DESCRIPTION AND EVALUATION OF AN IMPROVED
FDD METHOD FOR ROOFTOP AIR CONDITIONERS
Deliverables2.1.3and 2.1.4

Progress report submitted to:
Architectural Energy Corporation

For the Building Energy Efficiency Program
Sponsored by:
Cdifornia Energy Commission

Submitted By:
Purdue University

Principal Investigator: James Braun, Ph.D., P.E.
Research Assistant: Haorong Li

August 2002

[
" H H#HHE &
"HY D & %

RAY W. HERRICK
LABORATORIES

PURDUE ENGINEERING




Table of Contents

R ) (oo [ ¥ ot o o SRR 5
2 Literaturereview of HVAC SyStemM FDD ......ccoocoveveeireeseseee et 7
2.1 OV N VB .o e et e e e e e e e e e e e e e e eaeneeeeeaeneeaeeeaneeeeeanneeesaanneaesaaaneeessnannnens 7
2.2 L ALESE PIrOGIESS.....uvieueereeieerieeiee e see sttt sre st e s bbb e e nresaeesresanennis 8
2.2.1 Packaged air conditionNiNg SYSIEIMIS. .. .ueeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeaeeaeneeesenenneens 8
2.2.2  OUhEr HV AC SYSIEIMIS. ..ot eeee e ee e e e e eaeeeeeeeaeaeeesaneeeeaneesaneesaneeeanns 11

2.3 FULUI € DT OSDECES ..eeeeeeee e eeeeeee et e e e e e e e e e e eeeeeeeeaaasaaeeeeessssssanseeeesesssssaanseeneeessesaaannnees 14

3 Description of FDD tEChNIQUE......c..ccviueereereeerereee st enens 16
3.1 OV N VB e e e e e e e e ee e e e e eeeeeeaaeeeeeaanaeeeeaanneeeeaanneeeeeanneeseannnnaseannnnens 16
3.2 M EASUI EMENT Pr BT OCESSING -eeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeaeeeesaeesaeneesaeeesaeesanneesanneesanees 18

3. 2.1 M EBSUI NN F IO e e e e e e e e e e e e e e e e e e e e eeenneeeeeanneens 18
3.2.2  SHEAOY-SLAE AELECION .. eeeeeeeeeeeee e et e e e eee e e e e e et e e e e eeeeeeaneeeseneeeenneesaneeennns 18

3.3 Steady-State MOEIS. .. .o 20
3.3 1 NOrMEl StAEE MOAEIS. .. et ee e e eee e e e e e e e e eeeeeeeneeeeneesaneeeenns 21
3.3.2 Overdl performanCe MOTEIS. ... ..eeee e e e e e e e e eeeeeeeeneens 21

JC I S = 18| e < =" oi o T 23
3.4.1 Probability MEINOG . .....coo oot e e e e e e e e e e e e e eeenneens 25
3.4.1.1 IndependenCe aSSUMPEION -...eeeeeeeee e et e e e e e e e e e e e e s aeeeeeeeaeeeeaans 25

3.4.1.2 Monte-Carlo (MC) simulation method .........oeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeenn. 27

3.4.2 Normalized distanCe MEINO ........oeoeeeeeeee e e e e eee e 28

I - 8| e [F=o 10 S OSSR 30
3.5.1 FAUIt diA0NOSIS TUIES. .. .ot ee e e eee e e e e e e e eeneeeeeneeeeneeseneeeenns 31
3.5.2 Fault diagnoSiS ClasSiiCaliON ......eeeeeeeeeee e e e e e e e e e e eaeeeeeenneens 31
3.5.2.1 Probability MEINOM .......ooeoeeeeeeee et e e e e e e e e e eee e 32
3.5.2.2 DiStanCe MELNOM. ......ceeeeeeeeeeeeeeeeeeeeeeeeeeee et e e e e e e e e e e e e eeeeeeeeeeeees 34

3.6 Fault evaluation and dECISION .......cccevueerrereeerieresesieeseseseseeesseseesessesesseseesessens 37

4  Casestudy and method COMPAriSONS.......cccceererereriererierieesienes e esene 40
4.1 M €aSUr eMENt DI EPF OCESSING «..vvuvererrereerereerersesseesseseesessesessessesessessesessessssessensssenes 40
4.2  Normal state and overall performance Models.......ccoovvrerernenrienenenesieenenn. 41
421 NOIME SEAE MOUEIS. ... .ottt e et e e e e e ee e e eaeeeeeeeeeaeneesaneesaneens 41
4.2.2 Overal performanCe MOEIS. .....coe e e e e e e e e e e e e e e eaeeeeeeeaanns 42

4.3  Fault detection and diagNOSIS.......ccceeerueerereeereeresesieeseseeeseesesseseeessesessessesessens 48
431 FAUI EIECHION ... et e e e et e e e e e e e e eeneeeeeeenneaeeannneaesaanneeeennns 48
4.3.2 FAUIt AIAONOSIS TUIES. ... .ot e e e e e e e e e e eeeeeeneeeeeneesaneennneeen 48
4.3.3 Fault diagnNOSISMELNOM .........eeeeeeeeeee et e e e e e e e e e eeeeeeeeeneeeeeenns 49

4.4  EDD resultsand comparisons with previous method..........cccoceevverereneenenee. 49




45  Fault Evaluation RESUILS ...t 56

LSS o] o U1 o] 1S 58
O R (= = = 416 59
Appendix 1 Details Of Statistical Rule-Based M ethod By RosS/Braun ..........c.ceceeeeee. 63
11 Steady-State PrEPIOCESSOL .....coeereeerrerieeriesesseseesesseseeessesesseseesessesessessenessessesessens 64
1.2  Steady-State@ MOE.......ccoeeeeiceee e 65
1.3  Fault detection ClASSITIEN ....cccveeererirerie e 65
I B - To 410 S Y 0 = S 1= 66
15 Evaluation of the statistical rule-based FDD .........ccccovvrieneininnieneereseeen 68
Appendix 2 Proof for normalized distance method.........coeeevreenreinnennseeseeesieas 70
Appendix 3 Other load level and fault reSUILS........ccovevererrerer e 71
Appendix 4 Fault diagnosisdistance Method ..o 76
Appendix 5 Introduction Of fAUILS........cceorierireere e 78




NOMENCLATURE

Air handling unit
False alarm threshold
Fault diagnosis threshold

Normalized distance square
Equipment efficiency ratio
Condenser air temperature difference
Evaporator air temperature difference
Compressor volumetric efficiency

Fault detection and diagnosis

General regression neura network
Heating, Ventilating, and Air-Conditioning
Mean vector of residuas

Refrigerant mass flow rate

Mean
Number of suction strokes per unit time
Relative humidity of return air

Discharge pressure
Suction pressure
Cooling capacity

Radial basis function

Root mean square

Rooftop unit

Standard deviation
Covariance matrix of residuals
Ambient temperature

Condensing temperature
Discharge line temperature
Evaporating temperature

Liquid line temperature
Mixed air temperature
Outdoor air temperature
Return air temperature
Sub-cooling

Superheat

Specific volume of compressor inlet refrigerant

Variable air volume
Compressor power consumption
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Table 3-2 Refrigerant Leak at 20% load

Fault Refrigerant Comp. Liquid Line Cond. Evap.
Level Method Leak Valve Leak | Restriction Foul Foul
Monte-Carlo 0 0.0010 0 0 0
Normal Independent 0.0008 0.0007 0.0015 0.0009 0.0004
Monte-Carlo 0 0 0.0034 0 0
35% | ndependent | 0.0016 0.0004 0.0028 0.0004 0.0002
Monte-Carlo 0.0318 0. 0.0135 0 0
7% Independent 0.0039 0.0002 0.0027 0.0002 0.0001
Monte-Carlo 0.0803 0 0.0041 0 0
10% | independent | 0.0067 0.0001 0.0017 0 0
Monte-Carlo 0.1037 0 0.0004 0 0
14% Independent 0.0023 0.0001 0.0008 0.0001 0.0001
6$** 2 0 (
) :
Snormal Scurrent
: )
9.03
) - 9.03
A
(
Mnormal ! '
M normal
9.03
6. <, $ 11
7 >, 062,
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Figure 3-10 Distance method for fault diagnosis
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Table 4-1 Thresholds for steady-state detector’ s variables

97

Tai Tra f ra Tevap Tcond Thg Tsc Tsh DTca DTea
) * 3362|3362 | 33367 |3362| 3362|3377 (3372|3317 | 3367 | 3367
F/s"
) 362 | 362 | 337 372 |362 | 372 | 372 |0327|367 |367
F 2n
* ( + 4 0 0 (
* 0 0 (
Taj
Tra f ra
F Tewmp
Tcond Thg y Tsc
T, DT,
DT A P
Psuct Tsuct ’ TII
") F ) <6 +
17
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Table 4-2 Polynomial plus GRNN model parameters

Tevap Tcond Thg Tsc Tsh DTca DTea Tsuct TII Phg PSUC'[
= 0 0 6 |6 [0 |O 6 0 6 |6 6
F + 30 [30 |30(30|30(30 |30 |30 (30|30 |30
** 3+ 4 0 0 (
)
) <9)
<0 <6
2?
)
<9

42



<<

43



Table 4-3 Compressor map data
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Figure 4-1 Refrigerant flow rate prediction and measurement

T T
3.2/ ﬁ |
3 M |
2.8_ ﬁg _

26—

%

2.4

22 1 1 1 1 1 1 1
2.2 24 2.6 2.8 3 3.2 34 3.6
Qcap,measure (tonS)

Figure 4-2 Cooling capacity prediction and measurement
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) M normal Snormal

Table 4-4 Fault diagnosis rules

Tevap Tsh Tcond Tsc Thg DTca
Refrigerant leakage + +
Comp. Valve Leak + -
Liguid Restriction + + +
Condenser Fouling + - + + +
Evaporator Fouling - - -
66 1) ( 0
)
n bll
03 F b 311
122 ) ( 04 , 4 +) 0 (
M ) <7 <63
A
)



) <7 <63
$
$
) -
31117 $
63? <3?
) $ ,
)
311
I $ o112 "
! I $ / o112 "
@ ! E C ! E ) @ | E
) C
E
) <60
@ !
97? >2? I $ / 4 C
E $ >? 17?
$ / + ) I $
/ @ ! E
)
)
Table 4-5 Detected ( , fault) points/ total operation points @ compressor valve
leakage fault
G G
63? <3? 83? 23? 033?
J12 Jo> J6>> 'J997 J971
>? "J032 "J010 "J96< J<30 "J918
0<? "J>6 "JO9 "J608 "J622 "J719
G 01? "J032 "J013 "J93< J<69 "Jr78l
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62?2 |

"J082 |

"J08<

| "J96< |

7<% |

3526 |

Table 4-6 ( , wrong) diagnosed points/ total detected steady-state points @
compressor valve leakage fault
G G

63? <3? 83? 23? 033?
"JOO "J>3 "J028 "J632 "J661
>? "J90 "J23 "J78 "J901 "J998
0<? "J6 "J<1 "J22 "J666 "J77<
01? "J60 "J99 "J663 "J9<3 "J700
62? "Jo1 "J13 "J661 "J9<0 "J>0>

Table 4-7 Average (

, wrong) fault diagnosis ratio @ compressor valve leakage fault

G G
637 <3? 837 237 0337?
>? | 31809 ' 31<02 " 3191 ' 31683 ' 3198>
0<? | 31089 "1 3107> " 31323 ' 313>7 " 31013 !
01?7 | 32209 " 322>> | 3222> " 32>08 " 32238 !
62?7 | 3> 1 3>>1< " 3>893 " 33972 "l 3>683 !

Table 4-8 Detected (

, fault) points total operation points @ refrigerant leakage

fault
G G
63? <3? 83? 23? 033?
: "J12 "Jo< "J6>> "J997 "J971
97? "JO3< "J0<7 "J608 "J961 "J0>7
>? "J032 "J607 "J6>1 "J99< "J66<
03? "J03> "J088 "J96< "J998 "J>23
0<? "J>6 "J0<7 "J966 "J9l< "J8<8
Table 4-9 ( , wrong) diagnosed points total detected steady-state points @
refrigerant leakage fault
G G
63? <3? 83? 23? 033?
; "JOO "J>3 "J028 "J632 "J661
97? "J93 "J8> "J09> "J6<7 "J8>
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>? J> "J060 "J083 "J6/0 "J08<
03? "J6< "J86 J0>3 J677 "J>90
0<? "J8 "JO0 "J063 "J90< "J720

Table 4-10 Average (

, wrong) fault diagnosis ratio @ refrigerant leakage fault

G G
637 <3? 837 237 033?
97? |311>9 " 3111< ' 3120< | 3116< 1 31>>1
>? | 31233 " 31272 " 31>>6 " 3122< " 31>>8 !
G 03? | 31K 1 31>>1 '| 31<20 "1 31887 "1 31726 !
0<? | 31317 1 31732 | 31<3< " 31277 "1 31819

Table 4-11 Detected (

, fault) points/ total operation points @ condenser fouling

fault
G G
63? <3? 83? 23? 033?

: "J12 "J0 "J6>> "J997 "J971
0<8? "J032 "J608 "J901 "J<90 "J>06
6167 "J032 "J013 "J608 "J622 "J<23
LV<? "J13 "JO>9 "J931 "J<02 "J687
7807 "J032 "J608 "J900 "J<03 "J7<<

Table4-12 ( , wrong) diagnosed points/ total detected steady-state points @
condenser fouling fault
G G
63? <3? 83? 23? 033?

: "JOO "J>3 "J028 "J632 "J661
0<8? "J63 "JO03 "J693 "J97 "J873
616? "JO9< "J03> "J068 "J018 "J<97
LV<? "J6 "J23 "J600 "JO<< "J63>
7807? "JO< "J099 "J696 "J999 "J<2<

52




Table 4-13 Average (

, wrong) fault diagnosis ratio @ condenser fouling fault

G G
63? <3? 83? 23? 033?
0<8? | 31961 " 317<6 " 319>9 " 317<< " 31777 !
6167 | 3201> " 329<7 " 32688 " 32988 1 3271< "
G <0<? | 38712 " 3829 " 3816< "l 3>383 " 3>969 !
780? | 37097 " 37838 " 37760 " 3702 " 37>7> "

Table 4-14 Detected (

, fault) pointg total operation points @ evaporator fouling

fault
G G
63? <3? 83? 23? 033?
: "J12 Jo<> "J6>> "J997 J971
06? J032 Jo11 'J908 'J909 J022
6<? "J037 "Jo7> "J969 "J<61 <87
G 9r? "J18 "J600 "J608 "J622 "J062
Table 4-15 ( , wrong) diagnosed points/ total detected steady-state points @
evaporator fouling fault
G G
63? <3? 83? 23? 033?
*J00 "J>3 "J028 "J632 "J66
1
06? "J92 "J066 "JO16 "JO00 "J098
G 6<? "Jo1 "J>> "J60> "JI0< "J99
3
9r? "J60 "J9N9 "J663 J93 "J700

Table 4-16 Average (

, wrong) fault diagnosis ratio @ evaporator fouling fault

G G
637 <3? 837 237 0337?
06? | 3129 '1 3133 " 32173 | 32<1> ' 32936
6<? | 32676 " 3>161 " 3>222 " 3>807 " 3><27 !
G 97?7 | 33976 " 38122 "l 3883< " 38891 " 38773 !
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Table 4-17 Detected (

, fault) points total operation points @ liquid-line
restriction fault

G G
63? <3? 83? 23? 033?
: "J12 "Jo0<> "J6>> "J997 "J971
7? "J032 "J608 "J96< "J<33 "J<1
03? "J>6 "J086 "J6>> "J<906 "J9>0
G 07? "J032 "J607 "J61< "J983 "J<<3
63? "J037 "J608 "J930 "J<6< "J893
Table 4-18 ( , wrong) diagnosed points/ total detected steady-state points @ liquid-
line restriction fault
G G
63? <3? 83? 23? 033?
: "JOO "J>3 "J028 "J632 "J661
7? "J60 "JO01 << "J029 "JO78
03? "J7 "J>9 "JO>0 "J620 "J2>
G 07? "JO7 "JO00 "J02< "J6<< "J690
63? "JO6 "J10 "J029 "JO0< "J792

Table 4-20 Average (

, wrong) fault diagnosis ratio @ liquid-line restriction fault

G G
637 <3? 837 237 0337?
7?7 | 3103> ' 31397 ' 31902 ' 3169 ' 31<73
03?7 | 32317 " 32067 " 32767 " 32827 " 32123 !
G 07? | 3>393 " 3>037 " 3>83> " 3>1<7 " 32696 !
63? | 38967 '| 38706 " 3>077 '| 3>>9 '| 3266 !

Table 4-21 Performance comparison of previous and improved FDD method

G,
Il $ $ 0<8616<0<780"?
97>030<"? 70307 63"? >0<0162"? 06 6<97"?
0 0 0 0 0
/I $ >2 17 86 20 87 0<6 008 070 000 | 931
97 > 7 7 > > 0<8 0<8 06 06
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Figure 4-5 Impact of parameter ¢ on the performance of FDD for different compressor
valve leakage fault levels with 20% cooling load
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Figure 4-6 Impact of parameter ¢ on the performance of FDD for 3.5% compressor valve
leakage fault with different cooling load
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Table 4-22 Actual /estimated per cent change of compressor power consumption

Fault Fault level
name | normal 1 2 3 4
compnv 1/1.3 2/12.4 3/3 4/3.5 7/5.6

refleak 1/1.2| 1/-0.7] 1/-0.25 -1/-5| -2.5/-6
condfoul 1/1.2| 2.5/2.7 4/5.8 7/9.6| 10/13.8
evapfoul 1/1.2 1/1.2| -1/0.6| -2/-0.6

lIrestr 1/1.2 1/-2|-0.5/-3.8 -3/-7| -8/-13

Table 4-23 Actual /estimated per cent change of cooling capacity on refrigerant side

Fault Fault level
name | normal 1 2 3 4
compnv| [SH| WS B NS S
refleak 1/1] 1/-0.2 1/-1.6| -1/-3.6| -3/-6.5
condfoul 1/1 1/0.2|-1.5/-0.5| -3.5/-2 -6/-5
evapfoul 1.5/1| 0.6/-0.2| -2/-2.5| -4/-3.8
lIrestr 1.5/1 1/-1 -1/-2| -3.5/-6| -12/-12

Table 4-24 Actual /estimated per cent change of refrigerant flow rate

Fault Fault level
name | normal 1 2 3 4
compnv| GG [EBE| [EOES WSS S
refleak| 1.5/1.5| -0.2/-1| -1.5/-3 -3/-6 -6/-9
condfoul| 1.5/1.5 2/1.5 3/3 3/4 4/5
evapfoul| 1.5/1.5| 0.5/0.5| -1/-0.4 -2/-2
llrestr| 1.5/1.5| -1.5/-3 -4/-6| -9/-12| -22/-24




$

0111"

58



ASHRAE. 1993. ASHRAE Handbook - 1993 Fundamentals, Atlantac American
Society of Heating, Refrigerating, and Air Conditioning Engineers, Inc., Atlanta, GA
30329.

Braun, J.E. and Li, Haorong. 2001. Description of FDD modeling approach for normal
performance expectation. Progress report submitted to Architectural Energy Corporation.

Breuker, M.S., 1997. Evauation of a Statistical, Rule-based Detection an Diagnosis
Method for Vapor Compression Air Conditioners, Master’s Thesis, School of Mechanical
Engineering, Purdue University.

Breuker, M.S. and Braun, J.E., 1998. Common Faults and Their Impacts for Rooftop Air
Conditioners, HYAC&R Research, Val. 4, No. 3, pp.303-318.

Breuker, M.S. and Braun, J.E., 1998. Evaluating the performance of a Fault Detection
and Diagnostic System for Vapor Compression Equipment, International Journal of
Heating, Ventilating, and Air Conditioning and Refrigerating Research, Vol. 4, No. 4,
pp.401-425.

Cacoullos, 1966. “Estimation of a multivariate density,” Ann. Inst. Statist. Math,
(Tokyo), Vol. 18, no. 2,pp.179-189.

Carling, P., 2002. Comparison of Three Fault Detection Methods Based on Field Data of
an Air-Handling Unit, ASHRAE Transactions 2002, V. 108, Pt.1.

Chen, B., 2000. Eval uating the potential of on-line fault detection and diagnosis for
rooftop air conditioners, Master’s Thesis, School of Mechanical Engineering, Purdue
University.

59



Chen, Bin and Braun, J.E, 2000. Simple fault detection and diagnostics methods for
packaged air conditioners, Proceedings of the 8" international refrigeration conference,

Purdue University.

Chen, Bin and Braun, J.E, 2001. Simple rule-based methods for fault detection and
diagnostics applied to packaged air conditioners, ASHRAE Trans., vol. 107, part 1, paper
No. AT-01-14-2, 847-857.

Comstock, M.C., J.E. Braun, and B. Chen, 1999, Literature Review for Application of
Fault Detection and Diagnostic Methods to Vapor Compression Cooling Equipment,
Purdue University, Ray W. Herrick Laboratories, Report # HL99-19.

Davis, Coby. 1995. Comparison of steady state detection algorithms. ME 597 Report.
Available from Professor Jim Braun, Herrick Labs, Purdue University, West Lafayette,

In.

Dexter, Arthur; Pakanen, Jouko (ed.). Demonstrating Automated Fault Detection and
Diagnosis Methods in Real Buildings. Espoo. VTT Building Technology, 2001. VTT
Symposium 217. 381 p. + app. 13 p.

Dexter, A.L. and Ngo, D., 2001. Fault Diagnosisin Air-Conditioning Systems: A Mullti-
Step Fuzzy Model-Based Approach, International Journal of Heating, Ventilating, and
Air Conditioning and Refrigerating Research, Vol. 7, No. 1, pp.83-102.

Donald F. Specht, 1991. A General Regression Neural Network. |[EEE Transactions on
Neura Networks. 2 (6): 568-576.

Dyn, N. and Levin, D.,1983. “Iterative solutions of systems originating from integral
equations and surface interpolation.” SIAM J. Numerical Analysis, vol. 20, pp. 377-390.

Ghiaus, C. 1999. Fault diagnosis of air conditioning systems based on qualitative bond
gragh, Energy and Buildings 30 (1999) 221-132.

60



Glass, A.Sl, Gruber, P.,Roos, and M., Todtli, J., 1995. Qualitative Model-based fault
detection in air-handling units, IEEE control systems Magazine, 15(4): 11-22.

Gordon, J. M., and K. C. Ng. 1994. Thermodynamic modeling of reciprocating chillers.
Journal of Applied Physics. 76(6):2769-2774.

Grimmelius, H. T., J. Klein Woud, and G. Been. 1995. On-line failure diagnosis for
compression refrigeration plants. International Joural of Refrigeration 18(1):31-41.

Isermann, R. 1984. Process Fault Detection Based on Modeling and Estimation - A
Survey, Automatica, 20(4): 387-404.

Lee, W., House, J.M. and Shin, D.R., 1997. Fault diagnosis and Temperature Sensor
Recovery for an Air-handling unit, ASHRAE Transaction, 103(1): 621-633.

Lee, W.Y. & House, J.M., etc., 1996. Fault diagnosis of an Air-Handling Unit Using
Artificial Neural Networks, AHRAE Transactions V.102, Pt.1, pp.540-549,1996

Li, X., H. Hvaezi-Ngad, & J.C. Visier, 1996. Development of afault diagnosis method
for heating systems using neural networks. ASHRAE Transactions 102 (1): 607-614.

Norford, L.K., Wright, J.A., etc., 2002. Demonstration of Fault Detection and Diagnosis
Methods for Air-Handling Units, International Journal of Heating, Ventilating, and Air
Conditioning and Refrigerating Research, Vol. 8, No. 1, pp.41-71.

Parzen, 1962. On the estimation of a probability density function and the mode, Ann.
Math. Stat., 33, pp. 1065-1076.

Rossi, T.M., 1995. Detection, Diagnosis, and Evaluation of Faultsin Vapor Compression
Cycle Equipment, Ph.D. Thesis, School of Mechanical Engineering, Purdue University.

Rossi, T.M. and Braun, J.E., “Minimizing Operating Costs of Vapor Compression
Equipment with Optimal Service Scheduling,” International Journal of Heating,

61



Ventilating, Air-Conditioning and Refrigerating Research, Vol. 2, No. 1, pp. 23 - 47,
1996.

Rossi, T.M. and Braun, J.E., 1997. A Statistical, Rule-Based Fault Detection and
Diagnostic Method for Vapor Compression Air Conditioners, International Journal of
Heating, Ventilating, and Air Conditioning and Refrigerating Research, Vol. 3, No. 1,
pp.19-37.

Shaw, S.R., Norford, L.K., Luo, D., etc., 2002. Detection and Diagnosis of HVAC Faults
ViaElectrical Load Monitoring, International Journal of Heating, Ventilating, and Air
Conditioning and Refrigerating Research, Vol. 8, No. 1, pp.13-40.

Stylianou, M. & D. Nikanpour. 1996. Performance monitoring, fault detection, and
diagnosis of reciprocating chillers. ASHRAE Transactions 114 (4): 615-627.

Y oshida, H. & Kumar, S. 1999. ARX and AFMM model-based on-line real-time data
base diagnosis of suddent fault in AHU of VAV system, Energy Conversion &
Management 40 (1999) 1191-1206.

Y oshida, H. & Kumar, S. 2001. Development of ARX model based off-line FDD
technique for energy efficient buildings, Energy Conversion & Management 22 (2001)
53-59.

Yoshida, H. & Kumar, S. 2001. Online fault detection and diagnosisin VAV air handling
unit by RARX modeling, Energy Conversion & Management 33 (2001) 391-401.

62



) Lo (
/
)
4
) "6
) " T
D "
DH"
)
E )
A

011>"

%l

D "

63



%

17T

1T, evap
2T U (input) Y (output) =
" Vapor Compresson ye] 3 T
Plant
6 DT
7. DT
Preprocessor Unness é
~N \4

Classifier i residuals

0+ J/ H

(1 44

o112 *

~
*
~



61 ) (

23

23

G)

65



/

$

0113"

0112 "

/

011>

)

011>

03.9

Figure 2 Residual in 1-D.

( oM

66



$)

Table 1 Diagnosis rules for rooftop air conditioners (with afixed orifice as the expansion
valve).

Fault Tevap Ten Teond Tsc Thg DTca DTea

Refrigerant leakage - +

Comp. Valve Leak +

Liguid Restriction - + - +
Condenser Fouling + - +
Evaporator Fouling - - - - - - +

+ 4+ + +

/ 011> ) ,

sL0 M_(k)- M (k) &B sL .0
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Table2 Statistical FDD method parameters used by Breuker and Braun (1998b).

FDD Design Parameter

“Low-Cost” Design

“High-Perfor mance’
Design

Steady-state model

Twb / Tamb p0|yn0mia|,
1% order polynomial

Tra / wa / Tamb
polynomial. Tg, Thg 3
order polynomial, T,
DT e 2" order
polynomial, others 1%
order polynomial

Measurements Tevapy Tshy Thgy Teonds Tse | Tevapy Tshy Thgs Teonds T
DTes DTca

Steady-state detector (SSD) threshold | 0.04 F* 0.04 F*

Forgetting factor for SSD method 0.7 0.7

Fault probability ratio threshold 2.0 2.0

Confidence interval for mode | 68% 68%

uncertainty

FDD buffer size/ frequency

30 measurements @ 5
second intervals

30 measurements @ 5
second intervals

Detection error safety factor

10

10

Detection error threshold (cal cul ated)

0.0029

0.0029
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Table 3 Sensitivity of Statistical FDD method (low-cost design) on arooftop unit with a

fixed orifice.
Performance Refrigerant | Liquid Line| Compressor | Condenser | Evaporator
Index
Leakage | Restriction | ValvelLeak Fouling Fouling
(% Leakage) (% DP) (% Dh,) (% Lost areq) | (% Lost flow)
1st| Al 1st| Al 1st| Al st All st All
Fault Level (%) 9.7/ 125 9.00 105 175 20.0] 16.4 195 27.2] Max
% L oss Capacity 55/ 7.1 46| 54 10.7) 122 32| 3.6 153 >194
% Loss COP 32 41 33 38 11.9] 1360 46| 6.2 135 >174
DT« 9.2/ 105 7.8/ 89 59 -6.8] -19| -30 -4.6/ <55
DThg 76/ 93 79 90 00 04 23 24 -38 <51

Table 4 Sensitivity of Statistical FDD method (high-performance) on arooftop unit with

afixed orifice.

Performance

Refrigerant | Liquid Line | Compressor | Condenser | Evaporator
Index
Leakage | Restriction | ValveLeak Fouling Fouling
(% Leakage) (% DP) (% Dh,) (% Lost ared) |(% Lost flow)
1st| Al 1st| Al 1st) Al 1st All st  All
Fault Level (%) 5.4 Max 2.1 4.1 3.6 7.00 11.2 17.4 9.7] 20.3
% L oss Capacity 34 >8 18 34 37 73 25 35 54 115
% Loss COP 28 >46 13 25 39 79 34 51 49 103
DT« 54/ >111 23] 48 -18 -3.6|] -0.6 -1.6 -17] -2.7
DThg 48 >10] 24/ 48 00 00 18 23 -12| -27
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The following 5 tables list probability computation results using Monte-Carlo simulation
and simple independence assumption. At each load level, numbers on the first line are
caculated using Monte-Carlo simulation and those on the second line using
independence assumption.

Refrigerant leakage fault results at other load levels

Load Fault Refrigerant Comp. Liquid Line Cond. Evap.
Level Leak Valve Leak Restriction Foul Foul
Normal 0 0 0 0 0
0 0 0.0035 0 0
1 0.0004 0 0.0164 0 0
0.0010 0 0.0071 0.0001 0.0001
2 0.0213 0 0.0597 0 0
40% 0.0063 0 0.0163 0 0
3 0.0634 0 0.0768 0 0
0.0081 0 0.0109 0 0
4 0.1517 0 0.0488 0 0
0.0113 0 0.0061 0 0
Normal 0. 0.0040 0 0.0001 0
0.0001 0.0002 0.0055 0.0003 0.0001
1 0.0064 0.0009 0.0121 0.0006 0
0.0040 0.0008 0.0056 0.0013 0.0005
2 0.0759 0 0.0496 0 0
60% 0.0142 0 0.0100 0 0
3 0.2388 0 0.0255 0 0
0.0464 0 0.0044 0 0
4 0.3412 0 0.0255 0 0
0.0755 0 0.0044 0 0
Normal 0 0 0 0 0
0 0 0.0043 0 0
1 0.0039 0 0.0543 0 0
0.0004 0 0.0187 0 0
2 0.0669 0 0.1683 0 0
80% 0.0045 0 0.0276 0 0
3 0.2874 0 0.0867 0 0
0.0427 0 0.0145 0 0
4 0.1621 0 0.3133 0 0
0.0105 0 0.1078 0 0
Normal 0 0.0010 0 0.0002 0.0003
0 0 0 0 0
1 0.0016 0 0.0048 0.0010 0
0.0026 0.0004 0.0027 0.0007 0.0004
2 0.0807 0 0.0815 0 0
100% 0.0050 0 0.0065 0 0
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3 0.4284 0 0.0563 0 0
0.1285 0 0.0030 0 0
4 0.4382 0 0.1120 0 0
0.1624 0 0.0262 0 0
Compressor valve leakage fault results
Load Fault Refrigerant Comp. Liquid Line Cond. Evap.
Level Leak Valve Leak Restriction Foul Foul
Normal 0 0.0009 0 0 0
0.0008 0.0007 0.0015 0.0009 0.0004
1 0 0.1821 0 0.0010 0
0.0022 0.0033 0.0012 0.0017 0.0013
2 0 0.1950 0 0.0083 0
20% 0.0006 0.0011 0.0004 0.0007 0.0006
3 0 0.3200 0 0.0520 0
0.0010 0.0078 0.0003 0.0027 0.0021
4 0 0.4560 0 0.0261 0
0.0009 0.0154 0.0001 0.0020 0.0019
Normal 0 0 0 0 0
0. 0. 0.0035 0. 0.
1 0 0.1210 0 0.0088 0
0.0017 0.0068 0.0039 0.0021 0.0015
2 0 0.1267 0 0.0015 0
40% 0.0010 0.0042 0.0021 0.0015 0.0013
3 0 0.2589 0 0.0013 0
0.0025 0.0142 0.0034 0.0017 0.0014
4 0 0.5018 0 0.0005 0
0. 0.0433 0. 0.0008 0.0009
Normal 0 0.0042 0 0.0001 0
0.0001 0.0002 0.0055 0.0003 0.0001
1 0 0.2646 0 0.0284 0
0.0038 0.0414 0.0022 0.0058 0.0029
2 0 0.2359 0 0.0120 0
60% 0.0007 0.0194 0.0007 0.0040 0.0027
3 0 0.3796 0 0.0038 0
0.0001 0.0628 0.0001 0.0014 0.0007
4 0 0.5551 0 0.0002 0
0. 0.1418 0. 0. 0.
Normal 0 0.0002 0 0. 0
0. 0. 0.0043 0. 0.
1 0 0.0447 0. 0.0005 0
0 0.0008 0. 0. 0.
2 0 0.0460 0 0.0001 0
80% 0 0.0011 0 0.0001 0
3 0 0.3026 0 0.0002 0
0 0.0418 0 0. 0.
4 0 0.4446 0 0 0
0 0.173 0 0. 0.
Normal 0.0013 0 0.0003 0.0005 0
0. 0. 0. 0. 0.
1 0 0.0837 0 0.0139 0
0. 0.0019 0. 0.0004 0.0001
2 0 0.2135 0 0.0133 0
100% 0. 0.0188 0. 0.0004 0.
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3 0 0.3440 0 0.0261 0.
0. 0.1559 0. 0.0003 0.
4 0 0.2125 0 0. 0
0 0.2605 0 0 0
Liquid-line restriction fault
Load Fault Refrigerant Comp. Liquid Line Cond. Evap.
Level Leak Valve Leak Restriction Foul Foul
Normal 0 0.0010 0 0 0
0.0008 0.0007 0.0015 0.0009 0.0004
1 0 0 0.0107 0 0
0 0 0.0054 0 0
2 0 0 0.0517 0 0
20% 0 0 0.0025 0 0
3 0 0 0.1318 0 0
0 0 0.0120 0 0
4 0 0 0.2728 0 0
0 0 0.0185 0 0
Normal 0 0 0 0 0
0 0 0.0035 0 0
1 0 0 0.0453 0 0
0. 0. 0.0199 0. 0.
2 0 0 0.1144 0 0
40% 0. 0. 0.0159 0. 0.
3 0 0 0.2264 0 0
0. 0. 0.0512 0 0
4 0 0 0.3884 0 0
0. 0. 0.0834 0. 0.
Normal 0 0.0039 0 0.0001 0
0.0001 0.0002 0.0055 0.0003 0.0001
1 0.0001 0 0.1175 0 0
0. 0. 0.0247 0. 0.
2 0 0 0.1911 0 0
60% 0. 0. 0.0324 0. 0.
3 0 0 0.1833 0 0
0. 0. 0.0034 0. 0.
4 0 0 0.4476 0 0
0. 0. 0.1179 0. 0.
Normal 0 0.0002 0 0 0
0. 0. 0.0043 0. 0.
1 0. 0 0.2369 0 0
0. 0. 0.0322 0. 0.
2 0 0 0.3390 0 0
80% 0. 0 0.0554 0 0
3 0 0 0.3362 0 0
0. 0. 0.0220 0. 0.
4 0 0 0.5134 0 0
0. 0. 0.1780 0. 0.
Normal 0 0.0011 0 0.0002 0.0005
0 0 0 0 0
1 0.0007 0 0.1834 0 0
0. 0. 0.0165 0 0
2 0.0001 0. 0.3195 0 0
100% 0. 0. 0.0256 0. 0.
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3 0 0 0.4360 0 0
0. 0. 0.0750 0. 0.
4 0 0 0.5160 0 0
0 0 0.2725 0 0
Condenser fouling fault
Load Fault Refrigerant Comp. Liquid Line Cond. Evap.
Level Leak Valve Leak Restriction Foul Foul
Normal 0 0 0 0 0
0.0008 0.0007 0.0015 0.0009 0.0004
1 0 0.0036 0 0.0085 0
0.0010 0.0010 0.0012 0.0016 0.0005
200 2 0 0 0 0.2660 0
0 0.0007 0.0020 0.0001 0.0061 0.0010
3 0 0 0 0.3090 0
0.0001 0.0008 0 0.0060 0.0004
4 0 0 0 0.3874 0
0 0.0002 0 0.0121 0.0001
Normal 0 0 0 0 0
0 0 0.0035 0 0
1 0 0 0 0 0
0.0002 0.0002 0.0061 0.0004 0.0001
0% 2 0 0 0 0.1459 0
0 0.0006 0.0033 0.0002 0.0173 0.0011
3 0 0 0 0.3325 0
0.0001 0.0006 0 0.0264 0.0002
4 0 0 0 0.4713 0
0 0 0 0.0673 0
Normal 0 0.0039 0 0.0001 0
0.0001 0.0002 0.0055 0.0003 0.0001
1 0 0.0188 0 0.0597 0
0.0010 0.0067 0.0013 0.0160 0.0020
60% 2 0 0 0 0.2499 0
0 0.0001 0.0041 0 0.0332 0.0015
3 0 0 0 0.3925 0
0 0 0 0.0958 0
4 0 0 0 0.3925 0
0 0 0 0.9580 0
Normal 0 0 0 0 0
0 0 0.0043 0 0
1 0 0.0041 0 0.0216 0
0.0002 0.0007 0.0050 0.0018 0.0001
) 2 0 0 0 0.2959 0
80% 0 0.0037 0 0.0606 0.0008
3 0 0 0 0.4842 0
0 0 0 0.1513 0
4 0 0 0 0.6731 0
0 0 0 0.1944 0
Normal 0 0.0012 0 0.0002 0.0004
0 0 0 0 0
1 0 0.0094 0 0.0906 0
0 0.0187 0 0.0418 0.0036
2 0 0 0 0.2785 0
100% 0 0.0020 0 0.1188 0.0002
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3 0 0 0 0.4503 0
0 0.0003 0 0.0735 0
4 0 0 0 0.7896 0
0 0 0 0.2815 0
Evaporator fouling fault
Load Fault Refrigerant Comp. Liquid Line Cond. Evap.
Level Leak Valve Leak Restriction Foul Foul
Normal 0 0.0011 0 0 0
0.0008 0.0007 0.0015 0.0009 0.0004
1 OE-3 0.0550 E-3 0E-3 0.0300 E-3 | 0.3800 E-3
0.0007 0.0007 0.0015 0.0008 0.0007
200 2 0 0 0 0.0014 0.1890
0 0.0007 0.0017 0.0004 0.0015 0.0028
3 0 0 0 0 0.3387
0.0006 0.0015 0.0002 0.0010 0.0035
4
Normal 0 0 0 0 0
0 0 0.0035 0 0
1 0 0 0 0 0.0064
0.0002 0.0003 0.0028 0.0004 0.0005
0% 2 0 0 0 0 0.1535
0 0.0002 0.0008 0.0006 0.0005 0.0028
3 0 0 0 0 0.4560
0.0002 0.0014 0.0001 0.0004 0.0247
4
Normal 0 0.0040 0 0.0001 0
0.0001 0.0002 0.0055 0.0003 0.0001
1 0 0.0001 0 0 0.1169
0.0003 0.0010 0.0011 0.0014 0.0039
0% 2 0 0 0 0 0.3757
0 0.0001 0.0013 0 0.0006 0.0353
3 0 0 0 0 0.4784
0.0001 0.0007 0 0.0002 0.0348
4
Normal 0 0 0 0 0
0 0 0.0043 0 0
1 0 0 0 0 0.0599
0 0.0002 0.0009 0.0001 0.0009
80 2 0 0 0 0 0.2675
0 0 0 0 0 0.0145
3 0 0 0 0 0.4546
0 0.0001 0 0 0.0543
4
Normal 0. 0.0011 0 0.0003 0.0004
0 0. 0.0001 0.0001 0.0001
1 0 0 0 0 0.1947
0 0 0 0 0.3991
2 0 0.0001 0 0 0.0590
100% 0 0.0001 0 0 0.0590
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[llustration of distance ratio method for FDD
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