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ABSTRACT 

' -.. 

The reliability, availability and the effi.cient use of the HV AC- and control systems will be 
emphasiied m the use ~nd maintenance of the 'buildings in the funfre. These characteristics can 
be affected by integplted planning and product development. A paralld;,,w.ay is to develop 
methods for th~ ~§\ tjm~ analysis of the b~~~vi~~ o{ processes and for the fult diagn@5is,ie;, 
process diigno~i§.~ · · · · · · . . '., 

. ·, . \ . 

l?is p~ pre~~ the ca;¥jpgr.'Mf8R .~r\~f{·~~ ~ 1.991 within IEA'. Ene~gy co~servation in buil­
dmgs and ;C~~ ~Y.::i~:s pr9~any,.v~ lf. it~ ~~me~ 25: ~~al time simulation ~f HV AC-sys­
tems for ~uild~ng qp~~\~pn, fau\t aef~c~.on and ··~iagnos1s (BOFD). The ma.if!: goal of the 

. Ann~x is to dev~lop rnetl1'i.ftP.Jo~f.d1ai pi:b~l.ife.s - "Within a defined-concept - for re~ time and 
autnmatic perfo~~e ··saijpn, diagnosi~ and fault detection of HV ACrpro.cesses. The 
ultimate goal ,qfrtQe proji<;t- y.rill ~e1• building optill}isatjon artd·fatllt detection method prototypes 
twit are implffl~e~!aj>le 1~ · h7~t,ctfilg "< energy n\tlirlag>ement systeins '(BEMS). The bW}ding 
optimisation. ~ud ·\au~\.i~etect\on:~~1R~ds to I:e ~8~71dped u~:no1111'4 BEMS instrumeo@ti.on 

. and operate \Ilrlital ~1Jle. · · e t- · .••. <: • 1 : • .w . , 
I 

TogetheINfj~ th~y,y!9p,meI).~qf ~Wtlfal ~~ste~s ~so the processes and systems in a building 
get mor~Atffi~ult .f~ r' ~•~1'~f~~~~.o(~?,'1~~~~~~~11'l~~ld~~s<get ~o~~ in~ellig~nt , bU\Jhe 
users no~ .. B~son~¢~'JI~~~~~~f¢.~~~e~. ~~p~e ~~.~~ecl!lis' inoh! ·.~iffi~~w:r~~ 1~ . th~:_i~ast 
becaus~· Qfctll~·co~~·rela?~·&l\i~,~. ~ ~~4~~~~ g~~;e~s~Jt!~e1~~d.~i1prat~~~ :ai;~, oopn~y 
superv~tldi ~1th ~~1~~' ~utoma~crv.~ys(eV1 a.~ · :~}l1;1~.ble' fup~~~s~Q'fl ot1 h'faoog~~~nt:.softw.~e. 
The 1 0.p.¢@t~r's .~~ '~r!'1ainlY tRi1W't.!ate -~~p,~a.~~ ~~eqoenc~ -ct?ia:~acn&tj.s : :wn~n .. t:pv. 1pr~~e~~ 1~9es 
in a failux~~- t~.e .iiyai).able.~.Qy~~isio~ ·p,t~gt:ams 'd&n_qt~hld·':S~fioient!ly1in: ftp~mg :th.e .. pp.,Q.er-
.1y~g'.~~tl;~@W~t) ,t9-the ~ault F.~ the reastmi~g;m~ ~~re~t: 1~s 1?~:\': . atf 1td :.1the: ·0p~alpr. ; 1n 

-~buil~If~Vli·~ ·m~y.m~a\).~;effic.p~nt usage of energydariaunc~mfe'ititfie .woi'kingr~nv~~nt. 
. ·!To•. a~oidi~~ the,.oper?tor . ~houl.4 :continuously ·~ifii.t(ff me~ fpi0Mss:.·a11'2i.1 fimi, ..the:~~t;ive 
_i~ subpeo~~~~spepially ~~c;q .. oper~tlri~ a co~pl~x ~~g~i~ l.~~~~ ·~~ng!o~tl·if the ~~~~~~tYvas 

p.:-... prd&'Jdwi ~ ji.V1th, tools which . would sqypo_rt -~ in d~7is10Il' .~akirtf 00t?~uildihg ~saAJ.~9 as 
·~~ ·well :as recoyery from a faulty state 

1 
11!~ .to'ols should (oc:U~ dn1 uiW.fexll.y.iri.g>irt~iend~ give 

h. instructions on correctiv.e action.s to ~·f-Jhlcen i~ a simple .. land~rilieMiliritlabik~, . . ... , ... ·; 
• ~ . ,, ~ ~ .,. 11"'!' '/l tr 
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To resolve a failure in a process various methods can be used. The development of defects can 
be monitored with special condition monitoring instrumentation to obtain information with regard 
to need for maintenance. These systems are usually separate from building automation systems 
and need the instrumentation of their own, for instance vibration analysis systems which are used 
in industrial processes can be used for condition monitoring. Also different maintenance programs 
can be used to prevent serious defects and to schedule the maintenance in the most suitable way. 
In maintenance programs the process is.,inspected~and· maintained after constant time intervals 
independent of the true condition of the process. The main disadvantage of the present condition 
monitoring systems is that they are expensive because of special instrumentation or that they can 
not be operated in real time applications. 

The main purpose of a real time fault diagnosis ··system is to m~nitor 'the ~peration of various 
process components and subprocess and to detect~ locate and, - if possible - even predict the 
defects causing faulty operation. _In an ~.d~al case t~e syste(m should resolve the primary defect 
and give instructions for undertaking the corrective actions. In practice this is hardly possible but 
the fault diagnosis system should be considered more· as a tool for gaining process information 
and as an aid for an operator in reasoning the defects that cause the faulty process operation. 

The process instrumentation in BEM systems is nowadays quite extensive and there is no need 
to build a separate fault diagnostics system instrumentation. The fault diagnostics system should 
utilise the normal process instrumentation as extensively as possible and some extra instrumenta­
tion can be applied only if needed for some special reason. In this way the fault diagnosis 
methods can be applied in a reasonable price to a large enough set of process components and 
subprocess and they give the best possible benefit. 

General objectives 

~ '· '• • - ~1 t ·' <' .• ' 0 " . ·~ ' ·' ", 
In the nclrr futare, energy savihgs will •be ~obtam~d - n\airlly1 through ei>tiffial control of ~HV AC-
systems. Low~sl:}ener~frconsunjptiop,i;;qp~'-gf@e &#.rc:faq~rs to re~u¢e·ma)agh;g costS,{will 
be reached together with well-organized maintenance, fast detection and correction of defects and 
best use of equi~IJJent perform~q,:;es. Th~se aim,s arr.fob~. m~t p~. ~t. the, CJ?nce~ti~n of the 
new systems but ~so· by an adeqJite·.cho1ce of o6ntrol stlateg1es-as v#ell 'alS by !pred1ctmg plant 
and building behaviour and comparing those predictions (target performances) with actual 
performances. 

' Annex 25 objectives " . ;~ 

The main goal of the Annex is to develop methodological procedures - within a defined concept -
for real time and automatic performance optimisation, diagnosis and fault detection of HV AC­

processes. The ultimate goal of the project will be BOFD prototypes that are implementable in 
BEM-systems. 

Part objectives are: 
to evaluate the best (most suitable) modelling approaches for the real time simulation of 
HV AC-systems 
to develop concepts for the suitable methods for fault analysis (qualitative availability 
analysis of HV AC-systems) 
to collect a data base of the most important troubles and faults in HV AC-systems 
to demonstrate the implementation of the concepts in conjunction with a real BEM-system. 
This will help and promote the technology transfer to industry. 
to apply optimal control for building optimisation purposes 
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The Annex concentrates on the energy performance diagnosis of a building and HV AC-systems 
and the fault detection of HV AC-components and subprocess. 

BUILDING OPTIMISATION AND FAULT DETECTION SYSTEM CONCEPT 

Definition for building optimisation /1/ 

Building optimization is defined as to maintain a building in an optimal state from the viewpoints 
of energy consumption and indoor environment through controls, adjustments and/or remodelling 
of the building services engineering systems and, sometimes, the thermal/optical performance of 
the building structure (figure 1). 

Building optimization may be defined separately for design phase and operation phase. In a strict 
sense, these two phases cannot be separated, because the optimal design, which could be estab­
lished after execution of load simulations and system simulations in a dynamic as well as static 
mode, should be followed by the optimal controls based on the same performance function, 
constraints and characteristic performance or equipments as used in simulations. However, the 
total optimization in this sense is so hard to realize, that a practical execution of buildings 
optimization may be separately performed at each phase of design and operation of a building. 
Annex-25 objectives are in the operation phase of the HV AC-system, thus the building 
optimization is limited only to the operation phase, which will actually results in a partial buil­
ding optimization. 

The performance function and constraints for an optimization are the energy consumption which 
should be minimized and the environmental qualities which should be kept within an allowable 
level, respectively. The reference data for energy consumption may be the designed value, energy 
budget regulated by law or any other standards and/or the database of energy consumption for 
other buildings which includes sufficiently useful information on building and HV AC-system for 
statistical analysis to enable a reasonable comparison. 

Off-line simulation is a useful tool not only at the design phase but also at the operation phase 
for building optimization. Various parameters describing building thermal characteristics as well 
as control gains may be identified beforehand in the optimal control algorithms with the use of 
real-time simulation and learning methods. Then the off-line simulation will have sufficient 
precision to predict the air-conditioning load, energy consumption and the quality of indoor 
environment, thus allowing to find out any non-optimal state of performance by comparing with 
the actual data. 

Other kinds of prediction models with the parameter estimation through real-time learning are 
available. It may have the structure of the multi-inputs to describe important factors affecting the 
characteristic value as a single output. Parameters, which may be called the weighting factors of 
each input value, may be estimated by the filter model, auto-regressive model or any other data 
handling methods. 

Expert systems for reasoning of non-optimal state are practical method of diagnosis for the sake 
of building optimization. Quite often, the expert system gives a good answer for remodelling, 
redesign and retrofitting of some sub-systems of HV AC. In that case, the database should include 
the actual results of energy consumption and any other sufficiently useful information of the 
building and the system fitting for statistical analysis. Knowledge database should also be ac­
cumulated to reach a satisfactory solution in a short way. Questionnaires and hearing from 
designers and engineers as well as maintenance personnel are indispensable. 



: 

·, 

·-: 
.J-

,,,. -· 

£qulpaents,­
' ::S•al I scali1i , . 

Change •ode I J 
CJtange paraaeler 
Chail.oe syste• 
Retrofit 

' 

·-~u .. .. 
' 

; .. 
. 
) 

-.· 

BO: Bui I ding Op! l111lzal Ion 

.-coc,_; Opl !~I Con I rol 

FD: Fault Delecl lon 
Sf': Set Point 

·~ 

.: 

' ' \} ~ 
c . 

Actual D'.lla 

- Energy consumption 1-------......_ ___ _ , 

· <- £nu I ron11en I 

·•' 

·:· BEllS/System 

Fig. 1. /~/; 

C-ONCEPT AND ME°THODOLOGY OF BUILDING OPTIMIZATION 
RELATION AllOUNG BUILDING OPTllllZATION, OPTlllAL CONTROL AND 

FAULT DETECTION/DIAGNOSIS 
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-·· 
Fault detection /2/ 

· Process failure is usually considered to be an event where the required operation of the process 
suddenly sfops ... Process is assumed to operate in a required way when the "product" quality is 
within predetermiried limits: In the context of fault diagnosis this definition is not sufficient The 
requirements for thb process operation should be ~tricter and for example the operating point 

.; ! ,• \ 

deflection from tnat of the designed (target value) should be considered as a defect causing a 
process fault. The defect thus does not necessarily ha,ve to effect the "product" quality in any way 
because small deflections can be corrected automatically by controllers. The broader definition 
of a defect is needed to be able to detect a d~fect before it effects the product quality and thus 

.. to be able to predict the failures. In failure ~diagnosis. the emphasis should thus be put on 
;'.-monitoring the development of a defect and on lnmimising the damages or losses caused by a 
- defect. · . -

~;A defect causes a process's iraulty oper~tion whicff-·can bE observed from the process 
measurements. The faulty operation can propagate to otqer pariS of the procesS[ .or to the other 

:· subprocess due to changed operating points or the influen~~:<?f the fault can be-:&Jilcived by using 
_. . controllers. From the process signals some test quantitie~·· °aj'e generated the van~tlon of which 
'~. Is a symptom of def~ct. The gener~tion of test quantitie~ can be done in numertjus ways. Once 

:..the test quantity reaches some predetertnined level related to ~e seriousness o(tl!e defect the test 
·:~uantity is set into an "alaim state (skfrip.tom) and the reasonin_g is started to fm'd:(Qe. cause of the 

'alarm - symptom - failure' chain. ~e· aJann state is set once the seriousness of·the defect re-
quires corrective actions. · - . :·, .. ,_ 

A defect may be a slowly increasing dirtiness in a heat exchanger. This causes a faulty ~peration (c!rift of the oper­
ating point or deviation of temperatures) of the heat exchanger. The defect and the fault are sm.all in the beginning 
but they increase while the heat exchanger gets more dirty. The failure may result ,in chang~s ip, th~ inlet and outlet 
temperatures. The P,llIWse of the beat ~xcbanger is to transfer beat between primary. and segg:odary circuit. The ' 
loss in heat transfer from the primary to the secondary circ;:uit can be comgenSatecd by i:Qcreasing the flow or 
primary circuit inlet temperature wbicb .. both-mean ~diq~n.al' energy consump~op., 0Qce ttie tieat· exchanger is s9 
dirty that the beat ~an.not be kept in it's required :valo~ by controlling the proce~s variables the fault comes 
'observable' to the otiliser of the heat and the fault st.yt~. to propagate. In real'~life uµs -observability might meap 
that an occupant in ~e building feels, that it is too co~.: ;ri;ws by observing ~e developme~ ~f dirtiness instead 
of waiting for compiains from the ocqUP!lllts the loss~~ ~a~rgy can be noticea earUh. ' . /'··. . 

· ~·· / .. ~~ ~ ·.:. · ~ · 1 ~ · :~. r ~· 1 \.,,~ · ;.- • : 

In the previous example the d,efect 6c~urs when th~ ~xch~er .. starts. ge~g ~i!ty :aria th~:_n~ed 
for the maintenance should be assesse<[from the value of the te.st quantity i.e .. f.forri ·the-amount 
Of harm or loss of energy the :·d~fect CaUSCS itO the,'U~Jl. If thi~d~veldpment9f 't~,'<;l~Ject is rapid 
also the test quantity rea¢hes rapidly thi~larm level and ~~ ~p.iecti.~ti.on' of thei «:ef~~t is difficult 
With slowly developin-g ._test q~antitl.es the prediction is e~6ter. ·. -; ·· ~: =-

' . . , .. .. 
BOFD-system condei?i and stri1cture 

-
A BOFD-system should be desi_gned-~o that it does not restrict·the number of-;-~erent process 
units (buildings, subpr9cess, components) or the numberi,o~ ~iff~rent meJito~~.::;f Pr developmg 
new methods ~, a running system the: system structure shoW.d allo"Y easy expfP.fafng the-se,t of 
fault detection and diagnosis metho'ds" and also that the coni)~ting of new prfi~~ss units to the 
~§>FD-system is easy. In addition tp~·~osts required to moriff~>r a sip.gle pomp:o~ent can not be 
hig~. The¥e r~uirements cc,tn be fulfilled with a ~erarchi~.'afid~modul~~s;.:stemj'~_ucture (figure 
2). . ... :~ / ; l ·· ::.; ·' . ·- I• 0 ' 

,,,,.· ~ , . i ' ..... . .. .. ..... --- \'• .... 
. . . \ . ... - ("" ,,. , I ::: .. 

~e te_su}.uantities describin~ defects~ process1 ~nits are f¥eratedi ~(:t~e low!l! ~vel BOFD­
modules from the process signals. They are pass~ to the :}ipper level for rea~9!1ing. The test 
qu·a~tjties may incl.ude also redund1;1.nt information of faults. The test quantities ar,cf.geiierated con­
tinuously or 'Yheri' required by an operafor or upper level reasoning. The inquirie:~ for generating 
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.. . USER INTERFACE . ~ ' ( ' 

-----~--:..---· :,{------ -------:-"--· ~-

rr.-· 
~' . 

·'. 

~' -~ ... · "" 

Figute 2. BOFD system structure 

I~ ~ .. ' 

... 

,. 
Reasoning Upper 
Fault d.iagnosi~.. !~-vel 

,. . . . '' .... ,., . 
Test quantities · 
Inquieries 

i"· 

~ · ·-=. t, 

Fault detection Lower 
level 

Proces~ s~gpal 
Test signal· 

:--

Defectrde:11fation 

test signals are passed from upper level to the lower level. Aflo\.Verlevel module can use an addi­
tional test signal that is fed out to the process.for generating suitable process conditions for fault 
detection purposes. · -·. · ·' 

,.. ,. .. 

For example if the parameters of some subproces~ are wanted' to be estimated the operator or upper level software 
sends an inquiry to lower level module of that subprocess util'ismg estimation techhlqties. Lower level module gen­
erates a suitable test signal arid the subproce·ss parameters· are estimated from the control signal and the process 
signals. As a result the parameter estimates are !passed back to the upper level as test quantities. 

-"t · - ~· ----

~-r"' 
Lower level I ·' ( . ,,~. 

The methoq~·-~h-the lower levefare -inodul~ and indepe~q~I)t of other modules. Each module 
monitors a smgle well-defined process unit {building, subprocess, component). For one process 
unit there may exist sever~,monit9rj..ng mod~es ~ach of which monitors a specific defect or uses 
a specific method. Fault detection methods shoulp aim at l~ast to give good relative accuracy so 
that the relative changes in test quantities could be used ;for fault detection. 

Upper. lev.eL. . --··---- __ . .. ..... .. . __ ...... _ _ _ _ __ .. . . _ -·: 
Each fowe~:level hlod\ilegene~a1t-es one oi:'-m6re test quantities or syrtrp10irls frc)rii{~iiie measured 
process signals. The test quantities are passed to the upper level for reasoning. The reasoning 
aims at locating and finding the cause of the fault (diagnosing the defect). The output for the user 
is· in'structi0n~'~and. aid for;correcting the defect and the fault The reasoning may in ,addition to 
genefated'test;quarttities,use also·direct.pr<>pes5 signals and information gained from the user by 
a dialogue. If there are mutually.redundant fust quantities the reasoRing may use only the most 
apparent test quantities or a set of test quantities may be combined to give the best result 

.,, . ..... ;j~ .. ,':!.: .J ._' I' 

·BOFD-systemuse1tinterface, ·:r: : . ;·11 ;.- • · ·r. , .. · ~ ·. ;1 ,.l •, 

. Ree~use BOFD.,.so/stem'.is: irnplemented<iri lthe first"hafid':.for aidin~rthe Op~ratpr in diagnosing 
process faults much emphasis has to be put on designing the user interface @f the BOFD+system. 
A building operator needs the BOFD-system to explain and reveal complex interdepencies in a 
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simple way, not perhaps more complicated technical systems than. he. already is fIDniliar with. On 
the other hand the operator must be able to trust on the infoI'IT\ation the BOFD-system supplies 
him with and that is why the operator has to have an opport\inity to check the reasoning the 
diagnosis is.based on (explanatioii:"inechanism). In addition the operator has.'tcfhaye a possibility 
to check all the variables and calcula,tions the BOfD,-system perform~ •. ~,e. U§~r interface should 

· meet the "foilo)Ving mutually contrary requirements: the us~r interface has to be clear and simple 
but simultaneously it has to give thp:rough information of .reasoning paths. The defects should be 

,., .,,, '~ .J.:· 

diagnosed exactly but too detailed'd.!.!lgnosis may cause ... the..user not to~notice. the most apparent 
mistakes made by the BOFD-syste11'1. In other worps:_ the BOFD-system showd aid operator in 
diagnosis work but not encourag~ the operator to passively approve all the suggestions made by 
the system. :,:: , .. 

i . .,.. '->. ' 

. ,. . _, . r- "5't 
BO FD-system reafisatlbn · .• ~ " ·· ~,... • .• ---·. ·· 
The ultimate goal m lfnpl~rhenting a BOFD~system :could be a system that is embedded in a 
building energy management system. This kind of .. syst~m realisation is shown .in figure 3. The 
BOFD system functions and features are added to the norm~. features and fµnctions of BEMS. 
The BOFD modules:might be a part of the normal routines-in the BEMS sub-stations and the 

. • ~ l . .. 

. . , . ' 
-, 

.•L _ 

.'-• ... 

.~ . l. 

' . 

( .. ,r t. ·: .... , ... . . ··' 

·' .. 
.... t. ,, 

1EST QUANTITY 
•.• r. 

·, .: .. . :: 
INQUIRYi ' , : I J ' ; . '.~) 

, • ""':' .. ·~ . . ~ I ' 

r? / f.; I "T 

•r:' 

• . ; i J ·., :. : i, . .:. · .. · :· · r •. 
BOFD u.ser interface and the reasoning might. beirealis¢ asra ·:part of an.·.oper.ator ·station 
software. In this kind of:realisation the BOFD·~s.ystem;..Wbuldl seem:-to thenpperafur like· an 
extended:alarm handling,facility in an;existing BEM. Systems.-:1'.1 .. J _.. r~. 

'I r;Jn.~1-: , ~f ':, i'.?(~ J) ";( ~ n1.,· 3!.f !. ::_'. ~j 

Functions and operation of a BOFD system can also be demonstrated with other kinds of 
realisations. In annex 25 one objective is to demonstrate the im:Q.kl.m~n~~tW..:oJ'.the ~QED­
me.tho<:lsrin conjun~tion,,wi!hi a real BBM-sy.stem. !This: .ob.jeetive mn beireaJ,ised With a system 
structure. of.figute 4. -; >~I ,.. 'j ·:.' ' r ' l -~; ;~'._; 1, , <''' ''. ' 

I ') -: . l~ • , ,1 ·.,. ·1 • 
. ..., 
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REFERENCE PERFORMANCES /3/ 
1 ;:;..,, r i..; :~ t • - r 

In a gerierar
1
case, the performances of a process can be defined b'~ measurable and/or 

nonmeasatabl1e quantities, tbtough a mathematical of the process. The assessmclnt~)of these 
performances often requires the assignment of reference conditions, that serve as a support to the 
implementation of evaluation criteria. 

In the choice of a referehce condition, the following points should be ·k~~t in mind: l) The choice 
of the reference condition depends on its objective. 2) The degree of detail in the choice of the 
reference condition depends on the available process data ai\d models. 3)The reference condition 
has not necessarily to coincide with the optimal process point or with the normal operating mode 
of the proeess. 4) The refer~nce conditio'n should be preferably expressed by measurabfo signals. 
Otherwise, a reference niatfiematical mode1 should be provided. 5) Once the objective. of tne 
reference condition has been stated, the reference coii'.dhfon should not depend on subjective 
evaluation criteria., Therefore, for the purpose of process optimisation, the reference condition 
would better nor oe. an optimal operation poi:tlt. 6) The use{ of reference' characteristic quantities 
can!'simplif the"thlormation on the inner s'tate of larger systems or sectic:>ns '~ 

' I~!; I; .'(! 0•' t'.1 ."/ ~I 

1f, )'; 

The BOFD system itself consists of two major parts: the building optimisation and - fault 
detection. In addition to these two. there are other systems and issues closely related to BOFD­
~yst~in .. 6ri "of1 ihe trt6st obvious 'is the control systerfr and thl-1

probienr of how to control a 
· tomplex system ·opthrrany ."'Annex 21· will not conc~ntrate in optimal cdntrottbut if ne~ded"utilises 
'tl{e applicati<)ns:6topilinal control in determining'ihe teference perfdrmance. The mdst significant 
interrelationship between controlling a system, determining its optimal control strategy and/ or 
detecting any faults which might arise is the need to identify a system or. a process model. Thus, 

I,·-; ,.... \ , ., . ; 

I• 

• · '· · j ' ::..i _: 
~11' ; fh ' •. 1•;! 

• • 1· :: 

I-. 

. ~ . : 

BEMS·.­
SUBS-TATIONS 

.:..:. 

I'.' • 
. 

(" .. I f I .. 

,·· 

·; l 

-

,,',,i 

. ' 
; .. dJ t • r d .. , : _ .. 

, [) 

' ·I 
LO:wEE- 1 . 
LEVEL / . 

~ ,, .... -~ . 
f 1 i1 I H 1 

l
- ., .... 

,.r .. 
. 1.1 

-' . 
·'' 

'1,• 

I.. I ..... I I. J • .,, ••• •• • .... • .. ... • • •• ~ I 

·Figure 4. BOFD-system in conjunction with a BEMS. BOFD system use~}he J3EMS system 
process signal data base. 
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a major portion of the research that needs to be done in Anne~ 25 involves id~nfil~in~--appropri­
ate .HV AC/building system models, de~rmining how and when th9Y should be "~pq~~¢" in real 
time, and then using the~e models in optimization and fault detection studies invo_~vmg both lab-
oratory sim,ulation and the control of real building system. /4/ · · "· 

~ I i ·n 

BUILDING OPTIMIS~TION AND F;AULT DIAGNOSIS METHO~S. . 
1 

r 

Model based fault diagnosis methods 
.J . .J 

·.I ' ..,,... r· ·- f". J· j ,, , . . .., 

M.Octei ~sed fault diagnosis utilises'models of proces~ uniti (processes, subprocess, components) 
- .... 1 ·-·' .' ' 

whe#. dh~gnosing a defect or a fault. A process wtit can be mode).led to describe the normal 
'oper~tj.p~ of the process or the-' operatio,i;i.,of a faW,tY process. · L· ' - ., ·· ··. 

· · • - , " t J . . ~ · . ·' • . . \ · I· 
4 

' ' • ,• T j' ' ·r ~ J •:1 ' ~ ' ' ·v • : . ~ 
~: ~qdel of a normally operati,ng woceys devia~~s frRB1 the real process ~~~11- thei'.process gets 
a defect, i.e. the proc~ss goes into ~failure mode. The.'JRJising of a Il)Odel; of.J?-ormally Rperating 
process unit reveals all the defects in theory but it does not separate one defect from another. The 
reasoning aiming at diagnosis must be done elsewhere. To ease the reaso11Wg task ~rocess model,s 
can be made as fault selective as possible, i.e. a part of the reasoning fs done already in the 
process model. , . , 

'v 
~ , ~· ' • . [',,·-;;·,_·. • .r:- i-- t . ~1 ...... t !!-

To use a model o~· def~otiy~ process ·o~:must know the fa~t modes we~·i-in . beforehapd apd J~P 
unknc:>wn f~u~t mo.pes_,~e_, assumed to,~?Ost.iJfach fel?ar~ fault , m~c\~ m~st t~ be mo~.eµed 
sep~~tely,Ibe utili~ing,~f a model of faulty pro.cess 1~ ~estgct~ thus ~?.-~~ses :\",~ere th:1prb'c~ss 
and its defec~s or failure inodys are well known. . -

,_ . , , I r, '1 \' -
l'. .. ; ·. ', " ' ' . 

In Annex 25 the following model based approaches have been chosen for BOFD-method 
development: 

black-box identification 
a static or dynamic process model or a characteristic curve 
state estimators/observcrs-
qualitative modelling 

t 

Black-box identification' rriethotF~·-- ·-;;--·,/ ·· ·,·,~ · .J'! ~-~:::.:: -·,; 
, ... ,. :; .! •. - :~ ~· \>.~· ·.: ·~~~ "'" --\~~ · %1t ~~i~ ;: : 

In black-b9~ identific~ti"qn :.mitho~§.( {gu.itab)e,.ger;iefal)nod~(· ~1ass ·s\tch as ARMAX, ARMA, 
ARX e~/~1\vst fus~e !'P~~n~e ~qt1ln~:Foutp~t~~~~~-~~o ;p\~ dimension of the model 
are deteiinihed. The model parameters are fitted to . give tlie ~sfiifilue of some cost function 
when given input and output signals are used. The.rfitting can be\done for example using the least 
squares method. ..... .._ ,, _ .. J ~ 1 

The usage of black box identification ·met~od h~s this-far beeµ_.~~m_onstrated for example with 
s_im~lated da~ for d~te~tion of an open \~mdow i5J and~with ~1t ~licati.o~ t~.p~e~?~J ~-condi-
norung load m a building /6/. . · • . ,.;! :rr· i : , ·1 1 · · d. :.. 

·-· J . ..; \ ·\ :.~..' 
' A static process model, a characteristic curve and dynamic proces~.model OJ 

A static model describes the algebraic relationship between two or ;ll)OJ'-9~process variables that 
are measured at the same time. Any process variable used in a model-can' be chosen as an output 
variable because no causal relationships are modelled. Output may also be a multivariable vector. 
Other pro9es~- variables used. in the model are . then input variables. .. A_static._model is usually 
presented-iii a f6mf'of · · .: · 1

· : · ' • -· :.; ., .,, · -. 

I, I .C ·-. ~~, ~;-
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I'" J 
',1 ... (1) 

where the function f defines the model structure and the variables (xi, i=l..-:n) define the input 
signals and y is the output signal. All the signals are measured at time t 

1' ' 

A static process model can be used to describe a process if the process dynamic is fast compared 
to the fault detection system sampling interval. Pumps, fans, mixers and valves are examples of 
processes of this kind. A static mo~l js§illfficient also in cases where the steady state . ~andition 

of the process give& ~nough information (or the fault detection. •! 

A process can be modelled using characteristic curve which is a graphical representation of an 
algebraic equation. When using a characteristic curve the structure of model ,c;guation 

... (2) 

,! t ~ :~ L 

is not known and the relationship between input and output variables is given in graphical form. 
Compared with the algebraic model-the characteristic curve is.more understandable to a normal 
user than the algebraic model. An algebraic model is, however, easier to use in numerical 
calculations. · : .. 

Static process models and characteristic curves have been demonstrated with data measbred from 
a district heating substation control valve operation n / . 

. State estimators and observers /8/ 

Fault detection using state observers and estimators e.g. Kalman filters, is being discussed in the 
literature since several years. Applications tie reported e.g. in /9/,: /10/ and /11/.This fault 
detection techniq,ue}s based on a zyathematic~ .· Jttbdel. The model output is compared <with the 
process,output to generate a so called residual as fault indicating signal. A key problem with this 
technique is the robustness to model uncertainties. Without special care modelling errors will 
cause a nonzero residual and therefore false alarms. 

•,:: 

The state estimator approach has been appli~d in Annex 25 this far to a simple boiler model in 
/8/. 

Qualitative modelling /12/ 
la.•• J·· .. 

Qualitative reasoning or qualitative physics is a new area of research that deals with the technical 
implementation of human approach to diagnosis. Operators and s.ervice C?ngineers of processes 
like for example heating and ventilating plan§', are found to dia~n-Ose:i~~ts in a way that differs 
from the purely statistical as well as from the quantitative model based'·approaches. Studies have 
indicated that human operators make use of a hierarchically organised mental representation of 
the plant when diagnosing a fault that they cannot immediately and intuitively recognize by their 
experienc·es:·· Ari .. important ch.'iracteristic of 'this "mental representation- is the fuco!poration of 
qualitative models to describe the behaviour of the components, their relations to each other and 
the functi01wlity Jill the over;i-Jl p:Lant ;·~, 

' l ,! 1' (); : , ',i- ;i '_ I,:• j I , f; : ~ , f: ~ '<': :__ 

Qualitative:pi9.sfe.llliJigJj\as lx'.~n ~hpsen)a~,9ne gf,me diagnosis appr9~Fhes in annex 25. It has 
,been cjiscuss,eQ_!and.d~pion~J:r.~ted1d1r/~~/ and /13/. 'fhe prpcesse~·-~~re resp~µvely heat pump 
system and labor~tory scale air co~ditioning· sys~. 
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SYSTEMS AND PROCESSES AND THEIR TYPICAL FAULTS .. -i .. 

One of the main tasks in the preparation phase work of the Annex· 25 was to start gathering a 
database of typical faults in typical HVAC systems:.· The database will be used for selcreting dre 
faults and components to be studied during the annex working phase. 

The typical subsystem~ selected for annex 25 reference systems are: 
· heatirig system /14/, which consists of ai·heat generation subprocess and a radiator net­

work. The heat generation subprocess can be either oil burner or dist:Pict heating substation 
/15/. 

· -chillers /16/'.and heat pumps /17/ 
air conditioning system /18/ 
thermal storage system /19/ 

. (', ~ 

1. Example page of the chiller system typical faults database 
... L .. 

-, 

'! 

,, 
. , .. rl~ . . 

IEA Annex 25, subtask P2 March 19Q2. 

Subsyst"m 
. ."J -

: Refrigeration ;. 

Component : Compressor .· 

_:·~ ... ': ~ . 
Symptom Failure Cause Remedies . 

4.., ·~ "j J. 
~ 

Coq1;pressor ·High suction 
~ ' ... 

noisy and/or Pf~~UfF· .-.: -· .. 
knocking 

f o .. 
' 

Ligu_id flgod-back to ~ 

compressor: .. . ... 
-Exp'ahsio'n valve o{)e~ 

.t; too far. · · · ·. · -"' 
' Check superheat and' 
expan8iori valve bullf 
attachment:· 

,. 

. ·-,· .> 

' ; -.. ; ~-,, 

High suction 
pressure. 

Rotation. 
I ~J 

•. 
'i 

. '. ' . ' l' ' ... .., ~~\:. 

' J 
.• · ·, •• Higp.rd~l;t.~ge 

I t...,·, . •I.,. 

pr~F-
1·· ' 

J ~~ .i 1-L _:' ··:,1~ 

- Expansion valve stuck in 
open cond\~on. 

Broken suction valves. 

Incorrect direction of 
rotatio~ 

' ,_ ;· ; ·1 • 

. ii';. ;. l 

.. 
H ./, 

Repair or replace. 

Replace. 

'., 
~"· ' ~ . 

· --~·--=-
Invert the direction of 
rotation. 

·o· ., 
.... .. l 

. l 

J .... 

1 

The database gathering for typical faults in systems mentiondd above have 15een '.started and in 
all cases there exists a list of the typical faults. The lists are however quite extensive and some 
further work inust be :done m order to ptforldze•the''COinp8i1entS :.or··faUlf.S-;aecotaing to their 
importance. Iri the' work different methodcflogies like HAzop- analysis arid FMB~nalysis have 
been used. In table 1 /20/ there is an example of tile' typical' faults ,of a ch'iller system~ In table 
2 /21/ there is an example of prioritizing a component with regard to a set of criteria. 



12 
Table 2. Calculating the priority of a component with regard to a set of criteria. 

: ... 1 .. ..I " . 
component: 

· ~ . . • )'· •• ~ I• 

!· 

heat exchanger HE2 

1. 

.. c .. i 
component number: 318 

characteristic: evaluation weight 
warm water or heat must be available 3 33 

some fault causes that habitant notices the effect of the fault within JO min­
utes 

J. , 
energy consumption: ; .· .· 1~· .. ·J ._, 3 20 

some fault causes that a lot ·of energy is wasted 

· ' l -· 

~ryjceability 1, ·., 3 25 
repairing of some fault requires tools and-break of more than 2 day&- in ope­
ration 

Sei:Vice man avc:Pia.;re ;i: '~· .• 3 l 

repairing so~. fault need's .a spepial staff i ; , 

Spare parts available 3 
;;· '· :getting the spai'B parts may take tWo weekS' ·.i • 

~. 

Proba_bility of fault 1 
· · ' 1aulf'ticcurs orite a 15 yeats 

' ! 

total importance = 3*33 + 3*20 + 3*25 + 3*12 + 3*5 + 1 *5 = 290 

.. . , 

"j • • • ~ -S' ' i..'li"' ,f ... 

12 
IC 

5 

5 
r . ' -· 

. '. 

The prioritized list of the components and their faults is used to select il{~ . co~pone~ts and 
subproc~ss ,i.p. whi~h t~e faiJµre is p~ost Syrious or the right functioning ~s most important. On 
the same basis alsc(the-failure t}rpes to be considered in thf Annex will, t>e' cqosen. The ~ata base 
will also be used as starting point in developing fault diagnos1's algorithms and rules for reasoning 
the fault. Also the data base serves the developing the user interface of a fault diagnosis system 
and gi~~s insVUctip~sJor r~~19yering ... of the ~ult situation a,n,c;I..1 for,;J:ep~g:tlt The data base 
gathering work continues during the annex. 

' 

,, {'. '/ -< 
,• .. 

The work in Annex 25 will continue on gathering the data bases on the most important faults and 
components. The database information should be prioritized so that the work could be concen­
trated the. most ·.~fficiently.:JEhe prioritizing wotk is difficult because .. thtre .exists no generally 
approved,method to1 assess a~tiJllportance of a cqroponent in a system. Different approaches will 
be applied according to the nature and kind of the subsystem in qliestidn. HoW'ever, in spite of 
the method used, the prioritized list will give an expert view of where to focus the effort in 
annex 25. 

'~.'1- . . ,._,_ ; . 
Another main task during the next 6 - 12 months is to get the firStiexperionces·of a:pplyirrg some 
BOFD-approach in method development. Using the four different approaches and utilising a real 
process data, experimental data or simulated process data in these 'first tri_al( a 19t of practical 
ihfoilinaliori if'ga1ne& Disbussing these trials - results, problerlis afid possibilities - irt the ndt 
meeting will again help each participant further in his or her own method by giving some 
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comparative information of adv"antages and disadvantages of the- 'approaches and by helping in 
avoiding the pitfalls in the method development work. 

t•:r; 

... 
'. 
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