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Abstract - This paper deals with the design and assessment of
feasibility and efficiency of a feedback strategy used to reduce
the sensitivity of the schedule of hybrid chemical plants with
respect to uncertainties and disturbances. The considered
plant has two parallel production lines involving both batch
and continuous processes with shared and limited resources.
The performance and the tuning of the feedback strategy is
illustrated with a realistic benchmark Simulator of the plant
developed in Matlab/Simulink/Stateflow environment.
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I. INTRODUCTION

In this paper, we are concerned with the optimal on - line
scheduling of hybrid chemical plants in the presence of un-
certainties and disturbances, by means of a feedback strat-
egy. The considered benchmark plant has two parallel pro-
duction lines involving both batch and continuous chemi-
cal processes. The particularity of these lines is that they
share limited resources (loading of raw material, heating
and cooling, intermediate storage, etc). The processes car-
ried out in the plant are hybrid and therefore the plant mod-
eling is done by means of the hybrid automaton formalism
[WIL 03], [JOH 03].
The aim of the scheduling is to determine the production
plan of the plant, which maximizes its short term pro-
ductivity. We are solving the problem of the productivity
maximization by means of a static cyclic continuous time
scheduling. This means that we determine the optimal pe-
riodic plan of the plant. This plan defines the optimal pro-
duction cycle, the starting time of each task, the quantity of
resources to use in each of its units, etc. The constraints of
the scheduling model are the limited capacity of the shared
resources, the coordination of batch and continuous tasks,
etc. However owing to the process uncertainties and the
disturbances, it is clear that, in practice, the actual process-
ing time of the various modes will be different from that
used in the scheduling formulation and therefore the real
plant operation according to the initial schedule will be sub
- optimal or even infeasible.
The main objective of this paper is to assess the feasibility
and efficiency of a feedback strategy in order to reduce the

sensitivity of the schedule with respect to disturbances and
uncertainties.
The paper is organized as follows: Section 2 presents the
hybrid automaton model of the benchmark plant and the
statement of the scheduling problem. Section 3 is con-
cerned with the continuous time formulation of the static
periodic scheduling of the plant. Section 4 presents the on-
line feedback implementation of the periodic plant schedul-
ing in the presence of model uncertainties and process dis-
turbances. The performance and the tuning of the feedback
approach is demonstrated with a realistic benchmark Sim-
ulator of the plant developed in Matlab/Simulink/Stateflow
environment. The results are given in Section 5. Some final
comments and directions for future work are presented in
Section 6.
II. BENCHMARK PLANT MODEL AND STATEMENT

OF THE SCHEDULING PROBLEM

The general structure of the benchmark chemical plant is
illustrated in Fig.1. The objective is to maximize the pro-
ductivity in the presence of uncertainties and disturbances.

Fig. 1. Benchmark Chemical Plant

Two parallel batch reactors (autoclave one:AC1 and auto-
clave two:AC2) deliver the same final speciesB produced
by a second order exothermic reaction2.A −→ B. The
resources(reactant, hot steam and cold water) used during
the production process arecommon and limited. The final



unit of the system is a storage tank (ST ) which receives
the output productB from each autoclave. The productB
is then discharged continuously from the tank to feed in the
downstream processing stage. In fact the plant dynamics
are more complex than suggested by the simple structure
depicted in Fig.1. The plant is actually an hybrid system
that combines time driven and event driven dynamics. In
this paper, the plant is described by an ”Hybrid Automaton
Model” which is presented hereafter.

A. Hybrid Automaton Model of Autoclaves

The processes performed in both autoclaves (production
lines) are identical and therefore we shall describe only the
first one (AC1). The process follows a sequence of eight
successive modes, namely:

TABLE I
MODES IN AC1

mode name abbreviation
Stand by StBBF1

(before filling)
Filling F1

Stand by StBBH1

(before heating)
Heating H1

Temperature TR1

Regulation
Cooling C1

Stand by StBBD1

(before discharging)
Discharging D1

Fig. 2. Hybrid Automaton Diagram ofAC1

The graph of the hybrid automaton forAC1 is depicted in
Fig.2. The vertices of the graph represent the modes (or
states) of the automaton while the edges represent the time
and/or state event driven transitions between the modes.
The process behavior during each mode is characterized
by a set of continuous differential equations (mass and en-
ergy balances) [LUY 73] with continuous state variables:

V1 [m3] - volume, T1 [K] - temperature,CA
1 [mole/l] -

concentration of reactantA, CB
1 [mole/l] - concentration

of productB. A short description of each mode is made as
follows:

• StBBF1: Stand by before filling: During this mode there
is no resource supply forAC1, therefore

V̇1 = 0 ĊA
1 = 0 ĊB

1 = 0 Ṫ1 = 0 (1)

After the time duration∆SF1 [h] defined by the scheduler,
AC1 goes toF1 mode (Fig.2).

• F1: Filling : During the filling, the raw materialA is fed
in AC1. This is modeled as follows:

V̇ = F1 CA
1 = CA

in CB
1 = 0 T1 = Tin (2)

The filling procedure continues until the volumeV1 of
AC1 reaches its maximum valueVmax, then it starts mode
StBBH1 (Fig.2).

• StBBH1: Stand by before heating: No resource supply
for AC1 and therefore:

V̇1 = 0 ĊA
1 = 0 ĊB

1 = 0 Ṫ1 = 0 (3)

The time duration of this task∆SH1 [h], is defined by the
scheduler. After this timeAC1 goes toH1 mode (Fig.2).

• H1: Heating: AC1 is supplied with the hot steam
and during this mode the above mentioned second order
exothermic reaction2.A −→ B begins. We model the re-
action process as follows:

V̇1 = 0 ĊA
1 = −2k(T1)(C

A
1 )2 ĊB

1 = k(T1)(C
A
1 )2

Ṫ1 = −[(∆Hk(T1)(C
A
1 )2]/(ρCp) + qh1(Th − T1) (4)

The heating mode stops when the temperatureT1 of AC1

reaches a maximum valueTmax, then it goes directly to the
TR1 mode (Fig.2).

• TR1: Temperature Regulation: Cold water is added into
the cooling device ofAC1 in order to remove the heat of
the exothermic reaction and to maintain the temperature at
Tmax. Here we use a simplified model for the temperature
regulation (T1 = Tmax):

V̇1 = 0 ĊA
1 = −2k(T1)(C

A
1 )2

ĊB
1 = k(T1)(C

A
1 )2 T1 = Tmax (5)

The regulation stops when the reactant concentrationCA
1

achieves a given threshold valueCA
tr, thenAC1 enters im-

mediately in modeC1 (Fig.2).

• C1: Cooling: Here cold water is added into the cooling
device ofAC1 in order to stop the reaction quickly. During
this mode we use the following set of differential equations:

V̇1 = 0 ĊA
1 = −2k(T1)(C

A
1 )2 ĊB

1 = k(T1)(C
A
1 )2

Ṫ1 = −[(∆Hk(T1)(C
A
1 )2]/(ρCp) + qc1(Tc − T1) (6)



The cooling phase continues until the temperature of the
autoclaveT1 reaches a minimum valueTmin. After this
taskAC1 enters inStBBD1 mode (Fig.2).

• StBBD1: Stand by before discharging: No resource sup-
ply for AC1 and therefore:

V̇1 = 0 ĊA
1 = 0 ĊB

1 = 0 Ṫ1 = 0 (7)

After certain time duration∆SD1 [h] defined by the sched-
uler,AC1 goes toD1 mode (Fig.2).

• D1: Discharging: The discharging of the productB into
the storage tank is modeled as follows:

V̇1 = −F out
1 ĊA

1 = 0 ĊB
1 = 0 Ṫ1 = 0 (8)

and it continues until the volumeV1 of AC1 reaches its
minimum valueVmin. ThenAC1 goes toStBBF1 and the
production cycle starts again (Fig.2).

HereF1 [m3/h] is the volumetric feed flow rate of reac-
tant A, CA

in [mole/l] is the feed flow reactant concentra-
tion, Tin [K] is the feed temperature,qh1 [1/h] is the hot
steam flow rate,qc1 [1/h] is the the cold water flow rate,
F out

1 [m3/h] is the output volumetric flow rate,∆H < 0
[J/mole] (exothermic reaction) is the heat released during
the reaction,k(T1) = k0exp−E/(RT1) [l/mole.h] is the
specific reaction rate withArrhenius temperature depen-
dence,E [J/mole] is the activation energy of the reaction,
R [J/mole.K] is the gas constant,k0 is the reaction rate
constant (units same ask(T1)), Tc [K] is the cold water
temperature,Th [K] is the hot steam temperature,ρ [kg/l]
is the reactant density ,Cp [J/kg.K] is its average spe-
cific heat capacity,t [h] is the current time of the process,
tvmax [h] is the time when the volumeV1 reaches its max-
imal value,tTmin [h] is the time when the temperatureT1

reaches its minimal value.

B. Hybrid Automaton Model of the Storage Tank

The storage tank (ST ) is used to transfer continuously the
productB to the downstream processing stage. It has five
working modes namely:

TABLE II
MODES IN ST

mode name abbreviation
Stand by StB

Filling from AC1 FAC1D
and discharging

Filling from AC2 FAC2D
and discharging

Discharging only D
Production stop PS

The graph of the hybrid automaton for the storage tank is
depicted in Fig.3. As before the vertices of the graph repre-
sent the modes of the automaton while the edges represent

Fig. 3. Hybrid Automaton Diagram ofST

the state and/or external event driven transitions between
the modes. The process behavior during each mode is char-
acterized by a set of continuous differential equations (only
mass balances) with continuous state variables:VST [m3]
- volume of the storage tank,CB

ST [mole/l] - concentration
of productB in the tank. A short description of each mode
is as follows:

• StB: Stand by mode:During this mode the tank is
empty and its inflow and outflow rates are zero, therefore:

˙VST = 0 ĊB
ST = 0 (9)

TheStB continues either untilAC1 or AC2 enters its dis-
charging modes:D1 andD2, respectively. Then the tank
goes to modeFAC1D or to modeFAC2D, respectively
(Fig.3).

• FAC1D: Filling from AC1 and discharging: During
this mode the tank is fed with flow rateF out

1 and discharged
with flow rateF out

ST . We model this as follows:

V̇ST = F out
1 − F out

ST

ĊB
ST = (F out

1 /VST ).(CB
1 − CB

ST ) (10)

This mode continuous either untilAC1 enters in mode
StBBF1, then the tank goes to modeD or until the tank
volume reaches its maximum value -VST,max

and then the
tank enters inPS mode (Fig.3).

• FAC2D: Filling from AC2 and discharging: During
this mode the tank is fed with flow rateF out

2 and discharged
with flow rateF out

ST , which is modeled as follows:

V̇ST = F out
2 − F out

ST

ĊB
ST = (F out

2 /VST ).(CB
2 − CB

ST ) (11)

This mode continues either untilAC2 enters in mode
StBBF2, then the tank goes to modeD or until the tank
volume reaches its maximum value -VST,max

and then the
tank enters inPS mode (Fig.3).

• D: Discharging only mode: During this mode the tank is
discharged with flow rateF out

ST , that means:

˙VST = −F out
ST ĊB

ST = 0 (12)



This process continues either untilAC1 or AC2 enter in
mode discharging (D1 or D2), then the tank enters in mode
FAC1D or modeFAC2D, respectively or until the tank
volume reaches its minimum value -VST,min

and then the
tank enters inPS mode (Fig.3).

• Production Stop Mode: During this mode the plant pro-
duction is completely stopped. We model this as follows:

in the case when the storage thank is completely empty:

VST = 0 CB
ST = 0 (13)

or in the case when the storage thank is overflowed:

VST = VSTmax
CB

ST = CB
i , i ∈ 1, 2 (14)

The overall hybrid automaton chemical plant model can be
found in [SIM 05a].

C. Statement of the Scheduling Problem

As was mentioned above the aim of the paper is to assess
the feasibility and efficiency of a feedback strategy in or-
der to reduce the sensitivity of the optimal schedule with
respect to disturbances and uncertainties. The scheduling
problem is solved by means of a static continuous time pe-
riodic scheduling model. The overall statement of the con-
sidered scheduling problem can be made as follows.

Given the fixed parameters of the plant:

• the nominal processing times of the filling, heating, tem-
perature regulation, cooling and discharging modes;

• the maximal and minimal volume of the autoclaves and
the storage tank;

• the amount of reactant, hot steam and cold water avail-
able and required for the production of the productB;

• the way of the sharing of the reactant, hot steam and cold
water;

• and initial plant states.

The scheduler determines:

• the optimal production cycle;

• the starting times of the modes: filling, heating, temper-
ature regulation, cooling and discharging;

• the stand by times before filling, before heating and be-
fore discharging;

• the way the resources are shared;

• the output flow rate of the tank and its volume.

such that the plant productivity is maximized. Maximizing
productivity means that the continuous discharging of the
productB from the storage tank in order to continuously
feed the downstream processing is performed at maximal
speed.
The scheduling problem is subject toconstraintswhich can
be summarized as follows:

• the continuous discharging of the storage tank can not be
stopped once started;

• the reactant, hot steam, cold water are limited and shared

• the three successive modes heating, temperature regula-
tion, cooling must be performed successively, without in-
terruption.

III. CONTINUOUS TIME FORMULATION FOR THE
STATIC CYCLIC SCHEDULING

The main objective is to obtain a cyclic schedule of the
plant maximizing its productivity, i.e. the discharging of
the storage tank is performed at maximal rate in order to
continuously feed the downstream processing.
Taking into account the process description we define two
types of tasks into our scheduling formulation: batch and
continuous tasks.
A batch task is a task with a fixed processing time and
where the quantity of resources, as well as their utilization
rates during execution, are also fixed. So the main decision
variable for a batch task is its starting time.
A continuous task is by definition a task that remains active
all the time once started - hence it has no processing time -
but for which the rate of production is a decision variable.
In our benchmark plant, the batch tasks are the filling, heat-
ing, regulation, cooling and discharging of the two auto-
claves. Since the two autoclaves are identical, we do not
distinguish the tasks performed on these autoclaves.
The single continuous task is the discharge of the storage
tank.
In order to solve the optimal cyclic scheduling problem the
time horizon is divided in two parts: the first part corre-
sponds to the transient schedule and the second part to the
repetitive schedule. This division is interesting when the
initial plant state is bad with respect to productivity. The
transient schedule is used to escape from this “bad” initial
state. We will present only the formulation for the cyclic
schedule because the transient schedule formulation can be
deduced from it.
In a cyclic scheduling model, the time length of the produc-
tion cycle is not fixed in advance. Moreover we consider a
continuous time formulation based on the state task net-
work representation, to avoid the discretization of the time
horizon in a very large number of small time periods.
We base our continuous time formulation on [SCH 99].
We represent in Fig. 4, the time decomposition into events
and time slots. An event is defined as the beginning or end
of a batch task. Hence, a time slot is the time between two
events, i.e. the duration of a mode of the hybrid automa-
ton model. Events and time slots are numbered from 1 up
to T . In cyclic scheduling, the event at the end of time
slot T is event number 1. The formulation of the optimal
scheduling has to take into account the limited availability
of the resources: hot steam, cold water, storage tank capac-
ity, number of autoclaves.
This productivity maximization problem is formulated as a
sequence of mixed integer linear program (MILP), accord-



Event t Event t+1

Time slot t

time
τt τt+1

Fig. 4. Event and Time slot

ing to e.g. [ISB 56],[DIN 67] and as it is classical in Data
Envelopment Analysis (DEA), see for example [CHA 78].
In the three next subsections, we define the indices and
the variables used in our mixed integer linear programming
(MILP) formulation, present the constraints, and finally de-
scribe the objective function.

A. Indices and variables definition

Here is the definition of the indices and sets that we use in
the formulation.

i ∈ {1, . . . , number of tasks} : index of tasks

t, t′ ∈ {1, . . . , T} : indices for events and time slots

BT : set of batch tasks

CT : set of continuous tasks

(singleton in the case of the benchmark plant)

The scheduling variables are the following :

yi,t,t′(∈ {0, 1}) : = 1 if task i started at time slott

and is still active at time slott′ ≥ t

= 0 otherwise [-].

qi,t(≥ 0) : is the quantity processed by continuous

taski during time slott [kg].

τt(≥ 0) : is the duration of the time slott [h].

B. The constraints

A detailed mathematical expression of the constraints can
be found in [SIM 05b]. In this paper, we limit ourselves to
a brief discursive description of the constraints.

1. Timing constraints for the batch tasks
The durationτt of time slott is a variable of the model. The
processing timepi of each batch taski is fixed. Each such
task i is executed during a set of consecutive time slots.
Therefore a first set of inequality constraints expresses the
fact that the processing timepi must be equal to the sum of
the slots durations corresponding to the execution of taski,
as shown in Fig. 5.

Another set of constraints states that, if taski is started in
time periodt and is still active in time periodΩ(t′ + 1),
taski has to be active also in time periodΩ(t′) :

yi,t,Ω(t′) ≥ yi,t,Ω(t′+1)∀i ∈ BT, t ∈ [1, T ], t′ ∈ [t, t+T−2]
(15)

yi,t,t = 1 yi,t,t+1 = 1 yi,t,t+2 = 1 yi,t,t+3 = 0

τt τt+1 τt+2
= pi

Fig. 5. Processing time

where the periodic functionΩ(t) is defined as follows :

Ω(t) = t for t ∈ [1, T ] (16)

Ω(t) = Ω(t − T ) for t > T (17)

Ω(t) = Ω(t + T ) for t < 1 (18)

A third set of constraints is used to state that, over the cyclic
schedule, the different batch tasks have to be performed the
same number of times and there is a maximum number of
tasks which can be performed simultaneously due to the
limited number of autoclaves available. Finally a fourth set
of constraints expresses that in some cases it is physically
impossible to wait between two tasksi andj.

2. Constraints for the continuous task
The continuous task is the discharge from the storage tank
and is active during the whole time horizon of the cyclic
schedule.

The following constraints impose that the quantity
processed in each no zero duration time period has to fall
between some limits:

ρ
i
τt ≤ qi,t ≤ ρ̄iτt∀i ∈ CT, t ∈ [1, T ] (19)

whereρ
i
andρ̄i represent the minimum and maximum pro-

duction rate of the continuous taski [kg/h].

3. Resource constraints
For each resource, we model the resource availability con-
straints. For hot stream and cold water, the instantaneous
utilization rate is fixed by the scheduling decisions and is
constrained by some upper limit (non renewable resource).
For the storage tank, the stock level at the start and end of
each time slot has to fall between zero and the capacity.
For the autoclaves, we impose the precedence relations be-
tween the different tasks. For instance, heating can only
and has to be performed immediately after filling.
Modeling these restrictions requires the addition of new
variables and constraints.

C. The objective

The objective is to maximize the relative cycle production,
or productivity. The nonlinear objective function express-
ing this idea is the following :

max

∑

i∈CT

∑T
t=1 qi,t

∑T
t=1 τt

(20)



This objective function can be linearized by using the fol-
lowing linear expression :

z(µp) = max
∑

i∈CT

T
∑

t=1

qi,t − µp

(

T
∑

t=1

τt

)

(21)

It is known, see [ISB 56],[DIN 67], that if we solve a series
of linear problems with the objective functionz(µp) and
optimal solution(q⋆, τ⋆) and if we updateµp by

µp+1 =

∑

i,t q⋆
i,t

∑

t τ⋆
t

(22)

at each step, then the sequence of solutions converge to the
optimal solution of the problem with the non linear objec-
tive (20).

IV. FEEDBACK PERIODIC SCHEDULING IN THE
PRESENCE OF UNCERTAINTIES AND

DISTURBANCES

The aim of this communication is to assess the feasibil-
ity and the efficiency of a feedback strategy in order to re-
duce the sensitivity of the optimal periodic schedule with
respect to model uncertainties and process disturbances in
the chemical plant. The general structure of the feedback
control system that we consider is depicted in Fig.6. The
inner loop represents the classical feedback control of the
reactor temperature by means of the cold water flow rates
qc1 andqc2. The outer loop is a feedback control loop for
on - line scheduling inspired by the classical MBPC (model
based predictive control) approach. The optimal schedul-
ing is computed over a rather large prediction horizon but
it is implemented with a receding horizon strategy. This
means that the new optimal schedule is recomputed regu-
larly on the basis of the available feedback measurements
of the actual plant state.

Fig. 6. Feedback Scheduling Structure

The feedback rescheduling strategy that we apply to the
plant is described as follows. The initial optimal periodic
schedule is computed and applied to the autoclaves (AC1

andAC2) by means of the stand by times∆SFi, ∆SHi ,

∆SDi, i ∈ 1, 2 and to the storage tank by its output flow
rateF out

ST . At the beginning and the end of each time slot
(τt) the actual volume of the storage tankVST is com-
pared with the theoretical volumeV SCH

ST received from
the scheduler. When the difference between them becomes
larger than a given threshold value, a new optimal schedule
is recomputed and applied to the plant. In order to update
the optimal periodic schedule, the scheduler uses the fol-
lowing feedback measurements of the current plant state:
the volume in the storage tankVST , the current mode of
the production process in each autoclaveACi, i ∈ 1, 2 and
the time elapsed since the beginning of this mode.

V. SIMULATION RESULTS

In order to illustrate the feedback on-line scheduling strat-
egy, a simulator of the considered hybrid chemical plant
has been developed in a Matlab/Simulink/Stateflow envi-
ronment (see [SIM 05b]). It has been simulated under the
following conditions:

F1 = 162 [m3/h], F out
1 = 162 [m3/h], qh1 = 3 [1/h],

Th = 380 [K], qc1 = 2 [1/h], Tc = 280 [K],
∆H = −90000 [J/mole], E = 40200 [J/mole],
R = 8.314[J/mole.K], k0 = 10000 [l/mole.h],
ρ = 0.9 [kg/l], Cp = 1000 [J/kg.K],
CA

in = 10 [mole/l], Tin = 300 [K], Vmax = 27 [m3],
Vmin = 0 [m3], Tmax = 400 [K], CA

min = 2 [mole/l],
Tmin = 0 [K], VST,max = 50 [m3], VST,min = 0 [m3]

Three case studies are successively considered.

• Exact model of the plant and no process disturbances

The optimal schedule is computed under the additional as-
sumptions that the filling of the storage tank is instanta-
neous. The model equations (10), (11) are modified accord-
ingly. The optimal schedule is then applied to the simulator
and the simulation results are presented in Fig. 8 and Fig.
9. The values of the corresponding optimal stand by times
∆SFi, ∆SHi , ∆SDi, i ∈ 1, 2 received from the scheduler
can be deduced from Fig. 8 and the scheduled values of
the output flow rate ofST - F out

ST are given in Fig.7. As
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Fig. 7. ScheduledF out

ST of the storage tank

expected there is no difference between the real and sched-
uled starting times in both autoclaves (See Fig. 8). There



are three batches produced inAC1 and two inAC2. From
Fig. 9 it is observed that the real and scheduled volumes in
the storage tank coincide. As a result the optimal periodic
schedule is achieved and therefore the plant production is
maximized over the considered production horizon of25h.
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Fig. 8. Real and scheduled starting times inAC1 andAC2 with
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• Model uncertainties and process disturbances

The simulation results for the second case study are de-
picted in Fig. 10 and Fig. 11. Here it is assumed that the
storage tank is fed with the dynamics as modeled by equa-
tions (10)-(11) and not instantly as defined in the schedul-
ing formulation. From Fig. 11 it is seen that att ≈ 14h the
volume of tank becomes larger than expected. We also as-
sume that att = 4h the temperature of the hot steamTh is
incidentally decreased by15 K. This implies that the dura-
tion of the heating mode of each autoclave increases in time
with respect to the schedule and therefore that the real start-
ing times of the modes of the chemical production process
in both autoclaves are delayed and occur later than sched-

uled (see Fig. 10). As a result there is also a delay in the
feeding of the tank and therefore the tank volume decreases
in time. The presence of these modelling uncertainties and
process disturbances induce that the optimal schedule is not
achieved (Fig. 10) and therefore that the real plant opera-
tion according to the initial schedule becomes suboptimal
or, in this case, even not feasible. Indeed, in this example,
due to the delay of the productB formation att ≈ 20h
(see Fig. 11), the tank is not longer fed with productB
and the production is stopped. There are only two batches
produced inAC1 and one inAC2 before this breakdown of
the plant.
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Fig. 10. Real and scheduled starting times inAC1 andAC2 with
model uncertainty and process disturbance
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Fig. 11. Real and scheduled volume inST with model uncer-
tainty and process disturbance

• Feedback strategy for on-line rescheduling in the pres-
ence of model uncertainties and process disturbances

In order to anticipate and to overcome such an accidental
production breakdown, we test the developed on-line feed-
back rescheduling strategy. As seen from Fig. 11 att ≈ 10
h, the process supervisor may easily detect a small differ-
ence between the scheduled and real volume profile. A sig-
nal is then given to the scheduler to make a rescheduling,



starting at the current measured process state. The feed-
back measurements received by the scheduler are thatAC1

is in TR1 mode for a time interval∆TR1
= 0.043 h and

AC2 is inStBBD2 mode for∆StBBD1
= 0.079 h while the

current volume ofST is 0.55m3 (See Fig. 10 and Fig. 11).
The new schedule is then applied to the plant as illustrated
in Fig. 12. It can be observed that the time durations of the
stand by modes in the autoclaves:∆SFi, ∆SHi and∆SDi,
i ∈ 1, 2 are reduced with the new schedule and therefore
that the deviation between the real and the scheduled oper-
ations is reduced. But obviously, due to the model uncer-
tainties and process disturbance, this deviation persistsand,
as a consequence, the difference between the real and the
scheduled volume of the storage tank is also progressively
increasing (See Fig. 13). But the behaviour of the plant has
clearly been improved, since the breakdown occurs now
much later att ≈ 35h. In addition, comparing with Fig. 10
and 12, it is seen that there are two more batches produced
in each autoclave before the plant breakdown.
This simulation result clearly demonstrates the feasibility
and potential efficiency of the developed feedback strategy
for on-line scheduling.
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Fig. 12. Real and scheduled starting times inAC1 andAC2 with
model uncertainty and process disturbance after rescheduling

VI. CONCLUSIONS AND FUTURE WORK

An hybrid automaton model for a chemical plant with two
parallel production lines and shared resources has been de-
veloped and implemented in a Matlab/Simulink/Stateflow
environment. A periodic continuous time scheduling for
maximizing the plant productivity is available. In this pa-
per, the simulation results have shown that a feedback strat-
egy for on-line rescheduling of the plant is feasible and
seems to be potentially efficient in order to maintain a pro-
ductivity close to optimality in presence of modelling un-
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Fig. 13. Real and scheduled volume inST with model uncer-
tainty and process disturbance after rescheduling

certainties and process disturbances. Although the results
are promising, there is still a lot of open issues that we in-
tend to investigate. In order to have a flexible feedback con-
trol tool for the plant, it is important to get good scheduling
solutions from the scheduler quickly enough. In order to
achieve such an objective for large and real life plants, it
is important to rely on a strong or tight formulation. Our
continuous time formulation is currently very weak in the
sense that its linear relaxation is far from the convex hull of
mixed integer solutions. However, we are still currently im-
proving this formulation in order to design faster schedul-
ing algorithms. Another issue that we will investigate is to
be able to give a convergence analysis of the on-line feed-
back scheduling method, at least in case of simple plants.
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