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Abstract−Systematic synthesis of untimed operating procedures has always been considered as an important design

issue for batch chemical processes. An automaton-based method is developed in the present study to perform this task

automatically. On the basis of the proposed methodical model-building principles, two distinct types of automata can

be constructed to characterize the plant behaviors and control specifications, respectively. An admissible supervisor

can be produced by applying the parallel composition operation with these models. For the purpose of identifying the

most efficient operation procedures, the supervisor can then be integrated with a set of auxiliary automata to set the

operation target(s) and, also, to impose upper limits on the total numbers of actuator actions and operation steps. Three

examples are presented to demonstrate the feasibility and correctness of the proposed approach.
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INTRODUCTION

Any batch process can be fully characterized with a piping and

instrumentation diagram (P&ID) and a sequential function chart

(SFC). All hardware items and their interconnections are depicted

in the P&ID, while the operation steps and their activation condi-

tions are incorporated in an SFC. Traditionally, the SFCs in batch

processes are synthesized manually on an ad hoc basis, and this labor-

intensive task often becomes unmanageable as the degree of system

complexity increases. To avoid human errors and to ensure opera-

tional safety, it is the intention of this research to develop a system-

atic method to automatically generate the batch operating procedures.

Also, for the sake of facilitating clear description of the proposed

method, the focus of subsequent discussions will be placed only

upon the untimed operations, i.e., the batch procedures in which

none of the activation conditions involve time measurement.

The original procedure synthesis problem was first defined by

Rivas and Rudd [1] in 1974. Extensive studies concerning the de-

sign and verification of procedural controllers were carried out in

the later years [2-9]. Notice that that this research issue has been

addressed on the basis of numerous different modeling/reasoning

mechanisms, e.g., the mathematical programming models [10-12],

the symbolic model verifiers [13], the AI-based linear and nonlin-

ear planning strategies [14-16], and other qualitative models such

as the state graphs [17-19] and Petri nets [20-24], etc. Although inter-

esting results have been obtained in the aforementioned studies, the

available methods are still not mature enough for realistic applica-

tions in the batch chemical plants.

The supervisory control theory was pioneered by Ramadge and

Wonham [25,26]. In this control paradigm, a discrete-event system is

characterized with a set of event sequences (or the so-called “lan-

guage”) which can be predicted with a finite-state machine, i.e., au-

tomaton. A system supervisor can be synthesized with two distinct

automata: the plant model and the specification model. The former

is used to represent what a system can do physically, while the latter

for defining the “legal” events or actions. Although extensive stud-

ies have already been carried out with this modeling approach [27-

32], none of them provide a concrete step-by-step strategy to syn-

thesize the optimal operating procedure for any given batch chemi-

cal process. It is therefore the goal of this work to develop a systematic

method to perform this task automatically.

The proposed implementation procedure consists of four steps.

In the first step, automata are constructed to model all components

specified in the piping and instrumentation diagram (P&ID) of an

uncontrolled batch process. The second step is to stipulate the con-

trol specifications and build the corresponding automaton models.

An admissible supervisor can then be automatically assembled in

the third step by applying the standard parallel composition opera-

tion [33] with these automaton models. Finally, for the purpose of

identifying the most efficient operating procedure(s), the admissi-

ble supervisor is augmented with a set of auxiliary automata so as

to set the operation target(s) and to impose an upper bound of the

total number of actuator actions and/or operation steps. This final

step is accomplished by producing the supremal controllable sub-

language [33] on the basis of the aforementioned automata.

The remainder of this paper is organized as follows. To facilitate

explanation of the proposed automata-building methodology, the

general framework of automaton models and the hierarchical struc-

ture of batch processes are first presented in sections 1 and 2. The

systematic procedure synthesis strategy is then outlined in section

3. A simple storage system is adopted in this section as an example

for illustration convenience. To further demonstrate the feasibility

and correctness of the proposed approach, additional examples of

the realistic air-drying process [34,35] and more complicated three-

tank storage system [36,37] are reported in detail in section 4. Finally,
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conclusions are given at the end of this paper.

GENERAL FRAMEWORK OF AUTOMATON MODEL

To facilitate clear description of the proposed method, a brief sum-

mary of the automaton structure is first given here. Specifically, a

deterministic automaton A can be regarded as a sixtuple:

A=(X, E, f, Σ, x0, Xm) (1)

where, X is the set of system states; E is the event set; f: X×E→X

represents the transition function; Σ: X→2E denotes the active event

function and 2E is the power set of E (i.e., the set of all possible sub-

sets of E); x0∈X is the initial system state; Xm
⊆X is the set of marked

states. The transition function f(x, e)=x' means that a transition from

state x∈X to another state x'∈X is caused by the feasible event e∈E,

while the active event function Σ(x) can be regarded as the set of

active events at state x. Notice that every automaton can also be

viewed as a language-generating machine. The events in set E should

be regarded as the alphabets of this language and an event sequence

allowed in automaton is regarded as a trace, string or word (trace

is used in this work). The event set E can be further partitioned into

subsets of controllable and uncontrollable events: E=Ec∪Euc. The

events in Ec are those that can be forbidden with a controller, whereas

the events in Euc are bound to occur in due course.

In the supervisory control paradigm (see Fig. 1), the uncontrolled

plant is modeled as an automaton P and the supervisory controller

S is viewed as a mapping or function from the language generated

by P to the power set of E, i.e.,

S: L(P)→2E (2)

where, L(P) represents the set of all traces produced from automa-

ton P. If t∈L(P), then S(t) should be interpreted as the control actions

allowed after executing t. It should be noted that the plant automa-

ton may generate “illegal” traces because they are physically inad-

missible, e.g., an attempt to fill a tank when it is full, or they violate

a desired sequence of events, e.g., an attempt to heat a vessel when

it is empty. To eliminate these unacceptable traces in L(P), a set of

control specifications (which can be modeled respectively with au-

tomata Hspec, i and i=1, 2, …) should be introduced to restrict the

system behavior to be within an admissible subset La⊂L(P). An

admissible supervisor can then be constructed accordingly to ensure

L(S/P)⊆La, where L(S/P) represents the set of all traces obtained

from the closed-loop system in Fig. 1.

HIERARCHICAL STRUCTURE

OF BATCH PROCESSES

As mentioned before, every batch process can be precisely de-

scribed with a P&ID and a sequential function chart (SFC). All iden-

tifiable hardware items in P&ID can be treated as components of

the given system and classified into a 4-level hierarchy (see Fig. 2).

The top-level component is usually a programmable logic control-

ler (PLC) used for executing the given SFC to alter the actuator states

in the next level. More than one actuator may be present in the batch

process, e.g., control valves, hand valves, pump, compressor, and

switches, etc. These actuators are installed for the purpose of adjust-

ing the process configuration, i.e., the material and/or energy flow

patterns in the given system. Every major processing unit in P&ID,

such as heat exchange, separation, reaction and storage, is consid-

ered as a level-3 component, while every on-line sensor is treated

as a component in level 4. Finally, the above hierarchical structure

can be viewed as a modified version of that given in ISA-S88 [38],

and the current framework is adopted mainly for the convenience

in model building.

The P&ID of an uncontrolled batch process is assumed to be given

in the synthesis problems studied in this work, while the SFC is not

available. Our research goal is to systematically generate proper

SFC(s) to satisfy some prescribed control specifications.

SYSTEMATIC SYNTHESIS PROCEDURE

The batch operating procedures can be produced in four distinct

steps:

(1) Build the automaton models of all components in the uncon-

trolled plant;

(2) Construct automata to represent the control specifications;

(3) Combine all automata created in steps (1) and (2) to create

an admissible supervisor;

(4) Produce an implementable supervisor by augmenting the ad-

missible supervisor with auxiliary automata and then identify the

most efficient operating procedure accordingly.

A flowchart is also presented in Fig. 3 to provide an unambigu-

ous summary of the proposed procedure synthesis strategy.

1. Component Models

Let us use the simple example given in Fig. 4 (which will be re-Fig. 1. Feedback loop of a supervisory control system [24,25].

Fig. 2. Hierarchical structure of a batch process.
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ferred to as Example 1 in this paper) to illustrate the aforementioned

procedure. The height of liquid level in tank is monitored with a

level sensor and two distinct sensor signals, i.e., (1) LH (level high)

and (2) LL (level low), may be issued to trigger the material transfer

operations. In addition, the liquid temperature is also measured and

two corresponding states, TH (temperature high) and TL (tempera-

ture low), may be reported to respectively activate and deactivate

the heating operation. The inlet valve V-2 should obviously be open

in tank-filling operation under the condition that the outlet valve V-1

is kept closed. On the other hand, V-1 should be open while keeping

V-2 closed if tank draining is required. To facilitate error-free opera-

tions, liquid should be transported into or from the tank only when

the corresponding sensor signal, LL or LH, can be confirmed. Notice

also that the heater should be turned off after reaching the target

temperature and it should not be turned on before the tank is LH.

Initially, the liquid level and the temperature in tank are at LL and

TL respectively, both valves are closed, and the heater is off. The

automaton models of uncontrolled plant components are outlined

in the sequel:

• Level 2: It should be first noted that the process configuration

of a batch system is governed by the collective states of actuators.

Although there are three actuators in Fig. 4 and, therefore, eight pos-

sible configurations, only four of them can be allowed and they are

referred to in this paper as GV01, GV02, GV03 and GV04, respectively

(see Table 1). The actuator models can be built on the basis of these

allowed configurations. The automaton representation of V-1 can

be found in Fig. 5(a). States V1C and V1O in this model are used

to represent the close and open positions, respectively, while the

Fig. 3. Procedure synthesis strategy.

Fig. 4. A storage tank equipped with heating equipment (example
1).

Table 1. Actuator combinations in example 1

V-1 state* V-2 state* Heater state* Symbol

C C C GV01

C C O GV02

C O C GV03

O C C GV04

*O and C denote open/on and close/off positions respectively

Fig. 5. Component models in example 1: (a) valve V-1 model; (b)
valve V-2 model; (c) heater model; (d) tank model associ-
ated with level and temperature.
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events openV1 and closeV1 denote the corresponding close-to-open

and open-to-close processes. In addition, the transitions GVacon and

GVbcon, respectively, represent V-1 continues at close and open posi-

tion for a sufficiently long period of time. Notice also that a similar

model for V-2, which is shown in Fig. 5(b), can be established with

essentially the same approach. The heater model is presented in Fig.

5(c). States HF and HN here are used to represent the off and on

positions, respectively, while the events Hon and Hoff denote the

corresponding close-to-open and open-to-close processes. Finally,

the events GVecon and GVfcon represent the heater continues at off

and on positions, respectively.

• Level 3: The liquid transfer and heating operations in tank can

be modeled with the automaton in Fig. 5(d). It can be observed that

four tank states, (LL, TL), (LL, TH), (LH, TL) and (LH, TH), are

considered here, and GT01con, GT02con, GT03con and GT04con are

the corresponding events denoting the tank continues at these four

states, respectively. Notice that all process configurations defined

previously should result in state transitions. For instance, GV03con

should facilitate the (LL, TL)-to-(LH, TL) process and GV04con should

cause the (LH, TL)-to-(LL, TL) process.

• Level 4: For the sake of brevity, the sensor model is omitted

in the present study and the online measurements are considered to

be identical to the tank states.

2. Specification Representations

In this present study, the control specifications are used to ensure

safety and/or operability. Specifically, it is used to achieve or forbid

a prescribed event/state sequence to avoid physically inadmissible

behaviors, e.g., filling a tank when it is full, heating a vessel when

it is empty, etc. Various automata can be constructed to satisfy these

requirements [33].

The control specifications for Example 1 can be summarized as

follows:

• Spec 1: Discharge the tank and switch on the heater while liquid

level is at LH and fill it while level is at LL (see Fig. 6(a)). Notice

that GTgcon and GThcon denote the events that liquid level is main-

tained at LL and LH, respectively.

• Spec 2: Switch off the heater when liquid temperature is at TH

while switch on the heater and close V-2 when temperature is at

TL (see Fig. 6(b)). Notice that GTicon and GTjcon denote the events

that liquid temperature is maintained at TH and TL, respectively.

• Spec 3: Avoid opening both valves simultaneously (see Fig.

6(c)).

• Spec 4: Avoid heating before V-1 is closed (see Fig. 6(d)).

• Spec 5: Avoid opening V-1 before heater is switched off (see

Fig. 6(e)).

• Spec 7: Specify event sequence, i.e., E01 E02 E03. Notice that

event E01 denote actuator actions, whereas E02 and E03 represent pro-

cess configurations and combined states of processing units, respec-

tively (see Fig. 6(f)).

3. Supervisor Generation

An admissible supervisor shown in Fig. 7 can be produced by

applying the standard parallel composition operation on the afore-

mentioned component models and specifications models. The prac-

tically implementable supervisor can then be identified by extracting

the supremal controllable sublanguage from this admissible super-

visor. For this purpose, two auxiliary automata can be constructed

to define the target state(s) or event(s) and also to set the upper limit

on the total number of actuator actions. Let us again consider Exam-

ple 1 here for illustration convenience:

• The auxiliary automaton in Fig. 8(a) is adopted for the pur-

pose of specifying termination mechanism, i.e., stopping operation

after events GV03con and GT03con twice. Thus, state should be marked

as the operation target and disallow any events to occur later.

Fig. 6. Specification models in example 1: (a) Spec 1; (b) Spec 2;
(c) Spec 3; (d) Spec 4; (e) Spec 5; (f) Spec 6.
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• The auxiliary automaton in Fig. 8(b) is used to limit the total

number of operation steps. Since the initial state is driven to state n

(n=0, 1, …, N) after n operation steps, the maximum number of

operation steps, N, in the operation procedure(s) can be imposed

by augmenting the admissible supervisor with this automaton. Notice

also that, in order to allow fewer operation steps to be taken in the

operation procedure(s), all states are marked in this model. Conse-

quently, this auxiliary automaton facilitates easy identification of

all feasible procedures with n≤N operation steps and also the most

efficient one(s) among them.

The above two models have been incorporated into the admissi-

ble supervisor in Fig. 7 to generate the implementable supervisor

in Fig. 9.

4. Procedure Synthesis

Having created the implementable supervisor, the correspond-Fig. 7. Admissible supervisor for example 1.

Fig. 8. Auxiliary automata in example 1: (a) Terminating the admis-
sible supervisor after GV03con and GT03con twice; (b) Limit-
ing the number of operation steps.
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ing operating procedures can then be identified accordingly. This

task should be performed in the following stpes:

1. Classify the supervisor events into three sets, EAC, EPC and EAA,

which are associated with the activation conditions, process con-

figurations and actuator actions, respectively;

2. Produce a reduced supervisor by grouping the consecutive ac-

tuator actions (the events in EAA) between activation conditions (the

events in EAC) and process configurations (the events in EPC). It is

assumed that the grouped events occur simultaneously;

3. Remove all events in EPC, which are treated as unobservable

events.

4. Identify all possible procedures by enumerating traces gener-

ated from the reduced supervisor.

Let us consider the implementable supervisor shown in Fig. 9 as

an example. Notice that actuator actions openV2 and Hon between

events EAC and EPC should be grouped together and treated as simul-

taneous events. The reduced implementable supervisor can then be

obtained for Example 1. The most efficient operating procedure,

the ones with fewest operation steps, can be enumerated accord-

Fig. 9. Implementable supervisor for example 1.

Table 2. Identified SFC in example 1: (a) Operation steps; (b) Acti-
vation conditions

(a)

Operation step Control actions

S0 Initialization

S1 (1) Close V-1

(2) Open V-2

S2 (1) Switch on Heater

(2) Close V-2

S3 (1) Switch off Heater

(2) Open V-1

(b)

Symbol Conditions

T1 Start

T2 LH

T3 TH

T4 TL & LL

Fig. 10. A utility air drying process [34,35] (example 2).
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ingly. The operation steps and activation conditions of the corre-

sponding SFC are listed in Table 2(a) and Table 2(b), respectively.

APPLICATIONS

To demonstrate the feasibility and effectiveness of the proposed

approach, two additional case studies have been carried out in this

work. The first is concerned with an air-drying process, while the

other a three-tank storage system.

1. Example 2

An air-drying process [34,35] is considered here to test the pro-

posed method. The process flow diagram of this system can be found

in Fig. 10. For the sake of completeness, a brief process description

is provided in the sequel.

Ambient air, which contains water vapor, enters the process in

stream 9 and the air passes through a bed of alumina, where the water

vapor is adsorbed. The dried air leaves in stream 25. Two beds are

used to maintain a continuous supply of dry air. When one bed is

removing water from air, the other is being regenerated and then

cooled. Since a saturated bed cannot be employed for dehumidifi-

cation purpose, the regeneration operation should be executed to

introduce hot air in the saturated beds to strip water from the alu-

mina. The regenerated bed must then be cooled with the inlet air

before returning to the air-drying operation. Both beds experience

the same operation cycle. It is assumed that the in-service adsorp-

tion bed reaches the full saturation level during the two periods when

the stripping and cooling operations are performed on the other bed.

Thus, the states of each alumina bed can be characterized with two

distinct parameters: the bed temperature and water content. It is as-

sumed that both parameters can be measured online. Two distinct

temperature states--high and low--and three separate water-content

levels--unsaturated, half-saturated and saturated--are considered in

this example. The initial bed temperature and water content of B-1

are assumed to be low and saturated, respectively, while those of

B-2 are low and unsaturated, respectively.

The states of three valves, the 3-way valve 3-V and the two 4-

way valves 4-V-I and 4-V-II, determine the system configuration.

Every valve in this system can only be switched to two alternative

positions:. “+” and “−”. The relationships between the valve posi-

tions and the stream flows are shown in Table 3. The position of 3-V

governs the route of inlet air flow, namely, the fresh air can either

be directed to the heater or simply bypass it. The position of 4-V-I

defines the connections between the alumina beds and their air sup-

plies. The air consumed in each bed can be taken either from the

lower port of proportioning valve (for dehumidification) or from

system inlet (for regeneration or cooling). The position of valve 4-

V-II determines the destinations of the exit airs from these two beds:

the air can be either discharged or recycled. Initially, all three valves

are assumed to be at the “−” position.

According to the proposed procedure, the automaton representa-

tions of plant components can be established and they are pre-

sented in Figs. 11(a)-(d). Although there are three actuators in Fig.

10 and eight possible configurations in this system, only four are

allowed and they are referred to as GV01, GV02, GV03 and GV04, re-

spectively (see Table 4). The automaton model of 3-V is given in

Fig. 11(a). States 3V− and 3V+ in this model are used to represent

the − and + positions, respectively, while the events 3Vto− and 3Vto+

denote the corresponding +-to-− and −-to-+ processes. In addition,

the transitions GVkcon and GVlcon, respectively, represent 3-V con-

Fig. 11. Component models in Example 2: (a) 3-way valve model;
(b) 4-way valve I model; (c) 4-way valve II model; (d) bed
I and bed II model associated with water content and tem-
perature.

Table 3. Relationships between valve positions and stream flows
in Example 2 [35]

Valve Valve position Stream flow

3-VII + 11->12

− 11->17

4-V-II + 18->19 and 22->23

− 18->23 and 22->19

4-V-II + 20->21 and 24->25

− 20->25 and 24->21
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tinues at − and + position for a sufficiently long period of time. Notice

also that a similar model for 4-V-I and 4-V-II, which are shown in

Fig. 11(b) and Fig. 11(c), can be developed with essentially the same

approach. The bed temperatures and water contents in B-1 and B-2

can both be described with the automaton in Figs. 11(d). It can be

observed that only four different bed states, (B1S, B1C, B2US, B2C),

(B1US, B1H, B2HS, B2C), (B1US, B1C, B2S, B2C) and (B1HS,

B1C, B2US, B2H), are considered here. Notice that B1US, B1HS

and B1S represent three increasing water-content levels in B---unsat-

urated, half-saturated and saturated--while B1C and B1H denote low

and high bed temperatures, respectively. Events GT01con, GT02con,

GT03con and GT04con in this model are used to represent the situ-

ations when both beds are maintained at the corresponding states.

Fig. 12. Specification model (example 2).

Table 4. Combinations of valve positions in example 2

V-3 V-4-I V-4-II Symbol

− − − GV01

− + + GV02

+ − − GV03

+ + + GV04

Table 5. Identified SFC in example 2: (a) Operation steps; (b) Acti-
vation conditions

(a)

Operation step Control actions

S0 Initialization

S1 (1) Switch 3-V to +; (2) Switch 4-V-I to +;

(3) Switch 4-V-II to +

S2 Switch 3-V to −

S3 (1) Switch 3-V to +; (2) Switch 4-V-I to −;

(3) Switch 4-V-II to −

S4 Switch 3-V to −

(b)

Symbol Conditions

T1 Start

T2 B1US & B1H & B2HS

T3 B1C & B2S

T4 B1HS & B2US & B2H

T5 B1S & B2C

Fig. 13. A three-tank storage system [36,37] (example 3).

Table 6. Allowed process configurations in example 3

V-1 V-2 V-3 V-4 Pump Symbol

C − C C O GV01

C − C O C GV02

C − O C C GV03

C − O C O GV04

C − O O C GV05

C + C C O GV06

C + C O C GV07

C + C O O GV08

C + O C C GV09

C + O O C GV10

O − C C C GV11

O − C O C GV12

O − O C C GV13

O − O O C GV14

O + C C C GV15

O + C O C GV16

O + O C C GV17

O + O O C GV18

Table 7. Possible combinations of tank states in example 3

T-1 T-2 T-3 Symbol

L L L GT01

L L H GT02

L H L GT03

L H H GT04

M L L GT05

M L H GT06

M H L GT07

M H H GT08

H L L GT09

H L H GT10

H H L GT11

H H H GT12

It should be pointed out that every allowed process configuration

results in a state transition process. For example, GV04con could
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facilitate the transition from state (B1S, B1C, B2US, B2C) to state

(B1US, B1H, B2HS, B2C). Finally, notice that a similar representa-

tion can also be adopted to model B-2.

The control specification can be summarized in a general state-

ment such that any actuator action can be taken only after the occur-

rence of a specific level-3 event. As an example, 3-V, 4-V-I and 4-V-

II can be switched to the “−”, “+”, “+” positions only after GT02con.

The corresponding specification model is given in Fig. 12.

By applying the standard parallel composition operation [33] on

the aforementioned component models and specifications models,

an admissible supervisor can be produced and a suitable operating

procedure can be identified accordingly.

The operation steps and activation conditions of the correspond-

ing SFC are listed in Table 5(a) and Table 5(b), respectively. This

procedure is actually the same as that reported in Wang et al. [35].

Also, only five alternative sets of sensors are allowed for use as ac-

tivation conditions in this procedure: (1) the bed temperature and

water content of B-1; (2) the bed temperature and water content of

B-2; (3) the water contents of both B-1 and B-2; (4) the bed tem-

peratures of both B-1 and B-2; (5) the bed temperature and water

Fig. 14. Specification models in Example 3: (a) Spec 1; (b) Spec 2; (c) Spec 3; (d) Spec 4; (e) Spec 5; (f) Spec 6; (g) Spec 7.
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content of both B-1 and B-2. Note that there are two sensors in sets

(1)-(4), while four are needed in set (5).

2. Example 3

Let us next consider the three-tank storage system presented in

Fig. 13 [36,37]. Valve V-1 in this system is used to fill tank T-1, where-

as valves V-3 and V-4 are used to discharge the material in tanks T-

2 and T-3, respectively. Notice that a pump is installed on the outlet

pipeline of T-1, which is connected to a 3-way valve V-2. The material

in T-1 can be transferred into tanks T-2 and T-3 by switching V-2

to the “+” and “−” positions, respectively. Tank T-1 is equipped with

a level sensor and this sensor reports three conditions: (1) LL (level

low); (2) LM (level middle); (3) LH (level high). The level sensors

on tanks T-2 and T-3 are used to detect only two conditions: (1) LL

(level low) and (2) LH (level high). It is assumed that tank T-1 can

be filled only after sensor signal LL is issued, and discharged only

after LH is reached. On the other hand, tanks T-2 and T-3 can ob-

viously be discharged when level is at LH and filled at LL. For safety

reason, valve V-2 is allowed to be operated only when the pump is

not running. The initial conditions adopted in this example can be

summarized below:

(1) the pump is switched off,

(2) all tanks are empty,

(3) valve V-2 is at the position “−”, and

(4) all other valves are closed.

Since there are five actuators in Fig. 13, 32 possible configura-

tions can be enumerated. Among them, only 18 are allowed in this

system (see Table 6). In a similar fashion, 12 possible combinations

of the tank states can be enumerated (see Table 7) and all of them

are permissible here. The automaton representations of plant com-

ponents can be built accordingly by following the proposed proce-

dure. For the sake of brevity, the implementation steps are not re-

peated here and the resulting models are also omitted.

The required control specifications are outlined as follows:

Spec 1: Any actuator action can be taken after the occurrence of

a specific event in tank T-1, e.g., open V-1 after T1Lcon. Notice that

GTqcon, GTrcon and GTscon denote the events that T-1 is main-

tained at LH, LM and LL, respectively.

Spec 2: Any actuator action can be taken after the occurrence of

a specific event in tank T-2, e.g., close V-3 after T2Lcon. Notice

that GTtcon and GTucon denote the events that T-2 is maintained at

LH and LL, respectively.

Spec 3: Any actuator action can be taken after the occurrence of

Table 8. Definitions of events in Fig. 13

Events Description

OpenV1 Open V-1

CloseV1 Close V-1

V2to+ Switch V-2 to + position

V2to− Switch V-2 to − position

OpenV3 Open V-3

CloseV3 Close V-3

OpenV4 Open V-4

CloseV4 Close V-4

Pon Switch pump to on position

Poff Switch pump to off position

Fig. 15. Auxiliary automata in Example 3: (a) Terminating the ad-
missible supervisor after GV11con GT09con twice; (b) Spec-
ify the order of material-transfer tasks i.e., fill T-2 first and
then T-3; (c) Specify the order of material-transfer tasks,
i.e., fill T-3 first and then T-2; (d) Limiting the number of
actuator actions; (e) Limiting the number of operation steps.

a specific event in tank T-3, e.g., close V-4 after T3Lcon. Notice

that GTvcon and GTwcon denote the events that T-3 is maintained at

LH and LL, respectively.

Spec 4: Avoid switching V-2 when the pump is on.

Spec 5: Avoid turning on pump after T2Hcon and V2to+.

Spec 6: Avoid turning on pump after T3Hcon and V2to−.

Spec 7: Impose event sequence Ea Eb Ec. Event Ea denotes an

actuator action, whereas Eb and Ec represent an allowed process con-

figuration and a possible combination of tank states, respectively.

Spec 8: Avoid opening V-1 and turning on pump simultaneously.

Spec 9: Avoid opening V-3, switching V-2 to “+” and turning
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on pump simultaneously.

Spec 10: Avoid opening V-4, switching V-2 to “−” and turning

on pump simultaneously.

Notice that specs 1-7 can be characterized with the automata shown

in Figs. 14(a)-(g), respectively, while specs 8-10 can be built with

the same approach in Fig. 6(c). For the sake of brevity, the models

for specs 8-10 are omitted. Note also that the definitions of events

in these models can be found in Table 8.

After assembling all component models and specification models

with the parallel composition operation, an admissible supervisor

can be generated. To identify the most efficient operating proce-

dure(s), this supervisor should then be augmented with the auxil-

iary automata presented in Figs. 15(a)-(e). The automaton in Fig.

15(a) is adopted for the purpose of specifying a termination mecha-

nism, namely, the operation should be stopped after triggering events

GV11con GT09con twice. The automata in Fig. 15(b) and Fig. 15(c)

are used to specify the two alternative orders of material-transfer

tasks in the cyclic operation, i.e., material in T-1 should be trans-

ferred to fill T-2 first and then T-3 or vice versa. On the other hand,

the automata in Fig. 15(d) and Fig. 15(e) are used to limit the total

numbers of actuator actions and operation steps (in SFC), respec-

tively.

Table 9. Identified SFC in Example 3: (a) Operation steps; (b) Activation conditions

(a)

Operation

step

Control actions

SFC 1 SFC 2 SFC 3 SFC 4 SFC 5 SFC 6 SFC 7 SFC 8 SFC 9

S0 Initialization Initialization Initialization Initialization Initialization Initialization Initialization Initialization Initialization

S1

(1) Close V-4

(2) Open V-1

(1) Close V-3

(2) Switch 

V2 to −

(3) Open V-1

(1) Close V-3

(2) Open V-1

(1) Close V-3

(2) Close V-4

(3) Switch 

V2 to −

(4) Open V-1

(1) Close V-3

(2) Close V-4

(3) Open V-1

(1) Close V-3

(2) Close V-4

(3) Switch 

V2 to −

(4) Open V-1

(1) Close V-3

(2) Close V-4

(3) Open V-1

(1) Close V-4

(2) Open V-1

(1) Close V-3

(2) Close V-4

(3) Open V-1

S2

(1) Close V-1

(2) Switch 

on pump 

(1) Close V-1

(2) Switch 

on pump

(1) Close V-1

(2) Switch 

on pump

(1) Close V-1

(2) Switch 

on pump

(1) Close V-1

(2) Switch 

on pump

(1) Close V-1

(2) Switch 

on pump

(1) Close V-1

(2) Switch 

V2 to +

(3) Switch 

on pump

(1) Close V-1

(2) Switch 

V2 to +

(3) Switch 

on pump

(1) Close V-1

(2) Switch 

V2 to +

(3) Switch 

on pump

S3

(1) Switch 

off pump

(2) Open V-4

(1) Switch 

off pump

(2) Switch 

V2 to +

(3) Switch 

on pump

(4) Open V-4

(1) Switch 

off pump

(2) Switch 

V2 to +

(3) Switch 

on pump

(4) Open V-4

(1) Switch 

off pump

(2) Switch 

V2 to +

(3) Switch 

on pump

(4) Open V-4

(1) Switch 

off pump

(2) Switch 

V2 to +

(3) Switch 

on pump

(4) Open V-4

(1) Switch 

off pump

(2) Switch 

V2 to +

(3) Switch 

on pump

(1) Switch 

off pump

(2) Switch 

V2 to −

(3) Switch 

on pump

(1) Switch 

off pump

(2) Switch 

V2 to −

(3) Switch 

on pump

(4) Open V-3

(1) Switch 

off pump

(2) Switch 

V2 to −

(3) Switch 

on pump

(4) Open V-3

S4

(1) Close V-4

(2) Switch 

on pump

(1) Switch 

off pump

(2) Close V-4

(3) Open V-3

(1) Switch 

off pump

(2) Close V-4

(3) Switch 

V2 to -

(4) Open V-3

(1) Switch 

off pump

(2) Open V-3

(1) Switch 

off pump

(2) Switch 

V2 to −

(3) Open V-3

(1) Switch 

off pump

(2) Open V-3

(3) Open V-4

(1) Switch 

off pump

(2) Open V-3

(3) Open V-4

(1) Switch 

off pump

(2) Close V-3

(3) Open V-4

(1) Switch 

off pump

(2) Open V-4

S5

(1) Switch off 

pump

(2) Open V-4

(b)

Symbol
Conditions

SFC 1 SFCs 2-5 SFC 6 SFC 7 SFCs 8-9

T1 Start Start Start Start Start

T2 T1H T1H T1H T1H T1H

T3 T1M & T3H T1M & T3H T1M & T3H T1M & T2H T1M & T2H

T4 T3L T1L & T2H & T3L T1L & T2H T1L & T3H T1L & T2L & T3H

T5 T1L & T3H T2L T2L & T3L T2L & T3L T3L

T6 T3L
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The operation steps and activation conditions of the best SFCs,

i.e., SFCs 1-9, are listed in Table 9(a) and Table 9(b), respectively.

Notice that SFC 7 is the same as the procedure presented in Chen

et al. [36] and also in Yeh and Chang [37]. It can be also observed

that,

(1) Without stipulating the order of material transfers, SFCs 1-9

can be considered to be superior to the other alternatives. There are

only ten activation conditions and five operation steps in SFC 1,

while twelve actuator actions and four operation steps are needed

in the remaining procedures. Notice that, T-3 is filled twice in a cyclic

operation, while T-2 is never filled in SFC 1.

(2) When T-2 is required to be filled first, SFCs 7-9 should be

chosen. There are twelve actuator actions and four operation steps

in every alternative solution.

(3) When T-3 is required to be filled first, SFCs 2-6 become suit-

able candidates. There are also twelve actuator actions conditions

and four operation steps in every SFC.

CONCLUSIONS

A systematic automata-based procedure is presented in this paper

to synthesize all possible untimed operating procedures for any given

batch chemical process. The specific steps to be performed in this

procedure include: building the automaton models of the uncon-

trolled plant and the control specifications, constructing the admis-

sible and implementable supervisors, and identifying the most efficient

SFCs. The feasibility and correctness of this proposed approach

are successfully demonstrated in three case studies in this paper.

Since only manual verification procedure was adopted in these stud-

ies, future effort should therefore be devoted to the development of

simulation tools to carry out more rigorous tests.
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