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ABSTRACT

This study proposes performance improvement methods of fault detection of AHU systems with
measurement of variable importance and comparison for three fault models based on ASHRAE
1312-RP experimental dataset. The results show that input variables were determined
differently for each of the representative three fault types. The fault detection performance be
improved more than 29% compared to base input condition using major input variables which
measured importance of system variables. Also, the impact of variables and models be differed
for each type of fault. The results of this study contribute to failure protection of HVAC systems
and exploration of fault location in advance. It is necessary to verify the generalization
performance of the proposed model in actual system conditions.
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2}, Auies A5}, A= 24818 57| o]od 4= itk
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H37 =] Qlo] Rt Bt 88201 HVAC AARIC] 117 A= 2 ZITHFDD, fault detection
and diagnostics)= 9ol Hlo]E] 7|¥k(data driven)2] 7| Ale}<5 2 ¥ (machine learning)-= &
SR FDD 771 23] oI A]AL 3Tt Jeong et al. (2021)2 o] Al g0l & B€-
SF H3ZEKVAV, variable air volume) A|ABMS -5} 112] 7]HEe] Ba] RElS 285}
VAV AIL”LO] 9 AR IEANA, 97|, 97| R ) HEd52 ASsint. sig 9+
ote Al2g A B A TES sl 2Rk, Rk, 2Rk, EERN), |
HA & Ho[HE 57 2 12 ASSIHAL AR E HE R 30 dAlE 24e 59

W AU E AFESEIE. Kim (2022)2 €V7] ARG 5715 o2 1T Al A&

7

&< A HlolElE 4lste] dikd Ad5719] AbE agRIdoe & CNN-LSTM

oo, r

o
=
>
AL
it

(convolutional neural network-long shorrt term memory) 2 28-S A|QtstAcE Alotet el
2 Lro|=7t o tjofe o] e CNN gl 7|§te] Hlo]e E4-& 553 B9l LSTM
2o HgALe =N TS A 4ol 710151900 Gao et al. (201912 ASHRAE
1312-RP EloElA 9 ATA] Q] 7152 3410 2 36 e(elui2] WAjel=), A1 A
o) 445387, tlol el 714t Bl o] AHU A2 FDD RS Atsisic), S5, o3 4
Z(dlole] 718 Relg])olA] Z-82F CART (classification and regression tree) 2-2 7} 11
21 % Hloe] o3 2 TR oI 92.8%) T 7% oA AE g
Taheri et al. (2021)> A4 HIAEH|E A3 7]9t0] VAV AIARIS] F27] 44117 Hlo]
E}E 43514 DRNN (deep recurrent neural network) HL@ 0] 242 ol #lojo] Alo]= X
A, 2 RS E9 DD A8 BTl ke i AeS 59 Akke 2]
91%2] A% (Fl-score 715)7F A%l B WSt EF2 E)(random forest: 85%) THH] =&
AZ o= HIth 94 =9 A A =5 e vkt 1S RdS Z-83HFDD I+
7hBE AL QLo Hitks A= ARB R FDD 2d 4574l dis 28-S

L, AA] @l FSEE tlold o 9 P Jfeo] mhE 1dl vl E F3 A%

FDD 2¢! A7) theh &= E asitt.

ASHRAE 1312-RP HO|E{Al

0=y 555515 ASHRAE, American Society of Heating, Refrigerating and Air-Conditioning
Engineers)+= 2012 ASHRAE-1312 ‘Tools for Evaluating Fault Detection and Diagnostic
Methods for Air-Handling Units” T2 A EE 55| H52H VAV, Variable air volume) A2~
HS gV o= 3171 ag@3(sHE7] 715 2| HIo[EJA(ASHRAE 1312-RP)2 -5t
%tk ASHRAE 1312-RP+=297 4] H|olH] 53+ 478 547 |13Fs <t k= 317141 &
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O] WA 17-1271A], 8 4117 1971A])& Ak BAE 12 51F 24 A5 53¢
AZHLA 6A]- 27 6A) & 128 THE 02 =] o] Qlnt. ol VAV A| AR Figure 1
T} Zo] Wit 31, F71/27 1, 18|11 SSHm =R o]FolA] glom AR XA 423

=]7] ojee 17 A Fall HlolElE F50t AL A 2 argol| tigh RSt B E
Aol yepdt}, B Aol A= o1d7] 7I7HE 329)2 SA 0B Tx7] B9 16714 Al
8l 72K (Table 1) @ 19714 Hlo]E] =(Table 2) 02 ATAE Ho|gAIS 7|Hto2 FQ

ARGl it M Sa e rF Y Qi) JRfo] uiE BHll e nE Fol A
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Figure 1. Schematic of target VAV systems (Wen and Li, 2012)

Table 1. Summary of fault types in VAV systems based on ASHRAE 1312-RP project

Fault type Abbreviation
OA damper stuck (fully closed) OAFC
OA damper OA damper leak (45% open) 0A45
OA damper leak (55% open) OAS5
Cooling coil valve stuck (15% open) CC15
Cooling coil valve stuck (65% open) CC65
) ) Cooling coil valve stuck (fully closed) CCFC
Cooling coil ) )
Cooling coil valve stuck (fully open) CCFO
Cooling coil valve control unstable CCCU
Cooling coil valve reverse action CCRA
Heating coil valve leaking (0.4 GPM) HC0.4
Heating coil Heating coil valve leaking (1.0 GPM) HC1.0
Heating coil valve leaking (2.0 GPM) HC2.0
Return fan completer fault RFCF
Return fan
Return fan fixed speed (30%) RFFS
AHU duct leaking after supply fan ADLA
AHU duct .
AHU duct leaking before supply fan ADLB
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Table 2. Data description of VAV systems in AHSRAE 1312-RP project

Data description Abbreviation
1 Valve position Cooling coil valve position (%) VP
2 EA damper position (%eopen) DPg,
3 Damper position RA damper position (%0open) DPp,
4 OA damper position (%oopen) DP,,
5 Supply fan power (W) FPg,
Fan power
6 Return fan power (W) FPyp
7 Supply air flow rate (CFM) FRy,
8 Air flow rate Return air flow rate (CFM) FRy,
9 Outdoor air flow rate (CFM) FR,
10 Supply air temperature (F) Toy
11 ) Mixing air temperature (F) Thia
Air temperature .
12 Return air temperature (F) Try
13 Outdoor air temperature (F) Tou
14 Discharge air temperature Cooling coil discharge air temperature (F) DT
15 Supply fan static pressure (in,wg) Py
16 Pressure Supply fan differential pressure (in.wg) Pgp
17 Return fan differential pressure (in.wg) Prip
18 Supply fan speed (%) FSe
Fan speed
19 Return fan speed (%) FSpp

Table 3. Data divisions of fault dataset of VAV systems

Data size Day condition Note
M f \
fleasurement of .y 5) 656 Normal (16 days) + 16 fault (1 fault / 1 day) ©<C9ed
variable importance on time

 Train 22,656 Normal (16 days) + 16 fault (1 fault/ 1 day) S CM9ed
Model compare with on time

input conditions Only on

Test 204 Normal (16 days) + 1 fault (1 day) fime

FDD 22 7i2

B Lo 227 1HE A5 E71E 9ol g1l (pattern recognition) 715H] 1
7}A] black-box T 2(ANN-artificial neural network) 2 27}F2] white-box T 2(DT- decision
tree, ES - ensemble)= Z-&5I3tE ANN RE-2 7| o215, 2495, AP HtEs=E9
Fo= dEo] JEEl= B TH] WA E 7 S 715 ] 7] ek ol Y HE

=]
Ao £ 4 9 B9 T2 5L AU Gk £ FDD BI1E 918 Q2o e

= [}
L Jepde] ot BUSPA ARBIAT A HIAES B Skl YA g
SEg 4 I Fd 1,00081 0% AASIA. AAFEHUHDT) ZE 9| 75 A A=
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dlo]E =E(root node), -7 =(decision node), A4 &3 = =(terminal node)Z 13
Eo] == dlolgof] the LT FHi ] ERt2l= Foll A o= ol Lo =H
2| 4zholl sl B0 Atk 9, & AtelMs ehege Ao EA7ERE
DT 225 55| 4 59 & (variable importance) S S5t TFA| 20 2 QHAFE(ES)
22 DT HEg 7|9he 2 of2] Ed(bagging, boosting)& Zgtot] 7= Rz £ ¢
TolM=E8dks v AlEEote] REE oF50l= bagging 7WHe &-8513ith DT, ES
2Eo] A e 2 QY E= glole] kg AA5le] Thriels(overfitting) S WA &
WS AAsHltt. 27] shs727F ohE 9] 371 Bl 7|te] o 371 A PE HE

A0S Sl 2174 FDD 292 A4k

IYUE A28
A= FZ7]0] A D 1Ako 2 o]Rolx] Wy Agre RS 4SSt
7] {51 =538 (confusion matrix) 7]2He] A & (precision), A F-E(recall), 752518

FHFl-score)& TGk EEALS Figure 29} 2ol AA| A4k 177k 2 FDD 2

A& YR 4= Q1.9 precision, recall, F1-score ARS 93 7] 2 2] o]},

Actual values

Recall
Positive Negative

Positive True positive (TP) False positive (FP)

Predicted values

Negative || False negative (FN) True negative (TN)

Figure 2. Confusion matrix

Precision % recall:> 7} 90| 14 F-74d50l =4 recision- REo] 17
7o 2 HRe A Fol AR 1o 2 AEH vl&S UEhd Zo|™ recall 0] ¢ 1 E

o BT BLE Hlo]e] 3 AARIA 102 PE vl&S ojujgict, - ma )

o m{o
Eh
>,
[}!‘:J
o]

TP
Precision = TP+ FP (1)
7P
Recall = 5y @

F1Score — recall X precision

recall + precision 3)
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718 A (Pyyp), FHTL BE ANeg D EZL5( VP, DT )2 B O] LERET: 7t
Zleto & Wrrs Wi H 712K CCVS) a7gollA= M4 OAFC, RFFS 17 tjH] Hrf theket
HAol| A JRFE 7 F LR AL Figure 49 (0)9F 2] 57125 ( 7y, SHES2E(DT )E R
&2 0 2 Aofokr] Eot E5], G719 S| HEE(FSy,) 71t B YolA 2] a-&Afst
= ol S F Ry, )01 /4 HiH] 44%0] & Fo =2 F7FsIgiH:
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Figure 3. Measurement of variable importance of three fault types using decision tree
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Figure 4. Measurement of variable importance of three fault types using decision tree

Table 4. Data description of AHU systems in AHSRAE 1312-RP project

OAFC

RFFS CCVS

Data Base

Case 1 Case2 Case3 Case4 Case 1 Case2 Case3 Case4 Case 1 Case2 Case3 Case4

VPoo @
DPyy,
DPpy
DPo,
FPg,
FPyyp
FRgy
FRpy
FRo,
Ty
Thn
Tpa
Tou
DT
P
P

P RED
F. SSF

FSpp
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QUBiiS 2748 TS MsH|D
b, 7] AR WAEAE WS o 2 eis g Tastel 1Eud

E IHHE 4SS IS Figure S Y2 H4> 227 (Table 4)°fl mHE HiE 370 214
Ahd 7 mdl o] MAFAZ A 5(precision, recall, F1 score)= UERH Zlo|tt. OADS (Figure 5
9] (a))212] 739 24 case®] F1 score 7|5 case 2 — DT (0.818) > base — ES (0.526) >
case 1 — ANN (0.513) s=0] /-2 T A5 &5 HRIth 715 DT 2 (case 2)2> 2=
el A caseol| A 22 1AAHEE ASS HY oM EF, recall 52 0.900(EF 22 5 case
Bt recall — 0.322). 2% baseolA] AFEE= 19712 W= tiv] EZ Q3 HGAIAE &
N -FF QA(FRy, , FR,,), 5B WAMN Pgyp) Q] 78 37H] FETOZ =2 0ADS I 7
S E FET 4= QAT oRRNE S| MO K FR,, ) THE Z-8]F case 49114 F1 score
71520.302 (case 2 — 0.578)2 & G tht] AREE = ¥ A7 =2 A2 E 4= A3
t}. RFFS (Figure 52] (b))127g0ll A<= Table 52} Zo] HEE F1 score 7|5+ ES (0.550) > DT
(0.520) > ANN (0.123)°] 1L 4 ZATH T2 7} case=0.248-0.578 50 2 HILE|o]
o] Y= 2270 tiH| FDD HElE-R7-9] =7 =3tk 15 ES HE9| 7959 571
NP VP, DPpy s Topa »DT ¢ Pop)er M-8R case 20114 recall, F1 socre”} 2} 0.818,
0.783.2% RFFS 17 A& e iqt opet A1 3 45T 957513tk CCVS

(Figure 59 (c)2gollA= RHlo] oz #7et tlole 5 A o= A&t s
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Figure 5. Precision, recall, and F1 score of each fault detection with different input conditions

in VAV systems
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(precision)©] T-= TE 9 caseollA] 0.833-1.000°02 FARRE AESJ S HAth SR

recall, F1 score®] 73-%-EA4 casel|A] 7 =2 AEA 52 SRIT 4= 231tk case 2] ES © &
2HE Z¥2Y0.917). 53], case 3 (case 225 VP, FPg:, P> Prup AI)OIA] csae 2 THH]

45| o A5-S H¥ OT(F1 score 715-0.476) O 2 U|FO]HOFCCVS 142 Table 52t

o] ARgEl= Rl tH] Yf=isl= s 2310] EE A3 sol Bl B2 ks viith
Table 6= 327| 2t 1g/Hd 24 ndl x4 9 A& 52 Uehd Zoloh 91 72 37}

2| 27 E =iy 2o tiE Rl AR E ol 7 RS

mjefe = QArk BE 1A olA case 2 2 EFAIE S FDD 2E(DT, ES)2] 114 A

%
= 4L =0kom e I1olA it 0.878 9] HE S (recall 7155)2}H0.839 ~F(F1

D] E_tﬂ Oﬂo]:E

_4

Table 5. Performance of fault detection of three models with different input conditions

Bsae Case 1 Case 2 Case 3 Case 4 Mean
ANN 0.833 0.833 0.750 0.750 0.667 0.767
DT 0.750 0.833 0.750 0.833 0.500 0.733
ES 0.833 0.833 0.833 0.833 0.417 0.750
Mean 0.806 0.833 0.778 0.806 0.528 -
ANN 0917 0.083 0.000 0.000 0.000 0.200
DT 1.000 0.750 0.667 0.667 0.667 0.750
ES 1.000 0.583 0.750 0.833 0.500 0.733
Mean 0.972 0.472 0.472 0.500 0.389 -
ANN 0917 0917 0917 0917 1.000 0.933
DT 0917 0.915 0917 0.833 0.833 0.883

OAFC

Precision  RFFS

CEVS kg 0917 0916 0917 0833 0917  0.900
Mean 0917 0916 0917 0861 0917 ;

ANN 0369 0370 0300 0310 0308 0332

oape DT 0346 0357 0900 0323 0214 0428

ES 0385 0345 0345 0323 0119 0303
Mean 0367 0357 0515 0319 0214 ;

ANN 0393 0053 0000 0000 0000  0.089

DT 0414 0600 0400 0348 0276  0.407

Recall - RFFS ES 0429 0500 0818 0333 0273 0471
Mean 0412 038 0406 0227  0.183 -

ANN 0393 0393 0379 0379  0.800  0.469

covs DT 0393 0917 0917 0370 0769  0.673

ES 0407 0914 0917 0333 0379  0.591
Mean 0398 0741 0738 0361  0.650 ;

ANN 0512 0513 0429 0439 0421 0463

oape DT 0474 0500 0818 0465 0300  0.511

ES 0.526 0.488 0.488 0.465 0.185 0.430
Mean 0.504 0.500 0.578 0.456 0.302 -
ANN 0.550 0.065 0.000 0.000 0.000 0.123

DT 0.585 0.667 0.500 0.457 0.390 0.520

ES 0.600 0.538 0.783 0.476 0.353 0.550
Mean 0.578 0.423 0.428 0.311 0.248 -
ANN 0.550 0.550 0.537 0.537 0.889 0.612

DT 0.550 0.916 0.916 0.513 0.800 0.739

ES 0.564 0.914 0.917 0.476 0.537 0.682
Mean 0.555 0.793 0.790 0.509 0.742 -

F1score  RFFS

CCVS
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Table 6. Results of optimal case with different fault types

Model Model conditions Performance index (optimal (base))
ode
Case (input conditions) Precision Recall Fl-score
Case 2 0.750 0.900 0.818
OAFC DT (FRp,, FRyy » Pgyp) (0.750)  (0.346)  (0.474)
REFS ES Case 2 0.750 0.818 0.783
(VPuo» DPyy, Thpy »DT ey Pagp)  (1.000)  (0.429)  (0.600)
Case 2 0.917 0917 0.917
COVS BS (WP, PPy FRyy Ty Ty Tr) (0917)  (0407)  (0.564)
28
B 7oAl = ASHRAE 1312-RP tj|o|E]Al 7|¥te] Zx7] ¢leldis: 29 2 frlslal
W 20 g S R AdSHuE B9l 37 R A 1S e
ARKSHATE, F-8 37b) TR g, S| 0, P v A2
o) W4 Z9 WIHE Fol 2 1] et GRS A 0 AET 5 9l P
% FDD 2 IS A5 v S Bl ZF g gl digh ¥ 9 o] o S ut
o135 919l 71 19712 Wi 95 o) 3714 el B 12717 o) HE e
SR AA B A 2l S 550 71 base THH] 29% o13o] 174 HE AL o]
7FsstR o™ o5 ol 32719 2 Aol whet Hig e B o] A A=
o] 7¥55tArt

Tu

FF, Hep oot 327 1@/l tiRt Hag e = grietolof whE R dl Hlwto
AeHoTEA o] AA| Z3Z0] vefet F27] Fgell tisiA A

ro
et

2 A= A SR HIR(MOTIE) 2F RFoll A 21 7HA(KETEP) 9] 2|9k ol =8t
A T Y thN0.20212020800120).
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