VISION-BASED FEEDBACK CONTROL STRATEGY FOR AN
INDUSTRIAL BAND OVEN

Corrado Guarino Lo Bianco, Massimo Romano, and Aurelio Piazzi

University of Parma - Dip. di Ingegneria dell'Informazione,
Parco Area delle Scienze, 181/A - 43100 Parma - Italy,
Tel. + 39 0521 905752, Fax. + 39 0521 905723,
E-mail: {guarino, romano, piazgi@ce.unipr.it

Keywords: vision inspection, uncertain model, band overThe test quality of baked products made by means of vision

adaptive control, fuzzy control. inspection is described in several works of the literature. For
example, in [4] the luminance signal detected by a vision sys-
Abstract tem is analyzed with a fuzzy algorithm to evaluate the baking

condition of industrially cooked biscuits. The same problem is
This paper describes a control application based on the visignsidered also in [7], but the product quality is evaluated with
inspection of an industrial process: a continuous band ovéée help of an artificial neural network. In the same paper, the
used to bake biscuits. The purpose of the paper is to proposgportance of considering color images is evidenced. The tar-
control strategy able to improve the quality of the baked proget of the COOKIES project is even more ambitious since the
ucts and the efficiency of the baking process. The control\sion system is used to control the baking process by acting
feedback is provided by a vision inspection system which evai one of the oven burners. The final target is to improve the
uates the cookies baking condition on the basis of the biscuit@duct quality and reduce the food scraps.

color. Three units are collaborating to develop the COOKIES project.

The ATE unit is the industrial partner responsible for the vision
1 Introduction. acquisition system, while the University of Parma is develop-

o ] ] ~ing the feedback control system. The project end user is the
Vision inspection systems are becoming very common in i |yssj S.p.A. of Petrignano di Assisi: the supervisory feed-

dustrial applications. Several reasons justify the diffusion gf ¢k system will be used to control one of its continuous band
such a technology. In many practical cases, the most relgeans.

vant characteristics of industrially produced items concern their

shape and color. For example, high quality ceramic tiles mddtis paper describes the adaptive control strategy proposed to
be inspected in order to detect and discard damaged or oub@fdle the baking process. It is based on a hybrid fuzzy su-

standard pieces. In other applications it is important to deervisor. Fuzzy controllers are often used for the regulation of

tect defects in the raw materials (paper and glass productidijating processes [3, 6, 1]. The purpose of the fuzzy supervisor
These inspection activities have been historically managed4sed in this work is to select the most appropriate oven control

means of the human vision. The purpose of an automatic §frategy.

sion inspection systems is to substitute the human operatoyin; 2 the plant is described and the structure of the controller
this annoying activity and to improve the product quality by priefly summarized. The vision inspection system is de-
_ehmmafung the subjectivity which is intrinsic in case of humagiped ing 3, while§ 4 reports with details the adopted control

Inspection. strategy. The result of a control simulation is shown and com-

To this aim, the European Commission has recently activat@@nted in§ 5. Final conclusions are drawn §r6.

a cluster of projects named “EUropean Take-up of essen-

tial Information Society Technologies-Integrated Machine VB The band oven and the overall control
sion” (EUTIST-IMV) devoted to the introduction of the ma- scheme.

chine vision in the industrial automation (see also the web

site http://www.spt.fi/eutist/ ). This paper will de- A band oven is made of several independent cooking stations.
scribe one of these projects named “quality COntrOl of baKInthe product “travels” through these stations carried by a band
status of ovEn productS” (COOKIES). The project name welbnveyer (see Fig. 1). For each station it is possible to set the
synthesizes the application. The objective is to implement borner temperature to appropriately warm up the air flux used
autonomous feedback controller to supervise the baking pto-cook the biscuits. Moreover, several mechanical valves are
cess in an industrial band oven used to cook biscuits. The maied to correctly drive the air flux inside the cooking chambers
information used by the closed loop controller is the bakirgnd to regulate the air exchange with the external environment.
condition of the biscuits, which is evaluated with the help of aAll these settings are normally tuned by the so called “oven
vision inspection system. manager”, an experienced technician with many years of activ-
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Figure 1: Schematic representation of a continuous band oven
composed by n elements. Figure 3: Control scheme for the continuous band oven.

has to select the most appropriate control strategy depending
on the working conditions. The video camera used to acquire
the biscuit status is located at the outlet of the oven (see Fig. 1).
We conventionally pos®&S € R: whenBS = 0 the biscuits

are considered well cooked, whieS > 0 and BS < 0 in-
dicate overcooked and undercooked biscuits respectively. The
purpose of the feedback controller is to guarantee, by regulat-
ing the burner temperature of the last section, that the baking
status is always as close as possible to zero.

Baking status estimation via visual data pro-

Figure 2: The Colussi band oven at the Petrignano di Ass:lgsi .
cessing.

factory.

The main element of the vision system is a color digital line-
scanning camera equipped with a specific optics. The line-
scanning camera is placed above the oven belt. Its visual range

. . ﬂﬁ(ley covers the transversal section of the conveyer, so that
ment of the baking process. Every day the process surveillanc ; . . N :
r%i%;an inspect simultaneously an entire row of biscuits. Bis-

is entrusted to several oven managers. Each of them aqts cuits are illuminated with a special light source which mini-
ferently on the oven, basing all the decisions on the experience. | o influence of the external undesired lightening. The
As a consequence, the same product could be baked differently - - . .

acquired data are analyzed by means of a Digital Signal Pro

In the same day, even in case of constant operating Condltlo&:;Ss'sing (DSP) board which evaluates the baking status of the

This is not the sole problem arising due to the human superyi= . X .
. . . i . Discuits. The elaboration results are downloaded to a supervi-

sion. The baking process is very sensible to several environ- -

. . Sory Personal Computer by means of a fast serial link.

mental factors such as air temperature, pressure, and hum@?y.

Theoretically, if one of these factors changes, the oven managie vision system has been completely developed and manu-

should modify the oven settings to keep constant the prodfattured by ATE. The use of a color camera is justified by the

quality. Unfortunately, the oven surveillance is not continuousame reasonings reported in [7]. Due to the use of color im-

so that any drift in the environmental conditions can cause largges, it is possible to sense small changes in the baking status.

product losses. The purpose of the vision based feedback cbhis is a relevant feature because such information is used for

troller proposed in this paper is to overtake all these problertie closed loop control.

and guarantee a constant product quality. The vision system can inspect all biscuits on the belt, so that

The feedback controller will act on the last section of the oveit,can detect any possible defect of each biscuit: nonuniform
which has the largest influence on the final biscuits color. Thaking, wrong shape, scraps (see e.g. fig. 4). This information
control scheme is shown in Fig. 3. A vision data system evalwill be used to drive an automatic discard system. The baking
ates the status of the baking process on the basis of the biscstiisus signaB S is obtained as an averaged measure. The rea-
color. Its output is a real number, indicated in the followingon of this averaging operation is that biscuits laterally placed
with the term of “Baking Status”R.S), representing the aver-on the conveyer are normally more baked than biscuits placed
age cooking status of the biscuits. The variaBlg is used by in the middle. This is typical for large gas-driven baking lines
the control system to impose a proper set-point for the burreerd the averaging operation solves the problem. Moreover, the
temperature. The plant characteristics impose to use an adzaking status is also averaged along the longitudinal section of
tive control scheme. It is governed by a fuzzy supervisor whie oven to filter the vision measurement noise.
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Figure 4: a) Cookies with different baking statuses; b) Dam- 4
aged cookies.

Figure 5: The static baking status as a function of the burner

4 The control strategy. temperature.

The biscuit baking is a nonlinear, dynamic process influenced

by many factors: some of them depend on human acti

(valves positions, band velocity) while others depend on envi- of

ronmental conditions (external temperature, pressure, humid- ar >0 VIeT. 1)
ity). These factors can be quantified by means of real numbers

collected into a vectoh € H := [hy, hi] x -+ x [h, /] C  Atypical baking functionf(T’; h) is shown in Fig. 5 by means
R?, wherep indicates the number factors influencing the prosf g family of nonlinear functions depending an

cess. The system behavior is uncertain since it depends on

and its identification is difficult because of two reasons. Firsthe functionf(7’;h) cannot be identified for the same rea-
the number of uncertainties is very large and many of the?R"S tha'lt do not allow the identification of the oven dynamic
are difficult to be quantified. Secondly, to collect a sufficientifiodel: it should be necessary to produce a large number of
large number of experimental data of various operating ¢ dly cooked biscuits and this is unacceptable for economic
ditions, it should be necessary to burn-off or undercook lar§@asons. Thus, the oven controller must robustly converge to
amounts of biscuits. As a consequence, due to the scarce ﬁ-: 0 independently from the knowledge #{7’; h).

tem knowledge, it is difficult to design a robust dynamic conrhe optimal burner set-point is, theoretically, the solution of
troller. The controller proposed in this paper aims to solve thige equationf(7;h) = 0 evaluated for any value di € H
problem by mimicking the human behavior. The biscuit bakmg, as a consequence, it depends on the paranteteFer

ing is a stable process so that, given a burner set-figitihe  this reason it will be indicated by (h). The optimal value
baking status3S always converges to a finite value which dez+ (1) is computed by means of a recursive algorithm which

pends also on the environmental factérs Thus, the condi- yses the following two different strategies to approach the con-
tion BS = 0 can be gained by passing through a sequencedifion BS — 0.

steady states. The control approach can be summarized as fol-

lows. Consider the system in steady state and With 0. If  Strategy 1- Single point approach.

both these conditions hold, the burner set-point is changed us- o )
ing one of the rules proposed in the following. Then, the cof@Ven an initial burner temperatuf€ and the corresponding

troller monitors BS to detect the transient end: new change¥eady-state baking statiis;, the subsequent set-poifit, ;

of the burner temperature are allowed only when a new stedgfvaluated by means of the following equation

state is (almost) reached. BS.

Tip1 =T, — —=". 2
K

It is possible to represent the static behaviolB#f by means
of the following function B
where K is obtained from the slope of the baking function in

f:TxH—-R the neighborhood of the points whefeS = 0. More pre-
cisely, K is evaluated during the normal baking operation by
(T;h) — f(T;h) averaging the slopes corresponding to several valuas 8in

example of the approaching strategy is shown in Fig. 6.
where7 := [T~,T*] C Ris the range of admissible temper-

atures of the last oven section. The following characteristics Qfrategy 2- Two points approach.

the baking functionf(T’; h) can be assumed owing to simple i )
physical reasonings. The last two burner set-point$(, 7;_,) and the corresponding

measured baking statusd3q;, BS;_1) are required to evalu-

) ) ) ) ) . ate the subsequent burner set-pdint; according to the equa-
Assumption 1 The baking functiorf (7'; h) is continuous with i,

its first derivative, i.e.f € C*(7 x H). Moreover, for any T,_1—1T;

assignedh € H, it is monotonically increasing with respect Tiyn=Ti - BS; | — BSiBSi : 3)



A BS Moreover, it will be assumed that a soluti@tt (h) such that

‘ f(T*(h);h) = 0 exists for anyh € H. This is not an obvi-
ous condition because if the first— 1 ovens are not correctly
working, it can happen thagt(T; h) > 0 or f(T;h) < 0 for all

T € T. Finally, the baking functiorf(T; h) has to satisfy the
Assumption 1. For this reason it is possible to assert that the
partial derivative off (T'; h) with respect tdl" is bounded over
the compact interval”. Thus, for anyh € H, it is possible to
define

Ny

K(h) ::max{g‘;}>0. 4
Figure 6: The optimal burner temperature is approached with rer

Strategy 1. The strict monotonicity off (7'; h) with respect tol’ permits

also asserting the singleness of the solufitih).

A BS

Property 1 Let us consider a baking functiof(7; h) satisfy-

ing Assumption 1, wherk is a vector of constant parameters
affecting the plant behavior. Moreover, assume that the equa-
tion f(7™(h); h) = 0 admits a single solutioff* (h) for any

h € H and chooseK := maxnen K (h). Then, Strategy 1
converges with certainty t6*(h) for any givenh € H.

Ny

Proof - The vectorh is supposed to be constant. The prop-

erty proof is valid independently from its value so that, in the

Figure 7: The optimal burner temperature is approached wiflowing, h will be omitted. Select a starting temperature

Strategy 2. T; < T it will be demonstrated that for ary; < 7™ the
Strategy 1 converges from the left to the optimal temperature
T*. Similar reasonings permit asserting that an approach from
the right is obtained for any starting poifit > 7*.

The convergence steps resulting from the use of Strategy 2

shown in Fig. 7. e updating equation (2) can be rewritten using the baking

function

There are several reasons to introduce two different searching Tiv1 =T, — f @') ) (5)
strategies for the optimal burner temperatiite The first strat- K

egy robustly approaches the optimal set-point value (it will b&ccording to Assumption 1, the baking function is monoton-
demonstrated in the following that an appropriate selectionighlly increasing and, moreover;,(7;) = 0 if and only if
K guarantees, with certainty, the convergenc&'tp but the T, = T*. As a consequence, for affy < T* it is possible
convergence rate could be slow. The second strategy speeduprite f(7;) < 0. Taking into account thak > 0, it is pos-
the algorithm convergence but has several drawbacks. For sikle to conclude that for any; < T* the updating equation
ample, ifT; andT;_; are too far fromI™ the algorithm could (5) generates an updating temperatfire; such that

diverge. Moreover, equation (3) cannot be usedi;it= T;_;

(this happens, for example, after the algorithm has converged Tiy1>T; . (6)

to T*) or when a single point is available (this happens the first ) o ) )
time the searching algorithm is used). By integratingd f /0T it is possible to write

At each iteration the fuzzy supervisor analyzes the set-point Tivr gf
candidates proposed by the two strategies. The actual burner FTiv) = F(T)+ /T o (7)dr
set-point is obtained by weighting the two candidates. Depend- Lqu+1
ing on the working conditions, the slow but safe Strategy 1 can < f(T;)+ / Kdr

T;

or cannot be preferred to the fast but risky Strategy 2.

The robustness of the first strategy is proved in the following by = [0+ KT =T -

venfymg the existence of a valug (h) wh|ch guarantees with Thus, taking into account (5), the following inequality holds
certainty the convergence toward the optimal burner tempera-

tureT*(h). Some preliminary hypotheses have to be assumed. F(Tip1) < FIT) + K(Typy —T;) =0. (7)

The baking functionf(7T'; h) is affected byh, which is a vec-

tor of slowly varying parameters. It will be supposed that By combining this inequality with (6) it is possible to conclude
does not change until the algorithm has converge@tth). that Strategy 1 generates a succession of temperature set-points



T; monotonically increasing but always located on the left of
T*. A well known result of the analysis makes it possible to OF-———--—— e e
assert that such succession must converge to a finite %alue
Thus, the succession satisfies the Cauchy condition

T Strategy 1

lim T34y — T3] = 0 (8)
2-0.1 /" Strategy 1 & Strategy 2
Taking again into account (5), it is possible to write
: ST ST 0.15 ¢
JLim Tip1 = Ti| = Jim v TR 9) Strategy 1

By comparing (8) and (9), it is possible to conclude that  -0-2 : ‘ : : : :
f(T,) = 0 and, evidently], = T*. O 0 500 1000 150[(;] 2000 2500 3000 3500

Remark 1 In the demonstration of Property 1, the parameFigure 8: Comparison between transient times: the simulta-
ter vectorh is supposed to be constant. This is not a limif?€ous use of both Strategy 1 and 2 (continuous line) permits
ing condition since part of the parameterslinchange slowly shorter transients than those obtained using the sole Strategy 1
(meteorological conditions) while others change suddenly Higiashed line).

rarely (valves positions): in both cases the control algorithm

has enough time to gain the optimal temperatiife

Remark 2 By selectingf( according to Property 1 and using
Strategy 1, the optimal temperatlif& is gained with certainty
with the drawback of a slow convergence rate. For this reason,
in the actual applicatiornk is obtained by averaging values 0f5
%(T*) collected during previous runs of the algorithm. The
choice is sufficiently safe and, in any case, non converging b@ve control strategy proposed in the previous section has been
haviors can be easily corrected by increasing the current valdgmulated by means of Simulink. The dynamic baking model
of K. used for the simulations [2] takes into account many of the fac-
tors that normally affect the cooking process. For example, the

The overall control algorithm is based on the combination 8¥€N thermal transients are accurately modelled as well as sev-

the two searching strategies and can be summarized as follGi@ nonlinear effects that are typical of the baking process [5].
The model is time variant. Figure 8 shows a typical transient

and evidences the benefits deriving from the two strategies ap-

Simulation results.

L. T*init(T*); Torq — T*; proach proposed. In a first simulation (dashed line) the condi-

2. Equilibrium procedureBS,,;4); tion BS = 0 is gained using exclusively the Strategy 1, while

3. Strategy 1 procedurd(); Thew — T*; the combined approach proposed in the previous section is used

4. Equilibrium procedureBS, ..,); for the second s@n”_nulation_(continuous line). By comparin_g t_he
two responses, it is possible to observe that, at the beginning,

5. Repea& _ the two transients coincide because both controllers use Strat-

6. T -update(™); egy 1. Then, the fuzzy supervisored controller starts using also

7. Toia < Thew; BSoig — BSnew; Strategy 2 and the statusS = 0 is reached faster.

8. Equilibrium procedure8.S,,¢.);

9. Trew — T%; 6 Conclusions.

10. Until Stop

A strategy for the control of a continuous band oven has been
N proposed in this paper. A feedback action, based on the biscuits
The procedurel™-init evaluates the initial set-point of thevision inspection, has been used to evaluate the most appropri-
burner temperaturd™ on the basis ofh. It uses a func- ate burner temperature. The simulation result reportefdSn
tion T*(h) estimated during previous runs of the conshows that the proposed controller is able to evaluate the op-
troller. The equilibrium procedures are used each time thimal burner temperature with a limited number of attempts.
oven set-point is changed: they are used to stop the alddvis is a very relevant feature which makes it possible to re-
rithm until the end of the thermal transients. Finally, thduce the amount of product scraps. Moreover, the controller
T*-update procedure evaluates the riEivby properly com- can robustly handle the typical uncertainties of the baking pro-
bining the set-point proposal of the two strategies. cesses.
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