algorithm in the selection
of the hidden layer nodes [40,42]. The FM algorithm presents
several advantages over the typical approach, including faster com-
putational times and automatic determination of the size of the

network, and has been used successfully in a number of control-
related applications [12,44–46]. Recently a non-symmetric version
of the algorithm with improved prediction abilities has been
introduced [47]. A brief discussion about the FM algorithm is given
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elow, while the interested reader is referred to the original publi-
ations.

Consider a system with N normalized input variables ui, where
 = 1, . . .,  N. The domain of each input variable is partitioned into
n equal number of one-dimensional triangular fuzzy sets, c. Each
uzzy set can be written as:

i,j = {ai,j, ı˛}, i = 1, . . . , N, j = 1, . . . , c (4)

here ai,j is the center element of fuzzy set Ai,j and ı  ̨ is half
f the respective width (due to the symmetric partition all the
idths are equal). This partitioning technique creates a total of

N multi-dimensional fuzzy subspaces Al, where l = 1, . . .,  cN. Each
ulti-dimensional fuzzy subspace is generated by combining N

ne-dimensional fuzzy sets, one for each input direction. The cen-
er vector al and the side vector �� of each fuzzy subspace can be
efined as follows:
l = {al, ��}

=

⎧⎨
⎩[al

1,j1
, al

2,j2
, ..., al

N,jN
], [ı˛, ı˛, ..., ı˛︸  ︷︷  ︸

N

]

⎫⎬
⎭ , l = 1, ..., cN (5)

here al
i,ji

is the center element of the one-dimensional fuzzy set

i,ji
that has been assigned to input i. Each one of the produced fuzzy

ubspaces is a candidate for becoming an RBF center, but only a few
f those will be finally selected. The selection is based on the idea
f the multidimensional membership function �Al (uk) of an input
ector uk to a fuzzy subspace Al which is given by Nie [48]:

Al (uk) =
{

1 − rl(uk), if rl(uk) ≤ 1

0, otherwise
(6)

here rl(uk) is the Euclidean relative distance between Al and the
nput data vector uk:

l(uk) =

√∑N
i=1(al

i,ji
− ui,k)

2

ı˛
√

N
(7)

Eq. (7) defines a hyper-sphere on the input space with radius
qual to ı˛

√
N. The objective of the training algorithm is to select

 subset of fuzzy subspaces as RBF centers, so that all the train-
ng data are covered by at least one hyper-sphere. Expressing this
equirement in terms of Eq. (6), the subset of fuzzy subspaces is
elected so that there is at least one fuzzy subspace that assigns a
onzero multidimensional degree to each input training vector.

The synaptic weights are calculated using linear regression of
he hidden layer outputs to the real measured outputs (target val-
es). The regression problem can be trivially solved using linear

east squares in matrix form:

 = TT Z(ZT Z)
−1

(8)

here W,  Z and T are matrices containing the synaptic weights,
idden layer outputs and target values, respectively.

. Design of the inverse neural controller

.1. Inverse dynamic model used for designing a discrete
ontroller

Let us assume that the process under control is a single
nput–single output (SISO) process with N state variables. A dis-
rete dynamic model of the process correlates the next value of the

utput (controlled) variable with the current values of the state
ariables and the input (manipulated) variable:

(k + 1) = f (x(k), v(k)) (9)
ess Control 23 (2013) 968– 979

where y is the controlled variable, x is the state vector and v is the
manipulated variable. We  can assume, without loss of generality,
that f is a nonlinear function. The discrete inverse dynamic model
of the process can be formulated as follows:

v(k) = g(x(k), y(k + 1)) (10)

where g is the inverse dynamic function of the process. Substituting
the next value of the controlled variable y(k+1) in Eq. (10) with the
current value of the set-point ω(k), essentially provides a control
law which can be used for calculating which value of the manip-
ulated variable should be applied at any discrete time instant, in
order to drive the process from its current state, to the set-point:

v(k) = g(x(k), ω(k)) (11)

Under the assumptions that all state variables are measured
and a sufficient number of training examples is available, the FM
algorithm presented in section 2.1 can be used to approximate the
unknown function g.

The neural network approximator of the inverse dynamics can
then act as a controller, receiving at each discrete time instant the
desired set-point value and the values of the state variables and
producing the control command, i.e. the value of the manipulated
variable, which will be applied to the system during the subsequent
time period:

v(k) = RBF(x(k), ω(k)) (12)

where RBF is the nonlinear function implemented by the RBF net-
work, calculated through Eq. (3). The operation of such a controller
is depicted in Fig. 2.

3.2. Extrapolation and applicability domain

It is well known that neural network models – as well as other
black-box modeling techniques – have a limited ability for gen-
eralization. This comes as a direct result of the inadequacy of
such models for providing reliable predictions in regions of the
input space which have not been covered sufficiently in the train-
ing dataset, i.e. the inability to successfully perform extrapolation.
Notice that in this context, extrapolation does not refer only to
exceeding the minimum and maximum values of the training data
in each input dimension; extrapolation may  well occur within
training limits when there are no training data around the point
of interest. Fig. 3 presents an example in a two-dimensional input
space, depicting a set of training data, and the areas where extrap-
olation occurs.

The performance of a neural controller may  deteriorate
significantly, due to the poor extrapolation capabilities of the incor-
porated neural network model. Unfortunately, the discrete inverse
neural controller adhering to Eq. (12) is prone to extrapolation as
well. The reasons for this are twofold: firstly, there are practical lim-
itations in achieving an adequate process excitation level in order
to obtain training data that cover sufficiently all feasible combina-
tions of the state vector components

[
x1(k) x2(k) . . . xN(k)

]
.

The second reason can be explained by examining the input vector
[x(k) ω(k)] that is provided to the neural controller at each partic-
ular time instant k, which includes not only the state vector, but
also the set-point value ω(k). Depending on the relative values of
x(k) and ω(k) and the sampling time of the controller, it may  be
infeasible to move the process from its current state x(k) to the
desired set-point value ω(k), within a single discrete time period.
In such a case, the neural controller will inevitably be asked to
extrapolate, as it is obvious that no similar examples have been

used during the training phase of the neural network. This situa-
tion would result to the calculation of an unreliable value for the
manipulated variable, obviously deteriorating the performance of
the controller.
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Fig. 2. A neural controller ba

In order to avoid the undesirable effects of extrapolation in the
rediction of the manipulated variable, we introduce to the neural
ontroller design problem a concept widely used in chemometrics,
nown as the applicability domain (AD) of the model, i.e. method-
logies that define in a quantitative manner the subregions of the
nput space that have been sufficiently covered by training exam-
les and thus help to produce reliable neural network predictions.

 popular method for assessing the AD of neural network models
omputes the leverage value, which is proportional to the Hotelling
2 statistic and to the Mahalanobis distance [43]. The leverage h(k)
f an input vector u(k) in the input space is given by:

(k) = uT (k) · (U · UT )
−1 · u(k) (13)

here U is a matrix containing all the input training examples.
The input u(k) is considered to be inside the AD when the fol-

owing condition is true:

(k) ≤ 3
N + 1

K
(14)

hen an input lies outside of the AD, then the corresponding pre-
iction is the result of extrapolation.

.3. Incorporation of the AD criterion in the inverse controller
esign

The notion of AD is incorporated in the proposed methodology
o avoid extrapolation at each discrete time instant, by formulat-

ng a suitable input vector to the neural controller. More precisely,
he AD concept is used to define upper and lower bounds on the
alue of ω(k) that guarantee interpolation. This is accomplished by

ig. 3. A two-dimensional example, depicting a set of training data and the boundary
f extrapolation.
n an inverse process model.

formulating at each discrete time step during the operation of the
neural controller, the following equation:[

x(k) ω(k)
]T · (U · UT )

−1 · [ x(k) ω(k) ] = 3
N + 1

K
(15)

Notice that the state vector x(k) is known at each time instant,
therefore Eq. (15) is a second-order equation with respect to ω(k).
Its two solutions ωmin(k) and ωmax(k) actually define the lower and
upper bounds on the value of ω(k) that guarantee that extrapolation
is avoided. In cases where the current set-point ω(k) lies outside of
these bounds, it is substituted by the closest bound, thus keeping
the input vector to the neural controller within the AD:

ωRE(k) =

⎧⎪⎨
⎪⎩

ωmin(k), if ω(k) < ωmin(k)

ωmax(k), if ω(k) > ωmax(k)

ω(k), if ω(k) ∈ [ωmin(k), ωmax(k)]

(16)

where ωRE(k) is the requested set-point value which is given as
input to the RBF network to produce the control law:

v(k) = RBF(x(k), ωRE(k)), (17)

In order to account for inaccuracies in the training data, the
limits defining the AD can be tightened. This is accomplished
by dividing the length of the line segment between ωmin(k) and
ωmax(k) by a narrowing parameter r, where r > 1. Thus, a narrower
AD is produced whose bounds are given by:

ω′
min(k) = (r + 1)ωmin(k) + (r − 1)ωmax(k)

2r
(18)

ω′
max(k) = (r + 1)ωmax(k) + (r − 1)ωmin(k)

2r
(19)

The stricter bounds ω′
min(k) and ω′

max(k) are now utilized to
calculate the requested set-point value:

ωRE (k) =

⎧⎪⎨
⎪⎩

ω′
min (k) , if ω (k) < ω′

min (k)

ω′
max (k) , if ω (k) > ω′

max (k)

ω (k) , if ω (k) ∈
[
ω′

min (k) , ω′
max (k)

] (20)

while the control law is still implemented using Eq. (17). A
schematic overview of the required steps to incorporate the AD
criterion to the controller design is given in Fig. 4.

Introduction of the narrowing parameter r also provides a means
for tuning the neural controller. Larger values of r imply that con-
trol actions will be more conservative as the requested set-point
value per time step will be closer to the current value of the con-
trolled variable. On the other hand smaller values of r will trigger
more aggressive control actions, in order to traverse the increased
distance to the requested set-point.

3.4. Offset-free control

Eq. (17) describes a model for predicting which value of the

manipulated variable will drive the process from its current state
to the new set-point. Obviously the resulting controller is sus-
ceptible to unmeasured disturbances and modeling errors, which
affect both the dynamic and static performance of the controlled
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Apply the con tro l la w

(Eqs. 17,  23)

Apply  the  current  inp ut vector             to  for mul ate  Eq.  15kx

Obtain the lower and upper bounds of AD

and                 by  solving   Eq. 15 formin k max k k

Narrow  the  appl icability  dom ain  by calculati ng

and                 (Eqs. 18-19)min
k

max
k

Calculate  the  requ ested set  poi nt                (Eq.  20)
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ig. 4. Required steps for incorporating the AD criterion to the controller design. Th
ashed lines.

ystem. In order to account for such cases, we introduce an
rror-correction term which is added to the requested set-point
alue at each time step. This approach resembles a concept used
n off-set free MPC, where the state vector of the predictive
rocess model is augmented by a disturbance state, which cap-
ures the error between the model and the true plant dynamics
49,50]. The error-corrected requested set-point ωEC(k) is calcu-
ated by adding the error term to the calculated requested set-point

RE(k):

EC(k) = ωRE(k) + e(k) (21)

here ωRE(k) is calculated using Eq. (20) and the error e(k) is the
ifference between the error-corrected set-point at the previous
ime step and the value of the controlled variable at the current
ime-step:

(k) = ωEC(k − 1) − y(k) (22)

The control law is now updated to include the error-corrected
equested set-point:

(k) = RBF(x(k), ωEC(k)), (23)

qs. (21)–(22) imply that the error of the previous time step will
emain constant during the next step, therefore the requested set-
oint is corrected to compensate for this error. Of course there

s no guarantee that the error indeed remains constant between
wo consecutive time-steps; however, this is the best assump-

ion that can be made based on the available information. Notice
hat as the AD of the controller gets narrower by increasing the
uning parameter r, the allowed set-point changes between two
uccessive time steps get smaller. This results to smaller variation
itional steps required for incorporating an error correction term are depicted with

in the input vector, as far as the requested set-point compo-
nent ωRE(k) is concerned, thus strengthening the assumption that
the prediction error remains constant between consecutive time
steps.

Incorporation of the error-correction term to the controller
design is also presented schematically in Fig. 4.

4. Case study: control of a nonlinear CSTR with multiple
steady-states

4.1. CSTR simulation

This section presents an example where the proposed inverse
neural controller is applied to the control of a simulated system. The
simulation involves a non-isothermal CSTR where the following
exothermal irreversible reaction between sodium thiosulfate and
hydrogen peroxide is taking place:

2Na2S2O3 + 4H2O2 → Na2S3O6 + Na2SO4 + 4H2O (24)

This process is described by the following mass and energy bal-
ances [51]:

dCA

dt
= F

V
(CA,in − CA) − 2ko exp

(
− E

RT

)
C2

A

dT

dt
= F

V
(Tin − T) + 2

(−�H)R

�cp
ko exp

(
− E

RT

)
C2

A − UA

V�cp
(T − Tj)

(25)

where V is the volume of the CSTR; (�H)R is the heat of the reaction;

−E/R, ko, cp, � are constants of the reaction and the reactants; F is
the flow rate into the reactor; CA,in is the inlet concentration of the
reactant Na2S2O3; CA is the concentration of Na2S2O3 inside the
reactor; Tin is the inlet temperature; T is the temperature inside the
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Table 1
Process parameter values for the CSTR.

Process parameter Value

V 100 l
UA 20,000 J/s K
�  1000 g/l
Cp 4.2 J/g K
−(�H)R 596,619 J/mol
ko 6.85E+11 l/s mol
E  76534.704 J/mol
R  8.314 J/mol K
F  20 l/s
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instability. It should be noted that, if given more time between
the step point changes, the PID finally succeeds in reaching the
set-point value, even for the unstable steady-state point. However,

Table 2
Set-point tracking problem: Values for Mean Absolute Error (MAE) for the three
controllers.
Tin 275 K
CA,in 1 mol/l

eactor; Tj is the temperature of the coolant and UA is the overall
eat-transfer coefficient between the cooling coil and the reactor
ontents. The values of the process parameters are shown in Table 1.

It is well known that this type of CSTR has normally three steady-
tate points, an upper and a lower one which are stable, and a
iddle one which is unstable. Though it is relatively easy to control

he CSTR around the individual upper or lower steady-state point,
ontrolling the CSTR over the whole operating range which includes
he unstable steady-state point is a rather challenging task.

The CSTR was simulated by solving the system of ODEs in Eq.
25). The objective was to apply the proposed neural controller in
rder to control the concentration CA inside the CSTR using the
emperature of the coolant Tj as the manipulated variable, assuming
hat both process states (CA, T) can be measured in real time.

.2. Inverse model training

In the case of the CSTR, the inverse process model has the fol-
owing form:

j(k) = RBF(CA(k), T(k), CA(k + 1)) (26)

Given the full state vector [CA(k) T(k)] at the current time instant,
he model predicts the value of the manipulated variable Tj(k) that

ust be applied to the system, so that the concentration at the
ext time instant will be equal to CA(k + 1). In order to generate
ata for training the inverse RBF model, random changes from a
niform distribution were applied to the coolant temperature Tj
very 0.5 s, within the limits 0–500. Using the described configu-
ation, 60,000 data points were collected from the CSTR. The data
oints were split into a training dataset of 42,000 data points and

 validation one of 18,000 data points. After collecting the data, an
xhaustive search was performed testing partitions ranging from 4
o 100 fuzzy sets. The best network, which was selected based on
he Root Mean Square Error (RMSE) value on the validation dataset,
as the one employing a partition of 88 fuzzy sets, resulting to 726

enters. For this network, the RMSE and R2 pointers on the vali-
ation dataset were equal to 18.76 and 0.965, respectively. Fig. 5
epicts the real values for the manipulated variable Tj together with
he neural network predictions for a portion of the validation data.

.3. Set-point tracking

In order to evaluate the performance of the inverse neural con-
roller in set-point tracking, a test comprising a series of set-point
hanges was improvised, aiming to cover the whole operating
egion of the CSTR.

For comparison purposes, the test included a simple inverse

eural controller (INC), an inverse neural controller taking into
ccount the AD (INCAD) and a PID controller. In order to tune the
atter, the CSTR was firstly linearized around the unstable steady-
tate point, using the state equations (Eq. (25)). The PID controller
Fig. 5. Real values for the manipulated variable Tj , together with neural network
predictions for a portion of the validation data.

was then tuned by applying the IMC  procedure, where a first-order
filter was used and the tuning parameter � was  optimized in order
to minimize the Mean Absolute Error (MAE) criterion for the actual
closed-loop response [52]. Mean Absolute Error was calculated as
follows:

MAE =

Kt∑
K=1

∣∣ω(k) − CA(k)
∣∣

Kt
(27)

where Kt stands for the total number of time-steps in the simula-
tion.

A value of r = 2.5 was selected for the narrowing parameter of
the INCAD controller. As it will be shown later, this value produces
the lowest MAE  compared to different values of r, providing a
balance between aggressive and conservative behavior. Fig. 6a
shows the responses for the three controllers, together with the
set-point changes, whereas the control actions are depicted in
Fig. 6b. The values of MAE  for the three controllers are presented
in Table 2. It can be seen that the INC controller manages to control
the CSTR around the upper and lower stable steady-state points
but fails to do so around the middle unstable steady-state point.
The INC control structure was rendered able to control the pro-
cess around the unstable steady-state only after decreasing the
sampling period by one order of magnitude; however this may  be
impractical in real-world implementations, especially as far as con-
centration measurement is concerned. The INCAD controller on the
other hand exploits the AD information, thus succeeding in driving
the CSTR successfully through the whole operating region, without
the need to decrease the sampling time. Between these two, the INC
controller appears to have a slightly faster response; this is
expected, as taking into account the AD forces the INCAD con-
troller to make smaller steps toward the set-point. However, the
superiority of INCAD is obvious, as not only does it reach the
unstable steady-state, but also provides smaller overshoot values
and settling times for all set-point changes. The PID controller on
the other hand, is significantly slower compared to the other two
controllers, a fact which is reflected on its MAE  value. However,
any attempt to tune the PID for faster response times, results to
Controller MAE

INCAD (r = 2.5) 0.079
INC 0.2
PID 0.214
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Table 3
Impact of narrowing parameter r: Values for Mean Absolute Error (MAE) for the four
controllers.

Controller MAE

INCAD (r = 1.5) 0.134

F
P

Sim

Fig. 6. Set-point tracking problem: (a) responses for the three controllers, to

he INCAD controller is still vastly superior in terms of performance
haracteristics (overshoot, settling time and response time) for all
et-point changes. Fig. 7 depicts the response of the INCAD and
ID controllers applying the same set-point changes, but allowing
he set-point to be modified only after the PID response reaches a
teady-state value.

In order to assess the impact of the narrowing parameter r to
he performance of the INCAD controller, we tested four differ-
nt values of r, namely 1.5, 2.5, 3.5 and 4.5. The four responses

nd the control actions are depicted in Fig. 8a and b, respectively,
hereas the values for the MAE  pointer are shown in Table 3. It

an be seen that increasing the narrowing parameter, alters the
ehavior of the controller from aggressive with fast but oscillatory
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INCAD (r = 2.5) 0.079
INCAD (r = 3.5) 0.096
INCAD (r = 4.5) 0.116
response to conservative with no oscillations but slower response.
Thus the choice of the value for r actually depends on the desired
characteristics of the closed loop response. An important advan-
tage of this approach compared to other methods, such as MPC, is
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designed controllers, namely the INC, INCAD, INCADEC and PID con-
trollers were asked to keep the concentration of Na2S2O3 inside the
Fig. 8. Impact of narrowing parameter r: (a) responses for the four controllers

hat tuning of the controller boils down to choosing one value for
 single parameter.

The inverse neural controller taking into account the applica-
ility domain with error correction (INCADEC) was  also tested on
he same case study. As already discussed in Section 3, inclusion
f the error correction term requires a more conservative choice
or the narrowing parameter. Table 4 depicts results for the INCAD
nd INCADEC controllers, as far as MAE, the maximum absolute
teady-state error (MaxASSE) and the mean absolute steady-state
rror (MASSE) for all set-point changes are concerned. It can be
een that the error correction term helps the INCADEC controller to
ompletely eliminate steady-state error, thus achieving offset-free
ontrol.

.4. Unmeasured disturbance

In this test, the performance of the controllers is tested when an
nmeasured disturbance enters the process. To be more specific, a
isturbance to the inlet temperature Tin from 275 K to 305 K was

ntroduced and the set-point value was fixed at the unstable steady-
tate point. The responses, control actions and MAE  values for the

NC, INCAD, INCADEC and PID controllers are shown in Fig. 9a and

 and Table 5, respectively. It can be seen that the INC controller
ecomes unstable with an oscillatory response, while the INCAD
ontroller manages to keep the CSTR near the unstable operating

able 4
mpact of the error-correcting term: Values for MAE  and steady-state errors for the
NCAD and INCADEC controllers.

Controller MAE  MaxASSE MASSE

INCAD (r = 4.5) 0.116 0.002 0.0005
INCADEC (r = 5.5) 0.124 0 0
her with the set-point changes and (b) control actions for the four controllers.

region but obviously fails to reject the disturbance. This was
expected since these two  controllers have no means of compensat-
ing for any change that may  occur in the process after the training
data collection stage. The INCADEC controller on the other hand,
manages to return the controlled variable to the desired set-point
value, despite the severity of the disturbance. In order to achieve
this, however, an even more conservative choice for the narrow-
ing parameter is needed (r = 10). Still, the INCADEC controller is
considerably faster in rejecting the disturbance compared to the
PID controller.

4.5. Process uncertainty

To test the robustness of the proposed inverse neural controller
regarding uncertainties on process dynamics, we performed two
additional tests. The first test involved a simulation where the
value of the heat transfer coefficient UA was  abruptly changed
from 20,000 J/s K to 10,000 J/s K, assuming that initially the sys-
tem was  stabilized at the unstable steady-state. The four previously
reactor to the initial steady-state value. The dynamic responses of
the controlled and the manipulated variable and the performance

Table 5
Unmeasured disturbance rejection problem: Values for Mean Absolute Error (MAE)
for  the four controllers.

Controller MAE

INCADEC (r = 10) 0.0005
INCAD (r = 10) 0.0575
INC 0.2916
PID 0.0034
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Fig. 9. Unmeasured disturbance rejection problem: (a) responses for the four controllers and (b) control actions for the four controllers.
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Fig. 11. Process uncertainty problem with gradual decrease of UA: (a) response

Table 6
Process uncertainty problem with abrupt decrease of UA: Values for Mean Absolute
Error (MAE) for the four controllers.

Controller MAE

INCADEC (r = 10) 0.0003
INCAD (r = 10) 0.0394
INC 0.4259
PID 0.0018

Table 7
Process uncertainty problem with gradual decrease of UA: Values for Mean Absolute
Error (MAE) for the four controllers.

Controller MAE

INCADEC (r = 10) 0.00005
INCAD (r = 10) 0.02142
INC 0.01257

m
F
s
d
s
a
f
d
I
s
d
s
t

mode. This also provides the user with a tuning parameter, deter-
mining how conservative or aggressive the control movements
PID 0.00040

etrics are shown in Fig. 10a and b and Table 6, respectively.
ig. 11 a and b and Table 7, depict the respective results on the
econd test, where the heat transfer coefficient UA was  gradually
ecreased from 20,000 J/s K to 10,000 J/s K with a rate of 40 J/s K per
imulation time step, while after reaching the value of 10,000 J/s K
t time step 250, the heat transfer coefficient remained constant
or 100 more time periods. The results are similar to the ones
escribed in the disturbance rejection section, i.e. the INC and

NCAD controllers failed to drive the system back to the desired
teady-state, while both the INCADEC and PID controllers pro-
uced zero offset. However, once more the INCADEC was clearly

uperior to the PID controller in terms of performance characteris-
ics.
s for the four controllers and (b) control actions for the four controllers.

General remark: The proposed neural controller was trained
using only collected input–output data and does not assume the
existence of a first-principles model or any a priori knowledge
about the process. Still, it manages to control efficiently the CSTR
system through the whole operating region, including the unstable
steady-state point, in many test cases, such as set-point track-
ing, unmeasured disturbances and process uncertainty. Moreover,
it clearly outperforms the other direct inverse neural controller
formulations that were tested and the PID controller. It should
be noted that the PID had additional information built-in, as
the procedure required for obtaining its optimal tuning param-
eters, assumes knowledge of the first-principles model of the
process.

5. Conclusions

This work presents a novel inverse neural control scheme for
nonlinear processes. The most important innovations of the pro-
posed approach compared to existing methods are the following:

• The inverse dynamics of the process are approximated with
an RBF network model trained with the FM algorithm, which
presents faster computational times and increased approxima-
tion accuracy. Training is based solely on dynamic input–output
data which are easy to collect by exciting the process with a
random input signal.

• The method makes use of the popular in chemometrics AD con-
cept to ensure that the controller is not used in extrapolation
will be. Additionally, in cases of major set-point or external
disturbance changes, the movement from current state to the
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desired set-point is broken into several smaller steps which are
feasible to implement.
At each discrete time instant, a correction term is introduced to
account for model-plant mismatches and external disturbances.
The error correction term follows a historical pattern, which
causes adjustments of the control input until there is no discrep-
ancy between the plant output and the desired steady-state, thus
achieving offset-free control.
The method can be considered as an alternative to explicit nonlin-
ear MPC, as it explicitly computes a suboptimal control law based
on the current state and the future set-point. However, it exhibits
the important advantage of fast computation requiring only the
evaluation of a nonlinear function, in contrast to the computa-
tionally intensive identification of a particular region in the input
space, dictated by explicit MPC.

The proposed controller was tested on a simulated CSTR,
xhibiting multiple steady-state values, including an unstable equi-
ibrium point. The performance of the proposed methodology was
ompared to an inverse neural controller and a PID. The results have
hown that the proposed control scheme clearly outperforms its
ivals in all tested cases, including set-point tracking, unmeasured
isturbance rejection and model uncertainty.

Future research plans include addressing stability issues and
xtending the proposed approach in order to design an inverse neu-
al controller suitable for multiple input – multiple output (MIMO)
ystems.
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