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Abstract: To approximate the threshold of the fault detection and diagnosis (FDD) system, validation of the
measurements is mandatory. Naturally, the system shows uncertainties due to measuring sensors - mostly
thermocouples or RTDs - and due to repeatability. The uncertainty of a thermocouple comes from natural variation
or a drift of the thermocouple measurement. Considering the natural variation behaves like zero-mean white noise,
its natural variation can be characterized closely by the steady-state standard deviation. However, residuals between
measurements and no-fault references in FDD systems show a statistical distribution with various uncertainties. In
this paper, steady-state variations of measurement residuals were investigated by utilizing built-in temperature
sensors in a heat pump for the model development and the final application.
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Fig. 1 Schematic diagram of an experimental setup for a residential heat pump in cooling mode
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Table 1 Test condition of steady-state variation of
featured sensors

Independent Features Conditions
Outdoor temp., Top (°C) 27.8

Indoor temp., Tip (°C) 26.7

Indoor humidity ratio, wip 0.0037 ~ 0.0168

3.1 Makbdel #Hat 2 xS Mo 2|5 2T Table 2 Test condition for repeatability tests at
FDD A ZElo| A A A 7S 37] 9ate] =3 steady-state operation
o F Zape] gidt S HgFolty BHE A Independent parameter conditions Repetition
2o gigh QFE diFE A EBEFAEe Top (°C) | Tip (°C) | RHip (%) time
SRgel Aol FHFelq V@ 53 27.8 21.1 30 9
ol A1 L e o] 27.8 26.7 50 11
e A= o gkt AR (driftyo] EAlOl WrERd 377 L1 0 <
o 37.7 26.7 50 10
Table 3 Standard deviation of the selected features
Units °O) AT, ATy TE To Tc ATca | ATga
Steadv-state standard deviati 0iss 0.124 | 0.052 | 0.024 | 0.058 | 0.035 | 0.063 | 0.058
ady-state standar iation
cady-state s eviatio Range | 049 | 022 | 0.14 | 025 | 017 | 027 | 025
Standard deviation of repeatability tests | 0; repeat | 0.101 | 0.156 | 0.084 | 0.280 | 0.166 | 0.088 | 0.111
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Table 4 Net model uncertainties of the features using the 1st, 2nd, and 3rd order multivariate polynomial

reference(MPR) models

Model uncertainties, o;moder (°C) ATq | AT T Tp Tc ATca | ATga
1™ order MPR model 0.557 | 0.244 | 0.549 | 0.799 | 0.179 | 0.150 | 0.581
2" order MPR model 0.328 | 0.197 | 0.147 | 0.319 | 0.047 | 0.040 | 0.131
3" order MPR model 0.197 | 0.133 | 0.123 | 0.250 | 0.029 | 0.019 | 0.071
Table 5 Test conditions for reference model tests o np = / Ug.SSJr U?,Model (5)

Independent Features Conditions

Outdoor temp. (°C) 27.8, 32.2, 35.0, 37.8
Indoor temp. (°C) 15.3 to 33.9

Indoor humidity ratio | 0.0037 to 0.0168
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Table 6 Two-sided confidence intervals with degrees
of freedom of four and nine

1—a (%) | 80.0 | 90.0 | 950 [ 99.0
a/2 (%) 10.0 5.0 2.5 0.5

tajos 1.533 | 2.132 | 2.776 | 4.604
key =toso | 1.383 | 1.833 | 2.262 | 3.250

5 sample movmg window
>10 sample moving window

0’.
Plle;,— p|<tym, 1——|=1—«a 10
| 7 /J’z| a/2,n 1 \/E ( )
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Fig. 3 Comparison of the distributions of the 77, residuals from no-fault steady-state data and 3rd order
MPR model based on the model root mean square error; Gaussian distribution, student t-distribution,

and the calculated distribution from the test data
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T3 HER ST
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i NF
Experiment 3.37< Ay < 3.37 (13a)
X NS B — .
P UNF(TSIL)
r(TSC)
—3.03< —————<3.03 13b
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Table 7 Two-sided confidence interval of the seven
features for the 3rd order MPR model

1—a (%) 750 | 975 | 995
ATy, 100 | 226 | 296

AT, 093 | 222 | 337

- T 110 | 206 | 265
o Ty 1.15 196 | 2.63
a/2.n Tc 103 | 203 | 3.03
ATca 1.14 195 | 2.64

ATa 095 | 216 | 322

Table 8 Two-sided confidence intervals of Gaussian

distribution
1—a(%)| 75.0 | 80.0 | 90.0 | 95.0 | 99.0 | 99.9
k3 = gas2| 1.156 | 1.282 | 1.645 | 1.960 | 2.576 | 3.291
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—2.96 < LTE)< 2.96 (13¢)
oyr (1%)
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Table 9(2)% Table 9(b)i= 717 o83l A7)

Table 9 Feature thresholds at different confidence levels for two sample sizes

(a) Moving window of 5 samples

Threshold of the features ATgq | ATy T To Tc ATca | ATea
50 % credibility, €, o9 (°C) 0.130 | 0.134 | 0.092 | 0.243 | 0.082 | 0.064 | 0.086
95 % credibility, €, 45 (°C) 0.496 | 0.411 | 0.323 | 0.755 | 0.237 | 0.187 | 0.271
99 % credibility, €; .99 (°C) 0.735 | 0.574 | 0.424 | 0.983 | 0.313 | 0.248 | 0.373

(b) Moving window of 10 samples

Threshold of the features ATg | AT T To Tc ATca | ATea
50 % credibility, €; 5 (°C) 0.131 | 0.134 | 0.092 | 0.243 | 0.082 | 0.064 | 0.086
95 % credibility, €; 95 (°C) 0.504 | 0.413 | 0.324 | 0.756 | 0.239 | 0.192 | 0.274
99 % credibility, €, .99 (°C) 0.758 | 0.579 | 0.426 | 0.987 | 0.317 | 0.265 | 0.383
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