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ABSTRACT
Building energy management systems (BEMS) not only
verform real-time control functions but also provide
enormous amounts of data which can be analysed for
purposes of energy managemernt and fault detection and
diagnosis. Unfortunately there are few tools available
to perform these tasks leaving the onus on skilled
engineering staff to analyse the data manually. This
has prevented the realization of the full potential of
BEMS technology. . This thesis examines whether the
technigue, known as constraint suspension, could
provide an appropriate tool for fault detection and
diagnosis.

The aim of thig study is specifically to examine the
gultability of the technigue of constraint suspension
within the context of the particular example of aan air
conditioning unit installed at a medium sized factozy

for the production of aexrospace components.

The thesis contains 5 chapterg. Chapter 1 provides a
brief introduction. This is followed, in Chapter 2, by
a detailed account of research to date into fault
detection systems applied to BREMS. It is found that
these systems reqguire complex programming and are not
readily transferred from one building to another.
Chapter 3 introduces the concept of constraint
guspension and argues that this could provide a general
tool, based on simplified, static models, that could be
readily transferred to any air conditicning plant with
suitably located sensors. The chapter goes on to
describe the applicatiocn of constraint suspension to a
particular case of an air conditioning unit installed
at a medium sized factory. Chapter 4 presents socme
results and assesses the effectiveness of the
application in diagnosing faults in the air
conditioning unit, control system and control strategy.

Chapter 5 concludes the study with an analysis of the




(ii)
air conditioning plant in a light engineering factory
have been considered. The following faults have bean
identified and verified:
» the output of the sensor measuring the chilled water
temperature out of the mixing valve,
+» the BEMS driver output for the fresh air and
recirculating air dampers,
» the control strategy for dehumidification.
The findings demonstrate that the system proposed,
based upon constraint suspension technology, is capable
of detecting and diagnosing sensor and driver faults.
The rule based system of assessing the contrel strategy
can indicate faults in the strategy. The wviability of
the application of constraint suspension to the
detection and diagnosis of fault conditions in an air
conditioning unit using simple static models has been
demonsgtrated.

The rather arbitrary nature of locating sensors in air
conditioning plant hag been identified. The importance
of providing a complete specification for the BEMS
including exact lovations and numbers of sensors to
facilitate fault detection and diagnosis procedures has
been highlighted.
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1.0 INTRODUCTION

Building Energy Management Systems (BEMS) were first
developed in the 1970s in an attempt to improve the
control of the internal enviromment of buildings whilst
reducing their energy consumption. However, while
initially hailed as an advance as well as a solution to
the maintenance of the building's environment, several
researchers (Eartman 1989, Meredith 1989, Hittle and
Johnston 1984) including Shaw (1989) started to
gquestion thelr effectiveness.

Shaw's (1989) observations of the demands, both in
terms of time and expertise, made upon those operating
BEMS allowed him to suggest that in addition there was
the need Lo use expert systems which would assist in
the management and elfectiveness of BEMS. He further
suggested that such difficuities prevented  BEMS
reaching their true potential and he thus concluded
that,

"There are strong indications that the information
management and interpretation problems associated with
BEMS represents a majoxr obstacle to the . wider

application ¢f BEMS in EBurope.”

Such research findings provided a platform for further
study which resgulted in the BREXBAS I project (Shaw
198%). This was subsequently improved and developed as
BREXBAS II (Shaw & Willis 1990). Both were based on
rule based expert systems which analysed the BEMS data.
The rules are derived from discussions between the
programmer and a person who 1s considered to have an
expert knowledge of the gystems to be investigated.

However Haberl and Claridge (1987) proposed a different
solution to the problems encountered with BEMS. Their
solution uged a statistically based model first
proposed in 1987 and developed further in 1988 (Haberl
and Claridge 1987). TFaults are detected and diagnosed




by comparing energy consumption of a particular set of
conditions with historical energy consumption under the
same conditions. The expert system in this case is
algo rule kased, relying upon the knowledge of an

expert.

While acknowledging the relative merits of both of the

above gystemg, for instance,

« gome success 1in fault detection and diagnosis in
actual buildings,
¢ reduction in energy consumption,

« dmproved maintenance procedures,
disadvantages still remain,

e gtatistical modelling requires the developmenl of
complex computer programns,

¢ production or "if-then" rule-based svstems and
statistical modelling computer programs are gpecific
to the building for which they have been developed,

¢ the systems are subject to the limitations of the
rule base which must be gspecified in advance,

e rules rely on eliciting knowledge from an expert,
{the project may succeed or fail in accordance with
the accuracy, reliability and walidity of this
information),

e gtatistical models recuire a period of at least six
months to allow encugh data fLor analysis to be
collected.

+ faults have to produce noticeable effects such as
severe energy over-consumption.

It is pertinent that neither technigue has been

incorporated into commercially available packages.

Therefore, there 1s a need for a system which can be

easily applied to existing BEMS technology and which

can maintain its flexibility and hence be applicable to

buildings in general.



Arn alternative approach is proposed in this study which

makes use of the technigque of c¢onstraint suspension

{Sussman 13880} originally developed for wusgse with

digital electronic circuits (Davis 1984) . The

approach,

e treats each component as a simple black box with
information entering and leaving it,

e uses gimple gteady state mathematical models
(constraints) to describe the manner in which
information is changed on passing through the black
box.

Faults are indicatéd by logical inconsistencies between

observed wvalues and model predictions based on the

constraints. The search for the faulty component is
carried out by,

e suspending the constralnt representing the behaviour
of each component in turmo,

e« calculating values entering and leaving the
component without reference to that particular
component model {constraint),

¢ identifying whether the remaining models are
legically consistent with measured and/or calculated
data.

An examination into whether or not this technigue could
provide appropriate fault detection and diagnosis
functions in a BEMS must include an investigation into
the capabilities of the technigue and into the cost of
developing appropriliate software. Thig thesis aims to
provide evidence in support of the approach by
developing a detection system in Prolog and applying
this to data <collected from an operating air
conditioning unit. The software has been developed with
genericity and commercial exploitation in mind; thus,
for instance, it has been developed on the type of
computer {(a PC}) which commonly acts as a BEMS

supervisor.




The aim of Chapter 2 is to provide a detailed account
of previous research inte fault dJdetection with BEMS.
Chapter 3 introduces the c¢concept of constraint
suspension and argues that this could provide a general
tool, based on simplified, static models, that could be
readily transferred to any air conditioning plant with
suitably located senscrs. The chapter goes on to
describe the application of constraint suspension to a
particular case of an ailr conditicning unit installed
at a medium sized factory. Chapter 4 presents the

results and assesses the effectivensss of the

application in diagnosing faults in the air
conditioning unit, controls gvstem and controls
strategy. Chapter 5 concludes the study with an

analysis of the capabilities of the proposed fault
diagnoslsg system, 1ts advantages and limitations and

then suggests areas for future work and development.

Original contributions of this thesis are,

» gapecification of an appropriate constraint
representation for a real air conditioning unit,

» development of an inference network generator to
suspend each component in turn,

« identification of the need for a separate rule base
to identify faults in control strategy
implementation

s verification using real data,



2.0 FAULT DETECTION WITH BUILDING ENERGY MANAGEMENT
SYSTEMS

2.1 INTRODUCTION

In the United Kingdom the market for BEMS has steadily
increased since 1988 with over 2,000 installations
having contract values ranging from less than £20, 000
to over £350,000 (BSRIA 1291). This reflects a growing
awareness of the financial viability of BEMS compared
with olther more conventional control systems. BEMS are
now used in most commercial, industrial and public
buildings as a . means of controlling heating,
ventilation and air conditioning as well as electrical
and lighting systems. They are also used to monitor
energy consumption and maintain a safe, stable and
comfortable environment within the building envelope.

However there exists a body of anecdotal evidence which
suggests that BEMS have not reached their full
potential. The reasons for this will be considered and
the potential for so called "expert systems”
Lechnology to improve the performance of BEMS in Lhe
specific area of fault detection and diagnosis will be
discussed. The term expert system is used throughout
to dencte a computer program which sclves analytical

problems through facts and rules.

Statistical model Tbased and if-then rule based
strategies will be reviewed in detail and advantages
and disadvantages assessed. The elements of a BEMS and
their functions will be considered first in order to
provide an overview of current BEMS technology.

2.2 ELEMENTS OF A BUTLDING ENERGY MANAGEMENT SYSTEM

BEMS (Akbari, Warren and Harris (1987)) typically
consist of a numpber of sensors and outstations
connected to a central processor.

(2



The SENSORS measure digital and analogue values of, for

instance,

¢« contrelled conditions such as a room temperature ox
humidity,

¢« uncontrolled conditions such as outsgide alxr
temperature and humidity or daylighting levels,

» controlled device positions such as a mixing damper
or control valve opening,

e or/off conditions of fans, pumps etc.,

e differential pressures across filters for
replacement conditions and

+ electrical power consumption.
The QUTSTATIONS perform the Zcollowing functions, they

o accept digital or analogue information £rom the
SEensors,

» log the data,

» process the data and output signals to position
actuators in accordance with the controls strategy
to maintain the set value of the corntrolled
condition and

e perform Lhe functiong of time clocks and optimisers.

The outstation c¢an thus provide control of local
mechanical and electrical services from a central

location with a "stand alone" capability.

The CENTRAL PROCESSOR is elither linked to the
outstations over a Local Area Network (LAN) via modems

and telephone lines or the system may ke hard wired.

Gi




The central processor,

s interrogates the outstations at regular intervals
and logs data,

e processes and outputs data in graphical and tabular
form,

outputs high and low level warnings and alarms,

provides a central location for monitoring and

altering controls systems and strategies at remote
points and

allows only authorised perscnnel to access and
modify control systems strategies through a series
of different levels of passwords.

A typical system is shown schematically in Figure 1.

SENSON
et w— | LOCAL ARTA I o |
NETWORK (.AM)

INTELLIGENT e DFIVEEH
BURARRER BUFEHSER o
\ D
R —
CENTRAL (1 )
PROZESSOR Ha—

“

Fig. 1 Schematic Illustrating Elements of A BEMS

2.3 POTENTIAL ADVANTAGES OF BEMS

BEMS offer subgstantial advantages over conventional

contrel systems by providing accurate centralised

control of buillding services. The mest significant

advantage 1is in the reduction of energy consumption

through improved, more flexible control. Othex

advantages include,

» the accurate and comprehensgive monitoring of plant,

¢ a reduction in staffing levels of maintenance
personnel for checking and correcting controls,

¢« better planned and unplanned maintenance and,

+ enhanced joh satisfaction of staff.

7



The Building Research Establishment (BRE) estimated
potential energy savings of 30% in a well serviced
building (Birtles, John, Smith, 1984). Savings as high
as 37% averaged over a 7 vyear period have been noted
previously (Waterman and Sperxy 1985).

Other regearch (Spridell 1986) has demonstrated a
reduction in average energy consumption from 194 w/m?
to 140w/m? for a large chain of retaill premises. This
reduction was Lhe result of a comprehensive series of
energy conservation measures including the introduction
of a BEMS during the final stage of an energy
conservation programme,

2.4 SOME _PROBLEM AREAS

Nevertheless evidence exists which suggests that many
BEMS installations have failed to achieve the maximum
potential. (Bixrtles, John and Smith (1984), Waterman and
Sperry (1985) and Spridell (1986)). Not all BEMS have
creataed the "...win, win, win scenario..." suggested by
Meredith (1989). The reasons for this are complex and

may be sunmmarised as follows.

2.4.1 BEMS SOLVE ALL PROBLEMS ?

it is often perceived that instaliation of a BEMS

system by itself will solve all problemng of bullding

operation, control and maintenance. This fails to

appreciate the need for a comprehensive energy

conservation strategy (Spridell 1986) to ensure that,

¢ all plant functions and contrcl and management
systems are performing correctly,

e personnel are suitably trained and have the ablility
to operate the BEMS.

e, 24




2.4.2 THE USER INTERFACE

A further problem exists in the interface between the
operalor and the system. Hartman (1989) described the
need  for improvement in  the "operability" and
"funpctionality" of BEMS.

e Operability 1s defined as the ability of the
operator to interrogate and adjust the system
casily.

» Functionality means the ability of the BEMS to
operate and control the HVAC equipment efficiently.

Hartman's (198%) work, together with that of Meredith
(1889), have guggested improvements in the areas of
operability and functionality. Many of their proposals
have been adopted by manufacturers of commercial
systems. The "user friendliness" and the
operator/system interface of BEMS 1s an area of

continual evolution.

2.4.3 POOR CONTROL

Yet ancther disadvantage of BEMS has been identified by
comparing its limitations with  those found 1in
conventional control systems. Hittle and Johnson's
{1984) study of the measured performance compared with
performance predicted by simulation in a test building
concluded the following,

« use of solar energy failed to produce any savings in
energy counsumption due to unreliable control
elements,

» set points maintained by the controls were subject
to drift from the original wvalue until the deviation
was at the extreme position,

+ enthalpy control was condemned as being prone to
Failure due to the inaccuracy of humidity sensors,
and



+» enthalpy control logic reguired fraquent re-

calibration.

The contreol gystems in this test facility were
gspecified and installed in the same way as they would
be for any conventlional bullding. As a result, the
authors (Hittle and Johnson 1984) suggested that many
HVAC systems were operating out of contrel and
consuning "massive" amountg of energy. BEMS uses the
same sensors and actuators as a conventional control
system. Since this 1is analogous to the situation
described by Hittle and Johnson {1984), similar
failures with BEMS'may be expected. Thus this would
benefit from the development of computerised monitoring

and fault diagnosis routines addressed in this thesis.

2.4.4 DATA INDIGESTION

It is often mnot possgible for the user/operator to
analyse the volume of data generated by the BEMS.
Ashford (1985) commentead that,

"The present generation of Building Energy Management
Systems do not include comprehensive facilities for the
manipulation of information obtained about operation of
the plant and buildings, relying upon non structiured
interpretation of the data and visual displays by

skilled engineers."

Currently there are no commercially avalilable BEMS
which have attempted to solve this particular probkiem
and there 1is thus potential in developing computer

based systems to improve data analysis.

10



2.5 SOM LUTTIONS

2.5.1 ARTIFTCTAYL, INTELLIGENCE ?

Ashford (1985) has suggested that information
procegsing by knowledge based programmes could assist
engineers in analysing data. In addition Ashford has
emphasised that artificial. intelligence was the "key to
long term develiopment" and that programming and data
analysis were ‘"ecapable of supporting a significant
advance" .

Shaw (1989) stated that heavy demands were placed on
the time and expertise of persons specifying,
gselecting, commissioning and operating BEMS and as
mentioned previously he suggested the use of expert
systems.

2.5.2 EXPERT SYSTEMS APPLIED TO HEATING VENTILATION
AND ATR CONDITIONING SYSTEMS

Hall and Derringer (19289) investigated the potential
for expert systems in HVAC applications. They noted the
following principle benefits,

e an order of magnitude improvement in the speed of
accomplishing complex tasks, .

¢ permanent retention of expertise acquired from
experienced staff,

¢ gignificant improvements in the consistency of
decigion making,

» relatively inexperienced employees perform at near
expert levels.

2.5.3 MONITORING AND DIAGNOSTIC KNOWLEDGE BASED
SYSTEMS

Monitoring means the interpretation of 'captured'’ data
by comparison of observed behaviour with models of

expected behaviour.

11




There are two types of model, the statistical model and
the simulation model. The more common type for
diagnostics in building services i1s the statistiecal
model; 1t 1s based on statistical data collected from
a particular building; the data 1is analysed to
eliminate spurious data which would affect the accuracy
of the model in explaining the behaviour of the
building in question. Simulation models use physical
representations of the building and HVAC systems in

order to predict behaviour.

2.6 STATISTICAL MODEL BASED APPROACHES TO BEMS EXPERT
SYSTEMS

Statistical models have been applied to expert system
research and development projects. Specifically in the
area of bulilding serviceg diagnostics (Haberl anrd
Claridge 1987). They rely on a historical data base of
operating conditions which ig then compared with the
prevailing conditions 1in a search for significant
differences. These may then be investigated by a rule
based expert system It ig important to note that this
type of technigue will only detect faults which lead to
a significant increase in energy consumption.

2.6.1 THE_WORK OF HABERL AND CLARIDGE

Haberl and Claridge (1987) developed an expert system
for analysing building snergy consumption. This was
intended to highlight and identify possible causes of
abnormal energy consumption and recommend corrective
actions. Their results demconstrated that bhuilding
services diagnostics using an expert system were able

te reduce energy consumption in the investigated

12




building by 15%. The expert system employed two main
components,

¢ an energy consumption predictor and

« an expert system which analysed abnormal, observed

variations from their predicted values.

The energy consumption predictors - PCONs (Predictors
of CONsumption) comprise the statistical part of the
programme. These are algebralc eqguations which predict
normal energy consumplbion, basged on historical data,
for each energy meter. This data is obtalined using
regression technigues (CEES 1986). The PCONs are
linked together in‘a network which describes the inter-
relationships of the different fuel types and energy
Lollows,

s environmental parameters - wind speed, temperature
and humidity, sunlight etc.,

» operational parameters - occupancy, operating hours,
and

» gsystem parameters- damper settings, thermostat set

points etc.

The correlations between these parameters were
investigated using comparisons of linear correlation
coefficients . Significant wvariations in energy
consumption were then analysed by an expert system
based on a backward chaining inference engine using
'"IF-THEN' ruleg to investigate causes of high or low

energy consumption.

The pilot study (Haberl and Claridge 1987) resulted in
a 15% saving in energy consumption during the first six

months of operation.

Similar savings were also possible with conventional
BEMS; howevey, the setting up of the expert system and
the initial energy audit revealed energy wastage which
would not have been detected otherwise (Haberl and
Claridge 1987). Haberl and Claridge ({13887) concluded
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that "the application of their methodology had yielded
mixed results." Some abnormalities were detected but
others remained unnoticed, unfortunately these were
not identified in the vaper. Nevertheless the pilot
study did produce a significant reduction in energy
consuption although data collection was limited since
it was based on weekly diagnostic reports from the

expert system.

2.6.2 THE WORK OF NORFORD

Norford et al (1987) examined energy consumption
patterns of two buildings which had wmonitoring
instrumentation installed as part of a previous study
(Norford et al 1985). They recognised that full use of
BEMS data logging and analytical abilities was limited
by the omission of a number of 'add on componentg'. The
study concentrated on monitoring energy consumption and
irstrumented electric power, water and air flows and
temperatures. These were monitorad in this case to
assess individual chiller, heat pump, and fan energy
performance. The gengors required for this monitoring
were considered to be '"extras" since they would no:
normally form part of a conventional BEMS controlling
HVAC systems (Norford et al 1987). They assumed that
the information obtained would be of the kind that a
BEMS could utilise and log. The study served to
highlight areas where inappropriate installation of
B=MS provides inadecuate monitoring for energy
consumption analysis.

2.6.3 SUBSEQUENT DEVELOPMENTS

The pilot study of Habkerl and Claridge (1287) has bheen
refined and developed into a building energy
consumption analysis package using expert systems
technology for diagnosing causes of variations in
energy consumption. The software named BEACON (Building
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Energy Analysis CONsultant) was used by in house
maintenance personnel (Haberl et al 1988). The system
provided a warning beacon to administrators and
maintenance staff to indicate abnormal energy
consumption with a built in diagnostics capability. A
minimum of six months of dally readings were required

for accurate operation of the system.

Thelr work (Haberl et al 1988) in 1988 expanded the
obuildings covered by the system and also refined the
operator/computer interface by developing macros which
could be operated by a single key stroke. Menu driven
functionsg, which can be easlly used by maintenance
gtaff with a minimum of training were introduced. The
rule based and data based processing were separated by
the introduction of a hybrid expert system. Archiving
of inZormation was automated to reduce the disk storage
space regulired and automatic error checking procedures

were developed.

The authors (Haberl et al 1988) stressed that BEACON's
success was dependant wupon the identification and
implementation of energy conservation measures during
the course of etablishing the knowledge base. BEACON
would enable the building to run at optimum efficiency

“it allows for consistent interpretation of the
comparative consumption graphe and can provide for

institutional memory" {(Haberl et al 1988).

2.6.4 SUMMARY

Buildings and HVAC plant are unigue. No two buildings
arae exactly alike and no two systems operate
identically. A knowledge base for each bulilding takes
tiwe to develop and cannot be readily applied to

another building.

The major drawbacks of statistically based diagnostics

are,
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« their relative inaccuracy and slowness,

¢« they are building specific,

« they need a period of time for the building to be in
operation before sufficient and accurate statistical
data is available for use.

« they reguire meters at all points of energy
consumption ({(for example, electric motors, heater
batteries) . These meterg are not usually part of a
BEMS.

2.7 PRODUCTION BASED APPROACHES TO FAULT DIAGNOSIS

Alternative applications of expert systems technology
which avoid some of the difficulties associated with
simulation and statistically driven systems have been
suggested (Marney and Feoord 1984, Shaw 1989, Culp 1989,
Shaw and Willis 1891). These may be Lermed production
or "if-then" rule-based sgystems. Such alternative
approaches to the problem of fault diagnosis provide a
simpler formulation not reguiring complex models. They
are based on pre set conditions such as maximum room
temperature being violated to initiate the £fault
diagnosis routine. The system then follows a set of
if-then rules to diagnoge the fault condition [rom
input BEMS data.

Marney and Foord (1984) proposed Lthat the "broad brush®
nature of general purpose software packages did not
suit fault diagnosis, They developed an alternative
strategy based on a hierarchical structure of block
diagrams describing equipment from the most basic to
the most detailed levels. This was called Functional
System Documentation (FSD). A decigion tree was
incorporated with a single key user system. Data could
be entered into the program by the operator answering
simple "ves/no" questions. The system would Cthen
interpret the data and produce a diagnosis based upon
the input information and the functional rules (fault
library) .
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Culp (1889) proposed a sgimilar technique to that of
Marney and Foord (1989). His expert system questlioned
the maintenance mechanic who then entered the data from
hig obsgervations. The expert system provided
information on equipment status from the data base of
planned maintenance. Tt eliminated recently repaired
or maintained components as possible faults. A series
of if-then backward chaining rules with a fault Llibrary
used the data input by the mechanic to Jdetermine the
most likely cause of the problem or failure. The
expert system requ;red the mechanic to check the cause
and carry out remedial action. The mechanic then
entered the diagnosis as being correct together with
the remedial measures. The expert system recorded the

remedial actions into the data base. A system operating
on these lines has been validated and has been in use

since 1886.

Further development of this type of expert system for
diagnostics allows the expert system to interrogate
BEMS directly instead of through the mechanic (Anderson
et al 1989). This interrogation ig triggered by the
expert system detecting a controlled parameter which is
outside set limits. Having carried out the
interrogation and diagnostics, the expert system would
provide corrective maintenance instructions. The
expert system could, additionally, produce preventive
maintenance schedules and integrate these with
emergency maintenance procedures. A practical system
along these lineg has been developed and successfully
demonstrated (Anderson et al. 1989).

The BREXBAS system developed by the Bullding Research
Establishment (Shaw 1989), (Shaw, Willis, 1991) is a
further example of such a system and is considered in

more detall.
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2.7.1 THE BREXBAS SYSTEM

The BREXBAS system was developed from an original 1986
building emulator into a prototype system in use on a
'real' building. The building emulator was a computer
gimulation of an LTHW heating system (Shaw 1989) which
generated sensor values every 15 minutes. The
simulation produced data. based on simulated plant
failures which BREXEAS assessed. From this it produced
continuous plant status reports. Such reports
identified breakdowns and gave recommendations based
upon the findings Qf the expert system.

The success of the initial BREXBAS emulator lead to the
development of the prototypical system in use al an
office in =Epsom, Surrey (Shaw, Willis, 1981). This
system has a BEMS linked to an expert system; it has
the ability to interpret its own data and produce
recommendations for the building manager. The gystem,
called BREXBAS II is used to monitor the low pressure
hot water (LPHW) heating system only. It is dedicated
to the space temperatureg in half tke building and does
not maintain a data base or carxy out trend analyses.
The system operates in much the same manner as the
statistically based packages once a fault condition has
been detected in that it uses a series of if-then rules

to determine the cause of the fault.
BREXBAS IT performg the following sequence.

1. Ascertain current condition (e.g. space, supply and

temperature wvalues).

2. Fvaluate the current condition (i.e. 1t compares

this with the design criteria).

3. Investigate possible faults and advise on how to

re-establish and maintain an acceptable condition.
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After one vear of operation the sgystem had performed
satisfactorily. However, several areas for improveﬁent
were ildentified.

e BREXBAS II does not store previocus conclusions from
earlier analyses; this results in unnecessary, and
often repetitive information for the user.

» Fault diagnosis and performance assessment bhased on
space temperature monitoring is limited and,

s central plant performance and trend analysis is
recommended for futbture systems.

The proposal to carry out trend analysis moves the

system in the direction of the statistically based

systems considered previously.

The researxchers (Shaw and Willis, 1991) concluded that
"tailoring of information to specific bulildings and
plant items should be a relatively simple task". They
also stated that the use of expert systems for
predictive maintenance and trend analysis had potential
and that BREXBAS II had demonstrated the viabllity of
the expert gysgtem in interpreting BEMS data. However
knowledge elicitation was the linch-pin on which the
project could succeed or fail: "The elicitation of
knowledge from an expert 1is a highly skilled task, and
mogst projects will succeed or fail on this part of the
work" .

Although 1t was hoped that the BREXBAS system would be
applied to commercially availlable BEMS systems within S

vears of the initial trials this has not occurred.
2.7.2 SUMMARY

Both Marney and Foord (19284) and Culp (1989) have
illustrated that practical fault diagnosis expert
systemsg need nct rely on BEMS monitored data. Anderson
et al (1989) and Shaw and wWillis (19921} have provided a
system whereby the BEMS data is automatically entered
into the expert system. However although these

alternatives initially appear to offer a simple and
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effective solution several disadvantages are inherent

within the methodology. These are,

e a rule base must be generated for each individual
item of equipment such as compressorg, fans and so
forth;

« diagnogtics routines must be obtained by knowledge
elicitation from the building maintenance staff;

« creation of knowledge bases are time consuming;

¢ knowledge bases may be specific to the particular
building:

+ fault libraries are limited by a priori knowledge;

e rule based systems are limited by the abilities of
the maincenance staff to provide accurate
information.

2.9 TO CONCLUDE

This literature review has examined the development of
expert gsystems that are based on statistical and
simulation models as well as alternatlve approaches.
Advantages and diszsadvantages of each method have been
considered. Although each approach has been developed
into & practical operating system, none has been
applied to HVAC gystems in general. The reasons for
this may lie in the inherent inflexibility of the fault
diagnogis routines employed. In each case, the fault
dliagnosis 1ls carried out on a rule based system with a
library of possible faults. Thege reguire an a priori
list of possible faults and a complete knowledge of,

e how each gystem and sub-system may fail,

e the interactions between systems and sub-systems,

« the "symptoms" arising as a result of every possible
failure,

» the possible causes of every possible failure.

To build such a knowledge base is time consuming. It
is highly dependant upon the skill of the programmer in

eliciting the knowledge from maintenance personnel and
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engineers. It 1is alsc highly dependant upon the
technical ability of maintenance personnel and
engineers in knowing where failures can occur and how
such failures are manifest. This information may not

be trangsferrable from one building to ancother.

Therefore there 1s a need to develop an experl system

which is gimple and universally applicable.
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3.0 CONSTRATNT SUSPENSION AND BEMS
3.1 INTRODUCTION

Whilst the fault diagnostic techniques of Haberl and
Claridge (1987), Norford et al (1985, 1987), Shaw
(1987) and Shaw and Willis (1991) appear at Lirst
gight to be appropriate in their ability to analyse
BEMS dala, various disadvantages, asg discussed
previously, have come to light. Some of these
disadvantages centre on complexity and this leads to
the following gquestion: is it possible to develop a
system of fault diagnosis capable of receiving and
analysing BEMS data based on simple models using steady
state equations? The use of steady state modelg is
worthy of our congideration because, most of the time,
HVAC plants operate in a steady state mode. This would
ameliorate problems of genericity, making the system
more commercially acceptable. A further disadvantage
centres on the need for apriorl information akout

possible faults.

Constrailnt suspansion (Davis {1984), DeXleer and
Williams (1887)) may be able to overcome these
difficulties. Davis {1984) has suggested that

constraint suspension "may apply to any system that

might be modelled in terms of information transmission,

ranging from hardware to software, to organisationsg.”

Constraint suspension in this application would affoxrd

the following benefits,

e« it is usually based on a steady state model,

« it does not depend upon apriocri knowledge about
faults,

« advantages include simplicity and universal
application,

e« 1t defines the limitations of the knowledge base,

« it is capable of diagnosing symptome resulting from

previocusly unknown problems.
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Constraint suspension allows systematic isclation of
all possikle faults and eliminates the need for fault
dictionaries and decislon trees,

This chapter develcops a method for detection and
diagnosis of faults in sensor readings, actuator
positions and controlg strategy based on constraint

suspension.

3.2 THE CONSTRAINT SUSPENSION TECHNIQUE

3.2.1 CENTRAL THEMES OF THE CONSTRAINT SUSPENSION
TERCHNIQUE

Davis (1984) first applied constraint suspension to
digital electronic clrcuits whilst Leary and Gawthrop
{1987} applied it to process plant. Davis's (1984)
goal wag to develop a thecory of reasoning which would
use previous knowledge of the structure of the systam
and its behaviouxr as "a powerful tocl for

troubleshooting".

"he central themes of this technique are,

» the structure 1g the inter-relationship of ‘the
modules {components) and constraints with one
another,

¢« the behaviour of a system 18 represented by the
constraints,

¢ constraints are the mathematical representations of
the behaviour under investigation,

» a constraint determines the input-output behaviour
of the component,

e candidate generation is the term used for the
identification of components of the system which may
be responsible for observed unexpected bebaviours,

e« paths of causal interaction are defined as the

manner in which components affect each other.

Davis's (1984) intention was to combine physical and

functional organisational aspects into a unified
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structure. The elements of thig unified structure are

terminals ports, and components (modulesg) {(Figure 2).

(o Yom)| COMPONENT [fom{TErmaifos)

Fig. 2 Constraint Suspension
Ports-Components-Terminals

e Terminals are the points of observation of the
system. ‘

+ Ports are entries and exits for information going to
and coming from the components.

s Components are envisaged as black boxes. The way in
which information entering the black box (component)
is changed is defined by the mathematical model of
that component, that is the constraint.

¢ Components are inter-connected by the

superimposition of their terminals.

The pathways of causal interaction describe the ways in
which the wvarious components are inter-connected. In
Davis's (1984} digital circuit example pathways of
causal interaction may be by wires, thermal bridges,
electromagnetic connections short circults and other

links which may affect the overall behaviour of the

model. Davis proposes that some inter-ccnnections may
regult in faults. For instance a short circult is an
inter-connection which is a fault. It i1s dmportant

that the structure is accurately and explicitly
modelled with all inter-connections considered so as to
prevent the omission of possible faults arising. This
leads to the concept of a hierarchy of interconnecting
models where the system Lries the most likely model
Lirst.
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3.2,2 HOW THE TECHNIQUE OF CONSTRAINT SUSPENSION
WORKS

Constraint suspension 1s the means by which faulkts can
be diagnosed by removing each constraint in tura from
the network and investigating whether this leaves the
remaining netwerk in a consistent state. If simulation
and measured values are now in agreement the removed
constraint, as the mathaematical representation of the
component:, will therefore ldentify the faulty
component .

The constraint suspension approach to fault detection
is explained by reference to its application to the
simple electronic circuit shown in Figure 3a.

mulf-1
A=3
X add-1
X L=10
m-2 —
B=2 +
c=2|—1
Iy B X v add-2
=3
mult-3 z | + [ M=12
E=3

Fig. 3a Schematic Tllustrating Constraint Suspension
in a Digital Electronic Circuit.

A constraint 1s a set of egquations defining the
input/output behaviour of a component. Thus, for
instance, add-l1 in Figure 1 could be represented by the
3 ecguations,

L=X+Y .. (3.1)
X=L-Y .. (3.2)
Y=L-X. .. (3.3)

These 3 equations enakle any input or output to be
calculated if all other inputs and outputs are known.
The intended Dbehaviour of the device can then be

modelled as a network of interconnected constraints and
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its output predicted by solving the resgulting
calculational path or inferemnce network. If there i1s a
fault in the device, there will be an inconsigtency
between the predicted outputs and the measured outpulbs.
Constraint suspension would then attempt to find a
constraint whose retraction would leave the network in
a consistent state. REach consgtraint is removed in turn
to see whether the remaining network is consistent. In
each c¢ase, the calculational path would be different

resulting in a sebt of inference networks.

If, for the electronic circuit shown, the first output
is 10 instead of 12 with the inputs remaining unchanged
(Figure 3a). The technigque would perform the
following:

sugpend add-1: results in the inference network shown
in Figure 3b which is consistent and hence would
explain the discrepany;

suspend add-2: does not affect the output of add-1 and
hence is unlikely to be the cause;

sugpend mult-1: resultes in the inference network shown

in Figure 3¢ which would explain the discrepancy;

suspend mult-2: add-1 is now OK = mult-2 ig outputing
4 and is hence Ffaulty. But this would mean that the
second ocutput would also read 10 unless add-2 was also

faulty and this is less likely;

suspend mult-3: does not affect the ocutput of add-1l.

Cleariy either add-~1 or mult-1l are faulty and the
choice between them could only be made by measuring Y.
Multiple faults and more subtle faults (e.g. bridging)
could alsc be possible but these would only be
investigated once the elementary fault hypotheses had

been ruled-out.
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mult-1

A=3 -
muit-2
B=2
C=21—""x1
ZZ4 1 D=3
i X Yets add-2
muit-3 =6 | + Jﬂﬂg
E=3 )(

Fig. 3b Computational Path when - Add-1 Suspended

(add-1)
=10 X=d
rult-2 Y= | =
B=2
C=21 721 Y=6
—=p=3) X add-2
mult-3 + | M=12
E=3 X =6 3

Fig. 3c Computational Path When - Mult-1 Smspended

In performing the various suspensions, measured values
have been propogated backwards and forwards through the
circuit. For instance, suspend mult-1l resulted in the
following argument: X CANNOT be calculated from A*C=6
but from B*D=¥=6 & X+¥=10 & C*E=Z=6 = X=10-6=4 (#6) &
YvizZ=12=output and hence mult-1l could be gemnerating 4
in error. The numerical estimates resulting: from the
evaluation could be verified if a suitable neasurement

point was avallable.

In the HVAC case considering the example of a heater
battery, for instance, such an analysis may correspond
to a BEMS driver value for the control valve position
differing from the position inferred from the
constraints. This does not necessarily indicate that a
fault exists in the control wvalve, it rather points to

27



fault exists in the contrel wvalve, it rather points to
an inconsistency between measured and inferred wvalues.
The fault may very well be located elsewhere.

3.2.3 THE APPLICATION TO AN AIR CONDITIONING UNIT

Constraint suspension applied to HVAC plants is
complicated since the comnstraints do not represent
simple digital components such as adders, subtractors
and gates but heat exchangers and control elements
which require more complex mathematical models. Thus
while the gtructure of the ACU is simple the behaviour
ig complex. In addition the sparseness of measurement
points and the number of wvariables involved in the
diagnosis encourages the development of efficient
programming techniques.

The ACU may be considered as a self-contained unit

since it is asgsumed that,

e thermal inter-connections due o heat transfer
between adjacent ccmponents and thermal transfer
to/from the surroundings is insignificant,

¢ air leakage to/from the surroundings is considered
negligible,

e there are no other apparent inter-connections.

The constraint suspension procedure must be adapted to
deal with the particular difficulties encountered with
HVAC gystems. HVAC systems are unlike digital
electronic circuits since,

¢ any measured sensor value may be incorrect (Hittle

and Johnson 1284),
¢ they have complex constraints,
¢ prohes cannot be inserted to determine intermediate

values.

Sensors can be represented by the constraint,
input = ouiput .. (3.4}
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Potential faults in sensorg are easily ildentified since
it is only necessary to compare the inferred sensor
value {calculated from the constraint network) with the

measured sensor value.

Where the inferred sensor wvalue is not equal to the
measured sensor value there 1is a potential fault.
Candidate generation 18 now a gimple matter of
comparing calculated (inferred) values with measured

values for each sensor.

The physical crganisaticn of a typilcal air conditioning
unit consigts of (PFigure 4},

¢« the mixing box section,

» fthe cooling coil section,

s the heater battery section,

¢« the humidifier section,

+ gensors, and

e BEMS drivers.

EXHAUST AIR
EXTRACT FAN FILTER

EXHAUST AR
DUTLET

<”'/
FRESH AR "\> @ @ SUPPLY AIR
INLET e __/j ] @]

“\\
FILTEH Ml?ll?[{l[;{qﬁ D%:] |[:I_gj l D% SUPPLY FAN

HEATER
C%%Iill.NG E]A'IE}‘EEHY HUMIDIFIER

7

;

Fig. 4 pPhysical Arrangement of a Typical Air
Conditioning Unit

The fan section is not considered since 1t does not
change the state of air passing through it and so
cannot be c¢onsidered as a component in terms of
constraint suspension. Furthermore fan failure faults

can be easily detected and diagnosed.
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Figure 5a shows the inference network obtained when the

constraint, describing the BEMS driver for the
humidifier valve (the component) is suspended. 1In this
instance,

» the wvalve opening :is calculated from the moisture
contents of the air antering and leaving;

e« Lthe moisture content of the alr entering the
hunidifier must be inferred from the cooling coil
constraint (the mathematical representation of the
cooling coil);

» the temperature and moisture content of the air
entering the coqling coil must be inferred from the
mixing box constraint (the mathematical
representation of the mixing box);

e the temperature of the alr leaving the cooling coil
muslt be inferred from the heater battery constraint
{(the mathematical representation of the heater
battery),
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Fig. 5a Inference Network to Infer Humidifier Valve
Position

The inference network changes according to which sensor

or driver wvalues are being inferred. The example of
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the inference network to infer the walues of cooling

coil valve position illustrates this (Figure 5b}.
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Fig. 5b Inference Network to Infer Cooling Coil Valve
Position

In the HVAC case constraints can be derived from heat
balance equations and heat exchanger models such as the
number of transfer unit (NTU) method of modelling heat
exchanger behaviours (Holman 1985). Steady gstate
models are considered appropriate for this application

for the reasons discusgsed in Appendix 1.

It is pogsible for many candidates to appear as
potential faults and it 1s necessary Lo set up the
computer programme so that the most Llikely will be
considered first. A series of rules to increase the
sensitivity and specificity of the computer programme

are therefore applied.

1. In oxder to account for the coarse nature of the
static model, only those wvariations, between
inferred and meacsured data, which are at least 10%

of the measured value will be congidered as suspect.
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2. Some faults are more common than others.

3. Some values must be less than one and greater than

unity, for instance valve and damper positions.

4, Other wvalues have limites imposed upon them due to
for instance the chiller, boiler plant performance

or climate.

These rules reduce the number of potential candidates
to a more manageable level and hence increases the
speed of diagnosis.

3.2.4 THE NEED FOR A DIFFERENT APPROACH TO
CONTROL STRATEGIES

The technique of constraint suspension is not suited to
the detection of faults 1in the implementation of
controller strategies. This 1s because it 1is difficult
to model the input output relationsghip of a
Proportional-Integral-Derivative (PID) controller due
to the effect of the integrator term. The integrator
will always attempt to compensgate for faults. & simple
rule-based system is applied to the results obtained
from the constraint suspension technique. This is
considered appropriate since it is usual to specify the
control strategy by a series of "if-then" rules.

3.3.1. THE MIXING BOX

The constraint is based on simple mass and enerxgy
balanceg: -
Tmao = Tmar + Z(Tmai — Tmar) .. (3.5)
Xmao = Xmar + Z{Xmai — Xmar) .. {3.6)

where: -
Tmao = mixing box air temperature out,

Tmary = mixing box return air Lemperature,
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Tmaili = mixing box fresh air temperature,

Xmao = mixing box air molisture content out,
Xmar = mixing box return alr molisture content,
¥maili = mixing box fresh air molsture content,
Z = mixing box control damper position

(percentage fresh air).

A more rigorous treatment of the energy balances would
consider enthalpies rather than temperatures. However,
for the degree of accuracy required for the analygis of
the mixing box  performance and the range of
temperatures encountered in air conditioning processes
the gimple balance used above is sufficiently accurate
{Jones 1967) .

The normal approach would be to recognise the
directiconal flow of the air through the mixing box, by

defining inputs as,

» air mass flow rate,

¢« position of control damper,

e outside air temperature,

« recirculation air temperature,
» outside alr moisture content,

« recirculation air moisture content,
and outputs would then be as,

e mixed air moisture content,

¢« mixed air temperature,

This situation is i1llustrated schematically in Figure
ba. Here a rectangular box 1is used to denote a
"component"” and a hexagon is used to denote a constant.
The constraint would be represented by the ahove

eguations.
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Fig 6a Mixing box Schematic to Infer Values for
Tmaoc /Xmao

However, in certain instances it may be desirable to
infer damper posiﬁion or other wvalues which would
normally be considered as inputs. In these cases the
mixed alr molsture content and temperature would be
treated as inputs and the damper position would become
an output. This could be represented, schematically, as
Figure 6b and as part of the constraint by rearranging
the above egquations to solve for Z.

2i
]

[pssLsthe

Fig 6b Mixing box Schematic to Infer Values for %

3.3.2, THE COOLING COIL

The constraint in the c¢ase of the cooling coll is
derived from simple mass and energy balance equatilons
as well as the more complicated expressions arising
from the application of the number of transfer units
(NTU) method of modelling heat exchanger behaviour.
The control valve is modelled with the cooling coil.

This 1s because it is not easy to derive a cooling coill
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model which ig independent of the control valve model.
This is due to the absence of essential gensor

information.

Two sets of equatlions are needed to describe heat
exchanger behaviocur because of the dependancy upon the
ratio of the heat capacities of the fluids flowing
through heat exchanger. Either water or alr can be the
minimum fluid, that is the fluid with the minimum heat

capacity. The constraints are:-

Mc,,=YM,.C, .. (3.7)

Mchol = Mm'rcm'r ' {3 ‘ 8)
MC

C: ool . (3_9)
MC!:m

C<«l1 .. {(3.10)

o Yac S (3.11)

Mcmof

E=_<15{1_et—ca—c'”n} .. (3.12)

Teao = Teui — CE(Teui — Tewi) .. (3.13)

Xeao = Xeai — (Xcaz—Xdp-)(Tcal—Tcao) L (3.14)

(Teai — Tdp)

o = MChy ..(3.15]
Mccoof

C<l1 .. (3.16)

N = Uac . (3 o1 7)
Mchol

E =1 l-io0-" .. (3.18)

Teao = Teai — CE(Tcai ~ Tewi) .. {3.19)
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where: -

Y
Mw

Mailr

C
N
Uac

Tcoai

Tcao

Tcwl
Xcail
xcao
Xdp

Xeao = Xcai —

|t

(Xcai — Xdp)(Teai — Teao)

..(3.20)
(Feai — Tdp)

cooling coil control valve position

mass flow rate of waler

mass flow rate of air

capacity ratio

number of transfer units

cooling
cooling
cooling
cooling
cooling
cooling
cooling
cooling
cooling
content

coil
coil
coil
coil
coil
coil
coil
coil

coil

heat transfer coefficient

heat exchanger effectiveness
alr temperature in

air temperature out

apparatus dew point temperature
walter temperature in

air moisture content in

alr moisture content out

apparatus dew point moisture

The usual approach i1s to accommodate the directional

flow of the ailr through the cooling coil by defining

inputs as,

» air mass
e entering
e entering

« position

flow rate,
alr temperature,
alr molsture content,

of contrel valve,

« cooling water temperature in,

» cooling water temperature out,

s water mass flow rate,

o cooling coll heat transfer coefficient,

e« cooling coll apparatus dew peoint temperature,

» cooling coll dew point moisture content,

and outputs as,

o leaving air {(off-ceill) temperature,

+» Jleaving air (off ccil) meoisture content,
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Thig gituation is i1illustrated schematically in Figure
7a. Note that Uac is deemed to be a "component" that

can bhe suspended. This is discussed in Section 4.2.
Tdp
Xop
Mew
Mav

Yo ] ‘L '

. R0
Real @

g

Fig. 7a Cooling Coil Schematic to Infer Values for
Tcao/Xcao

As with the mixing box 1t may be necessary to infer
values which would usually appear as inputs. In these
cases inputs and outputs are interchangeable. The
ecuations linking them are manipulated to remain
consistent.

For example for the valve position (Y) to be an output,
the inputs and outputs could be represented,
schematically, as Figure 7b and the set of equations
derived by rearranging to solve for Y.

Tdp
Xip
how

Mair l
Tedi
Tewa .

L -

o)

Fh

F

Tewm /BEMS

“Sensor unha

f% Sensot

Fig. 7b Cooling Coil Schematic to Infer Values for Y
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3.3.3. TIHE HEATER BATTERY

The constraint in this case is based on the same approach as
for the cooling coil. For instance the control wvalve is
modelled with the cooling coil. TF'or this particular
application the heating water will always be the fluid with the
minimum heat capacity. The products of the flow rates and
specific heats, are guch, that even with the maximum water flow
rate the heating water will still be the minimum fluid.
Therefore only one set o0f equations is needed to model the

behaviour of the heater battery; these are:-

MCchm' = Mﬂircufr ‘ - . (3 . 21)
Mchﬂr =XMwa . (322)
MC
C, =—— .. (3.23)
Mccool
C, <1 .. (3.24)
Uahi
Nht = .(3.25)
M(’hol
-1 —&NChr
L e )
Eht=1-¢ ™™ .. {3.26)
Thtao = Thtai — C, K, (Thai — Thiwi) .. (3.27)
where: -
X = heater battery control valve position
mw = mass flow rate of water
mair = mass flow rate of air
Cht = capacity ratio
Nht = number of transfer unitsg
Uaht = heater battery heat transfer ccefficient
Eht = heater battery heat exchanger effectiveness
Thtai = heater battery air temperature in

Thtao

Thtwi

heater battery air temperature out

il

heater battery water temperature in
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By defining inputs in terms of the directional flow of

the air, heater battery inputs may be considered as,

e entering air temperature,

¢ entering water temperature,
¢ leaving water temperature,
« contrel valve position,

» water mass flow rate,

e air mass flow rate,

¢ overall heat transfer coefficient,

and outputs as,

» leaving air temperature.

These are shown schematically in Figure 8a.

& o

Figure 8a Heater Battery Schematic to Infer Values for
Thtail

Again, for the heater battery, other wvalues such as
control wvalve position may need to be modelled.
Although these may usually be considered as inputs, the
set of equations can be obtained by rearranging the
above to solve for X. The schematic arrangement is

shown in Figure 8b.
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@ Sengar L0,
Thtai @

Figure 8b Heater Battery Schematic to Infer Values for X

3.3.4. THE HUMIDIFIER

The humidifier in this example, 1is of the direct steam
injection type. The direct steam injection method of
humidification has a negligible effect on sensible heat gain to
the air. Therefore changes to the air temperature leaving the

humidifier can be ignored.

The equation for the humidifier is therefore:-

Xhao = Xhoi + WM ... .. (3.28)
where: -
W = humidifier control valve position
Msteam = maximum flow rate of steam
Xhao = humidifier air moisture content out
Xhai = humidifier air moisture content in

Congidering the directional flow of the air through the

hunidifier section defines the inputs as,

s air mass flow rate,

» entering air temperature,

e entering air moisture content,
e position of contrel valve,

e maximum steam mass flow input,
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and the outputs as,

e leaving air temperature,
» leaving air moisture content,

These are shown schematically in Figure 9a.

Mok

®hal ] Khao
——ge] -

]
Bl

Fig. 9a Humidifier Schematic to Infer Values for Xhao

The eguation can be rearranged to infer, for instance,

the valve posiltion as an output 1f required.

This 1s shown schematically in Figure 9b.

i

Fig. 9b Humidifier Schematic to Infer Values for w
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3.4 THE REASONING PROCESS

3.4.1 INTRODUCTION

This application of constraint suspension is
implemented in turbo-proleog (Borland International
1986) . PROLOC iz a commercially available language

suitable for use with personal computers. The language
is declarative. This means that PROLOG can reason from
a set of facts and goals to solve problems. This
facility of PROLOG allows for flexible and adaptable
approaches with respect to problem solving.

PROLOG is able to perform the logical reasoning
required. In addition PROLOG can perform mathematical

calculations,

The reasoning procedure is shown schematically (Figure

10} and is described in the following sections

3.4.2 THE ARPPROACH

1. INPUTING MEASURED BEMS SENSOR DATA

The sensor data (Figure 10) is collected by the BEMS
and displayed on the BEMS central processor visual
digplay unit in schematic form. This BEMS data is
manually entered intc the PROLOG data base and
displayed in a table.

2. SUSPENDING CONSTRAINTS FOR COMPONENT (SENSOR)

In accordance with the constraint suspensicn technigue
(Section 3.2) each constraint is suspended in turn and

inferred wvalues calculated. 3ll other BREMS measured
values {if treated as inputs) are assumed to be
correct.
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INPUT MEASURED
|___BEMS DATA
PUT INTOD
TAGLE

SUSPEND CONSTRAINTS
FUH COMPUNENT

SOAT
SEL=CT k ORDER
EQUATIONS
i
PUT INTO STEADY STATE SIMULATHIN
E‘ALSELI.JIHL»ﬁ E%JT\"%LUE TABLE CALCUEATE VALUES
MEASURED VALUE
COMPASE

MEASI\JR%B DATA
CALCULATED DATA

{m}

GENERATE INC gaISTENCIES
MEASURED DATA

CCULATED DATA

2Es
O

r
SELECT
YES ARE INCONSISTENCIES
o wmenee—d MOST PROBABLE
INCONSISTENCY PRESENT

NO

COMPARE
ORIGINAL MEASURED DATA |

TH
DATA SET INCLUDINE
CALCULATED DATA

b
myr

8
LT

nEm
ol
S5z
Tom
(=Pt

m

ASSESS CONTROLS
STRATEGY

Fig 10 Flow Chart Showing Reasoning Process of
Program

The computational arrangemenl of the components may or
may not resemble the physical arrangement. Filigure 5a
illustrateg the arrangement of components for inferring
a value for the humidifier valve BEMS driver, (W). Ic
is necessary to consider a different inference network
for each constralint suspended (for example Figure 5b),
in order that an inferred value may be derived. The
procedure must therefore be able to select and oxder

constraints to calculate each value.
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3.

SORTING, SELECTING AND ORDERING EQUATIONS

The procedure for selecting the eguations is described

with reference to the functional organisation (Figure

5a) for the humidifier wvalve position, (W) ,

10

. Select the equation required to calculate the

humidifier wvalve position, (W).

. Select the data required to calculate humidifier

valve position, (W),

. Identify the data held in the data base, that 1is

the, _
mass flow of air, (Mair),

humidifier ailr moisture content out, {Xnao).

. Identify the data to be inferred, that is the,

numidifier air moisture content in, (Xhai).

. Salect the equation{s) required to calculate

humidifier air moisture, (Xhai).

. Select the data required to calculate humidifier air

moisture content in, {(Xhai).

. fdentify the data held in the data base, that is

the,

mass flow of air, {Mair),

mass flow of cooling water, (Mcw),

cooling coil heat transfer coefficient, (Uac},
cooling coil apparatus dew point temperature, (Tdp),
cooling coil apparatus dew point moisture content
(Xdp)

cooling coil wvalve position, (Y).

. Identify the data to be infexred, that is the,

cooling coil air moisture content in, {Xcai),
cooling colil air temperature in, (Tcai),

cooling coil air temperature out, (Tcao).

. Select the equation(sg) regulred to calculate,

cooling coil air moisture content in, (Xcai),
cooling coil air temperature in, (Tcai),
.8elect the data required to calculate,
cooling coil air moisture content in, (Xcai),

cooling coil air temperature in, (Tcai).
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11.T¥dentify Lthe data held in the data base, that is
the,
mass flow of air, (Mair),
mixing box fresh air temperature, {(Tmai),
mixing box fresh air molisture content, (Xmai),
mixing box return ailr temperature, (Ilmar),
mixing box return alr meisture content, {Xmar),
mixing box fresh air damper, (zi),
mixing box return air damper position, (Zr).
12.Identify the data to be Inferred,
no data to be inferred.
13.8elect the equation(s} required to calculate,
ceoling coll air temperature out, (Tcao).
14.Select the data reguired to calculate,
cooling coll air temperature out, (Tcao),
i5.Identify the data held in the data base, that is
the,
mass flow of air, (Mair),
heater hattery heat transfer ccoefficient, {Uaht),
heating water mass flow rate, (Mhtw),
neating water flow temperature, (Thtwi),
heating waler return temperature, (Thtwm},
heater battery valve position, (X).
16.Identify the data to be inferred, that is ,

no data to be inferred.

When there is no more data to be inferred then a set of
ecquations has been assembled and ordered to infer the
humidifer control valve position (W) and the

calculation can now be pexformed.

The above procedure (stops 1-16) ig continously
repeated for each gensor and component. The calculated
values are output and presented in tables alongside the

original measured data base.



4. COMPARING MRASURED SENSOR DATA WITH CALCULATED
SENSOR DATA

After all the wvarious constraints have been suspended
and the inferred wvalues calculated, measured and
inferred wvalues are finally compared. This comparison
produces a set of percentage differcences between

measured and inferred wvalues.

5. GENERATING INCONSISTENCIES BETWEEN MEASURED SENSOR
DATA WITH CALCULATED SENSOR DATA

The set of percéntage differences 1g analysed to
generate a set of inconsgistencies. This will be used
to identify potential faults (candidate generation).
The number of potential faults is limited by applying
the ruleg listed in Section 3.2.3.

6. SELECTING THE MOST PROBABLE CANDIDATE

By applying the rules listed (Section 3.3.7) to the get
of potential faults, the most probable fault can be

selected.

7. SUBSTITUTING CALCULATED VALUE INTO DATA BASE

The calculated inferred wvalue for the candidate
{sensor) selected is sgsubstituted into the data base

containing the measured BEMS values.

8. REITERATING THE PROCESS

The procedurc is repeated until the set of inferred
calculated wvalues 1s consistent with the set of
measured values, {that 1is, each inferred value
agrees with each measured BEMS wvalue}. The £inal
set of measured wvalues i1ncludes those inferred
values which have been substituted into the data

bagse.
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8. GENERATED CANDIDATES FOR FAULTS

Inferred values substituted for measured values in the
data base are detected by comparing the original data
base of measured values with the [inal data base which
now inciudes both measured and substituted inferred
values. Faults are identified by those components

associliated with the substituted inferred values.

3.5 IMPLEMENTATION

3.5.1 CONSTRATNT REPRESENTATION

The mathematical model eguations for the mixing
dampers, heater, cooler and humidifier can be re-
arranged so that different variables can be calculated.
Thus a number of sets of equations can be produced for
each component. These sets are input into Prolog as
computational procedures of the form

component(name,set_number,{input_variables},{variables_calculated}}:-

{variables_calculated} = some function of the {input_variables}.

For the different components these might Include
procedures with left-hand sides,

component{mixer,1,{Zi,Zr,Tmai, Tmar,Xmai,Xmar,Mair},{ Tmao,Xmao}}
component(mixer,2,{Tmat, Tmar, Tmao},{Zi,Zr})

component(cooler,1,{Tcai,Xcal,Y, Tewi, Tewm,Mcw,Uac,Mair, Tdp,Xdp},{Tcao,Xcac, Tcwo))
component({cooler,2,{Tcan,Xcao,Tcai, Xcai, Tewi, Tewm,Mcw,Uac,Mair, Tdp,Xdp},{Y, Tcwo})
component(heater, 1,{X,Uaht,Mair, Thtwi, Thtwm},{Thtai, Thtao}
component(heater,2,{X,Uaht,Mair, Thtai, Thtao, Thtwm},{Thtwi}
componentthumidifier,1,{W,Mair,Xhai},{Xhao}
componentthumidifier,2,{Mair,Xhai, Xhao},{W}

Sensors, parameters and BEMS outpub devices need not be
represented by components at all since they are all
instances ol the same ‘through' device i.e.
output=input. These components are therefore merely

represented as the set inputs:
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{w,x,y,zi,zr,tmai,tmar,xmai,xmar,thtwi,thtwm,thtac,xhao,tewi, tewo,uac,uaht} ¢ inputs

A database is then constructed of all the left-hand
gsides together with the set inputs. Note that here we
uge {} and [] to discriminate between sets and lists

where order matters.
3.5.2 INFERENCE NETWOR¥ GENERATION

Although preolog is gquite capable of automatically
selecting thosgse procedures that are needed to form a
particular inference network and of subsequently
performing an evaluation, it was £felt that this might
be computationally inefficient. Instead the two tasks
are performed separately with a file transfer linking
the two together.

Figure 5a shows the inference network needed to infer
the humidifier wvalve opening W. The computational
order «can be represented by 2 ordered lists,

constraints and set_numbers, where

components = [mixer,heater,cooler,humidifier]
set_numbers = [1,2,3,1] say,

and set_numbers defines the sets of equations needed to
solve the particular component models. These lists can
be generated, automatically, by retracting w from
inputs 1n the database and then performing the
following recursive search of the database starting
with outputs = {w} and components =

{mixer, heater, coolexr,hunidifier}.
1. Identify a component{pame,set_number,{input_variables},{variables_calculated}):
({variables_calculated} n outputs ) = {} & name < components ;

2. remove name from components, remove ( {variables_calculated} v owrpats ) from

outputs and remove ( {input_variables} M inputs ) from inputs ;

3. let oulputs = inputs W outpuls
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4, if outputs = {} then success and stop,
if components {}then go {o 1. else backirack until ail possibilities have heen
exhausted.

3.5.3 EVALUATION

Each inference network 1lg then evaluated by calling the
gequence of procedures i1dentified by constraints and

set_numbers.

3.6 CONTRQL STRATEGIES

The control strategy is assessed by using a sgeries of
'if-then' rules in conjunction with the wvalues
conLtained in the data base which now incorporates both
meagsured and substituted inferred wvalues. The use of
'if-then' type rules circumvents the need to quantify
the integral terms in the Proportional + Integral (P+I)

controllers.

The control strategy thus performs the following

actions;

1. Room thermostat adjusts the supply air temperature

controller to maintain room air temperature.

2. Room humidistat adjusts the supply air humidity

controller Lo maintain room air humidity.

3. Supply air temperature controller adjusts heater
battery control wvalve, fresgh,return and exhaust air
(mixing) dampers and cooling ceil control wvalve in

seguence to maintain supply air temperature

4. The cooling coil dehumidifies the air when the
humidity set point in the room 1s exceeded.
Dehumidification has priority over air temperature
control reguirements 1f more c¢ooling is regquired to

gatiafy dehumidification demand.
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5. The humidistat will modulate the humidifier wvalve
when the room humidity falls below the rpoom set

point.

6. The mixing damper controller will modulate to
achieve the supply alr temperature if the desired
supply air temperature is between the outside air
temperature and the return air temperature.

7. The mixing damper will close to a minimum of 10% if
the return air temperature lies between the outside
air temperature and the desired supply air
temperature. .

8. The mixing damper will open teo 100% if the outside
air temperature lies between the return air

temperature and the desired supply air temperature.

These strategies can be shown on scheduling diagramns
(Figs 11-13).

T outside
coid ~— —~— % cooling
g — valve open
T return /[\ 1 100 cooling
hot 0%
fresh
air
0 0
hecating
100%
100 fresh
% hedating arr
valve open
tmao<iast tmao=tas | tmao>tas

Fig 11 Scheduling Diagram for Supply Temperature
Alr less than Reoom Air Temperature
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T outside

hot % cooling
::: ::: valve open
/r mixing 100
T retum 100% dg;‘;i%ir
cold fresh P
alr cooling
D 0 temperature
heating
HfO% "
500 éﬁs
% heating
vdlve ocpen
tmao<tas tmao=tas fmaostas

Fig 12 Scheduling Diagram for Room Air Temperature
less than Supply Air Temperature

% cooing coll valve open
100
dehumldify
0 40 0 &0 100
0 -

% relative humidity
hurnidify

100 WV

% humidifier valve open

Fig. 13 Scheduling Diagram for
Humidification/Dehumidification

It is usual in the U.K. to assume that i1f the outside
cemperature is hot then it is also humid and to switch

to 10% fresh air regardless of the need for reheat.

It is necessary to translate the above diagramsg into
usable sgets of ‘'if-then' rules. These rules are
simplified by considering the processes involved in airx
conditioning, with the assoclated valve and damper

positions summarised in Table 1.
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TABLE 1 CONTROL STRATEGY SUMMARY

Hunidifiexr Heater Cooling
PROCESS valve Battery Coil Mixing Damper
Valve Valve
(w) ( X)) (YY) { Z )
Thtao<Tmax Tmar<Thtac
Tmai<Tmar Tmal<Tmar
Heating 0 0 -1 0 0.1-1.0 0.1
only Tmai>Tmar Tmar<Tmai
1.0 1.0
Tmai<Tmaxr
Cooling 0 0 0 -1 1.0 0.1-1.0
only Tmai>Tmalr
0.1
Heat Tmai<Tmar Tnai<Tmar
+ 0 -1 0 -1 0 0.1-1.0 0.1
Humidify Tmai>Tmar Tmar<Tmai
1.0 1.0
Cool Tmal<Tmar
+ Q 0 0 -1 1.0 0.1-1.0
Dehumidify Tmai>Tmar
0.1
Cool Troai<Tmax
Dehumidify 0-1 g -1 0 -1 1.0 0.1-1.0
Reheat Tmai>Toar
0.1
Mix 0 0 0 0.1 -1 0.1 -1
Iin addition the strategy for Thumidification or
dehumidification must be superimposed. This is a
gimple if-then rule based on humidification being
called for if the room relative humidity falls below
40%., Dehumidification is called £for if the room

relative humidity rises above 60%.




If Xhar < 0.4 then humidify
If Xhar > 0.6 then dehumidify

The following 'if~then' rules are derived from Table 1,
IfQ < X <1 and Y = 0 then heating only:-
If Thtao < Tmar and Tmai < Tmar then 7 = - 1,0,
If Thtao < Tmar and Tmai > Tmar then Z = 1.0,
If Thtao > Tmar and Tmai < Tmar then Z2 = 0.1,
If Thtao > Tmar and Tmai > Tmar then Z = .0,
I£fX = 0 and 0 <Y < 1 then cooling only or coeling
and dehumidification:-
I£f Thtao < Tmar and Tmai < Tmar then Z = .
If Thtao < Tmar and Tmai » Tmar then 2 = 0.1,
If Thtaco > Tmar then 0.1 < 2 < 1.
IE0 = W< land 0 <« X <1 and Y = 0 then heating
and humidification:-
If Thtao < Tmar and Tmai < Tmar then 2 = 0.1 - 1.0,
If Thtao < Tmar and 'mal > Tmar then 2 = 1.0,
If Thtao > Tmar and Tmai < Tmar then 72 = 0.1,
If Thtao > Tmar and Tmai > Tmar then % = 1.0,
IfF0 <« X <1 and 0 < Y < 1 then cooling
dehumidification and reheat:-
If Thtao < Tmar and Tmal < Tmar then 2 = s
If Thtao < Tmar and Tmai > Tmar then Z = 0.1,
If Thtao > Tmar then 0.1 < ¥ < 1.
« IfX =0 and Y = 0 then mixing:-
0.1 < Z2 < 1.
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4.0 RESULTS

4.1 INTRODUCTION

This chapter attempts to verify the method of chapter 3
by applying it to collected BEMS data from an operating
air conditioning unit (ACU). The results are presented
from three sets of data obtained from the schematic
output £from the BEMS and three ‘'runs' of the fault
detection and diagnoesis programme. The measured and
calculated data will be pregented in tabkles and will be

described and analysed.

The constraint suspension technique is first applied to
the air conditioning unit at sensor level it is then
applied Lo component level. Finally the control

strategy is assessed using the rule base.

Before the results analysis a brief description of the

alr conditioning unit is given

4.2 SYSTEM DESCRIPTION OF THE ATIR CONDITIONING UNIT

The ACU is one of two Woods type Airpac Air Handling
Units 483006/08F serving a 4000 square metre Ffactory
space for light engineering production of aerospace
components. The  building is of steel Erame
construction with metal/mineral wool/metal sandwich
cladding and roof. There are no windows or roof
lights.

The ACU comprises a mixing box, cooling coil, heater
battery, humidifier and £fan sections. The extract
gsection is mounted above the supply section. Control
dampers are opposed blade type operated by Belimo
actuators and are assumed to have a lineax
characteristic. Control wvalves are Honeywell equal
percentage type with electric motor drives and are
assumed to have a relatively high authority.

Temperature and humidity sensors are Honeywell.
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Cooling coil and heater Dbattery colils are copper
tube/aluminium fin type and the humidifier is a steam

injection type.

Manufacturer's data for the air conditioning unit is as

follows: -
Alr Volume Flow Rate 13.0 m /=
Heater Battery on coll temperature 16.5 deyg C
Heater Battery off coil temperature 23.0 deg C
MTHW flow temperature 120.0 deg C
MTHW return temperature 90.0 deg C
MTHW flow rate- 0.81 Lit/sec
Cooling Coil on coll temperature 22.2 deg C db
15.% deg C wb
Cooling Coil off coil temperature 12.0 deg C db
11.0 deg C wb
Cooling water flow temperature 5.5 deg C
Cooling water return temperature 11.0 deg C
Cooling water flow rate 8.7 Lt/sec
Cooling Coil apparatus dew point 10.0 deg C

The air conditioning unit manufacturer was unable to
provide the heat transfer coefficients for the cooling
coil and the heater battery. They must Cherefore ba
estimated from the data. The selection of the heat
transfer coefficient and the effect this has on the
method isg discussed in the next section.

4.2 SELECTION OF HEAT TRANSFER COEFFICLENTS

In the abgence of manufacturer's data for the wvalues
for heat transfer coefficients wvalues were calculated
from the BEMS data using the NTU method described
previcusly. This ig rather crude and it is important
to establish whether the analysis will, as a
consequence be sensitive to exrors in the estimatiomn.
This 1s because the sensor data may not be correct and
computational error may give variations in Theat

transfer coefficient wvalues. In addition exrors may
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the relationships between heat exchanger effectiveness
(€) and number of transfer units (N). Since number of
transfer units 1s preoportional to heat transfer
coéfficient, wvariation in heat transfer coefficient
will produce a variation in heat exchanger
effectiveness. mhis will, in  turn, result in
variations 1n those variables whichh depend on a
calculated value for the heat exchanger effectiveness.
For example the variation of walve position with heat
transfer coefficient to obtain one particular off-coil
condition is summarised in Tables 2-3 and the reszults
shown on Graphs 3-4. These indicate that a small
variation in the heat transfer coefficient will produce

a variation in the valve position.

The foregoing analysis shows that small wvariations in
heat transfer coefficient can significantly affect the
calculated value of valve position. Hence, where there
are logical inconsistencies in the overall model the
value of heat transfer coefficient should be
investigated first. Further development of the model
to use more complex methods of modelling valve position
may be beneficial in this cage; however, it must be
remembered that this will be at additional development

cost.
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UARTUACT.XLS

Uaht 1 1.05 1.1 1.2 1,25 1.3 1.35
X 0.15 0.35 0.45 0.55
Table2  Variation of Heater Battery Valve Posttion with Heat Transfer Coefficient
Uac 6.8 6.9 7 7.1 7.2 7.3 7.4
Y 0 0.05 0.15 0.25 0.35 0.35 0.35
Table 3  Varatlon of Cooling Coil Position with Heat Transfer Coefficient
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4.3 ANALYSIS OF RESULTS

4.3.1 DATA SET 1 CONSTRAINT SUSPENSION FOR SENSORS

The calculated wvalues and data set obtained by
guspending sensor and parameter constraints are
compared in Table 4. Those obtained by suspending
other components arxe given in Table 5. There is a
numerical correlation between the calculated values and
the data set except for the wvalues for cooling coil
water temperature mixed (Tcwm). This wvariable (Tcwm)
represents the temperature of the cooling water return
downgtream of the nixing valve.

Therefore it may be suggested that there isg a fault in

the temperature sensor.



TAEBLE 4.

RESULTS FROM ORTGTNAL:

(original data set)

Suspended Constraint

DATA SET 1

Constraint

Data

w

ZifZr

Xmai Xmar Thiwl | Thtwm | Uaht Tewl Tewm | Usc Titae | Xhao -
Tmal Troar )
W 0.0c3 ) 0029
X 0.273 025
Y 0118 Q.45
Zi 0.30 0.293
Zt 0.69 0.207
Amai 2.4 10.04
Tmai 0.003 0.004
Xmar 0.006 a.£36
Tmar 22.2 22.48
Thiwi 28,3 110.5
Thiwm 76.0 75.95
Uaht 1.189 1.1%6
Tevl 717 7.73
Towin 0.0 2.181
Uac 5A7 5104
Tntao 22.26 2191 20,29 20.2¢ 2029 | 2029 2029 | 2029 2028 20,29
Xhao 0.006 0.006 D.0nA D.CG&I :
Tmac 18.25 18.25 18.25 18.45 16.45 18.45 18.25 18.25 18.25 18.25 18.25 18.25 1E.25.'
Ymao 0.006 0.1CH D.008 0.C06 | 0.006 0C06 ! 0C06 | 0006 0.006 0026 ) 0006 |'0.006 0,008°
Thtwg
Thtal 15.52 1552 15.52 15.52 15.52 15,52 1562
Xoao 0.008 0.008 0.006 0006 | 0.006 § 0.005 0006 | 0.00% 0008 0.006
| Toai 15.52 17.14 15.52 1818 18.4% 18.45 15.62 111.25E
Xhai 0.006 0.008
Teaa 2029 35,97 16.42 16.37 15.37 15.37 20.29
Towa
Xhal
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4.3.2 DATA SET 1 CONSTRAINT SUSPENSION ¥FOR
COMPONENTS

The calculated wvalues are shown in Table 5. These
rvesults i1ndicate consistency with the mathematical
models and the sensor values.

TABLE 5. RESULTS FROM ORIGINATL.: DATA SET 1
COMPONENT CONSTRAINTS SUSPENDED

(originat data set) Suspended Constraint
Constraint Data Mixing Box Heater Humidifler
w 0.000
X 0273 0,273 0,273
Y 0448 0,448 0.46
Zi 0.0
ar 0.69
Xeaai 0.0D3 0.004
Tinal 9.4 9.39
Xmar 0.006
Tma: 272
Tatwi 98.9 109.83
Thiwm 764
Ualt 1,139
Towl 717 7.17 717
Tewm 2.19 8.38 3.3%
Uss 547
Thiaa 22,76 20.29 20.29
Anhao G.006
Trrau 18.32 18.32
Xmao 0.035 0.005
Thiwao 7.8 €7.92
Thtal 18.5 15.52
Acan 0.038 0.0058
Xeal 0.0053
Tcai 18,12 18.32
Xhai 0.005 0006
Tuao 15.52 15.52
Towa 3.38 9.88
Xhai

g1




4.3.3 CONTROL STRATEGY FOR DATA SET 1

The ocutput from data set 1 is shown schematically in
Figure 14. The input data taken from a EBEMS printout

is shown schematically in Figure 15.

By applving the rules listed in Section 3.6 1t can be
observed that the outside temperature 1s less than the
supply temperature which i1s In turn less than the
return ailr temperature. The humidifier valve is closed
and the Heater battery and cooling coil wvalves are both
modulating. This indicates that cooling,
dehumidification and reheating is taking place. Since
the outside air temperature is less than the return air
temperature the mixing damper should be modulating to
supply between 10% - 100% fresh air. However
consideracicn of the control strategy indicates that
the plant should be humidifying since the relative
humidity is at 38.19%. The control strategy for
humidification/dehumidification would therefore appear
to be incorrect in this case.
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4.3.4 DATA SET 2 CONSTRAINT SUSPENSTON OF SENSORS

The calculated values obtained by suspending sensor and
parameter constraints are shown in Tables 6-8 and those
obtained by suspending other components are givan in
Table 9. These have little numerical correlation with
the measured values. The following wvalues show the

least correlation: -

e Humidifier Valve Position (W)
The value of W from the model ig 1.14C. Since this
value must always be legs than 1 and greater than or
equal to =zero there is an inconsistency between the

model and the measured values.

e« Heater Battery Valve Position (X)
The meaured value of X at 0.21458 1is inconsistent
with the model value of 0.45.

¢« Cooling Coil Valve Position (Y)
The model could not produce a value for Y from the
measured data set.

¢« Fresh Alr Damper (Zi)
The fresh air damper cannot assume a negative value,
therefore there 1s an inconsistency between the
model and the data.

+ Recirculation Air Damper {(Zr)
The recirculating air damper position must always be
less than 1 and greater than or egual to zeroc there
is an inconsistency Dbetween the model and the

measured values.

¢ TFresh Air Temperature (Tmai)
The fresh air temperature for the locetion and time
of vyear is most unlikely at 31.88 deg C and

therefore an inconsistency exists.

« Cooling Coil Water Temperature in (Tcwi)
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The model value of temperature for the conling water
into the cooling coil is inconsistent with the data
values. A temperature of 52.41 deg C will not be
achieved by the chiller plant. Furthermore the
model wvalues f£from other constraint suspensions at
8.22 deg C are not consistent.

Cooling Coil Water Temperature Mixed {(Tcwm)

The model value of temperature for the cooling water
from the cooling c¢oil wvalve at 9.35 deg C is
inconsistent with the data values. Furthermore the
model values Lrom other constraint suspensions at

10.69 deg C and 48.10 deg C are alsc not consistent.

Cooling Coil Heat Transfer Coefficient (Uac)

Although the cooling coil heat transfer coefificient
is not measured, It can be compared  with
manulacturers data or a wvalue calculated from design
data. It cannot have a negative value and therefore
the data is not consistent with the model.

Cooling Coil Air Temperature Out {(Tcao)

Heater Battery Air Temperature In (Thtai)

Although these values are not measured they may be
compared sgince they are calculated from different
sets of constraints and should be egual. The values
of 12.84, 17.87, and 24.32 deg C dindicate an
incongistency in the model.

Cooling Ceoil Water Temperature Out (Toewo)

This value 1gs not measured, however like the two
previous variables 1t is calculated from different
sets of constraints and these values may be
compared. Values of 76.34, 10.27, and 44.6 deg C

indicate an inconsistency.

The large number of inconsistencies identified, would

suggest an equally large number of potential £faults.

It 1s possible to substitute all calculated wvalues in

turn into the data set and continue the process in an
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attempt to establish the most likely inconsistencies
for fault diagnosis. This process may be time
conguming and there is some bagis for deciding which
values should be substituted first. Since some
components are more likely to fail than others priox

knowledge can reduced the search routine and pattern.

In this example, the experience of running the program
and calculating values manually, indicates that this
model is extremely sensitive to small variations in the
value of the heater battery heat transfer coefficient.
The value for this factor, calculated from the model is
rherefore substituted for the value originally included
in the data set. ‘The calculation process 1is repeated

and a second set of values produced.



TABLE 6 RESULTS FROM ORIGINAL DATA SET 2 v
{original data set) Suspended Constraint
Constraint Dats v X Y 2M¥Zr Xmal Xmar Thtw! | Thiwm | Uaht Tewi Yowm | Uac Thtao | Xhao ]
Trnai Tmar

w 0,00 1.140 |

X 0.146 0.45

Y 0.448 .

Zi 0.777 -0.825 I

2r 0.188 1.825

Xmai 0.006 0,008

Tmai 12,61 3188

Xnar 0.Q0B 0.021

Tinar 22.13 101.8 -

Thiwi 1014 1249 .

Tutwm 80.00 76.81

Uaht 1.186 1.071

Tewi B.22 2.4 52.4 52.4

Towm 18.36 43.11 10.69 10.69 10.69 9,45 48.1 °

Vac 5.47 -11.25

Thtao 24.45 22.73 28.90 28,50 2B.90 26,90 28.90 28.90 78,50 28.490 282

Xhao 0.008 0.004_
|_Tmag, 14.46 14.46 14.46 29.90 29.28 2988 14,45 14,48 14.46 14.48 14.46 14.46 14.46

Ymac 0.LC00 0.003 0.005 0.008 0.008 0.008 } 00cA | 008 0.008 a.002 ' 0008 0.!7&4?

Thiwo 76.85 76.35 7E.35 76.35 76.35 72.61 76.55 76.35 76.35 76.35 76,38

Thiai 24.33 1815 24.92 24.32 24,32 24,33 17.87 17,87 17.87 24.32 24.22 24.32 24.32

Xeao 0.004 0.008 § 0.038

Teai 14.4€ 21.10 21.10 21.10

Xhal —

Toaa 12.34 24.32 24.32 24.33 12,04 12.04 12.94

Towo 14.61 12.69 12.69 12.69 44.61.

Xhai 0.008 0.008 0.008 0.008 0.008 -
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The calculated values substituting the wvalue for Uaht
calculated from the model are shown in Table 7. These
have better numerical correlation with the neasured
values but a number of wvalues are still indicating
inconsistencies. In particular the following wvalues

show the least correlation:-

e Humidifier Valve Position (W)
The value of W from the model is 0.736. This i

nokt consistent with the measured valueof 0.0.

+ Heater Battery Valve Pogition (X)
The meaured wvalue of X at 0.1458 1s now consgistent
with the model walue of 0.15.

+ Cooling Coil Valve Position (Y)
The model could not produce a value for Y from the

measured data set.

e Fresh Air Damper (Zi)
The value of Zi from the model is 0.107 this is not

consistent with Lthe measured value of 0.777

¢« Reclrculation Air Damper (Z2Zr)
The value of Zr from the model is 0.893 This is not

conglistent with the measured value of (.188.

e« Fresh Alxr Temperature (Tmai)
The fresh air temperature for the location and time
of vear could possibly be at 20.86 deg C and

thersefore an inconsistency may exist.

e Cooling Coil Water Temperature In (Tcowi)
The model value of temperature for the cooling watexr
into the cooling coil at 27.13 deg C is inconsistent
with the data value at 8.22 deg C.

» Cooling Coil Water Temperature Mixed (Tcwm)
The model value of temperature for the cooling water
from the cooling coil walve at 9.35 deg C 1is
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inconsistent with the data wvalues. Furthermore the
model vwvalues from other constraint suspensions at

25.70 deg ¢ are also neot consistent.

s Cooling Colil Heat Transfer Coefficient (Uac)
Although the cooling coll heat transfer coefficient
is nokt measured. It can be compared with
manufacturers data or a value calculated from degign
data. It cannot have a negative value and therefore

the data 1s not consistent with the model.

+ (Cooling Coil Alr Temperature out (Tcao)
Heater Battery Air Temperature In (Thtai)
Although these values are not measured they may be
compared since they are calculated from different
sets of constraints and should be equal. The values
of 12.84, and 17.57 deg C indicate an inconsistency
in the model.

« Cooling Coil Water Temperature Out (Tcwo)
‘'his wvalue 1is not meagured, however like the two
previous variables it is calculated from different
sets of constraints and these wvalues may be
compared. Values of 10.27, and 24.53 deg C
indicate an inconsgistency.

The number of Iinconsistencies indicated has been
reduced. However there isg stilill a large number of
potential faults. Again a knowledge of the process and
the most probable potential faults will help to reduce
the search pattern.

In this case the values of damper pesitions are the
most likely candidates for faults. The new calculated
values for the damper positions are therefore
substituted for the wvalues originally included in the
data set.
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TABLE 7.

(Uaht value

RESULTS FROM DATA SET 2 WITH CAT.CULATED

substituted)

VALUE OF UAHT SUBSTITUTED

Suspended Constraint

Constraim Dala w X Y ZiZr Xmai Xmar Thiwl Thiwm | taht Tewi Tewm | Vac Thtao | Xhao
Tmal Tmar
W 0.00 0.736
X 0.146 0.15
Y 0.448 )}
Zi 0.777 0.107
zZr €.188 0.893
Xmai £.006 0.000
‘I'mai 12.81 20.B6
Xmar 0.008 0021
Tmar 22.13 56.24
Thiwl 101.4 1240
T hivem B2.0Q 78.74
Uaht 1.071 1,071
Towi 8.22 27,13 27.13 27,13
Tewmn 18.35 25.69 £.63 9.68 9.38 9.35 2570
Uac 547 -5.81
. Thtaa 22.46 23.04 23.33 22.33 22.33 22,33 22.33 22.33 22.33 22,33 22.33
Xhao {.008 005
Tmac 14.48 14.48 14.46 14.46 14.46 14.46 14.46 14.46 14.46 14.46
| Xmao Q.C06 Q.006 0.006 £.006 0.006 0.006 0.008 0.006 0.006 0.C08 '
Thtwa 7G.34 76.39 76.35 75.35 76,35 74.87 76.28 76.35 74.35 70.25 76.3% 75,88
Thtai 17,76 18.47 17.57 17.67 12.57 17.57 i2.84 17.87 17.76 17.7G 17.7G 17.7G 1?.?6:'
Xcao 0.005 0.005 -
Tcal 14468 21.50 21.10 21.10 14.452.
Xhai
_Ttag 12.81 17.57 17,587 17.57 12.84 12.84 12.84
Towe 24,53 10.86 10.83 10.66 10.27 24.63
Khai 3.008 Q.008 0.008
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The calculated values substituting the wvalue for Uaht,

Zi and Zr calculated from the model are shown in Table

8. These give a very close approximation between the
data and the model with the exception of the value for
the temperature of cooling coil water out of the

mixing valve. This has a model value of 10.559 deg C
againsgt a data value of 18.35 deg C.

From this information it may be inferred that there are
inconsistencies in the values of: -

s Fresh air damper position (Zi)
+« Recirculating air damper position {Zr)

¢« Chilled water temperature out of mixing valve (Tcwm)

This in turn, indicates potential faults in the dampers
and in the sensor measuring the water temperature out

of the mixing valve.

The calculated wvalues of the damper positions are
consistent with the conventional control strategy for
the outside conditions whereby a minimum of 10% fresh
air is introduced when fresh alr temperature is below

supply air temperature.

The vwvalues for the sensor measuring the water
temperature out of the mixing wvalve may indicate a

faulty sensor.

Since the BEMS is calling for damper positions which
are inconsistent with those positions which may be
expected it 1g reasonable to assume that there is also
a faultr in the controls.
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TABLE 8

RESULTS FROM DATA SET 2 WITH CALCULATED
VALUES OF ZI & ZR SUBSTITUTED

{ZifZr substituted) Suspended Constraint

Constraint Data w X ¥ pilris Xmal Xmar Thiwl Thtwm | Uaht Tewk Tewm | Uac Thias | Xhan -'
Tmai Tmat

W .00 0.086

X Q.146 ¢.15

Y C.448 0.56 I

Zi 0.107 0.107

Zr 0.892 0.892

Rinai 0.006 0.010

Tmal 12,61 12.57

Xmar 0.008 0.008

Tmat 22.13 22,12

Thiwt 101.4 161.9

|_Titwm 80.09 30.0

iJaht 1.0 1,072

Tawi 8.22 8.21 8.21 3.21

Tcwm 18.25 25 69 .68 9.60 2.86 10.66 0.670..

Uac 18.35 547

Thiao 22.145 22.33 23.04 22.33 22.33 2233 22.32 2233 22,33 22,33 22.33

xhao 0.008 0.008

Tmao. 2111 21,11 21,11 21.19 21.11 21.11 2141 21,11 21.11 21.11 2111

Xmeo Q.0UB, £.004 D.00H £.008 0.008 Q.008 0.008 0.008 {.008 0.CJB

Thiwa 78.35% 76.38 76.35 76.35% 76.35 76,25 76,35 76.85 76.35 76,25 76,35 76,35

Thtai 12,46 16.80 17.57 17.57 17.57 17.57 17.e7 17..87 17.76 17.76 17.76 17.76 17.78

Xcao 0.008 Q.008 0.008

Tcai 21141 21.11 21.11 21.11 21.11

Xhal 0.008

Tcao 17,76 17.80 17.78 17.76 17.75 177G 17.76 17.76

Towy 11.11 10.B6 10.86 10.06 12.46 10.86

Xhai 0.008 0.C09 0.008
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4.3.5 DATA SET 2 CONSTRATINT SUSPENSICN OF
COMEO S

The calculated values are shown in Table 9, These
results 1indicate consistency with the mathematical
models and the sensor values.

TABLE 9. RESULTS FROM ORIGINAL: DATA SET 2
COMPONENT CONSTRAINTS SUSPENDED

(original data set) Suspended Constraint
Gonstraint Data Mixing Box Heater HumidIfier
w 0.000
X 0.146 0.146 0.146
Y D.446 D448
zl 0107
Zr 0.892
Xmai 0,066
‘Tmal 1201
Xrmar 0.008
Tmar 22,13
’______mei 1014 101.80
Thiwm 30.0
Ualil 11071
Towl 8.22 8.22 8.44
Tevm 2.68 2.7 9.88
Lise 5.47
Thtao 22,45 22.59 22.39
Xhao 0.008
Tmao iB8.32 18.82
Xmao 0.0077 0.0078
Thiwo, 76.34 76.94
Thiai 17.81 17.81
Xcao 0.008 0.C076
Xeai 00089
Teai 21.19 21.11
Xtai 0.008
Teso 17.81 17.81
Tewo 10.68 11.04
0.0C8
Xhai
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4.3.6 CONTROL_ STRATEGY FOR DATA SET 2

The output from data set 2 1is shown schematically in
Figure 16. The input data taken from a BEMS printout
is shown schematically in Figure 17.

The rules listed in 3.6 are applied to these results.
It can be observed that the outside temperature is less
than the supply temperature which is in turn only
slightly less than the return air temperature. The
humidifier wvalve is closed and the heater battexy and
cooling coil valves are both modulating This indicates
that dehumidification and reheating arc taking place.
Since the outside air temperature 1s Lless than the
return air temperature the mixing damper should be
modulating to supply alr between 10% and 20% fresh air.
This would appear tc be the case. However, with a
return air relative humidity of 47.94% cthe plant should
not be dehumidifying. The control strategy for
humidification/dehumidilication would therefore appear

to be incorrect.
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4.3.7 DATA SET 3 CONSTRAINT SUSPENSTON OF SENSORS

The calculated values obtained by suspending sensor and
parameter congtraints are ghown in Tables 10-11. Those
obtained by suspending other components are given in
Table 12.

The discrepancies between. calculated walues and Data

Set 3 are as follows:-

e Cooling Colil Valve Position (Y}
The model could not produce a value for Y from the

measured dalba set.

» Fresh Air Damper (Zi)
The fresh air damper position must have a value less

than one.

¢ Recirculation Air Damper (%41)
The recirculation dJdamper cannot have a nedgative

value.

¢ Recirculation Air Temperature (Tmar)
The recirculation air temperature will not have a
value of -21.95 deg C.

« (Cooling water Temperature In (Tcwi)
The temperature of the c¢ooling water into the
cooling coil is measured at 7.92 and calculated at
5.39.

s Coaling Water Temperature Mixed {(Tcwm)
The measured temperature from the cooling coil valve
is 20.37 deg €. This is not consistent with the
values of 7.000, 10.02, and 9.137 deg C. which in

themselves show significant variation.
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» Cooling Coll Heat Transfer Coefficient (Uac)
The cooling coil heat transfer coefficient has a
calculated wvalue of 7.2 this shows a significant

varlation from the initial trial value of 5.47.

+ Non Measured Values
There are slight variations in the calculated values
for Heater battery alr temperature in (Thtai),
Cooling coil air temperature in (Tcai) and Cooling

coll water temperature out (Tcwo).

The number of inconsistencies can be reduced by
substituting the mnew wvalue for cooling coil heat

transfer coefficient as before.
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TABLE 10.

RESULTS FROM ORIGINAL DATA SET 3

{original data set)

Suspended Constraint

Constraind Daia w X Y Zifzr Xmal Xmar Thtwi | Thiw Uaht Tewi Tewm | Uac Thteo | Xhao .
Tmal | Tmar m
W Q.00 0.048
X Q.188 0.20
Y 0.448 .
Z| 0.976 1.3
Zr £.200 -0.3
Xmai 0.007 D.008
Tmai 19.48 18.58
| Xmar 0.008 o022
Tmer 22.20 21.96
|_Thiwi 1913 98.24
Ihiwm 78,80 7937
Uaht 1.072 1.072
Tewl 7.92 5.29 7.52 7.2 7.92 5.89 £.39
Towm 18.25 7.000 9.137 9.137 9.137 10.02 7.000
Uac 547 1.2
Thtao 20.£0 20.26 20,49 20.49 20,49 20.49 20.49 2049 20.49
Xhao 0,007 0.008
Tmeo 19.53 19.563 19.53 18.59 19.54 18,53 18.83 19.53 19.53
Xmao Q0.CO7 0.C07 0.007 0.007 Q.c07 0.007 0.007 a.co7 ‘| o007 0.007
Thiwd 74.59 4.£9 74.59 74.59 74.59 74.80 74.59 74.59 74.59 74,59 74.59 74,58
Thtai 15.86 15.62 15.65 15,86 15.686 16,81 15.86 16.86 16.86 16.86 15.86 i5.8¢ 16.86
Acao Q.007 0.007 0.007 0.007 0.L07
Teai 19.53 18.85 18.85 18.8% 18.53
_Xhai C.007 0.007 0.007 0.007 0.007 |
Tcag 15.86 15.86 15.88 18.82 16.52 16.52
. Town 8.30 10.12 10.12 10.12 11.74 8.3
Xhai ¢.008 0.3J08 Qa.008
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The calculated values after substituting the new value
for Uac are shown in Table 11. These results give a
very close numerical correlation between the data set
and the calculated values. The only exception to this
is the value for the c¢hilled water temperature out of
the cooling coil mixing wvalve. This inconsistency
indicates a potential fault in the sensor measuring

this wvalue.
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TABLE 1l. RESULTS FROM DATA SET 3 WITH CALCULATED

VALUE OF UAC SUBSTITUTED

{Uac substituted) Suspended Constraint
Canstraint Data w X Y 21Zr xmal Xmar Thiwl Thtw Unht Tewl Yewny | Uac Thtao Xhao
Tmel Tmar m
hd 0.00 £.048 :
X 0.188 Q.20
Y 0.448 0.45
Zi 0.976 0.96
Zr ©.200 0.02
| #mal 0.007 0.007
Tmat 19.48 10.47
| _Xmiar 0.008 0.023
‘Tmar 2220 22,19 . ‘
Thiwl 101.3 181.3
Tatwm, 79.60 79.60
Uaht 1.072 1.072
Towi - .02 7.92 .92 7.92 7.92 7.92 7.92
’_TM 20.50 0.52 8.50 9.52 9.52 a.62 30.49 8.52
Uae 1.2 7,200
Thtao 20.60 2048 20.26 20.49 20.49 20.48 20.49 20.43 23,43 20.48 20.43 20.44 20.48
*hao 0.007
mo 1953 19,53 19.53 19.53 18.53 14.53 19.53 19.63
Xmao 0.007 0.007 0.067 0.007 0007 | 0.007 0.C07 0.007 0.007
Thiwo 74,59 74.39 74.59 74.59 7459 74.80 | 74.88 14.59 74.89 74.59 74.59 74.58
Thtai i5.85 15.62 16.68 15,86 15.88 16.85 15,86 16.88 15.06 15.88 15.E6 16.68 15.88:
Xeao 0.007 6007 | voor | ocor_| 007 0907
Teai 19.52 19.53 | 1953 | i6.53 19,53
Xhal 0.007 0.007 0.007 0.007 0.007
Jrec 1591 15.86 15.88 15,86 15,86 15.86
Towo 10,83 11.03 10.83 10.83 10.83 12.57 10.83
Xnai 0.008 (.CO8 0.008 ) .
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4.3.8 DATA SET 3 CONSTRAINT SUSPENSION OF
COMPONENTS

The calculated wvalues are scshown in Table 12. These

results indicate congistency with the mathematical
models and the sensor values.

TABLE 12, RESULTS FROM ORIGINAL: DATA SET 3

COMPO CONSTRAT SUSPENDED
(original data set) Suspended Constraint
Constraint Data Mixing Box Heater Humidifier
W U.000
X, 0.1875 o.t.ais 0.1B75
Y 0.448 0.448
2 057
Z 0.02
Xmal 0.0072
Tmai 19.48
X, 0,£276
Tmar 22.20
Thiwl 101.20 101.20
Thtwm 79.6
Uaht 1.072
Towl 7.92 792 798 |
Towm 9.52 2.5 .40
Vac 7.20
Thtao 20.50 20.45 20,485
Xhao 0.0074
Tmao 19,41 19,53 19,63
Xmao 0.0075 0.0072 0.0072
Thtwo 74.50 74.59
Thtai 15.81 15.81
Xrao 0.0374 0.0072
Xeei 0.0076
Teai 19.46 19.55
Xba:
Tcao 16.81 15,88
Towa 10,81 1972
Xrai 0.0074 0.0074
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4.3.9 CONTROL STRATEGY FOR DATA SET 3

The output from Data Set 3 is shown schematically in
Figure 18. The input data taken from a BEMS printout
is shown schematically in Figure 19.

Applyving the rules listed in 3.6 to the conditions
shown. The ocutside temperature is legs than the supply
temperature which is in turn less than the return air
temperature. These differences are csmall. The
humidifier wvalve 1s closed and the cooling coil wvalve
and heater battery valves are both modulating. Thig
indicates that cooling, dehumidification and reheating
are taking place. The outside alr temperature is less
than the room air temperature. The control damper
should therefore be fully open to supply 100% fresh
air. This 1s the case However, with a return air
relative humidity of 46.5% the plant should not be
dehumidifying. The control strategy for humidification
/dehumidification would therefore appear to be

incorrect.
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5.0 CONCLUSTIONS

The C[fault detection capabilities of BEMS systems have
been assessed and areas for improvement have been
considered. The particular difficulties of information
management and interpretation have been identified as a
major obstacle to the effective operation of a BEMS.
The application of expert systems technology is
proposed as a means of solving these problems and the
syatems which have been developed to date have been
reviewed. Whilst qffering gsolutions to the problems of
data amnalysis and interpretation, statistical model
based and if-then (production}) based expert systems
both have some disadvantages,

« statisltical modelling requires the development of
complex computer programs,

» production or "if-then" rule based systems and
statistical medelling computer programs arxe specific
to the building for which they have been developed,

e« the systems are subject Cto the limitations of the
rule base,

e rules rely on eliciting knowledge £from an expert,
(the project may succeed or fall in accordance with
the accuracy, reliability and wvalidity of this
information),

¢ gstatistical models reqguire a period of at least six
months to allow enough data for analysis to be
collected,

¢« faults have to produce noticeable effects such as

severe energy oOver consumption.
The application of the technigque o©of constraint

suspension to fault detection and diagnosis in HVAC

plant using BEMS generated data offers a
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number of advantages over previous methods,

+ it is based on a steady state model,

e it does not depend upon apriocri knowledge about
faults,

e it is simple and universally applicable,

o+ it defines the limitations of the knowledge base, or
"programmes competence" (Davis 1984},

s+ such model based systems are capable of diagnosing

symptoms resulting from previously unknown problems.

By examining the application of this technigque to a
particular HVAC system this thesig has made the

following original contrxributions,

¢ the specification of an appropriate constraint
representation for a real ailr conditioning unit and

s the development of an inference network generator Lo
suspend each component in turn and

» the identification of the need for a seperate rule
base identify faults in control strategy
implementation.

e the verification of the method using real data from

an operational BEMS.

Three different sets of data from a BEMS used to
control an air conditioning plant in a light
engineering factory have been considered. The

following faults have been identified and verified:

» the sensor measuring the chilled water temperature
out of the mixing valve was Laulty in all data sets,

» the BEMS driver output for fresh air and
recirculating air dampers for data set 2 was faulty,

« the control strategy for dehumidification in all

data sets was incorrect.
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The findings demonstrate that the system proposed,
based upon constraint suspension technology, is capable
of detecting and diagnosing sensor and driver faults.
The rule based system of assessing the control strategy
can indicate faults in the strategy. The viability of
the application of constraint suspension to the
detection and diagnosis of fault conditions in an air
conditioning unit has been demonstrated for a

particular plant operating during a single season of

the vear. Hence further work should include, the
analysis of data collected during other times of the
vear. The interpretation of the results has been

fairly subjective and it is recommended that guidelines
should be prepared to advise on how to interpret the
output from constraint suspension.

This technique uses simple static models which arxre
easily understood and easily applied to air
conditioning plant in general. The case for static
modelling is discussed in Appendix 1, however, there
will always be concern about the accuracy of the
models. This can only be addressed by performing a
large number of case studies to explore the effects of
incorrect parameters, totally incorrect modelling
assumptions etc. Extensive work of this nature may not
be necessary 1n order to provide the BEMS operator with

an aid teo interpretation of data.

The rather arbitrary nature of locating sensors in alr
conditioning plants has been identified. For example
the cooling c¢olil and heater battery contrel valves
could have been modelled separately and the heat
exchanger models simplified i1f the temperature sensors
in the flow and return pipework were positioned between
the wvalve and the heat exchanger and nct before the
control valve. Some installations do not monitor these
conditions. If it is desirable to incorporate £fault
detection and diagnosis procedures such as those
sugogested here, it is important to ensure there are
sufficient sensors and that these are located sensibly.
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This, in turn, raises the question as to whether or not
constraint suspension could be applied at the design

stage to advise on these matters.
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APPENDIX 1

1.0 THE CASE FOR USING STEADY STATE MODELS

1.1 INTRODUCTION

Steady state models have been used throughout this

study for the following reasons,

» the constraint supension technique originally
applied to digital electronic circuits (Davis 1984)
uses steady state models,

» the logic programming language used {(PROLOG) does
not readily handle complicated mathematical
technigues,

» this programme conducts fault detection and
diagnosis routines. Models which use complex
gimulations can devote more time to gimulating than
to diagnosis of faults.

¢ because gteady state models are easy to use and
understand, it is of wvalue to explore their validity
in this application.

e gimple models are more likely to find a universal

application and appeal.
The objective of this chapter is,
¢« to demonstrate the appropriateness of applving low

accuracy, steady state assumptions.

1.2 COMPARISON RBRETWEEN STEADY STATE AND DYNAMIC MODELS

In determining the suitabillity of steady state models
for the application Lo ACUs wvarious types sgimulation
models have been assessed, The types of mathematical
model (Clarke 1986) are,

e gimple steady state,
» simple dynamic,
» response function,

» numerical (finite difference)
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Static simulation models use the simplifyving assumption
that all conditions are in a steady state, that isg,
they do not change with time. This greatly reduces the
amount o©f computer processing at the expense of

accuracy.

Dynamic models, in comparison with steady state models
are generally more accurate. However, as complexity
increases, it  becomes increasingly difficult to
differentiate between,

"detailed models which are performing accurately and
detailed models which are not performing accurately".
{Lomas, 1991).

Dynamic simulation models have the advantage of
allowing for changes of parameters with time. Some
degree of dynamic simulation 1is necessary if the
building fabric response is to be modelled. However
dynamic simulation also reguires the control elements
and sensor responses to be included and considered
since they are time dependant. Inclusion of these
elements leads to concerns with regard to validation..

1.3 IHE ISSUE_CFE_ACCURACY

The issue of accuracy of the model 1is always of
importance. This becomes more sco if accuracy of the
model is difficult to validate, then acceptance of the
technigue ig unlikely. The accuracy and validation of
dynamic models has been questioned (BRE 1984), (Bowman
and Lomas 1985), (Lomas 1991).

1.4 ASSUMPTIONS FOR THE USE OF STEADY STATE MODELS

tThe following assumptions also allow the use of simple

static models without introducing uncertainties,

« the building's internal environmental conditions are
acceptable. This is reasonable since if this wexe

not so then the building occupants would complain.
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It

the plant supply conditions are correct. If this
were not S0 then the internal environmental

conditions would not be acceptable.

igs therefore appropriate to apply steady state

modelling since,

it is capable of determining significant numerical
variations arising from faults resulting in poor
energy efficiency,

it also has the advantage of simplicity and ease of
calculation.
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