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Chapter 1

The Theory and Application of

Diagnostic and Control Expert System

1.

Based on Plant Model

JUNZO SUZUKI' and MIKITO TWAMASA?
Systems & Software Engineering Laboratory
TOSHIBA Corporation
70 Yanagi-cho, Saiwai-kn, Kawasaki-city 210, Japan

Introduction

Currently in the field of diagnosis and contrel of thermal power plants, the trend of the
systems is that the more intelligent and flexible they become, the more knowledge
they need [13]. As for the knowledge, conventional diagnostic and control expert
systems are based on heuristics stored a priori in knowledge bases. So, they could not
deal with unforeseen events if they occurred in the plant [7]{11]. Unforeseen events
are abnormal situations which were not expected to happen when the plant was
designed. A skilled human operator has some kind of fundamental knowledge about
plant control. so he could operate the plant and somehow deal with the unforeseen
events. He would deal with them according to the following thought process.

1.

Interpretation of disorders
First, he would bring to mind his fundamental knowledge about the causal

relations among process parameters of the plant. He would be able to diagnose
the plant and interpret possible disorders which caused the unforeseen event.

Generation of plant-operations-sequence
Sccond, he would bring to mind his fundamental knowledge about the struc-

ture and functions of the plant and about the principles of plant operations.
According to the above interpretation, he would be able to think about what
operations he should do to deal with the unforeseen event and when he should
execute them. We call a series of the operations with their preconditions the
aperations-sequence. wiicl 1s a set of the rule-based knowledge for plant contral.
The rule-based Lknowledge is in IF-THEN format.
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2 Intelligent Modeling, Diagnosis and Control of Manufacturing Processes

3. Verification of generated knowledge
Third, he would bring to mind his fundamental knowledge about the dynamic
characteristics of plant controllers and physical laws. He would be able to
predict the plant behavior when operating the plant according to the generated
knowledge. If he found the occurrence of undesirable events for plant control in
this prediction, he would go back to (2) to solve it.

A skilled human operator could deal with unforeseen events by repeatedly exe-
cuting the above steps. He would need some fundamental knowledge about diagnosis
and control Lo deal with them. The concept of an intelligent diagnostic and control
expert system is based on the above steps.

In this paper, first, we describe the theoretical aspect of these steps. Next, we
describe the practical aspect of these steps, and explain the model-based plant control
expert system. Finally, we also describe an approach Lo speed up its model-based
reasoning using a parallel computer and discuss the open problems and the related
works.

2. Theories of Model-Based Diagnostic and Control Expert
System

This section describes a theoretical approach to realize an intelligent diagnostic and
control expert system.

2.1, A Theory of Model-Based Diagnosts

When an unforeseen event occurs, a skilled human operator diagnoses its cause [rom
the model about the structure of the plant and the physical processes in plant devices
qualitatively. The main purpose of this section is to present the theoretical aspect of
diagnosing an unforeseen event and to formalize the model based diagnosis using a
Qualitafive Causal Model of the plant.

2.1.1.  What te Express as Model

Firstly. we define a Qualitative Causal Model which represents the physical processes
in the plant devices qualitatively.

Definition
A Qualitative Causal Modelis < H. Mn. Pt.Tu. Ds.Ob .

lere Hf. Mn, In, Pt. Ds, Ob means,
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H : Plant parameters (H = MnU PtUinl Ds)
Mn - Manilestation parameters which has sensor data
In  : Input paramelers

Ds @ Design parameters

Ob  : Symptom parameters {ObC Mn)

Pt : Pathological paramecters (H — Mn — In — Ds)

The domain of H is three qualitative values,
Q % domain(H) = {[+],]~].10]}

and each symbol in the brackets [ ] represents their qualitative variation from
normal value,

p € Obis a parameter which has sensor data and indicates the qualitative
variation from normal value,

We define symptoms in the Qualitative Causal Model.

Definition
< h,g>(h& Hg& Q) is a parameter which has qualitative value g.

Delinition
A symptom is a pair < p.g > (p € Ob.g € ) which indicates that a qualitative
variation iz abserved on the the sensored parameter.

Let A be a set of the qualitative causal relations between the plant parameters.
Each relation corresponds to a physical process in a plant device, We define a guali-
tative sentence to represent these relations.

Definition
A gualitative sentence is (r,p) { v € R,p € Mn U Pt) ? which describe the
qualitative causal relation of the paramecter p via relation v, where

?":.F"‘:{{"L71”!1---1"!1}1{_-'Pn+lr--r.':"m}} {r,p)

This relation means that the p and p;{1 < ¢ < m) have a causal connection via
relation r. The relation between p and p;{1 < ; < n) is monotonic increase,
and the relation between p and py(n +1 < 7 < m) is monotonic decrease.

We call pan (r.p) the effeet pavameler of (rop). and py(1 < 3 < m) the cause
parameter of (r.p).

We use round brackets 1o express a label for a gqualifatice sentence. There is no gualifative
sentence which contains input parameters and design parameters. because these parameters are not
affected by any other parameters
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We compile the qualitative sentences into a network which is based on the connec-
tions of the parameters. We call this network Qualitative Causal Network: QCNet.
A simple example of the gualitalive sentences is shown in Figure 1, and Figure 2 is

the QCNet for this example.

rla< {{+:b},{ :c}} (rl,a)
r2ie e {{+:de}, {— 1) (r2,c)
rd: fe= {{+:c},{-:}} (r3, f)

Figure 1: An example of the Qualifative Sentences

bt symiom

D node
]

O  connect

Figure 20 An example of QCNet

2.1.2. What to Deduce with Model

Disorders in continuous physical devices are represented in the Qualilative Causal
Model < H, Mn, Pt, In, Ds, Ob, R > described ahove. Disorders are classified in the
following two types.

Type 1 Abnormal variation on the input paramecters.
This disorder represents an external change in a plant. (ex. the temperature of

sea water is high)

Type 2 Fault in plant devices, or abnormal variation on the design parameters.
This disorder represents an internal change in a plant. (ex. a pump has broken
down, a pipe has zotten thin)

These disorders are translated into qualitative disorders.
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A qualitative disorder can be either a pair of two elements or a triple of three
elements in the (QJualitative Causal Model < H, Mn, Pt. In,Ds, Qb B >. Each type
of disorder described above is represented as follows.

Typel {<pq>[peinqeQ}
Type 2 {<pr.g>pc MnUPtre Hge @l {<pqg>|pe Ds,qe @}

For example, < b, [-+] > (b € In) means input parameter b has the qualitative
value [+] . < b,71,[+] > means that cansal relation rl has become abnormal because
of a fault in a relevant plant device and this abnormality directly causes parameter b
to have the qualitative value [+].

These qualitative values affect other parameters via causal relations and as a
consequence, the symptoms are detected by the sensors.

In the example of QCNet in Figure 2, the qualitative disurders are expressed as
the nodes of the network.

2.1.3. How to Deduce uwith Model

In this section, we formalize the thought process of a skilled human operator. He
dizgnoses the cause using the Qualilative Causal Model described in section 2./.2.

In an unforeseen event, several symploms with abnormal sensor data 1s observed.

Each symptom s € {< p,q > |p € Ob, g & {}} is connected to a set of qualitative
disorders which has causal relations with it.

Cualitative propagation on QCNet starts with one svmptom and gathers all the
qualitative disorders which have a causal relation with the syvmptom.

The Glualitative Propagation Module caleulates this set of qualitative disorders for
all the input symptoms. Using these sets of disorders, all the possible combinations
of the gqualitative disorders which can explain all the symptoms are calculated in the
BIPARTITE Module.

The calculated combination of qualitative disorders represents the faults which
are oceurring simultaneonsly. We call this combination erplanation. There are plural
possible ezplanations for the symptoms.

We take the [ollﬂwing Lwo steps Lo calculate all the L':rp.l'uuufz'ons for the SVITIPLOTTE,

Step 1 Calculate the set of possible disorders for each symptom.
The Qualitative Propagation Module calculates the set cause(s;) for each symp-

tom 5, € {< p.¢g = |p & Ob g€ Q). This cause(s,) is a set of possible disorders
for svmptom s;. Az a result, the collection of the sets {cause{s)|s; € {< p. g >
Ip e 3h ge @}} is calculated.

Step 2 Calculate the erplanation for {cause(s,)|s, € OB}
Calculate all the erplanafions for {cause(s;}|s; € OB} calculated in Step
1. This calculation is executed in the BIPARTITE Module based on the set

covering technique.
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We briefly outline these two steps.

e FEach qualitative disorder in CNet has causal relations with several symptoms
via the qualitafive senfences. On the contrary, each symptom has causal rela-
tions with several qualitative disorders. The qualitative propagation on QCNet
calculates these gqualitative disorders for a given symptom. The propagation
mechanism is based on a search.

To avoid the problemn of qualitative combimatorial explosion, we adopt a new
semantic for propagation. This semantic does not cousider any combinations.
For example, the cause of < a,[+] > when

rias {{+:0}{—:c}} (r,a)
is calculated as follows.
cause{< a,[+] =) = {< b[+] =, < ¢ [~] =}

This equation means that the cause of < a,[+] > is either < b,[4] > or <
¢,[=] . This semantic is acceplable in the sense that at least one of < b, [+] =
or < e,[~] > is occurring.

A function PROPAGATE which calculates cause(< h, ¢ >} on QCNet for symp-

tom < k, g > using this semantic is shown in Figure 3.

e In the Qualitative Propegation Module, the diagnostic problem is transformed

into a simpler problem of {cause(s;)|s; € {< p,q = |p € Ob,q € @}}. Set cover-
ing calculates the minimal set of disorders which can explain all the symptoms
using {cuuse(s;}|s; € {<pg>|pe Obge @)} [12].
The basic idea of sef covering is to calculate all the possible classifications of
the symptoms. All the symptoms are classified into several groups according to
whether or nol cause(s) of each symptom in a group has common qualitative
disorders. Each group satisfies following conditions.

Let 5 (1 < ¢ < n) be a group of symptoms.

Then each 5, satisfies
£ES,

(7] cause(s;) # ¢

Let & = {5, 5. ....5,} be one possible classification of all the symptoms. We
define disorders [ {or 5; as follows.

i E5

D, = ﬂ cause(s;)

This D) rorresponds to one fault occurring. The existence of the symptoms in
5; can be explained by this fault. The number of the elements of &G equals to

-
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function propagate(h, g, ' Net)
D ={}
begin
Sent = qualitatlive sentences for h;
if Sent # ¢ then
while Sent £ ¢ do
(r,h) = NextSentence from Sent;
Para = causc parameters for < hog > in (v, k);
while Para # ¢ do
(p,g') = Next Para from Para;
132 = propagate(p, o', QO Net):
D1 = D1u D2
endwhile;
D=Dul<urg>l0Dl:
endwhile;
else D= {< hog=h:
endif;
return [;
end,

Figure 3: Qualitative Propagation

: get relevant qualitative sentences
: if h is not input parameter
: calculate for all relations

: get cause from sentence (r,h)
¢ get cause for all cause parameter

: recursive call on propagate /4

1 npit parameter or design paramter

the number of faults occurring simultaneously. Calenlating one possible classi-
fication of the symptoms is equivalent to diagnosing one possible combination

of disorders to explain the symptoms [20].

There may exist more than one possible classification which can explain all the
symptoms. Set covering caleulates all these possible classifications.

Peng and Reggia [12] justified the idea of set covering in “Parsimonious Cou-

ering Theory™.

The BIPARTITE algorithm [12] calculates all the possible classifications of the
svmptoms incrementally using the cause(s;) (s; € {< pg>lpe Obgec Q}).

The BIPARTITE Module utilizes the BIPARTITE algorithm.

204 Diagnostic Strategy

As described ahove, the BIPARTITE MWodule caleulate all the possible classifications.
In order to select the most probable classification from all possible classifications. a
skilled human operator would consider the frequency of the occurring fault. He would

adopt the smele faull sivateyy.
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The selected qualitative disorders are translated into interprefed disorders, which
are directly related to the plant devices. For example, the gqualitative disorder (<
pressure,[—] >} 15 Lranslated into the abnormal inside-pressure of the condenser.
The disorder (< parameter, yensor, [+] =) Is translated into the fault of the pressure-

SENso0r.

2.2, A Theory of Model-Based Generation of Plant Control Knowledge

The main purpose of this section is to present a generation procedure of the operations-
sequence, namely rule based knowledge, which can be done by a skilled human oper-
ator using some fundamental knowledge.

2.2.1. What to Erpress as Model

A skilled human operator needs at least the following fundamental knowledge when
he thinks about how to operate a plant when dealing with unforeseen events. We call
this fundamental knowledge model.

s model of plant structure, which defines what devices the plant consists of and
how each device is connected to the others,

o model of plant functions, which defines what functions the each component
device has and how each function interacts,

o model of plant characteristics, which defines the relations among process pa-
rameters,

o model of principles of plant operations, which defines default rules to maintain
safety, efficiency and economy in plant operations.

The former three models are related to the plant design, and the latter one is
related to the plant operation task itself. We ageregate the former three into the
Device Model and the latter one the Operation Principle Model. The representation
of both models corresponds to the constraints to be satished in order to generate the
knowledge for plant control.

1. Deviee Model

The Device Model represents the fundamental knowledge about the functions,
structure and characteristics of a plant. A plant consists of some component
devices. so a Device Model can be defined for cach component device. Figure 4
shows an wmage of the Derice Model representation for a beder-feeding-water-
pump, which supplies water Lo a boiler.

In the field of plant control, becanse demands for each component device are very
significant. their values are described in the demand slot and their constraints
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Hame : a_blp

demand : a_bff = 360 [ton/hr]

goal @ a_hff =< capacity{ a_biT)

states : on ¢ capicity( a_bfl ) = 615 [ton'hr]
off ; capacity{a bff} =0 [ton/br]

operation ! off =s=on ; time-lag = 0.1 [hr] , &/dt{ a_bff) =+
on —#ofl ; time-lag = 0.1 [hrl, d'dt] a bff)=-

quallty didt{ a_bff}) = d'dt{ a_blF}

flow_in { defined af 5ystem )

Mow_oul: { defimed ar system }

system ! hfp_system( a_bfT, a_hfir)

Figure 4 An image of the Device Model representation

to be satisfied are described in the goal slot. Their values are determined not
only according to the functions and structure of a plant but also by the intents
of & human operator. We call the intents top-level demands.

Each component device has some functions to meet these demands. These
functions are described as possible states of each device in the states slot.

The operations of a device are defined by the change of its state, which is
deseribed in the states slot, Direct and indirect influences to plant processes by
operations are described in the operation and quality slots respectively.

As for the structure of a plant, the connections of devices are defined according
to each process flow. These connections are described in flow-in and flow_out
slot. In addition, the hierarchy of devices can be defined as shown m Figure 5

to enable efficient modeling.
2. Operation Principle Model

The Operation Principle Model represents the principles for safe and efficient
plant control. It consists of the following two rules.

{a) Striet Accordance Rule

It is the rule to maintain safety in plant operations. It consists of the
following two rules: the rule to use a device within its own allowable limit
constraints, and the rule to keep a damaged device out of service.

(b} Preference Rule

It is the rule to maintain efficiency and economy in plant operations. It
consists of the following two rules: the rule to keep the number of devices
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baciler blfp_system  de-serator

ot -

Figure 5 Hierarchical representation of the Device Model

i service Lo a minimum, and the rule Lo equalize the service-time of each
device.

2282  What te Deduee with Model

After generating interpreted disorders of an unforeseen event via the diagnostic phase,
a shilled huinan operator would think about a target plant state, where he would like
to bring the plant to deal with it. We call this target plant stale a goel-slate. A goal-
state should he decided relating to the following items: interpreted disorders, the
current plant state, the constraints defined by the Dewice Model and the Operation
Principle Model, and the intents of a human operator.

After deciding a goal-state, he conld easily know the operations to bring the plant
from a current state to the goal-state. That is, these operations are easily derived
from the difference between the current plant state and the goal-state.

In addition to knowing the operations, he should also know when to execute
them. He should know a set of the preconditions to specify the timing to execute
them. After knowing both the operations and their preconditions, he could get the
operalions-sequence, that 1s, a set of rule-based knowledge for plant control.

To summarize the above, the significant points are to decide the goal-state and to

generale the operations-sequence.

223 How o Deduce with Model

In this section, we are going to formalize how a skilled human operator decides the
goal-state and generate the operations-sequence.

1. Decision of the Goal-State
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We can assume that deciding the goal-state corresponds to generating a new
plant state where all of the constraints are satished. These constrainis are
defined by the models and redefined by faults of devices. This assumption
makes sense ou the following conditions: faulty devices must be out of service;
the mapping from the inferpreled disorders to the new state of their related
devices is clear; the goal-state is selected to be as near to the current state as
possible; and the intents of a human operator can be represented as the dernands
for devices.

The search for this new plant state should be done step by step for the rea-
son of efficiency. A skilled human operator would try to get the goal-state by
combining the local state of each device and by propagating it to the others.
Therefore, an intelligent diagnostic and control expert system should have the
following functions [14][19].

(a) Verification of Constraints

To generate the goal-stale according to an unforeseen event, all the con-
straints defined by the Device Model should be verified to be still satisfied
after the unforeseen event, because the unforeseen event often causes the
change of plant state or parameter’s value. This function (Figure 6) con-
sists of the following two subfunclions: propagating the change according
to the connections of devices, and verifying locally the constraints on each
device,

demand lor A demand Tor B

process [ow

Propagate

fFl“l.‘l.l‘l to salisly

{ State change ‘E/I":rlmei:r's \
W Le. operation ;! yalue change
s i le. external

demand

L change

[igure fi: Constraiuts vertfication funetion

(b} Update of the Goal State

If some of the constraints defined for a certain device by the Device Model
are proved not to be satisfied, a new siate for this device 1s searched to
satisfv these constraints. This function (Figure 7} consists of the following
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subfunctions: searching the state of each device where all of its demands
can be satisfied, distributing the demands for a device of higher hierarchy
to devices of lower hierarchy according to the constraints defined by the
Operation Principle Model, and generating new demands for connected
devices according to the Device Model and propagating them.

e o d Propagate
F:-Lr“{? eman new demand for D
device C - E device D
process fow

Figure 7: (Goal-State update function

If an unforeseen event occurred, a skilled human operator would verify the
constraints according to the interprefed disorders. I unsatisfied constraints
were detected, he would update the goal-state, and as a result, gencrate a new
goal-state.

. Generation of the Operations-Sequence

In the domain of a thermal power plant control, the operations of devices need
the following five generic preconditions, which are classified based on interviews
with the experts [8].

(a) Precondition for the state before an operation

This precondition specifies the devices have not operated vet. The specified
devices are both the target device to be operated and the one connected
in parallel Lo ji.

(b) Precondition for the order of operations

There is a principle about the order of plant operations. That is. operations
to activate devices should be executed in the direction of process flow. and
the ones to halt them should be in the reverse direction. This precondition
specifies this prineciple.

{¢] Precondition for safety during an operation
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If operations are executed, the change of process occurs and infiuences
several devices via their connections. This precondition specifies these
influences to be within an allowable limit.

(d) Precondition for the timing of an operations

To keep the operations efficient, their executions should be delayed as long
as possible. Moreover, to keep the operations safe, their exccutions must
be delaved till they no longer canse any bad influcnces on the plant. This
precondition specifies the timing of operations.

(e) Precondition for completions of an operation

All operations must be confirmed to be executed completely. This precon-
dition specifies this confirmation by providing the results of their execution.

MOTATLON ettt e
) e T — {Operation
D copjunction ik ELT:;: executed before
E negation
- ]
w -
—-t— | device E il device F device G jog—
process flow
]
S AT I / Allowable
(Maximury \_State /| L Limit
\Outflow {'6 eratlon o =" -
\.':‘__._EET'F_.'_.
C Preconditlon {a ) — L]
(__ Precondition { b } — r.
execute
(  Precondition (¢ = S operation
of deviee F
Precondition (d }
(" Precondition (¢ ) ]
I IF-part ! F— THEM-part —I

Figure 8 Generation process of preconditions of a plant eperation

A skilled human operator could generate the above preconditions by analyzing
the goal-state according to the constraints defined by the Device Model We are
zoing to cxplain this gencration process below using Figure 8. Preconditions
(a).(b) and (e} arc casilv generated. Precondition (¢} can be generated according
to the constraints defined by the Device Wodel, namely the operation and qualify
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outlet Mow
covered by
[Wo pumps
value (*1) }---- - R ——
covered by
aslongle pump
- =
- time
time-lag
of pump
activation

Figure 9: The timing of activation of a supplementary device

slots filler. For example, the activation of a pump would increase the autlet flow
of water from a tank, so the water level of the tank would drop. Therefore, to
execute this operation, the water tevel must be high enongh zo0 as not te drop
below its allowable minimum limit. The threshold value of this precondition
1s calculated to be the minimum limit plus some margin. Precondition (d)
15 generated according to the maximum process outflow of the target device.
For example in Figure 9, the total volume of outlet flow of water by a pump
system cannol exceed the vaiue {*1) unless a supplementary pump is activated.
Conversely, the timing of this activation is determined according to both this
value (*1} and the time lag of this activation.

2.3, A Theory of Model-Based Verification of Plant Control Knowledge

As explained before, generating the operations sequence is deeply based on the goal-
state. Because the goal-stafe corresponds to the state at a given point in time, the
models explained so far are based on static relations among process parameters and
represent no time concepts. Generally speaking, time concepts are very important
especially in the area of plant control. For this reason, the dynamic relations among
process parameters must be taken into consideration.

The main purpese of this section is to present the theoretical aspect of verifying
the generated operations-sequence by the fundamental knowledge.

2.3.1. What lo Erpress as Model

A dynamic system, for example a plant, has transient changes in response to some
external action on it due to its dvnamic characteristics. For this reason, a skilled
human operator would predict the plant behavior when he executed the generated
operations-sequence. Therefore, he must know the dyvnamic characteristics of the



Diagnostic and Control ES Based on Plant Model 15

plant, which we call the Dynamics Model. In the area of plant control, the Dynamics
Model consists of the following two models.

1. Model of plant controllers

This model represents the functions of traditional plant controllers based on
PID control. The model of a water-level-controller of a de-aerator is described
as Figure 10, A de-gerator is a kind of water tank to extract oxygen from the
feeding water to the haoiler.

i 1 *l i
+ L -
5 0 LAl i N g
feeding
demand . waler
master Kp 1 _ 1 flow
- m-a|+ T-s | *
1 +, 1
+*
- Kp T -sl+ + (T-s

Figure 10: An example of the Dynamies Model of a plant controller

2. Maodel of plant processes

This model represents the characteristics directly related to physical phenom-
ena, e.g., the characteristics between temperature and pressure of gas, the char-
acteristics of heat exchanging between steam and water, and 50 on. The model
of the inside pressure of a condenser is described in Figure 11. A condenser is
a cooling device of exhaust steam from the turbine.

838  What to Deduce with Model

Needless Lo say, the prediction of the plant behavior by the Dynamics Model is nec-
essary to verify the generated operationssequence. After this prediction, a skilied
human operator would evamine whether or not undesirable events occurred. The
undesirable events can be defined by several criteria, but ene of the most important
ones is the transient violation of limit-constraints for cach process parameter’s value.
The execution of plant operations usually causes the transient change of processes duc
to the dvnamic characteristics of a plant, and if this change ts hevond the allowable
range of a current plant state, it is to be detected as a violation of limit-constraints.
He could deal with the violation according to the degree of the violation.
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circulation water
temperature

Figure 11: An example of the Dynamics Model of a plant process

235 How to Deduce with Model

The prediction of a plant behavior can be realized by simulation methods. When
simulating it, a skilled human operator would not always predict the exacl numeric
value of parameters. That is, he would often predict ouly the qualitative trend. To
get the degree of the violation of mit-constraints requires the numeric information,
but 1o get the approximate trend of a plant behavior requires only the qualitative
infarmation.

Therefore, an intelligent diagnostic and control expert system can adopt the fol-
lowing method: numeric simulation to get the exact predictions, qualitative simula-
tion [10][2] [5] to get the approximate trend, and fuzzy-based simulation [15][9] as the
intermediate approach between the former two.

When determining the violation of himit-constraints in the prediction, a skilled
human operator would try to deal with it according to the degree of the violation.
This process can be formalized as updating the goal-state according to this degree.
Therefore, an intelligent diagnostic and control expert system should support the
Generated: Test algorithm of the operations-sequence [15][16] as illustrated in Figure
12,

3. An Application of Model-Based Diagnostic and Control
Expert System

This section describes a practical application of an intelligent diagnostic and control

experl svstem,

J.1. Configuration of The Erpert System

The model-based diagnostic and control expert system (Figure 13) consists of two
subsvstems: the shallow inference subsysiem [ SIS) and the deep inference subsysiem
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procedure  Generate&Test ( Mor DD, S0)
begin
[ %e, Op ] <= Operation_Generare (M or Do, 50 5
K1 <= Precanditien_Generate | S0, 5e, Op };
PS5 <= Simulate { 50, K1) 3
[ NG, D1, 51 ] <= Verify (PS);
if WG =\= constraint_violation
then return{ K1, 5¢});
else
[ K2, 53] <= Generare Tesr (D1, 51 )3
[ K3, SE ] <= GeneratedTest (M, 53);
K4 <=FIX{ K1} +K2I+K3;

returnf K4, 5E ) ;
endif
end.
NOTATION @

5i, Se, SE : plant state M : interpreted disorder
D : demand for a device Op : plant vperations
PS5 : plant behavior NG : flag for constraint-violations
Ki : knowledge for plant control

[ 1:list expression <=1 substitution expression

Figure 12: Generated Test algorithm of the operations-sequence

(DIS). To perform the experiment, this system is linked to a thermal power plant

simulator for training operators, instead of an actual plant.

The S1S is the conventional plant control system hased on heuristics, namely the
shallow knowledge for plant control. It selects and executes plant operations according
Lo the heuristics stored in the knowledge basc. T'he plant monitor detects vccurrence
of an unforescen event, and then activaies the DIS.

The DIS utilizes various kinds of models to realize the thinking process of a skilled
human operator and generates Lhe operations-sequence to deal with the unforeseen
events. Tt consists of the following modules: the Diagnosor, the Operation-Generator,
the Precondition-Generator, and the Simulation-Verifier.

The Diagnosor utilizes the Qualitative Causal Model aboul plant process param-
clers to deduce Lhe inferpreted disorders causing the unforeseen event.

The Operation-Generator gencrates the goal-state to deal with the unforeseen
event. and then generates the operations-sequence. It utilizes the Device Model and
the Operafion Principle Model

The Precondition-Generntor generates the preconditions of each generated oper-
ation by the Device Model and as a result. generares rule-based knowledge for plant
control.

The Simulation-Verifier predicts the plant behavior using the Dynamics Model
when the generaled operations-sequence is executed. and then checks whether or nat
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undesirable events occur in the prediction. If they occur, it gives feedback to the
Operation-Generator to deal with them.

The generated and verified operation-sequence by the DIS is transmitted to the
SIS, The SIS executes the plant operations according to it, and as a result, the
unforeseen event would be covered.

Ir'.-lilmrp Inference Subsystem q‘l
- =
Causaj ) (rperation
I Model Device Model Principle Model
l?-lrmmlts Simulation-Veri )
Model fler
M | A
4 Y
Shallow
Inference
Subsystem
L A

¢ Plant )

Figure 13: Configuration of the madel-hased diagnostic and control expert system

3.2, Configuration of The Target Thermal Power Plant

Figure 14 shows the water feeding system of Lhe targel thermal power plant to control.
The condenseris a device for cocling the turbine s exhaust steam; the steam is reduced
to water using cooling water taken [rom the sea. The reduced water is transmitted
through the de-aeratorto the boiler by the condensation-pump-system and the boiler-
feeding-pump-system. The cooling water 15 provided by the circulation-pump-system.
The air-ejector extracts the air inside the condenser to facilitate the inflow of the
exhaust steam from the furbine.

3.3. Erperimenis

We have implemented the cxpert svstem on Multi-PSI [18], which is the parallel infer-
ence machine developed by the Institute for New Generation Computer Technology
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Figure 14: Configuration of the target thermal power plant

(1ICOT). To realize a rich experimental environment . we have also implemented a
plant simulator instead of an actual plant on G8050, which is the mini-computer de-
veloped by Toshiba Corporation. Both computers are linked by a data transmission
line as described in Figure 15. We performed some experiments with the system to
estimate the ability of model-based reasoning. The experiments were performed along

with the following procedure.

« First, we selected the appropriate disorders of the plant. We set up them as
malfunctions of the plant simulator.

o Next. we extracted the specific knowledge for plant control from the knowledge
hase in the $IS. This specific knowledge was necessary to deal with the selected
disorders. As a result, the selected disorders were equal to unforeseen events.

o Finally, after activating the malfunctions of the plant simulator, we confirmed
that the DIS generated the operations-sequence and the SIS executed the op-

erations according to it

This section shows the resuits of two experiments. One 1s the unforeseen event
caused by the external change of a plant. and anather is the one caused by the internal
change. Because any disorder belongs to either cases of ahove experiments, we believe

that the selected two experiments are enough to discuss the ability of the system.
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Figure 13: Confizuration of the experimental environment

3.8.1. Unusual Inerease of The Water Temperature of The Sea

This case is an example of the unforeseen events caused by the external change of a
plant. In this section, we focus on the DIS

I. Diagnostic phase

The qualitative causal network for the condenser model 15 shown in Figure 16.

Figure 16: QCNet for the condenser

The abnormal increase of the pressure in the condenser and abnormal increase
of the outlet temperature of the cooling water were detected. The qualita-
tive propagation module calculated the disorders for each symptom. and the
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BIPARTITE module calculated the generator set. Using single fault strategy
the increase of the inlet temperature of the cooling water was selected as the
interpreted disorder.

. Generation phase of operations-sequence

The Operation-Generator was activated to verify the constraints for the con-
denser because the inlet temperature of the cooling water influenced the func-
tion of the condenser. As a result. it generated Lhree operations as indicated
under the hatched symbols of devices in Figure 17.
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Figure 17: Hardcopy of the output by the Uperation-Generator

The Freconditian-Generator deduced the preconditions for each operation to
senerale the rule-based knowledge for control. Figure 18 is a logic-chart de-
scription of one of the gencrated knowledge.

The Simulation-Verifier predicted and verified the plant behawvior, but in this
case, no vinlations cansed by the dynamic characteristics of the plant were
detected.
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Figure 18: An example of generated knowledge for control

The SIS could deal witl this unforeseen event hy executing the plant operations

according to the generated and verified operations-sequence. We confirmed the ex-
pected result via the CRT of the plant simulator.

332

Unforezeen Fault of The Boiler-Feeding- Pump

This case is an example of the unforeseen events caused by the internal change of 2
plant, usually faults of devices. In Lhis section, we also facus on the 1S,

[. Diagnostic phase

The abnormal decrease of inlet water flow rate in the boiler and the abnor-
mal decrease of outlet water flow rate in the boiler-feeding-pump-system were
detected. The common disorder was calculated in the same way as in the con-
denser example. As a result, the fault of the boier-feeding-pump was selected
as the inferpreted disorder.

. Generation phase of operations-sequence

As in the another case, the Operation-Generatorand the Precondition-Generator
generated the knowledge to switch from the faulty pump to one of the two other
sound pumps.

The Simulation-Verifier predicled the plant behavior in Figure 19 when the
switching operations were executed. The initial plant state S0 persisted till
time 10 and the goal-state Se was reached at time 92 after the operations,
when all processes settled down. All the parameters’ values in this fizure are
regularized to take the value 1.0 [p.u.] when the plant is fullv loaded. Here,
we define the par&meter QC to be the total outflow of the cnndc:1;-a:£c-n-pump=
system. The value of QC was over 0.3 [p.u.} from time 14 to 33. The maximum
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outflow of each condensation-pump was designed to be 400 [ton/hr], namely 0.5
[pu.] and only one pump was in service throughout from 50 to Se. For this
reason, the maximum possible value of QUC, which is the total outflow of all
the condensation-pump, was 0.5 [p.u). Therefore, the violation of the limit-
constraint for QC occurred from time 14 to 33, In this figure, the maximum
value of QC was 0.57 [p.n)] equal to 456 [ton/hr], at time 28. According to
the algorithm of Figure 12, the Simulutor- Verifier selected this value as the
new demand for QC and gave the feedback to the Upemation-Generator with
the initial state S1 just before time 14. As shown in Figure 20, the Operation-
Generator generated the intermediate goal-state 53 where this new demand was
satisfied, and as a result, the knowledge was generated to activate another
condensation-pump to deal with that violation. According Lo the algorithm of
Figure 12, the operations-sequence was generated completely by the DIS. Tt
consisted of the following operations: switching from the faulty boiler-feeding-
pump to the sound boiler-feeding-pump connected in parallel, and temporally
activating the additional condensation-pump.

1he 515 couid deal with this unforeseen event by executing the plant operations
according to the generated and verified operations-sequence. We also confirmed the
expected results via the CRT of the plant simulator as well.
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Figure 19: An example of predictied plant behavior



24

3.4.

Intelligent Modeling, Diagnosis and Control of Manufacturing Processes

Figure 20: An image of the output by the Generated: Test algarithm

[Hscussions

We have confirmed by some experiments the ability and utility of the model-based
diagnostic and control cxpert system. Although model-based reasoning is one of the
significant mechanisms to rcalize an intelligent diagnostic and control expert system,
the following open problems must be also resolved for its practical use.

1.

b

Facility of model acquisition

The utilized models in the svstem, namely the Qualitative Cuusal Model, Lhe
Device Model, the Operation Frinciple Model and the Dynamies Model, could
be built from the plant design, and should be consistent with each other. In
the current implementation of the system, each model is built and implemented
without any relation to the others. Therefore, the real model sharing is not

realized now.

To support the consistent acquisition and utilization of the models, we should
have a framework to support the maintenance and transformation of the shared
model. As for this problem, we believe that the modeling aspect of QPT [6] is
a useful way Lo resolve it.

Some related works are in the area of the qualitative reasoning., Crawfard [1]

attempted to maintain and support the qualitative modeling environment hy
QPT. The research on hierarchical modeling is described in Falkenhainer [4]

and Yoshida [21].

Over-sensitive verification of the plant behavior

In the current implementation of the Generatel: Test algorithm of the operations-
sequence. the priority or importance of each limit-constraint is not considered
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at all. So, even though the violation of these constraints is slight enough to
be ignored, this algorithm sensitively tries to deal with it. This sensitivity 1s
meaningless for all practical purposes because the plant would be designed with
enough capacity to absorb it. Ior this reason, the system should check the
constraints with some allowable degree of violations. We are now investigating
the mechanism to check the following limit-constraints: the constraint whose
limit value is variable, and the one whose viclation is allowable in some period
of time depending on the degree of the violation.

Monitoring the execution of the gencrated operations-sequence

The Diagnosor selects one classification of the observed symptoms using the
single fault strategy. Howcver, this classification can be invalid, This validity
should be estimated by the plant monitoring after the plant operations.

The IS generales the operations-sequence according to the outputs of the
Diagnosor, and the operations are executed by the SIS, Monitoring whether
the output of the Diagnosoris valid or not is important. If they arc not valid,
another diagnosis must be started. In the new diagnosis, the executed plant
operation must be taken into consideration. This information shanld be used
in the selection of possible classifications.

As for the related work, Dvorak [3] utilizes the Q5IM [10] to monitor a plant.
His research is important because it is clear that the system’s ability to build a
fault model is directly related to the one to monitor a plant. Because the task
of his research is the plant monitoring, he does not refer to the generation of
the operations-sequence for unforeseen events.

. Real-time reasoning by the DIS

The target task of our developing system is not I'IT) control nor adaptive control
in the area of the tradilional control theory but sequence-control. Although our
system is not required of the severe real-time reasoning capability to cover either
PID control o1 adaptive control. it is at least required of the ability to complete
the reasoning in a few ten second. To guarantee this performance, we have been
investigating the parallel reasoning mechanism with a parallel computer [17].
The tarset points of parallel reasoning are as follows:

e Becanse the HIFARTITE algorithnt implemented in the Diagnosor gener-
ates the interprefed dizorders incrementally. each zeneration step can be
calculated in pipeline manner,

e Because the reasoning at the Operation-Generator is based on the each

local computation. il can be done in paralicl by assigning a processor
elemnent to local computation for each device. .
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¢ Because the Precondition-(Veneralor generates five types of preconditions
for each operation, each precondition can be generated in paralle] by as-
signing a processor element Lo each tvpe of each operation.

¢ The Simulation Verifier predicts the plant behavior by utilizing the Dy-
namics Maodel Because the Dynamics Model can be usually divided into
some caleulation parts, simulation can be performed in parallel or in pipeline
manner by assigning a processor element to each area.

We have demonstrated a five times improvement of reasoning time by using 16
processor elements. We use the MIMD type paralle] computer called Multi-PSI
developed by ICOT. To achieve more improvement, we must investizate a better
parallel algorithim.

4. Conclusion

In this paper, we have discussed a intelligent diagnostic and control expert system
based on plant model from the viewpoint of both its theoretical and practical aspects.
The main target of our approach is a system which could deal with unloreseen events.
Our approach adopts a model-based architecture to realize the thinking process of a
skilled human plant operator.

This proposed architecture can support the integrated framework which could
generate the interpreted disorders of unforeseen events and could generate and test
the operations-sequence to deal with them. Tu utilizes the following models : the
Qualitative Causal Model, the Device Model, the Operation Principle Model, and the
Dhynamics Model.

In this architecture, the generation of the wnierpreted disorders is performed by
qualitative propagation using the Quelitative Causal Model. The generation of the
operations-sequence is performed by the constraints satisfaction and analvsis methad
using the Device Model and the Operation Principle Model. The test of the operations-
sequence is performed by the prediction of the plant behavior using the Dynamics
Madel,

In the domain of plant control. model-based diagnosis or operations guidance is
about to be used practically. We believe the model-based reasoning to be significant
and essential as the basis of a intelligent diagnostic and control expert system.
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