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Within the framework of the work of Annex 25 of the International Energy Agency (1]. the 
CSTB. in collaboration with different French research teams, is setting up a research 
programme on the methods of fault detection and diagnosis applicable to heating, ventilating 
and air conditioning systems (HV AC systems). 

First of all, the reasons which lead to develop such methods are briefly described in this article. 
Then, the main types of methods of fault detection already used in French buildings are 
succinctly presented. Next, we go through the research work performed in the last few years, 
whose results will partly be at the root of the development of new methods of fault detection and 
diagnosis, Further to this, two methods of detection are presented; the first one is already 
operational, the second one is being developed. Since our research work only started a year ago, 

. . we can onJy ref er. tp intermediate results for the moment, which will be validated and completed 
in the months to come. 

THE SIGNIFICANCE OF FAULT DETECTION IN HEATING, VENTILATING AND AIR CONDITIONING 
SYSTEMS. 

Today;' HVAC systems are expected to operate without any failure as far as energy consumption, 
comfort secured for the building occupants and environmental pTotection are concerned. 

-Such an operation requires high-performance equipment; it also necessitates the setting up of an 
organisation designed to manage and maintain this equipment, which shall be able to get the 
most it can out of the perf onnance of the latter and to detect, then quickly correct the 
operational faults and erroTS. 

Whereas the increase in the performances of HV AC systems over the last few years gave rise to 
increasingly complex systems. For an average operator, the understanding of their functioning is 
getting more and more difficult. That is the reason why it becomes necessary to provide the 
operating teams with tools designed to assist them in the detection of operational faults and 
errors and, if possible, in diagnosing the causes of these faults. · 

Thanks to the development of Building Energy Management Systems (BEMS), medium-sized or 
high-sized installations are more and more often supplied with systems able to measUl"e a huge 
number of variables on one single installation. Nowadays, one can notice that the overwhelming 
majority of these systems are used to automate the running of these installations, to operate the 
latter by remote control or to detect the catastrophic failures. On the other hand, at the present 
time, as regards these systems, the manufacturers only provide few functions which make it 
possible either to detect the degTadation of functionnal performance or to diagnose the causes of 
complex faults. 
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THE FAULT DETECTION FUNCTIONS COMMONLY USED AND THEIR LIMITS. 
.. . c ;· f/: :" ."'! 

Our inspecting of a series of buildings supplied with Building Energy Ma nagement Systems 
made it possible fo r us to determine the t.ype of fault detectionsunctions implemented nowadays. 
These functions may be divided into two main categories as follows: ,. ' 

- detecting simple faults linked to a specific apparatus, for instance ther5topping of a pump, the 
failure ofJthe gas pr~ssure·~upply to a gas-fired he·ating.boiler, the breaking of a sensor·.etc. For 
this type of simple fault, the diagnosis of the cause of the fault is undertaken immediately, 
because<in most cases; we arir pi4oVili~d with a specific sensor whose indication enables the 
operational fault to be determined. 

· .~ .. ~ m1z~: e : !..~ ., 

- detecting malfunctions, for instance a consumption increase which is detected by comparing the 
' .. i erfetgy used by the ~illl'ding with a · reA!rence consumption which takes ~he climatic data into 

account. This type ·-·of function ·:makes it possible for the operator to : be :informed of the 
malfunction, but,does,not tina.ble?mm to' diagnose the causes of this malfunctipn. 

r~ . . )~.'~. ::~.. r:..:t ... : "{_: .. .:$.( .. , ; 

i~; The -functions of the ·fast, -category are· usually real time functions, whereas. the ones of the 
· · second category tttnd._ to· ref&r ta tllct>rderl: data based'(m,periods of severat bour.s or several days, 

and•thU.s operate i i\ ·delayed time. 1: .. i...!, •• . _ ..; 

e . . · r. ~ · ~1"') ;:·: · ~ ~ .. : ;~ ': 

It may be observed that the functions of the first' categoq make ib1 'possibk to determine the 
faults and to characterize their causes, but that they only apply to very lllDited parts of the 

!: equipment 'and Wat they~. ~arly require the installation;.af one sensor, .. p~r fault to be detected. 
Unlit~ these fufictions, tlie ·ones of the secbnd/ categorj-1 mainly .apply!:to huge parts of the 

· · equipment\ ·if not '£0: the: w.bole of the" equipment:; !but they do.not :allow3to diagnose ·.the causes of 
the m·a.Ifuhction located::: .~ ~ 'J '· ·:'): :: xi" . ,, , ::. ~ . " : . . .... ": 1!) •·• ~~rr:r ·, 

Therefore, it seems important to develop a third category of functions allowing: tic> .-detect the 
faults of one part of the equipment, using the same sensors for the detection of different faults 

1 ·afttl making lt- J>ossible to/ diagnose . thE! : causes'-.o~ these faults or, at least, ~ facilitate this 
;, ' .. ~~ dlagm~sis~yproviding assi~t&;ilie opei:atars"in chaf!~ oftke :work. 7 

.J .. J ~:~· ~ ~: !: · .:~ : •. : : . i . : . :1 ;i .. ; , I ; 

" 1 

" '( : . 
.1:., 

~:'5 
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"~ 

;; Iri addition to the development'of this new. type of functioJts,.· improv~Jhents s}iould be t;nade to 
the existing functions so as to make thenrm<iTe efficient; . ; _ ~ ;; ,, : . : ~ 

Thebreti'ca.lly, the ;1.fun~ns ·of ·the first category aeem to ~.· efficient; however, . their 
itiipletile:htation· on site· .nlqUires the .!ireatest car& when adjusting-:the, .detetti.on th@.Spolds and 
thus: w~eri l-edueing tho namber off alse alarmsJwhich are considen~iho~1neqY..tm~ !lt ~ starting 
Up df"th~ S)'1»te~s. ... :: t ·<~ i:;J· ~--:.·u : ~ ~ .. ~-;r·r . , . 

·~ -': 1 ~· c'~ ~1.~: "' !·;. r ~ ··') ~, ~,· , ,. ..... J r::: ii=:: :· 
A huge &mou.rtt of work has been· undertaken mi t.De.:tunc.tions of the seceft.d ca,t.egory.,~ ·Y:.~rious 
reseat'bh laborat.l>ries. Unfortun~tely,~:this -.<WOJ!k/ bas. :Jliily resulted ~ ·a :19w devel.~ent of 
commercial products, and consequently, thiil :type;.ofrmethod is no.t sy,~k;(n.~ically im~~~mented. 
The limits of these methods arise from the fact that they are generally well adapted to the 

· ' detettion ·of.hirati.ng,consumpt.iOn errors in buildings®tb continu,o~ ·~O!;~lttl~gp. 9n $ .e other 
handttheir:1useiil:·<buildings iw.ith discoiJtjauo\il,. ocmpation or :their~~ed,n :Jields,otQ~r than 
beati-n'f coilWmptfotr gives rise: to huge priobleQJs. '/: : · · : 'io ~.;O n '. , 

... ,:;,.H .. :n-: !.~ .,, ··· u~ ~;t~ :~r:~.;: . ~.: ... ::' · "t'(~ 

'J"': :: • • : .. (. 
- ~ .> """' • 

.. :: :..: . . 
··; · ... _.,,, , <NC , '( 

--. . , .~ 
I 
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THE EXISTING WORK LINKED TO FAULT DETECTION. 
·: .' ~ : t ,:. . : i .... ( t , : • 

.:: The work of Anne'X 25 on the Building.optimization and fault detectiop topiciJ~,.the result of a 
whole set of research work undertaken previously with different objectives. 

Among the research work carried:;outi:0y,er the fast (ew years,: two pieces of work seem to have 
1 direct implications in the work of this:Annex., The research top),cs d~t '!'fith are. the following: 

~; . . -:;.: . ;; j ::.:. ~ ~ ~ 

· re presentation of a building and of its heating sys~ro... by means of low.-order models; '· -. , : 
~ ' : , f ,, I ,' 

- development of self-adaptive weather cornpensators and optimum start controllers. 
·;f. •• p ' -• • c: , .. .. 

Detection of ir· system operational fault usually means '.that ,y.'~'. t.hp:flld,- .; be able to eplJlpare the 
behaviour of the equipment with a reference bebavio"1'.r:The·u$e'•9f ~model repre_Renting the 
behaviour oftbe:system may be an efficient means to defiti~ t~ ref~J1i:e behaviour.; Generally, 
a detailed high-order model can hardly be used to represent the system due to the fact that for 
the moment/ we in most cases do not have suffieient..data.t;Q .determ1n~ the parameters of such a 
model for an existing building.Cit could be differenii,inJhe futute if.;wh~JJ ... running ~· building, 
one could ref er to detailed models worked out during the designing •:<rt' fi\te building). Therefore, 
we frequently choose a model of the system which is given as few parameters as possible so that 
the latter mighc:t>e ide.ntified froon measur.ements carri2d out on site .. ·;.;, , _ . l ~::: • r; 

.. ... 
-' - , . ;;r . f rt: \r-

The great majority ;of the methcids whi~"8llow txi detect heating.cotlsurrmt.ion errors: in buildings 
use models of -the btrilding and of it-s.-i heating system that derive {foll\ th~ models used in 
conventional metl:iods int.ended-for the aalculation of heating conaull\pt.iim. Therefore in France, 

· -the ThC Rules [lf°which are used for calculating the conventio~l ·.energy e.pmnunption as 
regards beating and domestic hot water supply are at the root of numerous methods of fault 
diagho~i.~~l'systerns. -~; :.: .·.'! : : ('; -. :.;;f 1.:. b c..: .; r ·-~ .. J . ~, 

.. ~ ... ~: · !. i3~r . :~·:Jr:·· ; ~ t.: ·:, ·:·~f' ·· ·~ .. ::;_: 
Methods -0f detecting consumption momi.isuch: .. as}.:bhe ~AGRAM <JD~th.9(1 deve}pped by 
Gaz de France (French Ga~ Suppiy) and used in pa:rti.cu:lari.:;.by. · the '1-lng~pi~"rs des V,illes de 
France_,. (Engineers from French Towns) [2] are based on the use of a steady state model of the 

~ building am}: of its 'beating system; which m!J}tes it possible. to- take mto account the influ~nce of 
the climatic variations on consumption properly. . ' 

For the momellt, these :,methods .. are fat"·f'rom benefiting to ar larg~ ~~xtent from .~!! Jw,ge woTk 
perfomied ottthe low.:order dynamic models applicable·to the ~ha'riour ofra buildiffg,. l:pasmucb 

; .. ·- as tmsJdyWamics~1of..:~~ystems :is not :taken·:irito .ebmiideration; this mak~ it.~qipuls.ory for 
these methods to refer to great time intervals, a week if not a month, .w~h, res~~ ~in long 
waiting periods before determining any operational faults. Moreover, these methods hardly 
appty· to building! with highly di~a\ious oc<!Upationr(fur instance.schoolanr-.-ot}ice~ .. It seems 

'the're'fore that~thete· ate means cifisignificlmt.ly .iiriproVing the performanr.es ofithe:&.e-:methods by 
.•• •s.: ·' '1~llfg witbin''the latter low-order dJ'llii:nic~odet:s. , · ,: . .' :-.nq ~ - • r:1 :·· ..:. 
.. . .. •• • Q ' , ~ !I · . ·:l.1'! .: ; ~ ~ .~ r.~ ... ·:·· J 1'. ~ ~ ~~~ · : : ..:·. 

·uch .. We use su@n!i:ffodelsatihose paranieter.s ueulculated bylicientificatiog;., W:ilhin the .M?k we are 
r. :: · \lndertakirig foni:Ute' :d6velopme.nt ~ ~::self;adaptiive weather. ~ompensatilu:. -:and :~f;imum start 

controllers. One of the results of these studies:ishows that it is possible;~;-abtain ~~.dels able to 
represent a building and its beating equipment well enough to allow an efficient control of the 
latter. Obtaining such models and the values of their parameters requires the implementation of 
identification procedures well adapted to the problem to be solved. 

The necessity of using in certain cases dynamic models of the systems to be studied, as well as · · 
our experiments on the methods of identification of parameters brought us to direct our research 
work on fault detection towards the use of these methods. The first two applications carried out 
by us are presented below. 
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THE lWO FIRST METHODS DEVELOPPED. . -.. 
1st Method : Fault detection in sensory instrument 

·: 

lntrol!i.J¢tion. - ( -! :_ .. 

-·~ ·, ·. 
A fault detection method for an isolated sensor is presented here. The word isolated in this 
context means that redundancy information of others sensors are not used. Most of the methods 
to solve fault detection problems are based -on reduhdancy. These methods apply either 
instrumental redundancy or analytical redundancy. Instrumental redundancy uses multiple 
idenµcal sen/Rrs to op~ei:v~ the .sa,lll~ measured variab}e and with , the aid of an appropriate 
majority logic ae"tects tlie ra'o.1&: Tliis'-approach increale~' the ~vailability of the system but it 
leads to an increase in weight, volume and cost of the sY\tem in which the sensors are 
incorporated. Analytical redundancy uses a mathematical model reflecting the inherent 
relationsbips:~qi:ig ri!i~~~ared v~riaoles of a sys.teiii. As a r~sult, this type of redundan# needs 
an appropriat~ pi b'cess toine"asure all the variables needed fur constructing the mode1::·i:· 

·· ~ 1 !.r: ~ ·... 1 1--... ~~ • , 

. .lJ1.~ wgclifi$..a,..tis.w- of_th~ .. oe_I\!iO,r characteijstic, like _i~ gain, its time lag (which are assume!! to be 
.... ~ : ~onstant in rig.,~l <?i>tra~.i9n~ inode), re'.v.eal the ee'~nnil}~ ~fa sensor failure. These"'failures 
, , .... m~quc~ sp~tr~ ~1!}~difica~~o1}s in the s~n;.or ou~put . signal n~ise. ~ur. approach of sens_or fa~t 
,. aetect~oo ~nstSts in detecti~g the vanation of the spectral' density m the random part of its 
.... outpufsi~al. · ~ -~ · ' · · 1 ~· • ..;~ ~ J:. _ J 

;J"' v ! !') ·._, • • ~ OVt" M: 

For this purpose, we represent the spectral signal characteristics wjth an AR (autoregressive) 
long model. We identify the parameters of the AR·long Yhodel ilittf.6 different temp6l1al~intervals 

. -and then we compare th°e""l'esults of the two ;dentifitations-wil.b an appropriate proximity 
measure. . ' 

~1.r~ , 
Extract/on of sensor lnfo1j'.t1~·" ' '

1 
+ !.! . _'.'. ~, ~ .,., 

The sensor output signal is composed of two parts : a low frequency deterministic part which 
repres~nts the physical valu'f! tb'~measured by the sensor (a temperature, a flow rate ... ) and a 
high frequency random part which is the noise of the measurement. 

J<', , : i 

After many observations 'of the output segsors signal (in normal knd bad operation mode) we find 
that the noise is independent.Jr.om the. p~ical.nlue m.easured bq. the sensor. 

:·: ~. : .. 

The reason for t~s c8!1 be*xplJined_j.f we s~1}~ u~ .. ~f .. ;fl~nsor output signal in different parts and 
analyse the contribution of each part. · 

\·nu V/,e ,C~~~ shq~ th;{~~- O~};y~'~!t.'~(~~ si~~·Tg~tP,s~ ~ iw~!t~{e~~rldS ~!i: Sensor .; 

parameters ~dis indepenclent or.~~.j>roe..~#p _is. ~cJiO~~ -p~~ .... t. (, : · T~J:\ 1 .,~,-~·~, : ... ~. 

~:.I.f we )VI!,~ ~;d~~~t a se_nsor fail_ure wi.tJ:lou! flJlY?~f~~~~on ~~~~!t~e(,~:~f y'lue,Feasured and 
t\\~ -mod4tl .of::.~~- p:rocEss we 13~~d ~ ~n~yse.~e.~p~o.r1~gn8'l: no.1~. p~ry;, F'~1~ .tlJ~.s Pu:J>OSe we 
need first to minimize the contribution of physi~ value measurea by' flle sensor and to increase 
the contribution of the signal noise. 

A robust way to solve this prob) em is to sample the output of the senso.1, ~~ ra.. ~!i frequency 
adapted to the sensor time constant response and to differentiate the output Tn:en' we observe 
this signal in short period according to the time constant of the prq·1f~.s. 1 ! 

:t! :-:-, .. ~ .. . -:-::·· .. ,,.::.· "SJ.: ""~;L 
,.. 

·.• )d 

J'1R :. .. ~~ Q,..:.; '"'7':'-q SI·.~r:··~ -:(t:.:.r· · .. J.H~ 
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Detection of spectral modification. 
1~. •. 

The modification of the sensor characteristic reveal the beginning of a sensors failure. These 
failure induce spectral modification in the random part of sensor output signal. W.~ 11l~resent the 
spectral signal characteristics with an AR long model An AR long model with p orders is : 

• I 

.-~ ' ~ .. •. r 

" - '-· : :. i=I 
,. w 

~, :· ~ .. ::.~ .n "' r. ,_ •'L~ 'f.~· ·i .#"; 1 ·. · 
. "With the AR long represenU:\_tion a d.iscr.ete signal deQ'.en<4i u8on ~ti' set· of parameters· and this 
·, representation allows description of

11
tbe sp~~tral !den~ty·Jr :p}e "'s~~· ;':fbe AR parameters 

identification are linear and can be computed gn-lirfe and'in real time'operalion 

: .. ''J . • F~;· the detection of spectral d~nsity, yariation ·;:,;iiich is a se'Wg6~"'tahilik irtllic'ii.tJ~w~ identify an 
""'· ~• • Y~ , t,,.i .'' ~ · •..ui n (·· r ·- ,, .. , • - -.. 
·· AR model under two diff e~~ji~ temporal in~ryhls : two s~idiil~ Wina!_>wS'. ~e two·. temporal 

intervals are distinguisha~~]>Y their siz,~s : .. J>r their left iG~fval bo~!}ds. The ~h_t interval 
bounds (which represent tne current instant) are the same"in order to lnable cofuearison of the 
estimation residues of the two models at each window moving step. .!'Ii•-: ~- · · 

~J. shows tq~~s_pp~4i~~ ofJ.pe t~~·:stf4i~gwindows. :~?~;:j - "'
1 

~ 
• ,G, ., ~ 15Q "w -'• -. : I 

-
. .;. .. '· . • I • " rt .,. . ..~m"owu.,. , 

·~ , , ~, 
.'L d l J, 1·'1 Win OW I . 

1 ·.·,• :. 

:1 '· 
1 _ , SJ. . ;.;,,~ 

; 

. " ·'· :: ... ~ 31" I'' f. ... 
·Ir . .. ~, ' ,.. , ,_ 

!) 

50 - 100 150k 200 
0~~-------~~_......_~--0:.~~ 
0 

•· Flqyre 1 ::·tff'e5~idrng ~Hdows~th th\l cli!rent time k 
. ... I~ I(~ r:• . ·~ ~l 

. ;;·~- FQ[ ~~ ~~~H qf~e .. tw~ ~~.e_n?,ftc:_ation resul~~.,we ~e ~-~p;>rop~_at:_e m~as~e. of proximity 
or rather conttast: tlie Khn~~~k~~:~v~~g~nc.~~ '.fh!.s~~~~urtf'~~· us the''pos~~1~~'detect the 
difference between two mod~}s bf te~h"Jig Its ttrean vaflie:C '· · '-· : r . '., u ' 

- !J!)~ s°ti.d~li;rrti~~~~g6ri ·or~ih~'-:Killm~~it's' di\.e'ig~iic·e rn~'an :value-;indicate iure 1"start of difference 
.> ':)etwe~p"'9tfr ~\\lJmo.cl~J'~'.7 Thi;dheart~\?tiue! is ·1tem1f s~quenilally ~t ei~lfijd~nt.Jicatiol'i.· 

.... '-- ;afh ' r, I ~· ~91 t,· ·~.:l:3l ~.(;~: 7G:i:>lf?".:•" ... ;; ' (, :_··· • J • .' !!1 0: t •' ' :/! • - ~"."'. 

The test of the Kullback's divergence pTovides: 

- small delay in detiicti8ii · 

- symmetric dete~tion 

: c:n ~;:. 

:~-•):t.:'.1 

"tJ sv; \>2 ~;,; ~ ~; · rn..;ci . 
j • • :;.:>~T~i: '? ,"!.~ ).1 :>f··,,::· ,,ldi!:. 

·r.· .... : .. i ·.~··~~. 1~ l''d', ..... .i, 

We present in the following figure the flow rate measured with a flow mesurement sensors. With 
an electrical transformer we create a magnetic field near this sensor. These perturbations are 
applied during a modification to the flow rate. The magnetic pertubation start at observation 
number345. 
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Eigur2 2 : me~ures from a flow sensor 
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The fault is detected with a sequential statistic mean test (Page-Hinkley test) of the Kullback's 
divergence that indicate clearly the positif mean jump : we show in the following figure the 
behaviour of the test, when the Dl detector of Page-Hinkley exceed the H'bouna we decide that 
there is a mean jump. 

,; 

20 

10 H bound 

-
f,r~~ ·a J . ~, 

Agure 3 : detector D 1 with H bound 

Conclusion. 

In this study we have U:Sed a new approach fo\ll'tbe-:.Au..lt detection of sensors without redundant 
informatio~s. This approach has the advantage of using only the output signal of the sensor. It 
: can be gpt,Jied wlfen the cost or·· the i.pplicab'bn difficri.ley bf the redundant meiliods make 
impossible their use. 

, '!·. ·: . ' qr·':'.-a: ':l ::_ ,:'J·: !!: 

The fault detection procedures are linear, recursive and can be used on-line and in real-time to 
supervise any measuring instruments. The different i<algotithms need tf., first stage :for the 
initialization or some parameters : 

- the sliding .windows sizes 

- the order of the AR long model 

.. 
~. 

- the Kullback's divergence minimum mean detectable jump 

We have found some general rules for the choice of the previous parameters. We have also 
studied other methods with the same idea by changla.g U# model parsnreters: identification 
(using a real ARMA model instead of a AR long model) instead or a long AR model and by testing 
some statistical noise'lcbaracteri~tics. :·' "': 1 = .~· - ~ " ' 1 

. .f ... ,,,.i. 
;4 .... ••• .. :. 

jj . .)(" 



7 

2nd METHOD : DETECTION OF AN OPEN WINDOW IN BUILDING. 

Introduction. 

A window left opened in a building can be the cause of an important waste of energy. In order to 
avoid this kind of energy loss without increasing discomfort for the occupants of the building, we 
have been trying to ~evelop a new detection method. This algorithm would be able to detect open 
windows and could be~implemerited on a BEM System. To design such a function, we considered 
an ARX modelisation approach. 

Modellsation. 

We chose to study the system shown on figure 1. 
., 

ROOM 

ventilation 
I 

internal T° j: 

I~. ~ant 1 

heat source 

-~; ' .. 

. .. ~ Bgyre 4 ;:.S~tem to be studied. ~: .. • ' ' :n: .. "'!. . . . •.;: ··'- • L( • ;·... i . .t ; .~· ,, !; " ~ < . ·." ~ ,<: . 

This figure reptea.ents a room ~th an in~r;J)AJ, .~ffiperature that varies ~tweeni2j?.etpoin? : 

- the occupied temperature setpoint 
.. • " ": . 31;. <:! ~·, ,. :~ ~·.:: ~: ·:~·J : 

~ - the UJloccupiedJ.emperature ·~~po~~of.-:""n~:i :?-t 

The characteristics oftbe process are: 

Tint : ~~!Dal room temperature 

Text : external temperature 
TJ.I• ! d . . 

Vent : room ventilation 

. - ' ;:- ot ..... , 

. .'•'1.;.~ ·., I.·..; . • 

.~· .:~~~ :s; .. :1•;,9: 

-·· ·~ ;~:· tt(,.:1 ::.L.~ 

l!· . . :.?. ·:..' 

. , ··= 

· :. I :-,,;·,~ · .n -:; . • 'in , ~ SJ ... ,. 0., Ju.\ 

Pmft:~·. ! power:produce by heat SOU)'$~ ,, ·1.! j; ;,.; 'l;· r.rl.? · 

t,- :! · i:.> " " ~~ '° ~ ,l s.r} :.; ; ~-... .. · · .. ·~· :ir. di~. 
Occ : sum of the powers produced by occupants and d~~es in, th1$~:rpom. :1,.,· .:._ 

Model description. 

We can divide the characteristic variables of the process into : 

Tint : output of the process 

Puiss : input of the process 

Text, Vent, Occ: interferring disturbances. 

The model we used is represented below (figure 5). 
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PROCESS 

... ·~: 

Bgijr• S : Model schen:i~ . 
. • " .. 

The external temperature and the ventilation are the only easily measurable disturb~nces. The 
Occ variable is hardly measurable. Therefor~. we will develpp a process model with ,$ inputs : 
Puiss, Text, Vent and one output: Tint. OecrWill not ~1foc1uded in our model. . 

In order to implement our model !>.~.f BE~.S. ~.e needed it to be simple, so we chose a linear ARX 
model. We know of course that this type of model canr_lot represent the exact behaviour of the 
system, but it is of little importance to us because ·Vii don't need an extreme accuracy of our 
model. 

Simplification. 4: 
I 

The data we used for modelisation are the results of an emulation study in which we test a real 
BEMS connected to a simulated building and HV AC system. The building and the system are the 
reference heating system defined for annex 25 work (middle sized office building equipped with 
classical gaz heating system [ 4]). '1- · -·· -~ 

We tested OUT modelisation procedu,r.e o~ · ~ . .P days b~is: 4 days .for identification and 2 days for 
validation. . ·· · : · ·· 

. . . (-·-··· ···.' . .. 
The comparison of our model with standard models and a purpose of simplification led us to 
choose order 2 for all the polynoms : Al, Bl, B2 and B3. 

These were our first process identification tests, with the following model : 

Tint (k) = a 1 Tint (k - 1) + a2~!1t ~ :. 2~ ~-i(.pj1 :Pui~s .. Q< - 1) + b12 Puiss (k - 2) + b21 Text (k • 1) 
+ b22 Text ( k - 2) + b31 Vent (k - 1) + b32 Vent (k - 2) (5) 

This equation brought us to a simplification of tlie orders and structure of the model 

In order to define the best model to use we applied the followi.n~ methodology for different 
models structures and orders : 

·.:, .. ·:·: ..... ; ~ : "· ~:-1€- !.. 9 .... ~.:~ ;:: .. :~ 

1 - Iden tifica._tjc;m of different models ·on the fir-st· four-days of measurement 
... "'":'Ii 

~'-·· 

2 - Comparisotftjfthe models with the estimation of Akaike<!ri.terion and·ilhe parameters 
covariance matrix -~::.. . . '\··· ., , ,_ 

3 - Observation of poles and zeros: stability <:::--· : + 

__ -~ --~ Companson between the output of the identified model on days one to/our applied to days 
. • • ·:r _ , 5 and 6 ~ays we didn't use for model identification) and measured data: or days 5 and 6. 

-._: ; .(_'_. _ .,._ • •• / ' , ,...,. ,:' I ' 

. -The sirnplifi~tions we brought to OUT modeLinitiated from the followi~g COn~ept ; 
,. 

We need to observe a quick phenomenon (sudden temperature-·decrease due to opening of a 
window) which we want to single out from o~r quick c~ges-.(sueh as temperature variation 
due to sudden turning .. off/on of .the heating system). We dqn't take into account high inertial 
temperature pheJ]~J\8. "'--· ··---- ·- ·- -

.L'--' ~v:.1. 

Another impo;tkfif 1>~~'rit is that we need high sampling frequencies to observe this quick 
phenomenon. 

~l . 

. . ?i .. :~' 1 ~ 

'(" ,, . 
l ... "" 
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Detection Of The Opening Of The Window. 

Approach. 

The modelisation approaCh suggests two major directions fo~·our method : 

- in line identification of the process and testing of all or specific parameters, 

- comparing the process outpiit with a model d'dtput identified during a previous learning 
session. 

C t ... e () 

Both procedures are describe di on ~es 5 anifls: 1 
:: 

·.' t- l} : ) . ~.;·; .. h . (· '.. 

' . "~:J · 

tC.S, .. ·) - • '\!"' . :; 

INPUTS " -- PROCESS ---
!1! ·; !~ 1:.! --1;·.~ :i 

;. :/'."\:..; 

. MODEL 

... , ~F.; 

~ .h '~.:.!f'A.'.< 
:'J(:Jt' . 

JI• 

OUTPUT 
..... . ..: 

I.,., . . p ARAME'I'ERS~~ 

.• 

tt:=·:: !: 
~~ ; ! t 

:ot~· [':' 

.·-
'I 

: ,, 

.. 
INPUTS 

'.t6 
v 

j( •\' r. ·J 

·~: \t~ 1~ .. : 
-... ,.,. . 

.. ti 

' !~: 1-'l;?.ct;, , ;;. 1(~, 

IDENTIFICATION 

., , . .,..., ---r--.....-.------' ... ' - '-

, ,. , . ' 
PARAMETERS TEST 

:"1 

• 1 

(' .. ,., ·-, . ·~ 

J 'l . . 

:{' . 

•.J 

' " 

~ · . -.. _, ~ ' 
Bgwe 6 : detection with parameters test. 

PROC~ss'.. -b 
. ,,,. ' OUTPUT - · :;;- .:" . 

PROCESS 

·• t ..... {70 • . ----~ /11'.:' 9C. :i ·, 

.. ~, . -?. :. /·-~i 

'I 
~ ;, ,l -~1· . ' 

-., -:.',,fl( .> ·,' 

MODEL 
.f .. 

.~;? } '.i'! .. .. 
~~ .· 

Bgure 7 : detection with resid.t test. 

We decided on the second method because it is simpler: it uses less storing space on the BEMS, 
and demands fewer caJculations when the system is working (after the first learning session). 
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Sequential test of the dlfferenclstsd residue. 

1 : 

The residue shown in figure 7 cannot be tested because this variable-is not stationary and the 
information that we need to extract from this residue are its sudden changes {con-esponding to a 
quick deviation of the behaviour of the model and the process). Therefore, we test the 
diff erenciated residue whi~h is more stationary and presents a sudden change of its mean value 
when there is a sudden change on the residue. 

For testing the mean value of the differenciated residue we use a Page-Hinkley test. This test 
detects the moment that a jump in the mean value appears with the criterion of likelihood ratio 
maximization. This test is optimal in the sense that for a mean time between two false detections 
it minimizes the mean delay in detection [5]. 

Results. 

We present on figure 8 below. the behaviour of the ARX mode] compared with the measurement 
during the 6 days (from hour 0 to hour 144). 

The orders of.the KRX are·: -2 fpr Al (q) 

2 for Bl (q) 

.. r;q , 

20 

IS 

10 

0 
0 

'• · i ~ f · 
::!o· 
·IT , 

I 

.::-. .. •r., ~for B2 (q) 

.... 

,. 

__ : meosured temperature 

•••••••• : estimated temperature 

............ : occupied period 

. - · ~ - t : 

·'. ·-

IW 

l ' 

~ : Comparison between PfOCess output and model output during 6 days. 

-r,-

Vi(f,C).an, see on .figure 8 ~t::-the model rdo~sn't des~ribe ~omplEltely weH~~,!:_!>ehaviour of the 
system : this is due to the structure of the model we chose and the simplifications we made. 
However. the model accurately describes the transient quick variation of the temperature, and 

::i.: '"thisJf{ what we!r)eed t.o de~t: an abnormal tr.ansi~.r~t>t8rnP~~..3.tJJTe varri@tj.Qn,~' to the opening · 
of a window. · · ~. hg 

.:' ~5. .. Vk _p~se~t Qflrftgure;. ~ i #le beh~O\J.T of the.; m~P.~ clutinc .. ;.AtJY:ii 5 ~ltlld 6n if.:r.on\: ;11our 96 
.tP,; hAW'.'J H.4} i. ~lef\~tb..e:,,indow open"Jr~thourf.~J9 to. ho\lr. l.~:; ·: q::~ cl - : .; ..'.:.: :·::'-:.:: 
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PROCESS OUTPUT ~:-.;o MODEL OUTPL T 

,. 
•, 

.'' . .. 

{fr,v 5 ! ' 0 ) ~ s ~ 1"" '. :• ... i,. ~ <;- £. .,. 
·' I .. j -I 't.,' 

J 
~·:- ~ 

.-) . - ; , .. , 
d ') ~t t) , ....... .. ., i\'(· frt 

0 
95 100 105 110 115 120 · j:!) 130 133" t e""' :· .i,;· ' l 

~;. 
,, 

hours 

figMm! : Compomon between process outpOt ~-~: modiil output during the d.cv n• 6. 

We can see on figure 9, the difference between the behaviour of the model output and the process 
output when a window is open . 

. ·-
We present on figure 10, the differenciawd residue~ for the period during which the window is 
open (from hour 110 to hour 126). · · . 

DlfFERENCIATE RESlDl:JS 
0.2 

0.15 

0.l 

0.05 

Qt -

~ -0.05 

. - --0.1 
~ sr: 

..().15 -:: 

-0.2'-----"----------''-----'---~__;,__._ __ __. ____ ..._ __ _._ __ _J 

108 110 JJ2 114 1 l(i 118 120 122 124 126 128 
'::s .;,:i' < · · - "C,;;" 

hours 

~ ID; The dif(«~ciafedf~e for tlitir ~da~()trllspottding:to the ~no of the Wir!G~:' 
n: -.c :· 11:.; _,.lJ n.rt/.) :\.' n: ·" ·:'.:' ·. ·. -=- M!:.";:;·· · 

,.a ,: :,~[: ... .. ·, i 1,-; · ·, h~ J :· .~ • "3 ; ; .. Jd1 ~ .:..E .- ('j 1 , ;·~· .~ 

•: : . We can se·~oli)figirre 1~~~ jump ~e:mMn '/.~of the diftiertnciatedlresidue wlie# a window 
is opened. W.'i 

·The oiien windb" il''ilete~t:bdi..With tbe· n2-0etecWr.:of,page - illirikley. Cfikute ll):tlMt Hidicates a 
negative mean jump oft~ differenaated resi'Ciuei:·The detectiotrth~Yayf\s 'i&ut·l~ m'ifuites. 
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Flgurt 11 : D2 detector of Poge Hinkley with H Smit. 

.. ·; 

This test had been applied to all dates from day 1 to 6 and we have shown that it is quite robust : 
_ . no false ala~ d~ the whole period. 

Conclusion. 

In this case, we chose the modelisation approach for the problem of the window opening 
detection in a building . 

• 
We chose to use a model that can follow the behaviour of the internal temperature in a room 
during quick transient variations because we know that the opening of a window in a room 
results in a quick transient variation of tlie internal temperature. 

The practical implementation of this procedure leads to the following choices : 

- simple model structure 

- simple identification method with stable results 

- simple and sequential test method. 

By emulation study, it appears that this approach gives good· results. This study must be 
completed with tests on a real building. 

General conclusion 

The research programme we have undertaken has only reached its first stage. Our objective 
today consists first in carrying on with the work performed regarding fault detection and 
diagnosis, and then also in Mttina up at the French level a working group gathering together 
research centres and possible users of this type of method. This working group is in the process 
of being set up. We intend to refer to it to begin with to determine the type of fault towards 
which the research work must be orientated, and then to validate the methods developed. The 
fact of including the possible users from the very beginning of the research work is in our 
opinion likely to make the spreading of the results to be obtained easier. 
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