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Abstract

A conventional expert system for plant control is based
on heuristics, which are a priori knowledge stored in a
knowledge base. Such a system has a substantial limi-
tation in that it cannot deal with "unforeseen abnormal
gituations” in a plant due to the lack of heuristics. To
realize a flexible plant control system which can over-
come this Emitation, we focus on model-based reason-
ing. Our systermn has three major functions: 1) model-
based diagnosis for unforeseen abnormeal situations, 2)
model-based knowledge generation for plant control, and
3) knowledge-based plant contrel both with generated
and & priori stored knowledge.

In this paper, we focus on the function of model-based
knowledge generation. First, we show an overview of
our system which has an integrated architecture of deep
reasoning with shallow reasoning, Nexi, we explain the
theoretical aspects of model-based knowled ge generation.
Finally, we show the experimental results of our sys-
tem, and discuss the system’s capabilities and some open
problems.

1 Introduction

Currently in the field of diagnosis and control of ther-
mal power plants, the more infelligent and fAexible sys-
tems become, the more knowledge they need. Conven-
tional diagnostic and control experl systems are based
on heuristics stored a prien n knowledge bases, so they
cannot deal with unforeseen abnormal situations in the
plant. Such situations could occur if knowledge enginesrs
forgot to implement some necessary knowledge.

A skilled human operator is able to operate the plant
and somehow deal with such unforeseen abpormal sit-
uations because he has fundamental knowledge about
the structure and functions of component devices of a
plant, the principles of plant operations, and the laws of
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physics, His thought process is as follows,

s Diagnosis of an unforeseen abnormal situation
» Cieneration of plant control knowledge

o Verification of generated knowledge

A skilled human operator can deal with unforeseen
abnormal stuations by repeatedly executing these steps
using the fundamental knowledge mentioned before
Therefore, the concepts of our diagnostic and control ex-
pert system are based on the same steps.

In this paper, we focus on the gemeration and veri-
fication of plant control knowledge. First, we show an
overview of our systemn. Next, we explain the model rep-
resentations and the model-based reasoning mechanisms,
After that, we describe the experimental results and dis-
cues the system's capabilities. Finally, we discuss some
open problems and related work.

2 A System Overview

The model-based diagnostic and control expert system
{(Figure 1) consists of two subsystems: the Shallow Infer-
ence Subsystem (S15) and the Deep Inference Subsystem
{(DIS).

The 515 is a conventional plant control system based
on heuristics, namely the shallow knowledge for plant
control. I selects and executes plant operations accord-
ing to the heuristics stored in the knowledge base. The
Plani Monifor detects ocourrences of unforeseen abnor-
mal situations, and then activates the DIS.

The [MS consists of the following modules: the M-
agnosor, the Operation-Generator, the Precondition-
(Feneralor, and the Simulafion- Verifier. The Diegnosor
utilizes the Qualitative Causel Model for plant process
parameters to diagnose unforeseen abnormal situations.
The Operation-Generator figures out which plant oper-
ations are necessary to deal with these unforeseen ab-
normal situation. It utilizes the Deviee Model and the
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Operation Principle Model. The Precondition-Generator
attaches the preconditions to each plant operation above,
and as a result, generates rule-based knowledge for plant
control. The Simulation- Verifier predicts plant behay-
ior which is to be observed when the plant is operaied
according to the generated knowledge. [Ii utilizes the
Dynamics Model, verifies the generated knowledge us-
ing predicted plant behavior, and gives feedback to the
Uperalion-Generator to refine the knowledge if necessary.

The knowledge compiled from models by the IS is
transmitted to the SIS, The SI8 executes the plant op-
erations accordingly, and as a result, the unfareseen ab-
normal situations should be handled properiy.

(" Deep Inference Subsystem )

Figure 1: An overview of the system

3 Model-Based Generation and
Verification of Knowledge

The main purpose of this section is to present a genera-
tion and vezification procedure for plant contral knowl-
edge to deal with unforeseen abnormal situations. This
knowledge is in IF-THEN format.

3.1 Model Representation

The Device Model and the Operation Principle Model are
used to generate the knowledge. The Dynamics Modsl is
used to verify the knowledge, We explain these models
briefly.

1. Device Model

The Device Model representzs the fundamental
knowledge about the functions, structure and char-
acleristics of a plant. DBecause a plant consists of

component devices, a Device Model can be defined
for each component device. Figure 2 shows the De-
vice Model representation for a boiler-feeding-water-
pump, which supplies water to a boiler.

THENTE -_Hh
demand a_bif = 360 [ton'hr]
goal : a_biY = cupachiy( &_biT)
3 on )= ton'hr
sates of ; f:__ttr{ .ﬂ’mj .
operation Off —pcn ; time-leg = 0.1 [br] , d'di s WT) =+
o <Pl ; flme-ag = 0.1 fhr] , didi{ s bir) = -
quality : idt{a_BIT) = ] a_bar)
flawr o [ defimed ai wysiem )
L { defined ai fysiem )
system : bifp_systeen{ a_bdTf, a_b4ir}

Figore 2: An example of the Device Model

The demands for each component device are de-
scribed in the demand slot, and their constraints
to be satisfied are described in the goal slot.

The functions of each component device are de-
scribed as possible states of each device in the states
slot. The operations of a device are defined by the
change of its state.
Direct and indirect influences to plant processes
by operations are described in the operation and
quality slots respectively,
The structure of a plant is described in the flow_in
and flow_out slols. In addition, hierarchical med-
eling can be done as shown in Figure 3.

bokler bfp sydem  de-aeralor

Figure 3: Hierarchical modeling of plant devices

2, Operation Principle Model

The Operation Principle Model is concerned with
the principles for safe and economical plant control.
It consists of the following two rules.

# Strict Accordance Rule
The purpose of this rule is to ensure plant
safety throughout a series of plant operations,
It consists of the following two components: a
rule to use a device within its own allowable
range, and a rule to keep a faulty device out of
service,



# Preference Rule

The purpose of this rule is to ensure an econom-
ical plant operation. It consists of the following
two components: a rule to keep the number of
in-service devices to a minimum, and a rule to
equalize the serviee-time of each device,

3. Dynamics Model

The Dynamics Model represents the dynamic char-
acteristics of the plant. In the avea of plant con-
trol, the Dynamics Model is concerned either wiilh
the functions of traditional plant controllers based
on PID-contrel or with the characteristics related to
physical laws, Figure 4 shows the model of a water
fow-contreller. Kp and T are constants. 1/s means
the integral operater.

Figure 4: An exemple of the Dynamics Model

3.2 Model-Based Reasoning Mecha-
nism

We briefly explain the model-based reasoning mechanism
of these modules: the Operation Generator, the Precon-
dition (Fenerator and the Simulation- Verifier,

1. Operation Generator

This module determines the geal-stule where all of
the constraints defined by the Device Model and
the Clperation Principle Model are satisfied. Gen-
erally, an unforeseen abnormal situation causes a
state change of a plant, and this change can make
the above constraints unsatisfied. To estimate this
unsatisfied constraints, the following functions are
neaded.,

{a) Verification of Constraints
All the constraints defined by the Device Model
shouid be verified to see if they are still satis-
fied after the unforeseen abnormal situation.
This function {Figure §) consists of the follow-
ing two sub-functions: propagating the change
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at each device to the others according to the
connections of devices, and locally verifying the
constraints at each device,

——————— device A device B
process flow i —
* Propagate * )
changs
(m“hdu’l State change | Parsmeter's |
L Le. eperaticn )i yalue change !
L& exiernal
L ..... thacge /

Figure 5: Constraints verification function

(b) Update of the Goal-State

I some of the consiraints at a certain device
are proved not to be satisfied, a new state for
this device should be sought in order to sal-
isfy them. This function (Figure 6) consists
of the following sub-functions: searching for a
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 fo the constraints defined
by the Operatien Principle Model, and generat-
ing new demands for connected devices accord-
ing to the Device Mode! and propagating them.
The plant operations are deduced by taking the
difference betwesn the initial gosl-state and the
updated one.

Figure 6: Goal-State update function

2. Precondition Generator

In the domain of thermal power plant control,
preconditions of each plant operation cam be
classified into the following five generic classes
[Konuma 1990].

» Preconditions for the state before an operation
» Preconditions for the order of operations
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& Preconditions for safety during an operation
# Preconditions for the timing of an operation

¢ Preconditions for completion of 2n operation

This meduls generates the above preconditions for
each operation by analyzing the goal-state according
to the constraints defined by the Device Model An
image of their generation process 1s shown in Figure
T

Figure T: Generation process of preconditions

3. Simuiation Verifier

This module predicts plant behavior nsing the Dy-
namics Model to verify the knowledge compiled
from models by the Operefion Generator and Pre-
condition Generator. The prediction of plant be-
havior can be realized through simulation methods
[Suzuld 1990]. After the prediction, the module ex-
amines whether or not undesirable events have oc-
curred. Undesirable events can be defined by several
criteria, but one of the most important is the tran-
stent violation of the allowable range for each pro-
eess parameter’s value. The execution of plant op-
erations usually causes the transient change of pro-
cesses due to the dynamic characteristics of a plant.
If this change i= beyond the allowable range of a
current plant state, it is detected as a violation.

The Simulation-Verifier supports the Gener-
atel Test algorithm of knowledge [Suzuki 1990] as
illustrated in Figure 8. This process can be for-
melized as updating the goal-state according to the
degree of the vielation.

procedure GeaeraledTes (M oor D4, 50)
begin
| 52, 0p ] <= Operation_Gensrate (M or DO, 50} ;
K1 == Precorulirion_Generate |50, Se, Op )3
PS5 <= Simulale {50, K1);
[ M, T, 51 ] == Verify (PS);
IFNG =\= constralmi_vielation
then retwrofK1,5e);
else

[ K2, 83 | <= Generated Test (D1, 51);
[ K3, S ) o= CeasradediTent (M, 53);

Kd «=FIX{Kl )+ K2+ K3;
return{ K4, 52 ) ;
endif
end
NOTATION
51, 5e : plant state M :oatput of Disgoosor
DN : demand for & device ‘Op : plant operations
PS5 : plant behavior NG : Mag for allowable range
Kl:plan of plant operations. Floatlens
[ ]2 list expression <= i substitution expression

Figure & GeneratedzTest algorithm of the knowledge

4 Experiments

We have implemented the expert system on Multi-PSI
[Talki 1988), To realize a rich experimental environment,
wa have also implemented a plant simulator instead of an
ectual plant on a mini-computer G8050. Both comput-
ers are linked by a data transmission line. This section
describes the results of some experiments.

4.1 Configuration of a Thermal Power
Plant

Figure 9 shows the configuration of the thermal power
plant. It consists of controllers (hatched rectangle) and
devices. The condenser is a device for cooling the fur-
bine’s exhanst steam; the steam is reduced to water us-
ing cooling water taken from the sea. The reduced wa-
ter is moved through the de-aerator to the botler by the
condensation-pump-system and the boiler-feeding-pump-
sysbemn. The cooling water is provided by the circolation-
pump-system. The fuel-system supplies pulverized coal
to the boiler.

4.2 Experimental Results

The total of the Device Models in the system amounts
to T8 (Table 1). In this table, the difference between the
nurabers in the left and right columns is due to hierar-
chical modeling.

The experiments were performed as follows.

1. First, we selected appropriate faults of the follow-
ing devices: a coal-pulverizer, a boiler-feeding-pump,
a condensation-pump, & circulafion-waler-valve, and
a water-heater. We made these faulis the malfunc-
tions of the plant simulator. We also set them up
for multiple faults,
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Figure % Configuration of a thermel power plant

2. Next, we extracted some specific knowledge for plant
contrel from the knowledge base in the SIS This
specific knowledge was necessary to deal with the
selected faults, As a result, the selected faulis were
equal Lo unforeseen abnormal situations.

3. Finally, afier activating the mallunctions of the
plant simulater, we confirmed that the INE com-
piled ihe knowledge from the models and that the
SIS executed the operations accordingly.

We explain the quality of generaled knowledge for a
single fault, because the results in multiple faults are the
same as in a single fault, In the experiments, the con-
tents of generated knowledge are concerned with switch-
ing from a faulty device to a backup one. Table 2 sum-
marizes all the generated plant operations. In the case of
a water-heater fault, the system failed to generate plant
operations, In other cases, the system succeeded in gen-
erating plant operations. We estimate the quality of the
generated knowledge in terms of its preconditions. This
table lists columns consisting of the following items for
each operation: the number of the preconditions encoded
by a human expert (1), the number of the essential ones
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Tahle 1: The amount of devices and controliers

Amount in | Amount in

the plant the Device Models
Devices 43 63
Controllers T 15
Tatal 50 78

in N1 (N2}, the number of generated ones by the system
(1), the covered ratio of N2 by the system (C'R1), and
the uncovered ratio of N2 (ER), namely, the ratio of N2
missed being generated or incorrectly genevated by the
system. (O H2 will be explained in Sectioni.)

The difference between N1 and N2 15 due mainly to
the following reason. Although a human expert specifies
the preconditions of the knowledge as generally as pos-
sible, the system generates specialized preconditions for
each cccurring unforeseen abnormal situation. With this
point in mind, we determine N2 by eliminating unnec-
essary preconditions from N1. CRi (i==1,2) and ER are
calculated by the following formulas.

. _ Success(N2)
CRi= —
_ Miss(N2) + Fail(N2)
ER= 3

Suceess{ N2) denotes the number of V2 generated by
the system; Miss{N2) the number of N2 which were not
generated; and Fail{ N2) the number of N2 incorrectly
generated.

We also comsider the
Success(N2).

Fn]lﬂwing in s;va.ll.]at.jng

» Although the generated preconditions enumerate
the individual state of each device, & human expert
often represents them succinctly. For example, the
conjunctive precondition "a bfp = on® A “bbip =
en” A “ebip = off" are represented as “the number
of activated bip = 2"

e The systemn often generates superfluons precondi-
tions that a human expert does not mention.

+ Although a human expert encodes preconditions for
the selection of an in-service device, the system
never generate them because they are already es-
timated in applying the Operation Principle Model

Mone of the above devalues the quality of generated
knowledge because the system is required only to gen-
erate specific preconditions for an occurring unforeseen
abnormal situatien. For this reason, we regard gen-
erated preconditions applicable to any of the above as
Succeas(N2).

We carried out the experiments under the following
conditions,
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Table 2: Quality of generated knowledge

o Onee DIS was activaled, no further unforeseen ab
normal situation eceuered.

» The E‘iagnnsnrdnduc:rd the evact dl.:ngnastlc results,

Because of the above conditions, SIS interpreted all
the generated knowledge and handled the unforescen ab-
normal situations. Figure 10 shows the generated knowl-
edge and its corresponding knowledge encoded by a hu-
man expert for the operation no5 in Table 2. We alwo
show some additional information in Figure 10, which is
referred to in the next section,

5 Discussion

In this section, we evaluate the system’s capability to
generate the necessary plant operations and to genee-
ate the comrect preconditions for each operation. The
former is concerned with performance of the Operation
{eneralor and the latter is concerned with that of the
Precondition Generator. In addition, we discuss the pros
and cons of using Muiti-P5] and some open problems.

1. Capability to generate plant operations

— Precond. The number of preconditions
pumion | operadon™ | K" Kl | St |G (OB 2R | e 1
Pulverizer L Patverizer | 12 6 11 100 0 100
ot  Pulverizer | 8 8 12 100 0 100
i a2 18 8 2 78 100
- Pwey 26 10 8 40 60 9
wp | ’:ﬁt;m ' 32 8 8 38 62 75
k|Gt EWCY 12 4 7 75 25 100
T RWCY 14 6 9 83 17 100
> BEP 23 8 11 87 13 100
- 17 7 6 57 43 100
Fault 110, bt 13 7 8 86 14 100
T 8 7 7 57 43 100
owy [ T6 4 3 7 67 33 100
a1 4 3 8 67 33 100
T [ 7 8 71 29 100
wrr | ppend l:'ﬁ' 4 3 :«i:: op MGP ;u“u:r: op ?m“:rﬂt: op
Foult [y oince s HTR talled o tailed 1o falied ta falled to
VLY 4 3 gonsrats 0P| gensrate OF | genarate OF | genarste OP

In the experiment, the system could generate all the
necessary plant operations for each malfunciion ex-
cept the water-heater fault. We briefly explain the
reason for this failure beilow.

At a boiler, the following approximation holds true
for outlet steam pressure { F), inlet fuel Aow {F}, in-
lei water temperature (') and inlet water flow ().

P= f{qF + QO(T — o) + co)dt

&,y are positive constants, and o, e are correc-
tion terms related to other process parameters.

The Operation Generator caleulates F, G and T
from P using this formula defined in the Device
Model P is the demand for the boiler. After that,
the Operation Generator propagates ' to the fuel
system, and G and T to the water-healer as a new
demand respectively. In this time, the Operation
(Generator must evaluate the above formula from left
side to right side, but possible value combinations of
F 7 and T cannot be decided using the single input
value P, To deal with this undecidability, the Op-
eration Generator utilizes the Operation Principle
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device, this concept does not hold true for de-
vices such as PID-controllers or devices placed
under the control of PID-coatrollers,

o driem evd = ML - 20 mim)] ——™

nob i drum Jevel < NBL + 2|mm] ——*
moe 1 B fwey 58 = sutp  —————i

mod: b_fwey sz = milo
BOE € We = HigE e — St

oofi g bfp fw_dews -5 [5%] -"——“LTE"' ey Although we can resolve the former two problems
nog: ¢ bip fe dev<5[%)

nodi e fwev 81 = Euto _..-—..- easily, the last problem is serious because it is closely

i huum expert related to the basic concept for the generation of

s = Ll preconditions. It is still an apen problem. In Table

2, column C'R2 represents the expected results after

' . the refinements against the former two problems.

P za b_twev s = suty ——=—" The remaining uncovered pacts for operations 4 and
e mod: & fwey g5 = hand ————————

nod:

moSy

mal: m Iwev g3 =apto =™

&b = . e 5 (ER is 10% and 25% respectively) are related to
.a)"lm_ oy — the last mentioned problem above.

no.T: de-aerator level = NML - 200 — Bet . .
noB: & feev_m :-::--::} il | chrerl | 3 Real-time reasoning using Multi-PS1
ned: ¢_Pwey_m <72+ 8 -

Feod= drum level = NML - 200[man) 1+
I..';"li drum bevel -N‘lﬂ.:ﬂu]]""

—u-ul noll: c_fweov_ss = sule
Compiled knowledge

Figure 10: Knowledge for c.bip controller

Model and approximation functions supplemented
with the Device Model The failure in water-heater
fault is caused by this reasoning mechanism, We be-
lieve that additional principles are needed to evalu-
ate such a procass balance.

. Capability to generate preconditions

From (7Kl and ER in Table 2, we can ses that
most of the generated preconditions are imperfect,
namely £f > 0. The reasons. are as follows.

¢ The Precondition Generafor failed to generate
preconditions related to devices not modeled
in Device Model. An example is the set of pre-
conditions to establish the electric power sup-
ply for the pump. We can resolve this problem
easily by angmenting the Device Model.

o Although all the necessary preconditions could
be checked in the goal-state search, the Precon-
dition (Fenerator missed analyzing them. Noi
to no.j in Figure 10 illustrates this point. The
system focuses only on the neighbor devices
of the operated device. Because the system
is required only to generate specific precondi-
tions for an occurring unforeseen abnormal sit-
uation, we can resolve this problem easily by
extending the focusing area.

¢ The Precondition (Gemerafor generated incor-
rect preconditions for the timing of operations,
as shown by no8 to no.9 in Figure 10, Al
though the system is based on the concept that
the timing of operations can be determined
from the maximum outlet process flow of each

Although our system does not tequire of the severe
real-time reasening capability to cover either PID-
control or adaptive-contrel, it requires at least the
ability to compile the knowledge within a few min-
utes, To guarantee this performance, we have been
investigating a parallel seasoning mechanism with
Multi- P51 [Suzvki 1991]. We can use KL language
on Multi-PSI, which is a profitable language to im-
plement a multi-process system concisely. In par-
ticular, its process synchronization mechanism by
“suspend” is an advantage for our system implemen-
tation. In apite of this point, it is very difficult to
achieve a drastic speedup using KL1 and Multi-PSL
We have already demonstrated a threefold to five-
fold improvement of reasoning time by using Multi-
P8l with 16 processor elements. To achieve more
improvernent, we think we must make a more elab-
orate implementation.

. Utility of the compiled knowledge

In contrast to the classical approach by shallow
knowledge, our proposed model-based reasoning
mechanism succeeded to deal with unforeseen ab-
normal situations in a plant. This point is the utility
of the compiled knowledge,

Although our proposed mechanism is powerful to
deal with unforeseen abnormal situations, it is weak
with respect to the acquisition of knowledge which
is reusable in the SIS, Because the system generates
specific knowledge only for cccurring unforeseen ab-
normal situations, the generated knowledge is either
too general with respect to the lack of some con-
junctive preconditions or too specific with respect
to their enumerative representations from the view-
point of its reusability.

. Facility of model acquisition

The system utilizes the Qualitative Causal Model,
the Deviee Model, the Operation Principle Model
and the Oynamics Model These models could be
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built from the plant design, and should be consis-
tent with each other. In the current implementation
of the system, each model is built and implemented
separately, Therefore, model sharing is not yet re-
ahzed.

In a diagnostic task, Yamaguchi[Yamaguchi 1987]
refers to the facility of model acquisition. Some
other related works are in the area of the qualitative
reasoning. Crawford [Crawford 1990] attempted to
maintain and support the gualitative modeling en-
vironment by QFT,

6. Over-sensitive verification of the plant behavior

Iai the current implementation of the Generafed Test
algorithm for the knowledge, the priority of each
allowable range is not considered at all. There-
fore, even though the violation of the range is glight
encugh to be ignored, the system iries to deal with
this violation sensitively. This sensitivity is mean-
ingless for all practical purposes because a plant
would be designed with enough capacity to absorh
the violation. For this reason, the system chould
check the range with some allowable degree of vio-
letion. We are now investigating the mechanism.

7. Monitoring the execution of the generated knowl-
edge

la this paper, we supposed that the Diagnosor can
diagnose unforeseen evenls exactly, However, in
general, this suppositien can be invalid. Diagnos-
tic results should be estimated by plant monitoring
following the plant operations.

As for the related work, Dvorak {Dvorak 1939)] uti-
lizes the QSIM [Kuipers 1986] to monitor a plant.
However, he does not refer to the generation of the
krowledge for unforeseen events.

6 Conclusion

We proposed a diagnostic and control expert system
based on a plant model. The main target of our approach
is a system which could deal with unforeseen abnormal
situations. Our approach adopts a model-based archi-
tecture to realize the thought process of a skilled human
plant operator.

In this paper, we focused on model-based generation of
piant control knowledge, and explained the detailz of the
model-based reasoning. Our system utilizes the follow-
ing models: the Device Model, the Operation Principle
Model and the Dynemics Model We also discussed its
ability as demonstrated through some experimental re-
sults. The results encourage us to make sure the madel-
based reasoning capabilities in plant control,
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