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A Multi Agent System for Monitoring Industrial Gas
Turbine Start-up Sequences

Eleni E. Mangina, Stephen D. J. McArthur, J. R. McDonald, and Alan Moyes

Abstract—This paper introduces a novel technique for condition
monitoring of gas turbine start up sequences. The vast amount of
data and the complex processes behind on-line fault detection indi- ==
cate the need for an automated solution. A multi agent system that l

views the problem as the interaction of simple independent soft-
ware entities, for effective use of the available data, is presented. | FEH 2
The overall solution is derived from the combination of partial ‘ f e | i —e

=

solutions provided by the components of the multi-agent system. _,r"?"'_,."" o —
As a consequence, data interpretation is achieved by converting J:—_:;;'; _— — | rn |
the data into appropriate information and combining individual 5] IR .

agents’ information, resulting in an automatic fault diagnosis for

the engineers. This multi-agent system can employ various intelli-
gent system techniques and has been implemented using the ZEUS ENGEINEER lq—
Agent Building Toolkit.

Index Terms—Condition monitoring, intelligent agents.

Fig. 1. Current status of problem domain.
I. INTRODUCTION

Y DEFINITION, condition monitoring is performed when . S . .

it is necessary to assess the state of a plant item and’%h centralized applications, which model the whole plantin a

determine whether it is malfunctioning, through reasoning aﬁng'_e _50”“"?“6 system. . . .
Within this paper, Section Il discusses the applica-

observation [1]. Early diagnosis and fault identification is an - . o o
tion problem domain of gas turbine condition monitoring.

important activity for maximizing the plant economy, its op- tion I ts th wal f K of th d
erational costs and levels of safety. Engineers have introduc%%c lon 1l presents the conceptual framework of the propose

better decision support for complex condition monitoring prJI‘“'F"agenlt Zystem andf Sect![(')n IX dest,)crtlbes thﬁl analy5|ts gnd
cedures through the application of centralized intelligent syg§ES|gn Including the nformation tlow between the agents in

tems by using a variety of artificial intelligence (Al) techniqueé)r(jler to repllcate the d|agnosfuc tasks performed by the engi-
hoeers. Section V presents the implementation of the framework

[2]-[5]. It is now widely recognized that problems due to t £ d Section VI outl th luSi q directi
functional complexity of condition monitoring can be overcomfn ection V1 outiines the conclusions and some directions

with architectures that contain many dynamically interacting i or future work.
telligent distributed modules, called intelligent agents [6]. Each
agent is an autonomous system, which processes a selection of Il. PROBLEM DOMAIN

input, and the complete interpretation and diagnosis is acCOM-The condition monitoring of a gas turbine involves contin-
plished through the process of interaction with the other agenigys measurements and evaluation of the state of the turbine
This paper introduces a real time condition monitoring mU'Huring its different phases (start up, operation, maintenance
agent system (COMMAS) developed to facilitate the task @ic ). within the proposed architecture, autonomous software
monitoring the performance of a gas turbine. The agents collgGiiities will have the ability to recognize the phase of the
measurements from the turbine sensors and an existing en@gg turbine operation and reason in an appropriate way based
management system (EMS), analyze abnormal measuremep{Sphase specific knowledge bases (KB). Therefore, the
and perform fault diagnosis. The aim of this work is to improvﬁ]ulti—agent model will not change, but each agent will use a
the accuracy of the existing monitoring systems by buildingjtferent knowledge base for the different phases of operation.
smaller software components, which contain partial informatiqRithin this work, the software system is initially targeted for
of the state of the plant being monitored. They interact in adbfnplementation during the turbine’s start up phase, where
namic way to support data fusion, cross sensor corroborati@qbwbdge has been captured and archived from the experts.
and decision support functions more efficiently. This contrasge intelligent software agents focus on all the actions taken
from the initial starting of a cold engine, up to the point at
Manuscript received September 11, 2000. This work was supported by iMich synchronous speed is achieved. The Engine Manage-
Greek State Scholarship Foundation (I.K.Y.). o __ment System (EMS) provides textual and graphical information
The authors are with the Center for Electrical Power Engineering, Unlvers% the engineers as shown in Fig. 1. There is a division of
of Strathclyde, Scotland, U.K.
Publisher Item Identifier S 0885-8950(01)06062-X. responsibility between the EMS, the Package Control System
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Fig. 2. Proposed solution of problem domain. Fig. 3. Condition monitoring multi agent system.

(PCS) and the Engine Protection System (EPS). Various flags software process and the expert can have a global view of the
are produced from the EMS, which are either fault alarms gfate of the plant and access the information flow within the soft-
status indications and are passed through the EMS, PCS gpdle quring its execution. The tasks for condition monitoring
EPS. These indicate the different stages of the gas turbiR,e heen distributed to the agents, based on the type of problem
start up. At present, due to lack of diagnosis tools, the contighmain functions they have to perform, which are described
system experts carry out an on-line diagnosis using the flaghin the following section. Importantly, the agent-based ar-
on display in association with the different on-line printedpiiecture allows any reasoning paradigm to be used by each
diagrams, which show the levels of important parameters of (hgjiyigual agent. Models of the turbine are being investigated
gas turbine at each time point (e.g., HP, IP and LP spool speed3.inciusion in an agent, which uses model based reasoning. In

which represent the speeds of the high, intermediate and Igygition, case based reasoning and artificial neural networks are
pressure within the turbine respectively). The complexity of thgg, being researched.

engineers’ tasks enhances the requirement for a decentralized
intelligent system, which will effectively utilize the different
sources of data by employing various reasoning techniques.
The centralized intelligence approach lacks flexibility and ex- The vast amount of knowledge, the variety of condition
tensibility. The goals and reasoning activities tend to be fixephonitoring tasks and the continuous interactions between soft-
Moving to an agent-based architecture allows simultaneoware modules indicate the use of a multi agent system, which
complex tasks to be performed in real-time; better handling oAn access, filter and combine different types of information
inaccurate data is achieved and each agent can be independérttiy various sources. The hierarchical structure of the multi
updated. Therefore, this emphasizes the need to use intelligrgént system is the result of the functionality of the condition
agents [7], autonomous distributed software entities, that hawenitoring process. At the first stage an analysis of both the
the ability to use different artificial intelligence techniques anflags provided from the EMS and the raw data concerning the
to communicate and interact to solve a complex engineerifip, IP and LP spool speeds has to be performed. Subsequently
problem such as condition monitoring. the results of this analysis are corroborated, as parameters must
In contrast to the traditional scenario of Fig. 1, the proposéwve certain relationships at certain stages of the turbine’s start
decentralized, automatic solution is shown in Fig. 2. The nawp. The final diagnosis is the outcome of the whole procedure,
software is based upon intelligent agents, which efficiently swhere different types of problems can be diagnosed. COMMAS
pervise and control the turbine systems on behalf of the expehtirarchical layered approach, as shown in Fig. 3, includes three
The agents have to operate in a complex, dynamic and ladjfferent layers: Attribute Reasoning Agents (ARA), Cross
physical system, where global solutions have to be achievBdnsor Corroboration Agents (CSCA) and Meta-Knowledge
(e.g., fault diagnosis), therefore different problem solving tecReasoning Agents (MKRA). ARA, using local problem solving
nigues must be used to effectively analyze and process varideshniques, will perform the interpretation of plant sensor data
sources of data. The software components process their datdaethe main parameters of the turbine (e.g., HP spool speed)
sources locally and interact to communicate their results in ordesed on their embedded knowledge (derived from the elicita-
to produce a coherent solution. tion process with experts) about their constraints and thresholds
The inference mechanism embodied within each agent laging certain stages of the gas turbine start up. The next layer
been derived from structured knowledge elicitation meeting$ agents (CSCA) will corroborate the results of the previous
with gas turbine control system experts. Concise and focuseterpretation by asking for confirmatory evidence of problems,
information about the plant and its processes was providedtimough communication, and they will send their conclusions
the form of transcripts and knowledge models, which have beenthe MKRA. The final conclusion concerning the general
used for the specification of the intelligent system. The connestate of the plant, details about which stage of the start up the
tion between the multi agent system and the experts is achieterbine is in, any faults (e.g., sensor faults) that might have
by the Operator Interface agent, which addresses the result®aturred during the process of condition monitoring, as well as

[ll. CONCEPTUAL FRAMEWORK
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Fig. 6. Rule based interaction of agents.

The objective of the analysis stage is to develop and under-

stand the software system and its structure. This understandig@nts. This pattern of interaction has been formally defined and
within the problem domain is captured in the system'’s organipstracted from the sequence of experts’ execution steps.
zation. We view the multi agent system as a collection of roles e configured agent responsibilities and interactions be-
that represent certain relationships to one another and take paten them form the basis of the application design, which
in systematic interactions. Therefore, to define the organizatiGRe| des the low-level abstraction of programming code to
we must define the roles, and how these roles relate to one BB-implemented. The agent paradigm is an extension of the
other and how they interact. The agents are objects that hgfgect-oriented one and as a result the agents must encapsulate
their own beliefs (facts that represent state of the plant, updatg required techniques to realize the application goals and
appropriately after each sensing action), desires (goals they ha¥gmunicate their results to other agents. The design process
to achieve) and intentions (tasks they have to execute to acCcop|ves generating the individual agents and a general model
plish their goals). This belief, desire and intentions (BDI) modeg} them is given in Fig. 5. Every agent has its own abilities,
of agents is a formal theoretical approach, uses modal logic f@kources (facts), tasks (the problem domain tables and the
handling events occurring during the plant's operation and hasneral agent tasks), mailbox (to send and receive information
been applied successfully for a number of other applications [§lom the other agents) and ontology [9] (all the agents within
The responsibilities of each agent determine the functionalifye society must refer to the same meaning for concepts they
and the roles associated with them. For example a role mighfmmunicate i.e., a dictionary).
be the ability to read a particular item of information (i.e., HP pp, example of the experts’ knowledge, which has been
spool speed on-line data), to provide the user a graphical vighedded within the agents, based on which the multi-agent
of the state of the plant, etc. Two general types of agents hayvare system “senses” the turbine and tries to detect any
been developed: changes, is given in Fig. 6. The engineer has started COMMAS

- Interface agents (i.e., Operator Interface agent, to cqfiag “START” is generated) and the EMS generates the

trol the interaction between the user and the systemjlags “EMS_READY” and “START_ENABLED.” If after a
- Application agents (i.e., ARA, CSCA, and MKRA), tocertain time period the flags “START_IN_PROGRESS” and
control the execution of the different application taskSCRANK_PERMITTED” are given from the EMS then it is

There are inevitably dependencies and relationships betweeoognized from the CSCA_STAGES (which is responsible
the various agents; therefore interactions need to be capturetbinthe turbine’s stage recognition) that the turbine has started
such a way that they mimic the expert’s reasoning. These linktage 2 (Cranking). A message is sent then to ARA_HP and
between roles are represented in Fig. 4, where it is shown tA&RA_IP because they have to enter the society to monitor the
the functionality determines the interaction model between th? and IP spool speeds respectively that appear at this stage.
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Fig. 7. Information provided to COMMAS.

time intervals. Logic formulae have been used to represent
this procedure within the BDI framework. The modal logic
They inform the CSCA_HP_IP of any changes, which wilpperators that have been used are translated as:
then send the results to the MKRA. The latter will notify thd- (¢, t): It is believed that &” occurred at time t
engineer of the final conclusions of the software. M (¢, 1): It is possible that$” occurred at time t

The key approach to the system’s analysis and design that h&é»): It is necessary thats” occurs
been followed is to go systematically from a set of requiremeriéere ‘" is any kind of fact, given or produced by the agents.
to a detailed design of a multi agent system for a direct implés shownin Table I, both the CSCA and MKRA have certain be-
mentation, which is described in the next section. liefs, based on the data they receive. The ARA_HP and ARA_IP
(which have processed the data sent from the HP and IP spool
speed sensors of the turbine respectively) send the appropriate
messages to the CSCA_HP_IP, which represent their beliefs.

This section illustrates how the conceptual framework hdde latter will have to identify if the relationship between the HP
been applied based on the analysis and design of the mu¥d IP spool speeds is the appropriate one, so it performs its rea-
agent based System for Condition monitoring Of the start @Qning and Sends the I’esultto the MKRA, Wh|Ch W|”|dent|fythe
sequence of a gas turbine. The start sequence can be divigiéde of the turbine process. The MKRA in conjunction with the
into six sections (pre-start permissives, cranking, torch light uigsults received from other agents (e.g., regarding which stage
central light up, acceleration to sub-synchronous idle and 4B€ turbine is in) reasons logically (based on the knowledge rep-
Ce'eration to Synchronous |d|e) that the Software must recd Sented in IOgiC formulae) to assess the state Of the turbine and
nize (based on the different flags provided from the EMS). [@agnose if a fault has occurred.
parallel, it must monitor the sensor attributes. The intelligent For example, in Table I, it “believes” that stage 1 has started
software agents have been developed based on their special@d finished, the relationship between the HP and IP spool
functionality within the software. For example the three maipPeeds is normal and there is no possibility"(s the negation
attributes HP, IP and LP spool speeds are being monitored fr§iin) of a fault existence. Therefore, MKRA informs the
ARA_HP, ARA_IP and ARA_LP agents respectively, whereg@ngineer that the first stage has finished successfully and it
the stage recognition is being achieved from the specializBépceeds to the next stage, as these are necessarily true facts for
CSCA_STAGES, which receives the flags from the EMS of tHE At this stage the variables (*?”is the sign for noninstantiated
turbine. variables) of the facts at its desires database will be instantiated

Since the problem domain has been viewed as a set of intgfurbine_state (t normal)], [Fault_occurred (t false)]}. The
actions, attention has been focused at the purpose of the inteRgiefs, desires and intentions will also be updated. A more
tions and the message exchanges between the agents. The agéfded example of the agents’ interaction within COMMAS
within COMMAS communicate using the Knowledge Querys provided in Fig. 8, where:
and Manipulation Language (KQML) [10] structure, which is 1) Agents need to register with the Turbine agent, which
of type: Send_messageehder MKRA)(receiver ARA_HP) holds the database of the turbine data.

(type inform) (context((name ARA_HP) (register))) where the  2) There are interactions between the Turbine agent and the
MKRA sends an inform type message to ARA_HP to orderthat CSCA_STAGES (to process the EMS flags) and between
the latter is registered within the society and starts monitoring  the Turbine agent and the ARA agents (to process the data
the HP spool speed. The information COMMAS receives (flags  for the turbine attributes).

from the EMS and data for HP, IP, and LP spool speeds) at cer-3) There are interactions between the ARA HP,
tain time points (represented@sts, . .. t,) is shown in Fig. 7. ARA_IP and ARA_LP with the CSCA_HP_IP and

Based on these facts the internal reasoning of the agents CSCA_HP_IP_LP, after processing the information in
includes processing changes, events and their relations within  response to the queries of the CSCA agents.

V. IMPLEMENTATION
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of an emergency shut down the user can also order the system
to terminate.
The final results, will be given from the Operator Interface

Fig. 8. Example of interactions’ diagram.

’_“' agent, an example of which is shown in Fig. 10. The start-up in
: S el bl this case, failed to be completed due to a failure in stage 5.
2rovl el As more research is performed and more intelligence is
it Ko | added, the system will be able to distinguish between closely
R e related faults. In summary, the system performs the following
tasks:

- Processing of flags produced from the existing soft-
ware system in order to identify the stage of operation
of the turbine’s start up,

- Monitoring of the HP, IP, LP spool speeds as well

d as other important parameters (i.e., temperature, pres-
sure) of the turbine; and finally

- Combination of the results from these distributed pro-
cesses for accurate and efficient automatic on-line con-
dition monitoring.

Fig. 9. Graphical user interface of operator agent.

4) CSCA agents respond to queries of the MKRA, to allow
the user to view, in a diagram the attributes’ changes over VI. DISCUSSION
time. . . . .
The MKRA not only informs the user of the state of the tur- In this work, the design and the implementation of a novel

b, bt controls the software system (.. MKRAbased on i 0L B2 TEEE LR DO T8, FECUATEe T ST
belief “the first stage has finished,” must inform the ARA_H gy g b

to register with the society and start monitoring the HP spomOnltorlng systems. The new modular design will upgrade

: L centralized architectures and allow on line automatic assess-
speed, as the turbine has finished the stage of pre-start permis- ; . . )

; - ) ! . . ment of the plant's health through decentralized information
sives). Within a multi-agent environment conflicts can arise for . - - .
different reasons processing, providing decision support for the engineers, who

are currently performing the fault diagnosis manually.

Within a multi-agent environment conflicts can arise for dif- : :
_— . The Rolls-Royce Company is currently researching agent
ferent reasons. Agents may have conflicting beliefs or goals or . . : : 2o
¢ technology with the intention of setting up test bed applications
they may have to share limited resources. The software agents .
Y - ; . fo prove the performance of real turbine systems.
within this work group the conflicting sets and negotiate wit

other agents of the society to find the exact contradiction an Although Zeus is not a commercial quality toolkit for devel-

then, depending on their available resources, they will ask fp'ng industry strength applications, it has provided promising

advice from the user. Within the tasks for future development (r)efsults for an appl|cat|gn where there were decent_ralllz_ed re-
. ) . : sources and a need for increased robustness and reliability. This
the software system is a mechanism to deal with conflict reso-

lution and incomplete knowledge by employing different intel§yStem W.'” be _enhgnced with th_e |nc|u5|_on Of. more than one
ligent learning techniques. computational intelligence technique, which will then evaluate

COMMAS has been implemented using the ZEUS Agert1t[]e lresults in a more efﬂme_nt way. This can pe implemented
o . . . ; easily by adding new functionality to the multi agent system
Building Toolkit [11], which is an environment for the rapid de- : . :
) L L due to the modularity of its design.
velopment of collaborative agent applications (within the Java
Development Kit available from Sun Microsystems, Inc. [12])
and runs on all major hardware platforms. Fig. 9 illustrates the
graphical user interface developed for the Operator InterfaceThe authors would like to thank the British Telecom Intel-
agent, where the user can visualize the flags produced from tigent Systems Group for providing the ZEUS agent building

EMS as they are sent to the MKRA for further analysis. In caseolkit, from which the software has been implemented.
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