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A Case Study on the Robust Design of Temperature Chamber
Measurement System
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A case study is presented applying the signal-response robust design approach to optimize temperature
measurement system of a test chamber. Control factors are identified by cause and effect diagram and noises are
reflected by a compound noise factor to reduce the size of the experiment. 27, * fractional factorial design is
employed with two replications and three signal factor levels. Experimental data are analyzed by the response
function modeling, and optimal conditions for the control factors are determined.
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Figure 1. Schematic Diagram of Temperature Chamber
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Figure 2. Temperature Measurement System
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Figure 3. Measurement Positions
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1 2] 7] 24 %5 (Basic performance)> A H U] 2 %% H(average R UESER IR EER LR
temperature), &7t2] =5 ® ©](position uniformity), A7kl w} &S QT B ATl = alE W ¢ iy =4
£ 2515 (time fluctuation) & & T8 4= 9L, o] 5o F&F He ARt SA A dFS A F AT B AR
& A Ae HA AAE Bt o 2o FTEZA AE ARLE FoUAE 28T
(th) 52 2% (operating condition): 52} 27L& 2537t
(1) ™ 4 (chamber construction) YHo] W B0 AR7] @A So] 9= A Eo] Lt
(2) 141 2 control system) ASLEA B3 A ARAL, U 9 A4 @
(3) Al o1 A A (control sensor) o] Gl GAES ERabe] AL 25k Aol
4 52 =4 (operatlng condition) o] ﬁ—rEi =2 Z_% o17po A A 5t .
(5) 24 A2 A Zk(chamber setting value)
OELE: A] %(chamber display value) DEX RS
(7) 222 7e] By (working space volume) (7]_) H) %Z}(operator)' Au Lol BAGo] A
(8) ™ A| ZAHchamber manufacturer) = JAFnE Qo] EaHat] ookt

(measurement site): IEC(2018)° A= 37+

1)~ (6) UAE AZANA BW 4A A AARE 2
(1)~ 6 AHE AZAAY B 4A 4 ARHAE Azl 4ol 4 2AES AN ek A A

o & d7oAE olv A% g8 AwE AH&sH] i

e e > 2o e do
w2 T

o 5 i 245 A0 54 WS 4% F24 of
olEe YA A UAR nelatA Gsieh, A YHIE 5 e N
AHE 1BE DA 02 ofef AN DT A E o R Al e AR

B3 93 Tk B AFR Q5 E Sdsee

=
NN D 2 = N o o) o

Woﬁn%ﬁ,iooﬁ}-ﬂ

() Z&37+Y 53 (working space volume), (8) HH A ZA} () Zl"a(measuremerg iI}terval) 5% _Zl-zjl% el
(chamber manufacturer)E UAHE 13|, &5 AwE ]_'72.} ]:ﬂ A HOTEE S s 7 ZSLS}C_ Bl
ol A ee] AL 913, 4B BT B3l AYBAo] AT Al 34 0 988 EAA o
AN Fo|ABE o]Se Lol g uhga gt 'Tjrfl BerE o] Qlatel A A9 0}9\1‘:}.‘ ]
ZAZAL o2 AX FEZH, iz%yjr dds 9 (2h &4 3397 (measurement frequency): 74 7+4 3} v}t
7} Az Eﬂolﬂ 71532 A HolHE Agste 34

A= HE AAE

("h ?_}7554 Al Zl(stablhzatlon time): A EZF A <2 H
() &= 24 43 Tl Y AEE FEI| PAINES HASL 9
( ]_) oA EH(thermocoupl ) oaﬂdEH}\f Z:l,_xé] = Hé,-?’], ZH@ I:]‘ %Zéx}-o/] %%% %OH Q%QE‘ ?_IX]'O] ] I’LHT'?‘OH
o 9 T F 52 $433 Tk 2AUE 54 Aetehe s
1}7}/1\:‘_\2”,?—_,_]'5,‘—O]OUEH]O-]?_]X]-EI_VE:]E‘]-%E}. Z:Z-lg] BiEoﬂOiEl:_sz\oh_ O:]a Qo] = ﬁz].ﬂ_/\z
(W) Hl ol E17] 54 A (recorder): THFE 57 ZA7F & SEARTN CTEET T HACRC R T
N S P o AR 2 9= Fo]olApe} SRS R o] 4 gl AL A2
Eﬂ 7]§‘;8'7_<] Z]‘iﬂgl tﬂ%_O_ ﬂ;(] o) 11‘1;]__3]_0:1 o] =202 T m»T U T 2 T T T d
) = i Rud L 1w AR Y T ?—.‘?_.6‘]-0:] Z4ﬂ5’}-ld~ij_ao<1: 4>0]] L]_E]_q_](zi]:]_
Z]‘Oﬂ /\_] Zﬂ]ﬂ“}‘ﬁi} w oH Y == o= gure
(th) &4 Zdo|(stand length): @A) EFE A4S HE Control Fact
7 $fal % 4e gAY mokAl AL Aok § _——
Mounting position
AR AR BN 57 FI7HF BAE B .
4 o AT Mo 2 WS A 4a e
o} AXNS mobA AFESu) AX 0] Zolo) utgt =4 Stand fngth
o) Aol7h SR Sa] 98 241 o) g A s
ool =z x4t Input signal System Responses
Chamber temperature Temperature average
(2) E%}_Zﬂ measurement system Time fuctuation
Position uniformity
(7h ALY 2 (power condition): ¥ & A YL FF& A3} Noise Factors
7] 7]— %7]— [¢) O}E]'—’ _‘J:]_-Ta—o]-oq OIZ]'O]] /\‘] Zﬂg’] 0]’93\5} Working space volume
(Wh A g4 o) 7] 27 (external condition): IEC(2007a)E Al & Testng zocm condifon
/\E]O JE_L% EH 127_] le) E/\-] Q_E /\]: 7] ot].‘/] 274 O Chamber mamifacturer
(15~35)C, (25~75)%R.H. (86~106)kPai A8ty = Figure 4. Block Diagram of Signal-response System
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Table 3. Design Matrix
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AR FEe 54 A A wol AHdste 24, 4 s | = M
td. | Run
B35 5 2% <Table 153 2o] AT g2 ool A | B C | D | E | (wnorden | g
7t ANY o, o] &5 BF wYshs Ao| M AT 53 -40 | 20 | 80
&< 2 (compound noise factor)E o] &3tH A& 9 A 10 ] 1 Lt -rp-tp-tp3 271l
o= Zr:% ookglu:,_]-gl §31].E t'g 5’1 %q-(Fowlkes and 15 2 -1 1 1 -1 -1 2 1 -1
Creveling, 2007). ¥ A AT = FSAA | g Fsl= 2 8 | 3 1 1 1 1 L1312 -
T AARE Y712, AW AxAe AY3sE 0 720 S T T T S I O BT I
7] YJated EFGSAAR Fof <Table 2> 2ol F FFL o | 5 | -1 | -1 | -1 | 1| 1|2 1]3]-
2 A4t 2AH LT AT E B0z = —1 oA 1 6 1 1 1 1 1 1 9 3 B
% 31, F=+1 °]”4 A vdebd = e ﬁ@agi C w32
04 25 RN A Wzt & o0 T,20C, 80CE Zé’é‘P s 1o a1 1 1al3l11214
s 3010 | -1 1| -1 -1 1|23 ]1]-1
4Y 28 AT A2BHAA QAE RSN AR L T T T T
F< 23 W&V 2 Yt 57) 9 Ao dAet HERFUAL, P T T I PR B B R I B
HHE 23] dPe S MAR dFYerlde MY STt
; 4 13 1 1 -1 1 -1 1 2 3 -1
BobA W5l 9l 27, FERAMAY & o] &3kl 34
13 ] 14 -1 -1 1 1 -1 2 1 3 -1
4ge Ao L2 WS PARD WA 228N — T T S T T
e aeetd 1928 A& 7hssith. 249 Wl s 98 & 720 I B B B R R R
FHARY A4S 142 2L AYEAZ WA 3L : : :
AEAAL LR ARE a2 At 4gen (| L[ L s
= <Table 350 UFERA AT} 15 2 -1 1 1 -1 -1 3 2 1 1
8 3 1 1 1 1 1 1 3 2 1
7 4 -1 1 1 -1 -1 2 1 3 1
Table 1. Control Factors
9 5 -1 -1 -1 1 1 2 1 3 1
Level P61 -1 |-t 1] 11 ]2]3]1
Factor
- + 16 | 7 1 1 1 1 11|32 1
A Mounting position 1/10 2/10 121 8 1 1] -1 L -1 3| 1]2 1
B Thermocouple type t type k type 3 9 -1 -1 1 1 -1 3 1 2 1
C Thermocouple length 5 m 10 m 3|10 L 231 !
14| 11 1 -1 1 -1 1 2 3 1 1
D Stand length 1 cm 2 cm
1] 12 | -1 1| -1 ] -1 111213 1
E Stabilization time 1 hr 2 hr
4 113 1 1] -1 1| -1 1]2]3 1
13 | 14 -1 -1 1 1 -1 2 1 3 1
Table 2. Compound Noise Factor ) |15 gl alalalals |
Label Noise Factor Level 6 16 ! -1 ! -1 ! ! 3 2 !
Working space volume large
F=-1 Testing room condition non-operation - .
Chamber manufacturer B . }:?.vsdéﬂ W
Working space volume small ZA 5 go]EE 7|02 wemM 4l 2HL T P A
F=+1 Testing room condition operation b 2 LT E An Y 9o nE Z7he] LT uo)
Chamb fact A .. ’ S
amber manufacturer = A2 8h0] <Table 4>, <Table 5> LFEFR S




446 gl - WA

Table 4. Measurement Data for 7= —1

Response
Run 40 20 80 Noise
order — = —
Byne R sition Y Biime B osition Y Biime B osition Y

1 -39.10 -39.30 -39.95 20.60 19.93 20.18 80.80 79.74 80.19 -1
2 -40.50 -39.46 -39.66 20.60 20.06 19.94 78.80 79.21 79.67 -1
3 -40.40 -40.13 -39.86 19.45 20.00 19.84 79.90 80.11 80.23 -1
4 -40.50 -39.28 -39.52 20.60 20.15 19.97 79.00 79.37 79.72 -1
5 -40.60 -39.85 -40.06 19.65 20.18 20.09 80.55 79.99 80.18 -1
6 -40.65 -39.89 -40.09 19.70 20.17 19.99 79.90 80.11 80.25 -1
7 -40.35 -40.15 -39.84 19.40 19.98 19.83 79.90 80.07 80.23 -1
8 -39.70 -39.50 -39.21 20.20 19.72 19.87 80.20 79.75 79.90 -1
9 -38.85 -39.05 -39.32 20.30 20.19 20.05 79.30 79.54 79.72 -1
10 -39.60 -38.67 -38.79 19.70 20.30 20.18 80.70 79.80 80.06 -1
11 -40.60 -40.37 -39.99 19.70 19.86 20.11 81.00 80.34 80.52 -1
12 -39.65 -39.07 -39.26 20.30 19.76 19.89 80.40 79.60 79.84 -1
13 -39.60 -39.12 -39.26 20.25 20.02 19.87 80.35 79.78 79.92 -1
14 -39.95 -39.35 -39.47 19.65 20.06 19.97 79.05 79.25 79.55 -1
15 -39.10 -39.31 -39.90 19.60 19.80 20.00 79.80 79.97 80.31 -1
16 -38.80 -40.31 -40.05 20.40 19.93 20.10 80.25 80.41 80.56 -1

Table 5. Measurement Data for 7= +1

Response
Run 40 20 80
order — p— = Noise
Bypne By psition Y Byine By sition Y By Bysition Y

1 -38.50 -38.73 -39.55 20.90 20.07 20.39 79.30 79.52 79.97 +1
2 -38.20 -38.55 -39.08 19.90 20.06 20.33 78.50 79.33 79.71 +1
3 -38.85 -39.11 -39.47 20.75 19.93 20.16 79.40 79.58 79.91 +1
4 -40.10 -38.78 -39.08 20.90 20.45 20.29 79.00 79.30 79.77 +1
5 -40.50 -39.28 -39.74 19.80 20.30 20.16 79.10 79.31 79.74 +1
6 -39.25 -38.32 -38.61 19.55 19.71 20.03 82.80 81.77 82.22 +1
7 -39.70 -39.00 -39.25 20.00 20.20 20.39 79.55 79.78 80.06 +1
8 -38.40 -38.61 -38.91 19.95 20.13 20.28 79.15 79.32 79.67 +1
9 -38.15 -38.41 -38.95 20.05 20.64 20.46 78.45 78.76 79.43 +1
10 -37.60 -38.12 -38.59 19.90 20.09 20.46 79.10 79.37 79.78 +1
11 -38.40 -39.28 -39.57 20.00 20.19 20.53 80.60 79.83 80.14 +1
12 -38.15 -38.34 -38.60 20.10 20.37 20.53 78.60 78.74 79.53 +1
13 -39.35 -38.61 -38.89 20.00 20.22 20.41 79.45 79.60 79.90 +1
14 -39.65 -38.76 -38.95 20.50 20.32 20.24 78.90 79.05 79.45 +1
15 -38.60 -38.74 -39.50 19.80 20.17 20.46 79.40 79.57 79.97 +1
16 -38.45 -38.69 -38.90 21.10 20.90 19.75 80.25 79.53 79.75 +1

7t AP Aol A 3] wEHsE R A 34 A9 Ely) = B, + 6,P,(M) (10)

Aol7k YOoBE o]E& TRt 7 2 S <Figure 5> Y

EF T}, <Figure 5>& ¥, A 2o ©}hE =4 gho] 24 A7VA P (M) & 12 Authata ot} 7 A & 3 40, 20,
oz 27| Mol o SAHHoR HolHE A%st  goo sjgete Auctad HAASL £ #S -1, 0, 10]Th o]
s 48 A5 7H2 o) &5k, AsolAe) 42 40T, 20T, 80°C
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ol A 3142 4 (11)3 2. =T LA 5’-7]% A8t AduolHE 4T =
20 + 60 qy EFeAdedoud Ino, & AHg8HE Ao B4 A4
Y= z
ol gopg BAg 21 WEF Fol AojAXY 2o
RFM £4& 3 dtE AgE #4524 doj tiaf 4 w2 A9 345 &3 th(Wu and Hamada, 2009). 1
(1009 2¥E& Agsta, 1 Afe <Table 6> YERHS P2 EFFSAA 2 7 F7H AR AA38H] A, B, C,
o <Figure 5> A o] AA 5o WE 2% ZAgo]  D,EFo/ AAE F2EE Al dete $& 45 53
gds AAFHE et Es A Ao 1ehA g A
Fitted Line Plot
y = 03632 + 0.9947 x
100
Req a5
75
% 50
% 25
=
-25
-50
-50 25 0 25 50 75
Temperature setting
@ ¥
Fitted Line Plot Fitted Lme P\ot
y = 0.3055 + 0.9925 x y = 0.420 0 x
100 100
75 75 7
% 50 s
f 25 :,; 25
§ o £ o
= =
-25 -25
-50 =50,
-50 -25 0 25 50 75 -50 -25 0 25 50 75
Temperature setting Temperature setting
(b) };ime ( ) position

Figure 5. Regression lines of the performance characteristics

Table 6. Estimated Parameters for RFM

R,

time.

R

position

~l

Row F=-1 F=+1 F=-1 F=+1 F=-1 F=+1

B 5y 1115? Ino> /3'() /91 hl(;"f Ino> B 5y ln(rl lnoi /3'() /91 hl(;"f ln&f, B 5y 1115? lnoi /3'() /91 hl(;"f ln&f,

P »

20.43159.70 | -1.10 | -1.10 |20.38 | 58.95 | -5.70 | -1.58 | 20.14 | 59.58 | -1.51 | -4.44 |20.31|59.14 | -2.24 | -6.12 | 20.14 | 60.09 | -4.94 | -4.78 |20.29 | 59.75 | -2.93 | -6.64

19.67|59.70| 0.96 | -5.01 |20.00 | 58.95 | -0.73 | -0.21 | 20.01 [ 59.33 | -3.58 | -4.55 {20.30 | 58.99 | -4.97 | -3.34 | 20.02 | 59.64 | -4.33 | -5.54 {20.32 [ 59.41 | -7.34 | -6.91

20.31160.09 | -1.25 | -2.58 |20.33 | 58.36 | -1.15 | -2.32 1 20.29 | 59.28 | -1.62 | -2.52 |20.35 | 58.64 | -3.04 | -2.43 | 20.32 [59.49 | -1.44 | -2.82 |20.52 | 59.13 | -6.43 | -4.55

19.6560.14 | -1.88 | -7.09 |20.19 {59.38 | 2.29 | -1.52 [ 19.98 | 60.12 | -7.88 | -7.73 {20.23 | 59.37 | -2.47 | -3.86 | 20.07 | 60.04 | -1.76 | -9.03 {20.30 | 59.67 | -6.38 | -3.87

20.33160.16 | -1.48 | -0.33 |20.85 | 59.43 | -1.31 | -1.50 | 19.98 | 60.36 | -3.92 | -6.08 |20.41 | 59.33 | -2.93 | -1.86 {20.21 [ 60.28 | -3.41 | -7.26 {20.44 | 59.59 | -2.46 | -2.27

19.76 | 60.43 | -3.87 | -2.64 |20.25|60.41 [ -0.01 | 0.94|20.11 |59.96 | -5.53 | -5.64 {20.58 |59.67 | 0.01| 0.20|20.06 | 60.15 | -6.71 | -5.97 | 20.63 |60.08 | -0.14 | 0.22

19.9259.29 | -4.58 | -1.26 |20.02 | 58.79 | -1.61 | -0.82 {20.11 | 59.30 | -7.00 | -3.49 {20.27 | 58.74 | -2.02 | -2.97 | 20.08 | 59.52 | -4.10 | -4.66 {20.28 | 59.20 | -4.27 | -4.79

oA ||| | W |

20.28159.96 | -4.58 | -5.14 |20.13 | 59.96 | -4.58 | -1.80 | 20.11 | 59.54 | -1.78 | -3.24 |20.34 | 59.04 | -2.44 | -4.25 |20.18 [ 59.57 | -1.24 | -7.51 |20.41 | 59.34 | -4.33 | -4.46
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Table 7. Additional Experimental Results
Response
D F -40 20 80
}?t'imc ansilion _YV }?tzime Rymsuion T/ Rtim(: B)puszlwn T/

1 1 -39.60 -39.37 -38.87 20.20 20.32 20.66 80.30 79.38 79.72
-1 1 -39.60 -38.43 -38.88 20.20 20.43 20.73 80.40 79.40 79.73

1 -1 -39.00 -39.72 -39.47 19.90 20.11 20.27 79.50 79.71 79.92
-1 -1 -39.90 -39.66 -39.45 20.60 20.02 20.20 80.40 79.83 80.04
-1 -1 -38.90 -39.78 -39.50 20.60 19.94 20.16 80.40 80.17 79.99

1 -1 -38.90 -39.59 -39.35 20.60 20.07 20.24 79.40 80.18 80.01

1 1 -37.90 -38.26 -38.67 20.30 20.59 20.83 79.40 79.58 79.86
-1 1 -38.00 -38.29 -38.70 21.40 20.59 20.84 79.30 79.51 79.79
Table 8. Estimated Effects from the Additional Experiment

Rtime Rposition ?/
D F DF D F DF D F DF

[;0 -0.2250 0.1417 0.0583 -0.0621 0.3476 -0.1022 0.0146 0.3320 0.0118

[7?1 -0.3626 -0.2376 0.3376 0.0899 -0.8044 0.1510 -0.0263 -0.4358 0.0305
ln(;f) -0.5064 1.8174 0.1669 1.8772 0.4194 1.3094 1.7720 1.7344 -0.2842
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