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ABSTRACT

Manual synthesis of cyclic operating procedure in a realistic system is widely regarded as a difficult task since it

is both time-consuming and error-prone. It is thus desirable to develop a systematic approach to automatically

generate the optimal schedule of operation steps so as to achieve one or more specific production goal. The timed

automata are utilized in the present work for such a purpose. In particular, all components in a given system and

the corresponding control specifications are characterized with automata according to the proposed modeling rules.

By using parallel composition, a system automaton can be produced with these models and the most appropriate

operation path can then be identified accordingly. For any practical application, a sequential function chart and the

corresponding Gantt chart can also be easily extracted from this path. Three examples are presented in this paper

to demonstrate the feasibility of the proposed approach.

© 2013 The Institution of Chemical Engineers. Published by Elsevier B.V. All rights reserved.
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1. Introduction

The operating procedure of a batch chemical process should
be synthesized on the basis of the initial system condition(s)
and also the ultimate operational goal(s). Its detailed steps are
usually represented with a sequential function chart (SFC).
Traditionally, the SFCs have been produced with an ad hoc
manual approach which often becomes unmanageable as the
process complexity increases. To overcome the difficulties
caused by combinatorial explosion, there have been many
published studies on systematic procedure synthesis. The
original problem formulation was first proposed by Rivas and
Rudd (1974), and extensive works concerning the design and
verification of procedural controllers were then carried out in
the later years. The related issues were basically addressed
with various modeling/reasoning tools, e.g., the mathematical
programming models (Crooks and Macchietto, 1992; Li et al.,
1997), the symbolic model verifiers (Yang et al., 2001), the Al-
based strategies (Foulkes et al., 1988), and other qualitative

models such as Petri nets (Lai et al., 2007; Lee et al., 2011) and
the untimed automata (Yeh and Chang, 2012a,b).

Although interesting results were presented in the afore-
mentioned papers, the available methods are still not mature
enough for realistic cyclic operations. In particular, every
existing method was developed on the basis of a single
pre-determined initial condition for batch operation. This
approach may not be feasible in the present application if the
given system could start at a different (and probably abnormal)
state. In addition, the elapsed time of each operation step has
not been considered rigorously in the previous work either.
To characterize the periodic operating procedure unambigu-
ously, it is desired to produce not only a SFC but also the
corresponding Gantt chart to stipulate the time schedule for
implementing the operation steps.

To address the aforementioned issues, an improved mod-
eling strategy is developed in this work to build timed
automata for characterizing components and specifications in
all possible scenarios. A versatile system model can then be
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synthesized accordingly by applying the standard operation
of parallel composition. The best operation path embedded
in this model is identified with an existing software, i.e.,
UPPAAL (Behrmann et al., 2006), and the corresponding oper-
ating procedure can also be easily generated. Three examples
are presented at the end of this paper to facilitate clear expla-
nation of the proposed method.

The remaining paper is organized as follows. The general
framework of automata-based procedure-generation strategy
is first described in the following section. A unified hierarchical
structure of the batch processes is then presented in Section
3. The systematic methods for constructing timed automata
that model the components and also the control specifications
are outlined in the next two sections. The desired cyclic oper-
ating steps can be identified by combining these automata
according to the rules of parallel composition. This procedure-
synthesis approach is illustrated with a simple example in
Section 6. To demonstrate the effectiveness of the proposed
strategy, additional case studies have also been carried out and
two of them are presented in Section 7. Finally, the concluding
comments are given in the last section.

2. Automata-based procedure-generation
strategy

A timed automaton is a finite-state machine equipped with
one or more clock (Alur and Dill, 1994). All clocks progress
synchronously, and every one of them is described with a
dense-time model in which the clock variable assumes a real
positive value. To facilitate clear description of the proposed
method, a brief summary of the automaton structure is given
below. In particular, a timed automaton can be regarded as a
six-tuple:

TA = (L, fo. C, A, I E) 1)

where, L is a set of locations; ¢y €L is the initial location; C
denotes the set of clocks; A is a set of actions. In addition,
I:L — B(C) denotes a function I(I) = b(c) which assigns invari-
ants to locations. Note that B(C) is the set of conjunctions over
simple conditions of the form:

x@c)or {x—yac 2

where, x, yeC, ceN and @€ {<, <,=, >, >}. Finally, the set
E CLxA xB(C) x 2¢ x L contains all edges in the automaton.
Each edge represents a transition process from one location
to another, which is enabled by an action in the set A, con-
strained by a guard in the set B(C) and timed according to a
collection of clocks which belongs to the power set of C, i.e.,,
2€,

The default verification tool in UPPAAL is used in the study
to search for the best operation path within the real-time
system (Pettersson, 1999). UPPAAL is an integrated tool envi-
ronment for modeling, validation and verification of real-time
discrete-event systems (Bengtsson and Yi, 2004; Kim et al.,
2006). Although other alternatives, e.g., KRONOS (Bozga et al.,
1998) and RED (Wang, 2001), are available, this software is
adopted simply for its effectiveness and user-friendliness.
More specifically, the optimal operating procedure is produced
in four distinct steps in the present study:

Level 1:
PLC

y

Level 2:
Actuators

Y

Level 3:
Processing Units

v

Level 4:
Online Sensors

Fig. 1 - Hierarchical structure of a batch process.

(1) Build the automaton models of all components in the
uncontrolled plant;

(2) Constructautomata to represent the control specifications
in all possible scenarios;

(3) Combine all automata created in the above two steps with
parallel composition;

(4) Execute suitable property verification function in UPPAAL
so as to locate the best operation pathway.

3. Hierarchical structure of batch processes

The hardware items in any batch process can all be depicted
in a process flow diagram (PFD). They are treated in this study
as components of the given system and classified into a 4-
level hierarchy (see Fig. 1). The top-level component is usually
a programmable logic controller (PLC) used for implementing
a set of pre-determined actions to alter the actuator states
in the second level. More than one actuator, e.g., solenoid
valves, pumps, compressors, and switches, etc., may be used
for adjusting the material and/or energy flow patterns in the
given system. Every processing unit in PFD, such as the heat
exchanger, separator, reactor and storage tank, is considered
as a level-3 component, while every on-line sensor is treated
as a component in level 4. The PFD of an uncontrolled batch
process, i.e., levels 2 to 4, is assumed to be given in this work,
while the SFC and the corresponding Gantt chart are not avail-
able. Let us use the simple liquid heating system given in Fig. 2

From PLC

@
E Heater

From PLC

ToPLC

V-2

Fig. 2 - PFD of a liquid heating system (Example 1).
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Table 1 - Classification of components (Example 1).

Levels Components

1 PLC

2 V-1, V-2, heater

3 T-1

4 level and temperature sensors

(which is referred to as Example 1 in this paper) to illustrate
the aforementioned hierarchy. Specifically, the components in
this system can be classified according to Table 1. Our goal is
to systematically generate a cyclic operating procedure so as
to satisfy some prescribed control specifications.

4. Construction of component models

The model-building principles for the components in an
uncontrolled plant can be illustrated with Example 1. It is
assumed that the initial liquid level in T-1 is low (LL), while
the corresponding temperature is also low (TL). Additionally,
let us assume that, before the operation starts, the inlet valve
V-1is closed, the outlet valve V-2 is open, and the heater is off.
Following is a detailed description of the component models:

e Level 2: The automaton model of valve V-1 is shown in
Fig. 3(a). The locations ‘Off’ and ‘On’, respectively denote
the closed and opened valve positions. The edges ‘v10?’ and
‘v1C?’, respectively represent the close-to-open and open-
to-close transition processes and a binary variable v1 is
adopted to facilitate their characterization. The component
models of outlet valve and heater are similar to that of V-1,
and they are given in Fig. 3(b) and (c).

o Level 3: The tank is the only level-3 component considered
in this example. Two automata, Fig. 3(d) and (e), are used to
respectively describe the liquid level and temperature in T-1.
In Fig. 3(d), the edges ‘level_high!” and ‘level low!’ denote the
level changing processes and x is the corresponding clock
variable. The prerequisites of the low-to-high process are set
tobe: (1) the inlet valve is open (vl == 1), (2) the outlet valve
is closed (v2 == 0), (3) the heater is off (h == 0), and (4) the
elapsed time is no less than 3 (x >= 3). On the other hand,
the prerequisites of the high-to-low process are chosen to
be: (1) the inlet valve is closed (vl == 0), (2) the outlet valve
is open (v2 == 1), (3) the heater is off (h == 0), and (4) the
required state transition time is no less than 1 (x >=1). In
addition, another binary variable L is used to characterize
the liquid level, i.e., its value is 1 when level is high (LH)
and O0if otherwise (LL). After completing each level changing
process, the clock variable x is required to be reset to 0. On
the other hand, the edges ‘temp_high! and ‘temp_low!” in
Fig. 3(e) denote the temperature changing processes and y is
the corresponding clock variable. An extra binary variable T
is also used to describe temperature, i.e., its value is 1 when
temperature is high (TH) and 0 if otherwise (TL). Since the
automata in Fig. 3(d) and (e) can both be built on the basis
of the same rationale, a detailed explanation of the latter is
omitted for the sake of brevity.

o Level 4: For illustration clarity, the sensor models are omit-
ted in the present example. The online measurements are
assumed to be identical to the corresponding tank condi-
tions.

A component state is usually represented with a distinct
location in the corresponding automaton. Each location may
fire an edge independently or synchronize with another state.
Four location symbols can be found in the automata consid-
ered in this work: (1) a single circle denotes a regular location,
(2) a double circle denotes an initial location, (3) a single circle
with aletter “C” denotes a committed location, and (4) a double

Off
, On
v1:=0 ’@ .‘ vi:=1
(a) V-1
\;éi=1
Off On

v2:=0 . v2:=1

(c) Heater
L:=0 L:=1
L:=1, x:=0, y:=0
@) LH
L:=0, x:=0, y:=0

(d) Tank_level

1LQ© TH

(e) Tank temp

Fig. 3 - Component models under normal conditions
(Example 1).
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Fig. 4 — Control specifications under normal conditions
(Example 1).

circle with a letter “C” denotes a committed initial location. It
should be noted that, given a component state, the next tran-
sition to be activated must involve an edge from one of the
committed (or committed initial) locations.

H T Si S, Sz —

Fig. 5 — SFC under normal conditions (Example 1).

5. Representation of control specifications

The control specifications are used to ensure safety and/or
operability. Specifically, it is used to forbid (or realize) a
prescribed event/state sequence so as to avoid physically inad-
missible or dangerous system behaviors, e.g., filling a tank
when it is full, heating a vessel when it is empty, etc. Three
different types of automata may be constructed for use in the
following scenarios:

1. Type A: If more than one actuator action is allowed to drive
the system away from (or toward) the same state, then at
most one of them can be implemented.

2. Type B: Assign a desired sequence of actuator actions
and/or state transition events.

3. Type C: Force the system to go through critical steps peri-
odically.

For Example 1, a total of seven control specifications
(referred to as Spec 1-Spec 7) are conjectured and represented,
respectively with the automata in Fig. 4(a) and (g). These spec-
ifications are summarized as follows:

e Spec 1 (Type A): Avoid opening the inlet and outlet valves at
the same time, and close a valve only after opening it.

e Spec 2 (Type B): Heat the liquid in tank only after level chang-
ing from low to high.

e Spec 3 (Type B): Switch off the heater immediately after tem-
perature changing from low to high.

e Spec 4 (Type B): Close the inlet valve immediately after level
changing from low to high; Close the outlet valve immedi-
ately after level changing from high to low.

e Spec 5 (Type B): Open the outlet valve after either (1) level
changing from low to high or (2) level changing from low to
high and then temperature changing from high to low.

e Spec 6 (Type B): Open the inlet valve only after level changing
from high to low.

e Spec 7 (Type C): A complete cycle should at least include the
following three consecutive stages: (1) level changing from
low to high, (2) temperature changing from low to high, and
(3) level changing from high to low.

6. Synthesis of operation steps

After applying the standard operation of parallel composition
to the aforementioned component and specification mod-
els, a system model can be produced for Example 1. The
optimal path should then be identified with the verification
tool of UPPAAL and the resulting SFC is given in Fig. 5. The
corresponding operation steps and activation conditions are
respectively presented in Tables 2 and 3, while the Gantt
chart is plotted in Fig. 6. It can be observed that the opti-
mal schedule within a complete cycle calls for four different
tasks carried out sequentially in 3 consecutive periods: (1) level
changing from low to high in 3 units of time; (2) tempera-
ture changing from low to high in 2 units of time; (3) both
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Table 2 - Operation steps and actions in normal
procedure (Example 1).

Steps Actions

So Initialization

Sq Close V-2; Open V-1.

S, CloseV-2; Switch on heater.
Ss3 Open V-2; Switch off heater.

Table 3 - Activation conditions and events in normal
procedure (Example 1).

Conditions Events
T, Start

T, LH

Ts TH

Ty TL & LL

level and temperature changing from high to low in 1 unit of
time.

Note that the proposed synthesis strategy can be applied
not only directly to the assumed initial system state for gen-
erating the “normal” operating procedure but also to other
states which are not normally reachable. As an example, let
us assume that the operation in Example 1 may start from
an alternative set of component conditions, i.e., V-1 is open,
V-2 is open, heater is on, level is high, and temperature is
low. In this scenario, the automata in Fig. 3 must be mod-
ified and the revised component models can be found in
Fig. 7(a)-(d) and Fig. 3(e), respectively. In order to drive the
system back to the normal states, an additional control speci-
fication is introduced (see Fig. 8). In this automaton, the places
‘Abnormal’ and ‘Normal’, respectively denote the abnormal
and normal system states. Notice that the requirements for
realizing the desired transition are all stipulated in this new
specification. i.e., the normal state can be achieved by manipu-
lating the actuators, i.e., V-1, V-2 and heater, to alter the liquid
level and temperature. Notice also that the edge “ok!” denotes
a successful emergency operation which is reflected in the
following conditions: (1) V-1 is closed, (2) heater is off, (3) V-
2 is open; (4) level is low, and (5) temperature is low. Finally,
every specification in Fig. 4 should also be slightly modified by
adding a place (say s0) to represent the abnormal initial sys-
tem state. This place is directed to a desired normal location
with an edge “ok?” (see Fig. 9). By introducing the above mod-
ifications, the corresponding emergency response steps can
be obtained with the proposed procedure-generation method
(see Figs. 10 and 11, Tables 4 and 5). It can be observed from
the Gantt chart in Fig. 11 that the required LH-to-LL transition
lasts only 1 unit of time before resuming the normal cyclic

TASK

TaskD:
TH—TL

TaskC:
LH—LL

i
|
TaskB:
TL—-TH

Task A:
LL—LH

0 1 2 3 4 S 6
Time

Fig. 6 — Gantt chart of normal procedure (Example 1).
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(b) V-2
e
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h:=0

N/

(c) Heater
L:=0 L:=1
L'¥1 3 :‘0‘ y:=0
LL O)LH
L:QO. x:=0, y:=0

(d) Tank level

Fig. 7 - Component models under alternative initial
conditions (Example 1).

Table 4 - Operation steps and actions in alternative
procedure (Example 1).

Steps Actions

So Initialization.

Sq Close V-1; Switch off Heater.
S CloseV-2; OpenV-1.

Ss3 Open V-1; Switch on Heater.
S4 Switch off Heater; Open V-2.
Table 5 - Activation conditions and events in alternative
procedure (Example 1).

Conditions Events
T1 Start
T, 1L,

T TH

Ty TH

Ts TL & LL
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1C! Abnormal

=1 & h==0 &

Normal

Fig. 8 - Control specification facilitating return to normal
conditions (Example 1).

operation. Note that the operation schedule between time 1
and time 7 is exactly the same as that in Fig. 6.

7. Additional examples

To demonstrate the feasibility of the proposed approach in
practical applications, a number of more complex examples
have been studied and two of them are presented in the
sequel:

7.1. Example 2

Let us consider the air-drying process given in Fig. 12
(Shaeiwitz et al., 1977). 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 (B-I and B-II) are
used to maintain a continuous supply of dry air. The states of
three valves, the 3-way valve 3W and the two 4-way valves 4W-
I and 4W-II, determine the system configuration. When one
bed is removing water from air, the other is being regenerated
and then cooled. Since a saturated bed cannot be employed for
dehumidification purpose, the regeneration operation should
be executed to introduce hot air in the saturated beds to strip
water from the alumina. 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.
Thus, the states of each alumina bed can be characterized
with two parameters: the bed temperature and water con-
tent. It is assumed in this example that regeneration, cooling
and dehumidification, respectively require 2, 3 and 8 units of
time.

The component models are first built according to the
assumed initial conditions and a brief summary is presented
below:

e Level 2: There are three components in this level, i.e., one
3-way valve (3W) and two 4-way valves (4W-I and 4W-II).
Each can be switched to two alternative positions: ‘On’ and
‘Off’. The relationships between valve positions and stream
flows are shown in Table 6. The position of 3W governs the

O

s0
(a) Spec 1

(b) Spec 2

s1 temp_high? s2
© ©

1 |

(c) Spec 3

(@B

(d) Spec 4

)
—0-

(e) Spec 5

s2 s0
& -

() Spec 6

1 | , S2

(%]
o
(%]

cycle s3
(&) Spec7

Fig. 9 — Control specifications under alternative initial
conditions (Example 1).

Fig. 10 - SFC under alternative initial conditions (Example
1).
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Fig. 11 - Gantt chart of alternative procedure (Example 1).

®

Fig. 12 - PFD of utility air drying system (Example 2).

route of inlet air flow, namely, the fresh air can either be
directed to the heater or simply bypass it. The position of
4W-Idefines the connections between the alumina beds and
their air supplies. The air fed to each bed is originated either
from the lower port of proportioning valve (for dehumidi-
fication) or from system inlet (for regeneration or cooling).
The position of valve 4W-II determines whether the exit airs
from these two beds should be discharged or recycled. Ini-
tially, all three valves are assumed to be at the ‘Off’ position
and the corresponding models are presented in Fig. 13(a)—(c).

e Level 3: Two dehumidification beds, i.e., B-I and B-II, are
considered here. The bed temperature is discretized into
two distinct levels (hot and cold), and the water content
is characterized with three qualitative values (unsaturated,
half-saturated and saturated). The initial bed tempera-
ture and water content of B-I are assumed to be low and
saturated, respectively, while those of B-II are low and
unsaturated, respectively. The corresponding automata are
presented in Fig. 13(d) and (e).

Table 6 - Stream connections in air drying process
(Example 2).

Valve Position Stream flow

3W On 1112
Off 11— 17

4W-1 On 18 — 19 and 22 — 23
Off 18 — 23 and 22— 19

4AW-I1 On 20— 21 and 24 — 25
Off 20— 25 and 24 — 21

o Level 4: Although the system is equipped with only one
timer, two clock models are adopted to respectively record
the elapsed times of various state-transition processes in
the two alumina beds, i.e., see Fig. 13(f) and (g).

Five control specifications are adopted in the present exam-
ple and they are modeled with the automata in Fig. 14. A brief
description of these specifications is given below:

e Spec1: Asshownin Fig. 14(a), the 3-way valve (3W) should be
switched to the ‘Off’ position after the timer shows that the
times required for regeneration in one bed and first-stage
dehumidification in another are both elapsed.

e Spec 2: As shown in Fig. 14(b), the 3-way valve (3W) should
be switched to the ‘On’ position after the timer shows that
the times required for cooling in one bed and second-stage
dehumidification in another are both elapsed.

e Spec 3: Two specifications are incorporated in the automaton
given in Fig. 14(c), i.e., (1) the first 4-way valve (4W-I) should
be switched to the ‘On’ position after the timer shows that
the time required for cooling the second alumina bed (B-II)
is elapsed; (2) the first 4-way valve (4W-I) should be switched
to the ‘Off’ position after the timer shows that the time
required for the second-stage dehumidification in the sec-
ond alumina bed (B-II) is elapsed.

e Spec 4: Two specifications are also embedded in the automa-
ton given in Fig. 14(d), i.e., (1) the second 4-way valve (4W-II)
should be switched to the ‘On’ position after the first 4-way
valve (4W-]) is switched to the ‘On’ position; (2) the second
4-way valve (4W-II) should be switched to the ‘Off’ posi-
tion after the first 4-way valve (4W-I) is switched to the ‘Off’
position.

e Spec 5: As shown in Fig. 14(e), a full operation cycle consists
of 4 consecutive stages and at any stage different tasks are
performed in two separate beds in parallel. These tasks are
listed below:

i. Stage 1: regeneration in B-I and first-stage dehumidifi-

cation in B-II;

ii. Stage 2: cooling in B-I and second-stage dehumidifica-
tion in B-II;

iii. Stage 3: first-stage dehumidification process in B-I and
regeneration in B-II;

iv. Stage 4: second-stage dehumidification in B-I and cool-
ing in B-II.

By following the proposed procedure-synthesis method,
the optimal operating procedure can be identified (see
Figs. 15 and 16, Tables 7 and 8). Notice that every triggering
event in Table 8 is represented with a 3-part code to respec-
tively denote the bed (B-I or B-II) the operation mode, i.e.,
regeneration (R), cooling (C), first-stage dehumidification (D1)
or second-stage dehumidification (D2), and the elapsed time.
The operation schedules of two alumina beds within a sin-
gle cycle are shown in Fig. 16. Note that a full cycle period is

Table 7 — Operation steps and actions in normal
procedure (Example 2).

Steps Actions

So Initialization

Sq 3W, 4W-I and 4W-II to ‘On’

Sy 3W to ‘Off’

S3 3W to ‘On’; 4W-I and 4W-II to ‘Off’

Sy 3W to ‘Off’
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Fig. 13 - Component models under normal conditions (Example 2).

16 time units and, within this period, each bed is required to
stay idle after regeneration and cooling in order to wait for the
other bed to finish the dehumidification operation.

Let us next consider an alternative set of initial conditions:

o 3W, 4W-I and 4W-II are all placed at the ‘Off’ positions;

Table 8 — Activation conditions and events in normal
procedure (Example 2).

Conditions Events

T1 Start

T, B-L.R.2 & B-I1.D1.4
T3 B-1.C.3 & B-11.D2.4
Ty B-1.D1.4 & B-IL.R.2
Ts B-1.D2.4 & B-II.C.3

e B-lis unsaturated and hot, i.e., ‘US_H’;
e B-Ilis half saturated and cold, i.e., ‘HS_C’.

The aforementioned component models in Fig. 13 should
be revised accordingly. Furthermore, with the same rationale
used for building the control specification in Fig. 8, an addi-
tional automaton can be constructed for the present case to
facilitate orderly return to the normal conditions (see Fig. 17).
Since the component conditions reached after each step in
a periodic operation should all be regarded as “normal,” four
sets of different normal conditions can be identified in every
cycle according to Fig. 15 and Tables 7 and 8. For example,
‘Normal2’ stands for the following conditions: 3W is ‘Off’; 4W-
I is ‘On’; 4W-II is ‘On’; Bed-I is ‘US_C’; Bed-II is ‘S_C’. Finally,
an extra place sO should be inserted into every specification
model in Fig. 14 to represent the “abnormal” system state.
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B1_D1_47? B1_R 27

Y
&
(a) Spec 1

V30! A4 v30!
(b) Spec 2

(c) Spec 3

s1

(d) Spec 4

S

(e) Spec 5

Fig. 14 - Control specifications under normal conditions
(Example 2).

iy S RSN

Fig. 15 - SFC under normal conditions (Example 2).

(a) Bedl
TASK

TaskD:
Dehumidification

i —
Dehumidification
Task B: Cooling

gocenion N
Regeneration

0o 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
Time

Bed2
(b) TASK

Task D: Cooling

TaskC:
Regeneration -

TaskB:
Dehumidification

miditcarion R
Dehumidification

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
Time

Fig. 16 - Gantt charts of normal procedure (Example 2).

5= — oo

Normal4 |-

Normal2

Normal3

Fig. 17 - Control specification facilitating return to normal
conditions (Example 2).

So —=T—> S —’TZT S; —>T3—> S3 —»T;—> S, —>Ts—> S5 —»Tg

Fig. 18 — SFC under alternative initial conditions (Example
2).

The corresponding procedure can be fully described with
Fig. 18, Tables 9 and 10 and Fig. 19. It should be noted that,
before the system can be executed in regular cyclic operation,
a transition period of 4 time units is required to steer the sys-
tem from the alternative initial state back to the second set of
normal conditions.

7.2. Example 3

In this last example, let us consider the six-tank blend-
ing/buffer system presented in Fig. 20. By blending the raw
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Table 9 - Operation steps and actions in alternative (a) e i
procedure (Example 2). e : Normal Cycle :
Steps ACtiOnS TaskD: Cooling : _ I
[ I
So Initialization e [ = I
S 4W-II to ‘On’; 4W-I to ‘On’ : :
S, 3W to ‘On’; 4W-I to ‘Off’; 4W-II to ‘Off’ TaskB: | |
Dehumidification
S3 3W to ‘Off’ | :
S 3W to ‘On’; 4W-I to ‘On’; 4W-II to ‘On SIA _ |
Ss 3W to ‘Off’ | |
0 2 4 6 8 10 12 14 16 18 20
Time
Table 10 - Activation conditions and events in _
alternative procedure (Example 2). ® | |
Conditions Events kD ! Normal Cycle |
TaskD:
T, Start Dehumidification l :
T, B-1.C.3 & B-I1.D2.4 TaskC: |
T3 B-1.D1.4 & B-IL.R.2 Dehumidification } _ |
T, B-1.D2.4 & B-IL.C.3 | I
Ts B-LR.2 & B-I.D1.4 TaskB:Cooling | | :
Ts B-1.C.3 & B-11.D2.4 |
TaskA:
Regeneration |
1 |
materials according to specified ratios, two distinct products 0 2 4 6 8 0 1 1 1 18 2
Time

can be produced in T-1 and T-2, respectively. The valves V-1
and V-3 in this system are used for manipulating the input
flows that fill tank T-1, while V-2 and V-4 are for feeding tank
T-2. Notice that a pump (Pump-1) is installed on the outlet
pipeline of T-1, which is connected to a 3-way valve V-9. If
Pump-1is ‘On’, the material from tank T-1 can be transferred
either to T-5 when V-9 is at the ‘+’ position or to T-6 when
V-9 is at ‘~’. Opening valves V-7 and V-8 facilitates discharge
flows from tanks T-5 and T-6, respectively. Pump-2 is installed

From PLC From PLC From PLC
[} ]

Fig. 19 - Gantt chart of alternative procedure (Example 2).

on the outlet pipeline of T-2, which is connected to another 3-
way valve V-10. If Pump-2 is ‘On’, the liquid from tank T-2 can
be transferred either to T-3 when the V-10is at the ‘+’ position
or to T-4 when the V-10 is at the ‘-’ position. Opening valves
V-5 and V-6 facilitates discharge flows from tanks T-3 and T-4,

From PLC
]

®
B

V-

-@—]
@O
«-O—

Floml PLC

ToPLC

T-6

ToPLC

me. PLC

From PLC
U

D
—

Pump-4

Fig. 20 - PFD of a six-tank blending/buffer system (Example 3).
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respectively. A third pump (Pump-3) is used to transferred lig-
uid from T-3 to T-4, while the fourth one (Pump-4) is installed
on the outlet pipeline of T-4, which is then connected to the
3-way valve V-11. If Pump-4 is ‘On’, the material from tank T-4
can be either delivered to T-5 when V-11 is at the ‘+’ position

or to T-6 when V-11 is at the ‘~’ position.

To simplify model configuration, it is assumed in this

example that

1. Allsix tanks are equipped with level sensors. Three discrete
levels in both T-1 and T-2 are reported according to online
measurements, i.e., LL (low level), LM (intermediate level),
and LH (high level), while on the remaining tanks the level
sensors are used to detect only two conditions, i.e., LL and

LH.

L1:=0 L1:=2
vl==1 & v3==1 & p1==0

&& a
level_lo

L1:=1, a:=0, e:=0

L1:=1

(a) T-1

L2:=0 L2:=2
v2==1 & v4==1 & p2==0

&& b>=6
level high2!

L2:=2, b:=0, ¢:=0, d:=0

L2:=1

(b) T2

v6==0 & p4==0 8& d>=3

02==0 8& d>=2

LA:ODK

8 v6==1 && d>=1

& v6==0 && d>=4

& v11==0 & v6==0 & d>=4

3==0 & p4==1 & v11==1 & v6==0 && d>=5

(c) T-4

v1==0 & v3==0 & p1==1

Each tank is filled after sensor signal LL is issued, and dis-

charged when reaching LH.

T-5 and T-6 can be used to store only one product at a time.

V-5 and V-6 are normally closed at all time.

A 3-way valve can be operated only at the time when the

corresponding pump is not running.

The normal initial conditions are listed below:

The 3-way valve V-9 is at the ‘+’ position, while the other

two (V-10 and V-11) are both at the ‘-’ positions.

The 2-way valves V-7 and V-8 are open, while all others are

closed.
All the pumps are ‘off’.
The liquid in every tank is at the low level.

L3:=0 L3:=1

1 &v10==1 & v56==0 & p3==0 && c>=3
high3!
L3:=1, c:=0

LL O LH

p4==1 & v11==1 & p1==1 & v9==0 & v7==0 && e>=5
"
4 1==1 & p1==0 & v7==0 && e>=5
18 p4==1&v11==0 & v7==0 && >=3

L5:=0 D( LHdBQ L5:=1

=0 & p4==0 & v7==13&& e>=1

1 & v11==0 & v7==1 && e>=1

(e) T-5

high6_1

L6:=1, f:=0
L6:=0 ® - LH L6:=1

) T-6

Fig. 21 - Component models under normal conditions (Example 3).
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The component models under normal conditions are
briefly described below:

o Level 2: All valves and pumps are components in this level.
The corresponding models are basically the same as those
reported in Example 1 and thus they are not repeated here
for the sake of brevity.

e Level 3: All tanks are level-3 components and the cor-
responding automata are presented in Fig. 21. A brief
summary of these models is provided in the sequel:

e The automaton model of T-1 (with the assumed initial con-
dition LL) is given in Fig. 21(a). The edge ‘level_high1! in this
model denotes the level-changing process from low to high,
while ‘level low1!” represents either the high-to-middle or
the middle-to-low process. The prerequisites of the low-
to-high transition are: (1) V-1 is open (vl == 1), (2) V-3 is
open (v3 == 1), (3) Pump-1 is switched off (p1 == 0), and (4)
the elapsed time is not less than 6 (a >= 6). On the other
hand, the prerequisites of ‘level low1!” are: (1) V-1 is closed
(vl ==0), (2) V-3is closed (3 == 0), (3) Pump-1 is switched
on (pl ==1), and (4) the elapsed time is not less than 3
(a >= 3). Note that, after the above processes are completed,
not only the clock variable of T-1 but also those of T-5 and T-6
(i.e., variables e and f) are all reset to 0. This is because these
tanks are physically connected and thus their operations
must be synchronized.

e The timed automaton of T-2 is given in Fig. 21(b). Since it is
essentially the same as that of T-1, a repeated description
is omitted for the sake of brevity.

e The automaton in Fig. 21(c) is used to model tank T-4 with
the initial state LL. Two alternative edges are embedded in
this model for characterizing the level-changing processes
from low to high, i.e., ‘level high4 2" and ‘level_high4 3!
The former edge is associated with the liquid transfer oper-
ation from T-2 to T-4 in 3 units of time (d >= 3), while the
latter is from T-3 to T-4 within 2 units of time (d >= 2).
Six possible liquid-transfer scenarios are considered in this

s1 52
Q ®
©

(a) Spec 1
s1
Q O
©
(b) Spec 2

(d) Spec 4

model for the level in T-4 to go from high to low, and they can
be classified into two types according to their destinations:
‘level low4.0!" denotes the liquid discharge operation to
environment (by opening V-6) and the required time is 1
(d>=1);

‘level low4_4!" denotes the liquid transfer operation to T-5
or to T-6 (by switching on Pump-4) and the required times
are 5 (d >=5) and 4 (d >= 4), respectively.

Since no liquid is allowed to be injected into T-4 in the latter
case, Pump-2 should be switched off (p2 == 0) or, in the case
when the Pump-2 is on, V-10 should be switched to the ‘+’
position (p2 == 1&v10 == 1).

The component models of T-3, T-5 and T-6 are presented
in Fig. 21(d)—(f), respectively. Since they are all very similar
to the automaton for modeling T-4, these models are not
further elaborated here to save space.

Level 4: The sensor models are neglected in the present
example for illustration conciseness. The online measure-
ments are assumed to be identical to the corresponding
tank conditions.

The control specifications in this example are outlined

below:

Spec 1: As shown in Fig. 22(a), V-1 and V-3 are allowed to be
closed only after the liquid level in T-1 reaches LH.

Spec 2: As shown in Fig. 22(b), V-2 and V-4 are allowed to be
closed only after the liquid level in T-2 reaches LH.

Spec 3: Pump-1 is allowed to be switched on twice after the
level in T-1 reaches LH. There should be one or more event
takes place between these two successive actions, and one
of them must be opening or closing V-9. This specification
can be imposed with the automaton in Fig. 22(c).

Spec 4: Pump-2 is allowed to be switched on twice after the
level in T-2 reaches LH. There should be one or more event
takes place between these two successive actions, and one

(e) Spec 5

() Spec6

(@ Spec7

Fig. 22 - Control specifications under normal conditions (Example 3).
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level _high5 17

(h) Spec 8

47

level lowd 47 evel_high5

(i) Spec 9

s s2

level high3?

s2

(k) Spec 11

level highd4 37?

level high4
evel low1 level high4 2?7
s1 s2
40!
(1) Spec 12
level_high5 47
level high5 17
w472
s1
V/ ‘,”
(m) Specl3
82 level low5? st
v7C!
(n) Spec 14
level high6 47
level _high6_1?
s1 s2
Ol
(0) Spec 15

Fig. 22 - (Continued)

of them must be opening or closing V-10. This specification
can be imposed with the automaton in Fig. 22(d).

Spec 5: The blending operation in T-1 can be resumed (by
opening V-1 and V-3) only after the tank is emptied via two
consecutive level-lowering processes, i.e., ‘level low1’. This
specification is given in Fig. 22(e).

Spec 6: The blending operation in T-2 can be resumed (by
opening V-2 and V-4) only after the tank is emptied via two
consecutive level-lowering processes, i.e., ‘level low?2’. This
specification is given in Fig. 22(f).

Spec 7: Switch off Pump-2 and then turn V-10 to the ‘-’
position after the levels in T-3 and T-2 reach LH and
LL, respectively; Switch off Pump-2 and then turn V-10

to the ‘+’ position after the levels in T-4 and T-2 reach
LH and LL, respectively. This specification in given in
Fig. 22(g).

Spec 8: Switch off Pump-1 and then turn V-9 to the ‘—’
position after the levels in T-5 and T-1 reach LH and LL,
respectively; Switch off Pump-1 and then turn V-9 to the
+’ position after the levels in T-6 and T-1 reach LH and LL,
respectively. This specification in given in Fig. 22(h).

Spec 9: Switch off Pump-4 and then turn V-11 to the ‘-’
position after the levels in T-5 and T-4 reach LH and LL,
respectively; Switch off Pump-4 and then turn V-11 to the
+’ position after the levels in T-6 and T-4 reach LH and LL,
respectively. This specification in given in Fig. 22(i).
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Fig. 22 - (Continued).

Spec 10: As shown in Fig. 22(j), Pump-3 is allowed to be
switched on only when the level in T-3 is LH.

Spec 11: As indicated in Fig. 22(k), Pump-3 is allowed to be
switched off only after the levels in T-4 and T-3 reach LH and
LL, respectively.

Spec 12: As shown in Fig. 22(l), Pump-4 is allowed to be
switched on only after the liquid level in T-4 is raised from
low to high.

Spec 13: As shown in Fig. 22(m), V-7 can be opened only after
the liquid level in T-5 is raised from low to high.

Spec 14: As shown in Fig. 22(n), V-7 can be closed only after
the inventory in T-5 is reduced from high to low.

Spec 15: As shown in Fig. 22(o), V-8 can be opened only after
the liquid level in T-6 is raised from low to high.

Spec 16: As shown in Fig. 22(p), V-8 can be closed only after
the inventory in T-6 is reduced from high to low.

Spec 17: A full operation cycle consists of 6 consecutive
stages and at every stage several different tasks must be

So —’T].T 51 —>Tz—> Sz —>T3,—> 53 —>T4—> 54 —>T5—> 55 —>T6—> Se —>T7—> 57 —>T3

carried out in parallel. Specifically, these stages can be
summarized as follows: (1) Fill T-1 and T-2 to perform
the blending operations, (2) Transfer materials, respectively
from T-2 to T-4 and from T-1 to T-5; (3) Discharge product
from T-5, and transfer material from T-2 to T-3 and from T-
4 to T-6, respectively; (4) Discharge product from T-6, and
transfer material from T-3 to T-4; (5) Transfer material from
T-1 to T-6 and from T-4 to T-5, respectively; (6) Discharge
products from T-5 and T-6, respectively. The corresponding
control specification is represented with the automaton in

Fig. 22(q).

The resulting optimal procedure can be fully described with
Figs. 23 and 24, Tables 11 and 12. Note that a total of 14 differ-
ent tasks are performed in this procedure within the shortest
possible cycle period.

Let us next consider an alternative set of initial conditions.
Specifically,

Fig. 23 — SFC under normal conditions (Example 3).
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TASK Gantt Chart

TaskN{(T6)LH-LL
TaskM{(T6)LL-LH

Table 12 - Activation conditions and events in normal
procedure (Example 3).

e e p— Conditions Events
TaskK:(TS)LL~LH —
TaskJ:T4LH-LL
Task[(T4)LL—LH —— — T Start
TaskH(T3)LH-LL T, T-1.LH
Task G(T3)LL-LH T3 T-2.LH
TaskF:(T2)LM-LL L= ..
TeskE{T2)LH-LM — Ty T-1.LM & T-2.LM & T-4.LH & T-5.LH
TaskD(T2)LL—LH — Ts T-2.LL & T-3.LH & T-4.LL & T-5.LL & T-6.LH
R i — Te T-3.LL & T-4.LH & T-6.LL
‘TaskB:(T1)LH-LM ——
TaskA(TILL-LH — Ty T-1.LL & T-4.LL & T-5.LH & T-6.LH
o 1 2 3 4 5 6 7 8 9 10 U 12 13 14 15 % 17 118 Ts T-5.LL & T-6.LL

Time

Fig. 24 - Gantt chart of the normal procedure (Example 3).

Table 11 - Operation steps and actions in normal
procedure (Example 3).

Steps Actions

So Initialization

S1 Open V-1; (2) Open V-3; (3) Open V-2; (4) Open
V-4; (5) Close V-7; (6) Close V-8

Sz (1) Close V-1; (2) Close V-3; (3) Switch on Pump-1

S3 (1) Close V-2; (2) Close V-4; (3) Switch on Pump-2

Sa (1) Open V-7; (2) Switch off Pump-1; (3) Close V-9;

(4) Switch off Pump-2; (5) Open V-10; (6) Switch
on Pump-2; (7) Switch on Pump-4

Ss (1) Open V-8; (2) Switch off Pump-2; (3) Close
V-10; (4) Switch on Pump-3; (5) Switch off
Pump-4; (6) Open V-11; (7) Close V-7

Se (1) Switch off Pump-3; (2) Switch on Pump-1; (3)
Switch on Pump-4; (4) Close V-8
Sz (1) Open V-7; (2) Open V-8; (3) Switch off Pump-1;

(4) Open V-9; (5) Switch off Pump-4; (6) Close V-11

Normal

o The 2-way valves V-7 and V-8 are open, while V-1-V-6 are
closed.

e The 3-way valve V-9 is at the ‘+’ position, while V-10 and
V-11 are at the ‘—’ position.

e Pump-1 and Pump-2 are on, while Pump-3 and Pump-4 are
off.

e The levels in all tanks are LH.

All component models should be modified accordingly. In
order to steer the system back to the “normal” conditions, it is
also necessary to incorporate the automaton in Fig. 25. Notice
first that the 3-way valves V-9, V-10 and V-11 are not allowed
to be operated if their upstream pumps are running. Since
only Pump-1 and Pump-2 are switched on initially and each
may be switched off in the subsequent operation steps, four
separate locations, i.e., ‘Abnormall’~‘Abnormal4’, are adopted
in this model to represent four distinct “abnormal” system
states, respectively. The corresponding control specifications
are summarized below:

N\

Y
: |
i'd
i

~

b N

Fig. 25 - Control specification facilitating return to normal conditions (Example 3).
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Fig. 26 — SFC under alternative initial conditions (Example 3).

TASK

TaskN:(T6)LH—LL ]
TaskM:(T6)LL-LH |
TaskL:(T5)LH-LL |
Task K:(T5)LL-LH I
TaskJ:(T4)LH-LL l
TaskI:(T4)LL-LH I
Task H:(T3)LH—LL I
Task G:(T3)LL—LH :
TaskF(T2)LM—LL | |
TaskE:(T2)LH-LM l
TaskD:(T2)LL-LH

Task C{(T)LM—LL |
Task B:(T1)LH-LM

Task A(T1)LL—LH

| ]

01 2 3 4 5 6 7 8 9

Gantt Chart
=]
I

Normal Cycle

|
|
|
== =]
|
|
|
|
|
|
|
|
|
|
I
|
|

10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25

Time

Fig. 27 - Gantt chart of alternative procedure (Example 3).

e At the state ‘Abnormall’, both Pump-1 and Pump-2 are off
and thus all valves are adjustable;

o At the state ‘Abnormal2’, only Pump-1 is running and thus
all valves except V-9 are allowed to be operated;

e At the state ‘Abnormal3’, only Pump-2 is running and thus
all valves except V-10 are allowed to be operated;

e At state ‘Abnormal4’, both Pump-1 and Pump-2 are
switched on and thus all valves expect V-9 and V-10 are
adjustable.

The edge “ok!” denotes the transition process from the
state ‘abnormall’ to the designated “normal” state at which

e V-7 and V-8 are open and V-9 is at the ‘+’ position;

¢ All pumps are off;
o All tank levels are at LL.

Finally, an extra location sO should be inserted into each
specification model in Fig. 22 to serve as the initial abnormal

Table 13 - Operation steps and actions in alternative
procedure (Example 3).

Steps Actions

So Initialization

S1 (1) Open V-5; (2) Open V-6.

S Close V-5

S3 Switch off Pump-1

Sy Switch off Pump-2

Ss (1) Close V-6; (2) Open V-7; (3) Switch off Pump-1; (4)

Close V-9; (5) Switch off Pump-2; (6) Open V-10; (7)
Switch on Pump-2; (8) Switch on Pump-4.

Se (1) Open V-8; (2) Switch off Pump-2; (3) Close V-10; (4)
Switch on Pump-3; (5) Switch off Pump-4; (6) Open
V-11; (7) Open V-2; (8) Open V-4; (9) Close V-7.

Sy (1) Switch off Pump-3; (2) Switch on Pump-1; (3)
Switch on Pump-4; (4) Close V-8.

Sg (1) Close V-2; (2) Close V-4.

Sq (1) Open V-7; (2) Open V-8; (3) Switch off Pump-1; (4)

Open V-9; (5) Switch on Pump-2; (6) Switch off
Pump-4; (7) Close V-11; (8) Open V-1; (9) Open V-3.
S10 (1) Close V-7; (2) Close V-8.
S11 (1) Close V-1; (2) Close V-3; (3) Switch on Pump-1.

Table 14 - Activation conditions and events in
alternative procedure (Example 3).

Conditions Events

T1 Start

T T3.LL & T6.LL

T3 T1.LL & T2.LM

Ty T2.LL

Ts T4.LL & TS5.LL

Te T2.LL & T3.LH & T4.LL & T5.LL & T6.LH
T, T3.LL & T4.LH & T6.LL

Ts T2.LH

To T1.LL & T4.LL & T5.LH & T6.LH
Tio T5.LL & T6.LL

T11 T1.LH

Ty T1.LM & T2.LM & T4.LH & T5.LH

state. After the system is driven back to the designated “nor-
mal” conditions, the original control specifications in Fig. 22
can then be enforced again to produce cyclic operation steps.

The resulting cyclic operating procedure is characterized
with Figs. 26 and 27, Tables 13 and 14. It can be observed that,
before the regular cyclic operation commences, a period of
7 units of time is required to drive the system to the des-
ignated normal conditions. During this period, the following
eight tasks should be completed:

(1) Time O to 3: Tasks B, E, H and N;
(2) Time 3 to 6: Tasks C and F;
(3) Time 6 to 7: Tasks J and L.

8. Conclusions

A generic approach has been developed in this work for sys-
tematically creating cyclic operating procedures based on
timed automata. The proposed procedure-synthesis steps
include: (1) constructing automaton model for each compo-
nent in a given PFD; (2) developing automata to represent the
control specifications; (3) assembling the system model; (4)
identifying the best operational pathway and the correspond-
ing operating procedure with an available property verification
tool, e.g., UPPAAL (Behrmann et al., 2006). Both the sequential
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function chart (SFC) and Gantt chart of the optimal periodic
operation can be produced according to these steps. As shown
in the presented examples, the proposed procedure-synthesis
strategy is quite effective in various normal and abnormal
scenarios with different initial conditions.
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