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2.1.3. AA7]%26)

dolHAE e ITHME dAF FITdozr SAEY] wid 3 2
Anle]l AA o AgEAdS UASt Adu ol st IS WA
#38] Table 63 o] ASHRAE
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FU
>
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i
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Table 6. ITA 9] 274 HA =2

Equipment Environmental Specifications for Air Cooling
Product Operations Product Power Off
Class Dry-Bulb Ra}l;ﬂngéd(l; Maximum Dry-Bulb Relative | Maximum
Temperature N ” | Dew Point Temperature | Humidity | Dew Point
. . . - .
O Condensi O O (%) 4O

Recommended (Suitable for all 4 classes)
Al-A4 ] 18-271 ] 60 \
Allowable

Al 15 - 32 20 - &0 17 5-45 8- &0 27

A2 10 - B 20 - &0 21 5-45 8- &0 27

A3 5-40 8- & 24 5-45 8- & 27

A4 5-45 8 -9 24 5-45 8 -9 27

B 5-3H 8 - &0 28 5-45 8 - &0 29

C 5-40 8 - &0 28 5-45 8 - &0 29
Al: g A IOIEWHE A Aol F& 27 71 AW, AZEA Fo2 T4
A2t AR e AR AL BTt Alojo] AEA wrE AR AW, AR, Al AFEH sz 4
A3: Al3 A20) W& 25 715 ke, 1Ty 79 2 &9 F 3y dgn g 9.
Ad: A13 A20) W8 5% 7)o kg, T3y 79 2 &9 5 34 dgnss 9.

qE oz 74

B AP EE oz 4u4g el A AFE, AN, wER ¥ =
),

C BN AR o2 Bugu B9 S0 T4

26) ASHRAE TC 9.9, Thermal Guidelines for Data Center Processing Environments,
2011.
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27) Neil Rasmussen, Calculating Total Cooling Requirements for Data Centers, APC
White Paper #25. 2003.
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Fig. 10 HolEAlE oA a&37t 7+ PUE

30) The Green Grid, Technical Committee White Paper, 2010.
31) BAZ, op. cit., pp. 78.
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32) A. S. G. Andrae, T. Edler, On Global Electricity Usage of Communication
Technology: Trends to 2030, challenges, 2015, 6, pp.117-157.

33) %3}, 92, op. cit., pp. 10.

34) gy AFe, delHAE Y AERE Yz fdagd w93, FE duA
ol 2], 2016, 151.

35) Commercial Buildings Energy Consumption Survey (EIA).
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36) ZD Net Korea, Al dHlolg|AE £%7F 5% &g7pH?, 2011, https://zdnet.co.kr/,
(access: 2020.09.07.).
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37) Emerson Network Power, Energy Logic: Reducing Data Center Energy
Consumption by Creating Savings that Cascade Across Systems, A White Paper
from the Experts in Business—Critical Continuity, 2008.

38) 213, op. cit., pp. 49.
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Astate of the art review and case study of a residential HVAC system, Eenrgy
Buildings, 2017, 141, pp.96-113.

74) Rosenblatt, F., The Perceptron: A Probabilitic Model for Information Storage and
Organization in thr Brain. Cornell Aeronautical Laboratory, Psycological Review. .
1985, 56(6), pp.386-408.

) DHE, AFAATE ol&F P A= W gy A% By WEr] Az
Wk, MPALELSI =, Al A Yl BhaL, 2013,

A%
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e
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2

Ausk Basel gomz 9y yrAd BAzk wAsURE A

Alz=do 2 A8ES FA &= Ag 3] E(Fault Tolerance) &9 9]

Hl a8kl 9 A 3H(Back-Propagation) &igl&+S B A5 HAdele=
2 7t AE FASH TR Eh

AeAdmL o5 WYl wel Fig. 179 o] A =385 (Supervised
Learning), W] A =35 (Unsupervised Learning), 73}3<7(Reinforced
Learning) 0.2 F2H T A =gEe Aol e HolHE Z&5h
tlolH & SgEA7IE A= Aoz EF(Classification),
3] 7] (Regression)s ol  AF&H T M A =
Sheol dA e JHE 222 jdgkd did rARS ShEetd

3] 3F(Clustering), *¥ 34 (Dimensionality Reduction) 5ol &%t}

g5 St dolHo Aol

B

Fetetge A AR SESA X2 AHCAAN FRS AlgdHolds

s dAe Ad™ge= wge Rl Hurl HEH  gsadhe

kA o] T} 78)

6) BAE, ARE, WS, AW, FAE, AT A4 AA Wy AALNL 0§
g AW Amel AY ASF A% /W, ARANI w=EA, AR L A

Al 2=l 2016, 5(10), pp. 293-302.
77) Sanchit Tanwar, Introduction to machine learning and deep learning, 2019.
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78) A A, op. cit., pp. 46.
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Fig. 17 71A8k5 &5

(1) 7F§-Alet 2 M|~ 3] 7] (Gaussian Process Regression, GPR)
7F-AIQE 22 A 3 A= FEAF g4 (Covariance Function), 3

SF(Mean Function), 7FA]¢F &3 (Gaussian Distribution) % ] o] %] <}

35 2 (Bayesian Probability)e] 7|9S F A Ldhy dugFo=

it

2
I
it
>
[>
o
Y
e

H| 4= % (Non-parameter) F&2 F& 3} 7}9-4]

y

ll:l

79) AP, WEg, TheAQE ZRAL Bdd Wier] AARE HA Ao, St =
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AFREE AQATh A4E mde AEAe oste] A §EY
dolelel sl e AZsu AlZgol B WaES HAY & Ut
Aol Ak

(2) A¥XE WE Al (Support Vector Machine, SVM)

AMEE HE A 48 2 udE 279 39 T AMEEE oEA
NA 'L dagZoltys) MEE WE S vl (Margin)g o] &3] B=
delg 7t 7 Bol E3E= Ho wx #FxE FAe FHAE
AN g oW, Aol mid 2 MIE WEHZE Foprte HAHLS FHY
(Karush-Kunh-Tucker) Zz13 #}1%%|(Lagrange) W& Al&3ho
g8 X E Wy WAL 34 (Overfitting)o] AL € 7] A g<F

darels i) ARESh7] Eoldk Aol oy dF HolHF Be

Ju

1% Smsb med A4 2 442 9F AY(Keme) 2 the

AR el 2eke] sttt B, Foixl Aol el B Fuel the)

rob

(3) A9 ¥ Y 2E(Random Forest, RF)

Ay FYAEE 9ArAAH  Eg(Decision Tree)E 7|Wro g 3=

=3 - AEA, 2014, 30(7), pp.221-220..

80) Aurellen Geron, Hands-On Machine Learning with Scikit-Learn & TensorFlow,
Oreilly

81) J.A. Suykens, ]J. Vandewalle, Least squares support vector machine classifiers,
Neural Processing letters, 1999, 9(3), pp.293-300.

82) M. Martin, On-line support vector machine regression, In European Conference on
Machine Learning, Springer, Berlin, Heidelberg, 2002, 2430, pp.282-294.
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JEFAAE BAs ALgate] AL AE HA7ldUA] dolHE 7|Wro =
AYA FadFe AHEs 2 A4S Fdsidth FHd dolgo
AMEE HelHE J=dste] AstsAdss  akgo] =FolEva
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al.(2009)3)2 Hlo]E o] =5 o] &3t oyA| FaodF VHALS &) A
delguo] 25 FHata JAFAALE o] &3 oyx] FadF 7HS
Mdate] oS3k AA Fopete] AwAdeld Hwe FEI AAE
gHelskdth. Seo. et al(2017)89& Z]AISH: 71W ¥ BEMS dHloE &
o]-§ste] ZATE EUEE st A&z Adu]o 4835t
Ae<S ANN, SVM, GPE (Gaussian Process
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Kang. et al.(2017)9)2 1344 ES &-&38te] VRF Al=go] Wiol A

8D A4d, AT, dolErtolY S o g7 WV elS
2009, pp.126-133.

, S A1 ek E]) 21(10),

88) B4, FAE, 094, H45, AFNARE 0§ vlolEuolx kel BHelvtA
AU FodE 7IH g, smEl ey Ety]  stedis =, 2009, 29(1),
pp.184-189.

89) HEH, HEA, 71, W, dyA AAF B GF AojE AT AdeAGE
A3 A A3, gedaddead, 2015, pp.159-160.

A%, &3, Nabil Nassif, 824 %E o] &3 =9 oyA

= M 2 AF B3 AT, dALRAeE] =8, 2017,

90) dd, AA™, A
e HAs e

24(1), pp.29-36.
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et al.(2014)%) & HEAUA AH] Has @ Al A4 FAE

91) A4, Fdd, olE2, ‘%‘ﬁ%ﬂ, 29, AE WAz oFAoE 9
lFA AW mdd A A ASE s =EF, 2017, 17(5), pp.69-76.

92) Radu Platon, Vahid Raissi Dehkordi and Jacques Martel, Hourly Prediction of a
Building’s Electricity Consumption using Case-based Reasoning, Artificial Neural
Networks and Principal Component Analysis, Energy and Buildings 92, 2015.

93) Pedro A. Gonzalez and Jesus M. Zamarreno, Prediction of Hourly Energy
Consumption in Buildings based on a Feedback Artificial Neural Network, Energy
and Buildings 2005, 37.

94) A. Garnier, J. Eynard, M. Caussanel, S. Grieu, Predictive control of multizone
heating, ventilation and air-conditioning systems in non-residential buildings, Appl
Soft Comput, 2015, 37, pp. 847-862.

95) A. Kusiak, G.L. Xu, Z.J. Zhang, Minimization of energy consumption in HVAC
systems with data-driven models and an interior-point method, Energ Convers
Manage, 2014, 85, pp. 146-153.

96) A. Afram, F. Janabi-Sharifi, Theory and applications of HVAC control systems -
A review of model predictive control (MPC), Build Environ, 2014, 72, pp. 343-355.
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97) ASHRE, Green Tips for Data Centers, ASHRAE Datacom Series Series Book 10,
2010.
98) ZZI3t, op. cit., pp. 97.
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Table 11. ASHRAE #7% RACK X+ AFY

Condition
Typical Airflow .
‘ ‘ Heat Weight Dimensions
Configuration e Nominal | Maximum - (W#*D+*H)
W) (m%/h) (m%/h) (mm)
Minimum 1,765 630 1,020 406 762+1,016%1,828
Typical 5,040 943 1,415 472 762%1,016%1,828
Full 10,740 1,275 1913 693 1,549+1,016%1,828

322 T% ¥4 A" T4

9 AHARE HgH YA sWe F YrAolth FY Y
AzEle] WEA]ZE Adwdoew CRAHS WE7), WrAds Ei
#@Et o Add 2§ A A=Y YA gl thE Azsw

HaE W g AR e, W, B e dut Besnz ge
Aol el 27 TENEE A ok Fh R olshe] HeolE Ao
&

g Al Hg "¥] FLo] dormzg v}

B E=FoAE CRAHSE Ws7]  Abolol  WmjRwiz|7r  F7i9
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YujiEu 715 A CRAHel wW71& 3@t #ddustr|s &3
Yol dwdts doym o - EF 2x9 45TE 7|Foz ZEd.
INO| Fx2 19 Ws717

dFE AAY & dv &35 7tk Qe s Wl AEzo] o3|
Ri134a wWHi(20C)E <37l AHEX AHJWHE o Hd=2E
UAANZD THede] ' WY 9 wAEy] fg ddd el
2Nl Fx2 shuel d e FAZ A= ymA 1gE
CRAHel Wrl&gweol 7lsdtth. CRAH= W

dugrs xdetA gon, WA FgdE Wt dF
w3sle] 1T AulelA =7t AsE d71s Y4A71E Jidelth
CRAHE 30kWel &&Fo = Row N+12 453t Rowd Hoj
A e 50kWolw CRAH 1ti7F 1ol vrgx ymx 2t9)
CRAHZ} Hdl #at& A3 & U= o} (Fig. 22), (Table 12)
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Table 12. YZA =€ G4 L A}k

Configuration EA Summary
Capacity : 30kW
6 Redundancy : N+1
CRAH

(3 per row) | Mass Flow Rate : Equals to total rack

supply air mass flow rate
Capacity : 100kW

Refrigerant 2 Redundancy : 2N
Distributor (1 per row) | 2 phase heat transfer by R134a without
Compressor
Capacity : 120kW
) 2 Redendancy : 2N
Refrigerator ) )
(1 per row) Setpoint Temperature : 7C
Temperature Difference : A5T
Capacity : Enough RT to handle more
_ refrigerators
Cooling Tower 1

Setpoint Temperature : 32C

Temperature Range : A5T

3.3. 84 2do oF d=xd doly HE

B FoAe] ANN 7]Hk o&rndo golg 7wt mdzA Z=E3

F3b felelg Qe dolE HSol Fasth FRE e o

EE
TA Wrar nEAS HF dolHE ATUAREH g ool
o).
woge] g HelHAEe H8HE 2 W5 YAAsge dd

7)
Az A d Axd A HAEE s 9o 45 doly

N
o =
e

o

sl A7 e mel FARHeR Aol
&

SFaith dlolB = Excels &8skl A8l Al dlo] Al of A

it
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AMAE g3t Z2AHAHFT P 8422 YF=2 HAAs)

doleistel AL HuE Sstel oy WzAsge gAY 2

AAxAS nystal, AE2UA el AHgHE= 224 7lEdedd

ZE]_‘O] L]'E}'Id—l:} E‘ %01]}\1‘4 Qloss% Zj ﬂ?l\?i_l_z_oﬂ}\i

MEAE olH Qe AHAWE R AM wd Ut Uiy,

dey s Fall AME LA o ool Wid do] gintx
1

P FTHEN 2 o= CRAH =7 %% #ux 7H4g + 2
TN dgHe] AR YEW Quune WU A =
A6)-8)3 ol HHEL < AUvk ool wE WFeyx W=
21(9)-(10)¢F #e] Ao et

FA A AL el 7S RtdeR P

S

Collection



dU
Qloss + ngjn = E

o] 7] A,
Qloss : ZﬂEﬂ?JUdEOﬂ/‘i ﬂl‘i— ﬁﬂ'/\e]i HH%E}E— OEﬂ

anin D AHIHE YR A8 &d

Ut el =]
t: A7
1 D 1
I S
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n out rack
o 7] A,
Myrack }\‘1 ]:H ?:} %:[L %‘ Eo];

aT,

containment

v dt

T

containment 1

1

dU _

X
dt m.. X C,  dt

o171 A,

TC()ntainment .

Mok X Cyv
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2(6)
A(7)

2 (8)

21(9)
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X 2d A wE dolHE #7139 CRAH, W4 2 W<
, A FEe® uHrh 2@2)-2100E vEoR A
ddgd A (11)& ZE3te] CRAH olHe AAH2%(Tset), CRAH

F&7] X9 34F7] 2%(CRAH_Tsa, CRAH_Tra), Rack ©¢] IT
HAIT  Load), CRAH®  F#(CRAH_M_air), 7|44 (C_air),
CRAH Q(&7]1& AA 9%), d4L&=9 CRAH #3387 2529 A2

Qxm Bgae] AEew doly AMem THAT WEsldAE

TEYEF 2=(CH_Tsa_ W), Y 2=(CH_Tra_ W), 5o}
THYFY 2% AH(CH_TraW - CH_Tsa W), ¢ u<(C_water),
Y 2(CH Mw) 281 Y57 oyuALu s A e WE 7)o A9

AA ERHCH_Qel  AxtEol  dHelHrl AAddT.  WAHdA =
AUA v FS A AALFCT_ QRIS dHolHz HA7

delgAdlg el HEJIUE Y HAAHL2EE ASHRAE TC 99 7|+
1827C= AAs At CRAHS F+w - 3537 dRbA4d &+
10715C 2 & =% 11TE AAgstgoen Ysre &4 - & Y
eEAE KS B 6270 W5%sd ¥+ A4 27L& JFo= 5C=
AAste] dolE AtEe] &3ttt AlEd HolE & 2 ALg £=23
A E dolE+= Table 13 ~ Table 159 2t}

Q= CRAH,;, < C, (CRAH,,— CRAH,,) 2(11)

= CHy 1, X Clper (CH. sraw— CHrpy, W)

o 7] A,

Q: 37 27t aHe7] 2=t H7] fl&f AAH oF & I
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C_air : &7] ¥]¥ [keal/kgC]
CRAH_Tra : CRAH 3|4¥7] &% [
CRAH_Tsa : CRAH ¥53%7] =% [
CH_Mw @ ¥ [kcal/hr]
C_water : & H] ¥ [kcal/kgC]
CH_Tra W : W4 35 2% [C]

CH Tsa W : @Y &5 =% [TC]
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Table 13. WZtA| =8 Au]d A& dHolg Z2E

T 22 Holy 35 AL ¢4 4 A
Tset [TC] : H £ 18727
AR E 424 ASHRAE 71& AA
CRAH_Tsa [C]: | 27 18727
CRAH #E71&% | =0 | CRAH_Tra-CH_Q+CRAH_Mair+C_air
CRAH Tra [C]: | ¥4 29738
CRAH 3372 % | 4 Tset range + 11°C
AT [TC] : He -207500
T ex o3 2= 2 Tset - CRAH_Tsa
CRAH 0T Toad kw1 : 1T | 99 57100
A g = 4] Rack 147] H& H3t=2 A4
CRAH_M_air [ke/hr] H 9 32,570.0871,628.50
: CRAH % e Rack_Total_Qit+C_air+ 2 11T
T | (Rack @dol BE A11CE WESE EY)
C_air [kcal/kgC): H 2 0.24
&7 w4 52 7
CRAH_Q [kcal/hr]: | 9] 07200,000
75 AA EF 2] | CRAH_M_air*C_air*(CRAH_Tra-CRAH_Tsa)
CH_Tsa_W [TC]: e 7
THYTF =% T+ A
CH Tra W [T H 9 12
Frgs ex | 54 7
Tra_W - Tsa_ W =R 5
gy | LCE O EE A | 4 w4
C_water [keal/kgCl: | B¢ 1
= v 2 !
CH_Mw [kcal/hrl: H & 0740,000
FH 2] | Tset7]& ITEHE AA 73 292 A4A
CH_Q [kcal/hrl: H 07233
WE7) AA a% 2] | C_water*CH_Mw*(CH_Tra_W-CH_Tsa_W)
a7y LiT,Q [kcal/hr]: =] O 17234 ‘
IR AA I 2 CH_Q+ 1kW (IkW = ¢%7] 2259)
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Table 14. YZA =8 Aujd A5 Holg <% - CRAH

CRAH

AT Tset Tsa Tra M_air C_air IT Load Q
-11.00 18 29.00 29 32,570.08 0.24 100 -
-10.74 18 28.74 29 32,570.08 0.24 100 2,000
-10.49 18 28.49 29 32,570.08 0.24 100 4,000
-10.23 18 28.23 29 32,570.08 0.24 100 6,000
-9.98 18 27.98 29 32,570.08 0.24 100 8,000
-9.72 18 27.72 29 32,570.08 0.24 100 10,000
-9.46 18 27.46 29 32,570.08 0.24 100 12,000
-9.21 18 27.21 29 32,570.08 0.24 100 14,000
-8.95 18 26.95 29 32,570.08 0.24 100 16,000
-8.70 18 26.70 29 32,570.08 0.24 100 18,000
-11.00 18.00 29.00 29.00 24,427.56 0.24 75 -
-10.66 18.00 28.66 29.00 24,427.56 0.24 75 2,000
-10.32 18.00 28.32 29.00 24,427.56 0.24 75 4,000
-9.98 18.00 27.98 29.00 24,427.56 0.24 75 6,000
-9.64 18.00 27.64 29.00 24,427.56 0.24 75 8,000
-9.29 18.00 27.29 29.00 24,427.56 0.24 75 10,000
-8.95 18.00 26.95 29.00 24,427.56 0.24 75 12,000
-8.61 18.00 26.61 29.00 24,427.56 0.24 75 14,000
-8.27 18.00 26.27 29.00 24,427.56 0.24 75 16,000
-7.93 18.00 25.93 29.00 24,427.56 0.24 75 18,000
-11.00 18.00 29.00 29.00 16,285.04 0.24 50 -
-10.49 18.00 28.49 29.00 16,285.04 0.24 50 2,000
-9.98 18.00 27.98 29.00 16,285.04 0.24 50 4,000
-9.46 18.00 27.46 29.00 16,285.04 0.24 50 6,000
-8.95 18.00 26.95 29.00 16,285.04 0.24 50 8,000
-8.44 18.00 26.44 29.00 16,285.04 0.24 50 10,000
-7.93 18.00 25.93 29.00 16,285.04 0.24 50 12,000
=7.42 18.00 25.42 29.00 16,285.04 0.24 50 14,000
-6.91 18.00 2491 29.00 16,285.04 0.24 50 16,000
-6.39 18.00 24.39 29.00 16,285.04 0.24 50 18,000
-11.00 18.00 29.00 29.00 8,142.52 0.24 25 -
-9.98 18.00 27.98 29.00 8,142.52 0.24 25 2,000
-8.95 18.00 26.95 29.00 8,142.52 0.24 25 4,000
-7.93 18.00 25.93 29.00 8,142.52 0.24 25 6,000
-6.91 18.00 24.91 29.00 8,142.52 0.24 25 8,000
-5.88 18.00 23.88 29.00 8,142.52 0.24 25 10,000
-4.86 18.00 22.86 29.00 8,142.52 0.24 25 12,000
-3.84 18.00 21.84 29.00 8,142.52 0.24 25 14,000
-2.81 18.00 20.81 29.00 8,142.52 0.24 25 16,000
-1.79 18.00 19.79 29.00 8,142.52 0.24 25 18,000




JZt&
CT_Q
859.85
2,859.35
4,859.35
6,859.85
8,859.85
10,359.85
12,359.85
14,859.85
16,359.85
18,359.85

2,000
4,000
6,000
3,000
10,000
12,000
14,000
16,000
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1
1
1
1
1
1
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800
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=

=
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<
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=
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=
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=
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=
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=
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341 459 ¥ AA L Helg AA=

Ao 3] 924 (Regression), 32k &a1e] 5 (Genetic Algorithm), &

A X & (Mutual Information)s ] WHo| AREE 1000 Zhzbe] wd)

M I R P R i s B A
A delE = 3278 s Al ofs] B 20200709 dlolH F
CRAHS®| ¥337] 2%7t 93t7}F 5= vlole AEE A9jste] frojn g

oy 129304 ES Z&sdvt. Ysad AE &3 dHolHAH

A G 2 oA AERY AT 98] Table 163 2ol 9 2
FYUsE A4adn. dSmde 1T wdael o8 =497 CRAH

A7 717 Hot Aisle® EZHE WAoo & CRAH 333 =oF
A11TCe BAES 2HA AbEdn ¥ F3F2 IT Ed e o g9zl
CRAHS 3437 %5 1827C7|% 24 CRAH ¥H¥7] 2L2%
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AT,

Table 16. Ho|EAME FA

Haom 400991 =  0740,000 Kkcal/hr

o

L 3 T
587 2L e

ASHRAE

W59l 18727 C = AAsto] Holg AEES

Ay A

=9 ¥

IT W=

57100 kW, 5Unit, 20cases

CRAH 3|37 &%
29738C, 10cases

CRAH 537 =%

18727°C, 10cases

)
%']TTI‘%]:

0740,000 kcal/hr, 400Unit, 101cases

TA9
E A (Feature) &<

=0 270l

ERERISE
IELRY

A3 e

o

{

s

& (Sampling noise)

1o
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T

5F(Sampling  bias) ¥ #&

A

-

dolgst 7t

dolg 7 717

A0 X 2]

3=
= ©°

3} 4 gH(Overfitting),

=
i

A 7}
delels #atA & shspehe
dolElE A ©o]E e
dRoez 2g3

g ¥ 7}

1
o
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dolel AL oSl thE Wil Upo AwnHow g

gy A& 5 = o A 71 8 (Normalization) 7}

#F =3 (Standardization)o| o, A f3=  dHeolHe F3ka 071 WHFE
wgste] Holy REXE AL e HolHES 09 Hit, 19
FedAE 2tes WHEs) Frhlh Aarsiel wFEske] e 4

(12)~(13)3 2ot

T—x .
Normalization : X = — 21(12)
Lrax — Lmin
T—x
Standardization : X= Jme{m 21(13)

>
oo
ol
rlr
ol
i)
o
fr
o,
&Y
2
it
to

F(Mean Squared Error, MSE)$} xlzaf

NEZT 2 2HCross Entropy Error, CEE)7} Uth. HA Ao xb=

AH(14)ek ol ASFght AR exE AlFste]l Fites 7 oy
drbow BlFjolA ARGH A AAl Awel uid AHEEe] xHErt
ofyzl sl Wit AHE oA EF xosto] ANt Ao

101) Yann LeCun, Leon Bottou, Genevieve B. Orr and Klaus-Robert Miiller, Efficient
BackProp, Neural Networks: Tricks of the Trade, Springer, 1998, pp. 9-50.
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2}(14)
21(15)

1

Z(yi_ti)z

n

— > tlog, (y;)

1

N

1=0

MSE

CEE
N: #9] JH=

yii A
I Hol® <
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T

T

o1
o)
S
|
ol
()

J»Avo
%

7+

-
o

4]

o

Kl

A3 9o

=

=

] (Weight)

=
=

I

I

—
file)

&
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o
B

t}. (Fig. 24)
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Activation Function

Neuron

Fig. 24 €43} 39

12
et

dutH oz ALgEE @43 4= AlGEd(Step  Function),
Aol = 34=(Sigmoid Function), Tanh 3¥t<=(Tanh Function), ReLu

(Rectified Linear Unit Function)”} 2™ Table 173 2t}

Logistic ®¥<retaie &¢7]1= & x gol wek 0719 gs E9st=

SAY gherelth. Wi Adrb rAstar ARyl golsty] wiimol X

dAl A gFE ot Tanh e A|IROl:= FFE
™

g NEE -1z ARd @

Problem 717} dvh. ReLu #+ 4AF = 73 @eol AHgH=

Z ety x7b 0RY =W| 71e7)7F 19 AA, 0T}
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Table 17.

SR E

T

4 9 ag=

U9|‘.’.
S

4 9 ad=

Step

Function

_J0forz <0
f(x)_{l forz >0

Tanh

Function

Sigmoid

Function

ReLu

Function

_JO forz <0
f(x)_{a: forz >0

X
=

3}

Rate), 7] T# %
HAst sd=
<31 2] & (Backpropagation) ©]

FR oA

> E

fol
il

%
o

o

=K

to
P

to
)

(Gradient Descent) ©. &

E (Tteration)w}t} o] %
AEsl=

3}(Feedforward) %71

A4 3

e
o

At 3}
& e

H

R

i}

3} (Backpropagation) . 2 A&

gFoll= WEA

102) M. Buscema, Back propagation neural networks.

o=

A1

2435}

2dE (Momentum) %

1} 2} ¥ (Parameter) & &

FuelFon AA

3

2 8t<5E (Learning

+ Levenberg-Marquadt

Substance use & misuse, 1998,

33(2), pp. 233-270.
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(ILM) &aelsFe] vk (Fig. 25109 LM ¢itg]
ey A& e we g exvl & oWl A (Gradient
Descent Method)& AM&ste] @Akeo] 7|77 FHAs7E He 498
Ztomw g% ox7t FHE  dwd+e 7F-2-FE W (Gauss-Newton
Method)& Ab&3ste] A Sx7F WAlst= Wako =z w27 g5s 13
AZITR104) TM dag]se 1AW teke HA st dags F
vl w2y Ao s AHAYS doFshe oz HuiEI o &
=EolA A dauElFor LMS A&3Ath £ =i oSndo

S|
A

o

3 HF g4 2 g FS Table 187 2t}

START

Batch input learning samples.
and normahize mput and output sample
L

*

Set mtialization parameters, meludimg maximum traming funes,
learning accuracy, number of idden nodes. initial weight and threshold

l

Calculate the mput laver
and output laver of each laver

:

— s —— Calculate output laver error
yes
ne
y L
End Correct weight and thresholds

Fig. 25 Levenberg-Marquardt €185 Z& %

103) T. Y. Liu, P. Zhang., J. Wang., Y. Ling., Compressive Strength Prediction of
PVA Fiber- Reinforced Cementitious Composites Containing Nano-SiO2 Using BP
Neural Network, Materials, 2020, 13(521), pp.1-25.

104) J. J. Moré, The Levenberg-Marquardt algorithm: implementation and theory, In
Numerical analysis, Springer, Berlin, Heidelberg. 1978, pp. 105-116.
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Table 18. Q1FA AL 714k o Snd -8 g4
3= s
=28 = _
A H 22 Mean Squared Error, MSE)

(Loss Function)

a3} 3 Aamol Bh2(Si )
(Activation Function) - l= =TioIgmol

HA g g+ o1 -
= al =3 -
(Optimization Algorithm: LM < a18] 5 (Levenberg-Marquardt)

77777777777777777777777777777777777777777

e
! O
O
IT Load —y Q O !

CRAH Return air | O | CRAH Su air
Temperature _'_’O O O— Temperatﬂ?e'y
Chiller water __: O 1

mass flow | O
O
O
\ O /‘ L
Input Laye Hidden Layer: 1 Output Layer
Neuron: 3 Neuron: 10 Neuron: 1
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(3) gt dioly H4

o
oy
ﬂl\

dolEt 3101004 AFF 1293070e] HlolE HEE A§3
% of

T
s

*

X
2
i

dEndo] 2 FAo dviy F dnrsiEA] o

ox
ofr
o

[

ok
rlo
=
i
Mo
)
il
2,
1t
2
fr
a2
oo
:oé

= Zolgh. 2 A

o

sy
A

o
BT 2
ol
-
ik
ok
L
rlo
=
o,
n)
il
.%
~
=8
5
w0
D
@
<!
o,
a.
Q
=
o
=)
2]
D
@
.%
D
wn
18
wn
D
@
o
ot

st gH5A7I= Aoltp, LdubH o % Train, Validation, Test=
0:20:209] Hl&Z2 YUFeE A

S 7] 9% Shed dHlolE o]

Simple Validation *H-& A}-8-3}¢]

©

A et3lth105) Train sets &

ik

Validation set Train set® dF &go= o 4 Ed F od
Rdlo]  AgekA]  AMdEstr] #d HS5E  dHolHolth Test set
HEHoz dud 4 Edo] iyt F FEehe=A &Rlstr] flgh
A3E dolH & Training #7gol #ojsA] =t
durA o8 Validation seto] raEE ASrF @w2dH g RHe
7bebzl f1siAl wlg Fasith 1AW TN o SR Ee)
542 Aa Test setdl dldll £ A5S e 3Add], o5 93l Train
sete] dFE FEoto] T dFEPo] FAHA &= dloly e 3|
drprt & A giefA] wr=Al gQlo] Ha gttt ol & £o] Train
A== =249 Validation®] AE=7F vropd dlo]E] 7} Train setoll A
ol dojuts 7heAdol vt 2EuW A TS WA Traind

sl
]
Agx=E A HeE Validation HE=9F H|=shA wHEF HQvt

T O —"
Ass 4

W5 AAE= Mersenne TwisterE 2-8-319] Train set, Validation set,

105) Aurelien Geron, Hands-On Machine Learning with Scikit-Learn & Tensorflow,
OREILLY, 2017.
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4452 A4gat. AAgs e9F £ 2L wd AFs /8 LM
duglFe v HAg 7o dis FEHT ANNO| o SAHS=
A S Yatel Al A9 U A%y mai HAHI S
w24
Original Set 100% ]
1
Train Set 60% | Validation Set 20% |  Test Set 20%
( J
Y
Random [Mersenne Twister]
Fig. 27 dtloly AES T4
Table 19. Train, Validation, Test Data set®] &%=
TE Train Validation Test
g AN FHx O O X
ndlo] 7kEx] A ¢1& 6] X X
R Js 7o) o] & X O O
— 83 —
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Table 20. ANN Z7] oS24 A

>3 0%
Loss ® Mean Squared Error
_ Activation ® Sigmoid
Function
Optimization
_ e [ evenberg—Marquardt
Algorithm
e Number of Layter: 1
e Number of Neuron: 3
Input Layer - IT Load
- CRAH Return air Temperature
— Chiller water mass flow
Structure ) e Number of Layter: 1
Hidden Layer
e Number of Neuron: 10
e Number of Layter: 1
Output Layer | ® Number of Neuron: 1
- CRAH Supply air Temperature

Training Method

e Time step: 3,000
e Max fail: 200
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3.4.3. GPR, SVM, RF %7]| 45249 47
A A %3 ASE mde d-agus 2 deld dXuY, s

deoly 244 ANN =2 dA3 Zu. GPR, SVM, RF g5 249

TFxE= F¥ 2dE FHE ANN 2d ez o] dHxe 34

42,

TZFAAR BAe Fg A vt 72t mdS MATLABOlA A&3+ Default
Zoz gk 9 22 HAS Y AsoR HAANE HFER dFS

TR AR A 7EA 27| A gh2 Table 213 2t

Table 21. GPR, SVM, RF d&2d9] 27| 247

o ama= Hyp_erparameters ol
(27} A 5)
Sigma 6.7743
GPR Basis Function pureQuadratic
Kernel Function Squared Exponential
Epsilon 1.1739
SVM Box Constraint 11.7388
Kernel Scale 1
Method LSBoost
RF Learning Rate 1
NumCycling 100
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35. AZEW AW Y5 #F AF AL F AL

rnandtoom |--/1- 1 [ ]]... ]

T New data (on the fly)

TL’ Launch

,| Train Machine Learning
Algorithm

Evaluate
Solution

BoEReAE AN N dF - 48 AelE Lal %

duglFe  7|WES Fo] Vector Augmentation, Vector Adaptation,

Sliding Window Al 7FA 2 d7gste] A5 AofES A @8ttt

106) J.C. Schlimmer, R.H. Granger, JR, Incremental Learning from Noisy Data,
Machine Learning, 1986, 1, pp.317-354.

_86_

Collection



Vector Augmentation= %7] 85 ©o]%& 2z} Alo] dAnt =&FH =
A dolHE wd 2 =87 (Augmentation)  3EA] 7=
WA o g Aol dAA A= AR HolHES %7] ghad A7 ol
A& A dkedste]  dAvit AlZE dHolHE AW gyl
A7k AlBdeE wd A2717F ket St AlRbe] FUFE T WA o)
2l o}t Vector Adaptation®} Slidinge] T4 A AS zh=t},

Vector Adaptatione o&2d o] %7] Sk o]F Ayl toE

obd WlE](Feature 170)2 3Sh5Al7]= Wz A

X

g st BT Ame doly WEd da) WA stueti EA
7

FAE MZE delHdd A9sA =

r’l

diolg] =717} Wgolu® ofd delgeo] gt FAet dE8 AAd

AAL = A= 47 Ak
Sliding Windows= Sts5 AlZH5H ol HolHE & 7§¥ AAlsta
=

A gxe] AR olEE GHstel Al Yo AE 8

- nAdAA @A) AtolFe] IT AW AT
Loadn), CRAH 3|4%7] <%(CRAH_Tram), CRAH 3537
22 (CRAH)Tsay) #AS53]  n-1HA A 58 ) Alo]FdlA
d=wAe CRAH 3H%7] 2%(Predict CRAH Tsan-1)e 3 A<

CRAH ++H%7] <=5 #Hlagd. F o] 2 4owl IT Loadn,
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CRAH Traw-1, CRAH_Tsaw, @A HA I+ fF(Optimal
CH Mww) o2 d5EdS Asts Aidg. F %!

Loadm, CRAH_Tram, HA Hi W FFA 100070¢] W+ FF
o8 (CH_Mwuo0000) %  T78%E 944 deolgs AT AR
dolBlE ANN o Sxde] tifete] nt1dHA (Mg 57 F) Alo] =
CRAH 3H%7] 2%(Predict CRAH Tsam)E =3t} Predict
CRAH Tsan¥t 2A2=(Tset)& #Hlustel 227k 01T wwrd w9
Y FES H4 F% (Optimal CH_ Mw.) o2 Aggch Age 24

N

FHoz WA Wd Aa"S SdsA " g 438d
AfdnelFe 5ol a5mde Q%A F4 - AN A2E B

488 Uz 4 Ak AR@ Aol Ael2R mEE AoleudEe F

START

Generate data
(IT Load ;. CRAH_Tra,,. CRAH Tsa,, )

Retraining the predictive ANN model with
CRAH Tra, ;. CRAH Tsa, Optimal C H Mw,

NO—

Predict CRAH‘_’Isa(m = CRAH_ Tsa, s IT Load

(-1y°

[Adaptive control]
=y + sliding Window

*+ Vector Augmentation
* Vector Adaptation

Input data set
IT Load,,, CRAH_Tra,,. CH_Mw (0:40:40000)

l

Input data set to the ANN prediction model &
Predict CRAH._Tsa,,

I

Error | Tset - Predict CRAH Tsa,, | < 0.1
Optimal CH M\:\m 1

\\___—//_‘—_\\
v

Cooling operation for Sminute (n+1)
with Optimal CH_Mw, el

Fig. 29 o= - A& Ao L=
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107) @43, AEYddolyx e FHAFAEH A, MAee =, 43 dista, 2003.
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N N N | I |

Refrigerator Relrgern °

o g | Distributor CRAH | | CRAH | | CRAH | &

Cooling T E

Tower - Refri= erant RAH RAH 5
|| Refrigerator || — & CRAH | | C C 2
Distributor

Cooling System
Cooling Tower | 2 i Rack (IT Load)
& i CRAH : in Containment
Refrigerator i

MATLAB

: | DCccRAHm x| DECRackm *| DCCChilerm x| + |

1 [funct ion [CHa_Mw, CHb_Mw] = DCC_Chi | ler(CH_Mu) m|
2 AHZ21 4 [Fowl)

3- CHaTsa = 75 = E4 22 (0]
4= CHa_Tra = 12; #4E3 24 25 (o]
5 CHa_tw = CH_Mw/2; X S lkashr]
B— CHa.Cw = 13 # 5 HIZ [keal kg O]
7

8 #4S71_8 [Aow2]

9= CHb_Tsa = 7;

L CHb_Tra = 12;

i CHb_Mw = CH_Mw/2:

- CHb-Cw = 15

13

14 R

15— CT.Tsa = 32; ®2AS 2= 2= (0]

16— Gl.Tra = 37; 2 2 2= (0]

7

18- lend

(a) Cooling tower and refrigerator
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| DcccraHm
|runct ion CRAHMair = DCC_CRAM(Raw| Mair, Rawa Malr, CRAH Tse)

| DECRackm | DCC Chillerm 2 |+ |

YCRAH_A (Conputer Foon Afr Handling Unitd [Fowl]
CRiHa_Tsa = CRAH_Tsa; AR BT 2
CRiHa_Trs = CRAHa_Tsar11; WA B 25
CRAHaMair = Fowl Mair/s: %27 B [keal /fir]
CRAHaCalr = 0.24; | HIZ [keal/ka £

%CRAH_B (Computer Room Air Handling Unit) [Rowl]

CRAHb _Tsa = CRAH_Tsa; HRIH B 2
CRAHD-Tra = CRAHD_Tsas11: AR B7 2
CRAHb Mair = Row! _Mair/3: %271 EZ lkeal/hr]
CRAHb Cair = 0.24; 22| HIE [keallka O]

HORAHC (Cowputer Room Air Handling Unit} [Rowl]

CRAHE_Tsa = CRAH_Tsa; AR BT 22

CRAHe Tra = CRAHe_Tsarl1: KR B 25
CREHe Malr = 427 EZ [keal /hrl
CRAH: Cair = | I [keal/ks Cl

YCR&H-D (Computer Room Air Handling Unitr [Fowa]

CRAHd Tsa = CRAH_Tsa; RCRAH £ 25

CRAHA. Tra = CRAHd Tsas11: HCAMH 217 2%
CRAHd Mair = Row2_Mair/3: %7 EF Ikeal/hr]
CRAHd Calr = 0.24; | HIZ [keal/ka C]

YCRAH_E (Computer Room Air Handling Unith [Fow2]

CRiHe _Tsa = CRAH_Tsa: UORAH B3 2

CRiHe Tra = CRAHe Tsa+113 SCRAH 213 2%
CRAHe Mair = %E7| B Ikeal/hr]
CRAHe Cair = | HIZ [keal/ks C]

HCREH_F (Computer Room Air Handling Unit) [Row2]

CRAHf Tsa = CR&H_Tsa; HORAH B3 2
CRAHE Tra = CRAHf Tsa+11: BCRAH 213 2%
CRAHf Mait = Row2_Mair/3: %Z7] B Ikeal/nr]

CRAHE Cair = 0.24; | HIZ [keal/ka C]

Fig.
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| pEc crAHmM
T [ Rack TS5t AlLERIZ. 1T 5
% 1k¥ = 860 keal /heR B
function [Rack_total It,Rowl Halr Fow2 Hair] = DEC_Rack(s, Rack)

| DC_Rackm [+

(kW12 20t keal hr2 Bi&h

FRACK_A [Row!]
RACKa_Qit = Rackis,1];
RACKa Mair = RACKa_Qit+BE0/(11+0.24);

HRACK_B [Row! ]

RACKb_Hit = Rack(s,2);

RACKb Mair = RACKb_Qit+B80/(11+0.24);
FRACK.C [Rowi]

RADKc_Hit = Rack(s,3);

RACKe Mair = RACKe_Qit+880/(11+0.24);
#RACKD [Rowl]

RACKd_Hit = Rackis,4);

RACKd Mair = RACKd_Qit+880/(1140.24) ;
FRACKE [Rowl ]

RhCKe it = Rackis,5);

RACKe Mair = RACKe _Qit+880/(1140.24)

FRACK_F [Rowl]
RACKf_Oit = Rackis,B);
RACKf _Mair = RACK!_Qit+860/(11+0.24);

KRACK.G [Rowl]
RACKe_Dit = Rackis,T);
RACKa_Mair = RACKgQit+BE0/(11+0.24);

FRACK_H [Row2]

RACKh_Oit = Rackis,8);

RACKh_Mair = RACKh_Qit+BE0/(11+0.24);
FRACK_1 [Row2]

—Pedlia

31 MATLAB €& 4

(b) CRAH

(c) Rack

ZpA 225 A
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s AAH2=(Tset), CRAH F337 2= 3
<%= (CRAH_Tsa, CRAH_Tra), Rack ©¢ IT ¥<(Rack_Total_Qit)
CRAH®| & %(CRAH M_air), &7/H&(C_air), CRAH Q(&7]% A7
dF), A8L%9 CRAH ¥537] &&9 A5 84w Z&sto] A&
dolg 2 AT Wds7ldAe F5ds 2%(CH_Tsa W), 535
£%2(CH_Tra_W), st sadse] 2= ZHCH_TraW -
CH_Tsa_ W), &9 H4(C_water), ¥ FH(CH Mw) 183 Y57]
AqUuA L FES AT YE7ldAde] A7 d=FHCH_.Qel AlitE
dlolg 7t AAdEY.  WAEAdA = duyAAavEs diA® AA
AFCT QS dolH=E XA

FE= IT ¢49=% CRAH 3437 &%, 4=
h

FrFoly FHWa= CRAH ¥587] 2=°/th. CRAH ¥5357] =

@) AZRD AN Y5 FF AA AJLnYFE 27 ASRLA A

Sliding Window, Vector Adaptation, Vector Augmentation®] A 7}#]
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42. d&FR4e 4% Fr7 2 H A3

421 27 42249 Y537}

SEEL ASAFEE dFgy FHe] Akl os) vju FrheEu

ASHRAE oA +& o= At Ak ghol digk #H7F 71202 0.8 o] 49
AR A (R-Squared, R 30% ©]ate] H Alad 229 HEASF

Cv(RMSE) (Coefficient of Variation of the Root-Mean)& A|A]s}al
ATk ARASF R* = A¥ 37 2de AX AF=E FUtE o
AbggTE =, AAl A" dS5ge] Aty dAS=A, AHEAAE
ojulstr o FA ol dutvt A E UEhl = gholth A g3
Sk He] xE Awetd €oh Cv(RMSE)= AAl g3t 43539
Aol e shotehs AR RPEU b VEoR uF A ALEEH dF
dolg et g dely 1te] JAUEE owu sty F AF9 AL W
21(16)7(18) % 2t}

2](16)

71 A,
Q : AA dolgle] HAES Alwste] F g
Q. : AA velH e RAES AFste Fet

111) ASHRAE, ASHRAE Guideline 14-2014, Measurement of Energy and Demand, and Water
Savings, 2014.
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21(17)
21(18)

E(yi_ti)2

RMSE = vMSE =

% 100(%)

RMSE
A

Cv(RMSE) =

=
=

I dolg <

ﬁo

1™, CRAH 3527

deolHz 3§

=
=

o]
H

N
N

H W E Z3) R*¢} Cv(RMSE) 183 Train
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A7t A3 Table 229 #Zo] R? ¢ #A9$ AHF3tE Min-Max=
Agst FAAY o =rdo] 0897 7F =gy IS o=z GPR

(0.84), RF (0.83), SVM (0.55) o= uetwth SVMe A9 F 714
Atet o] ®F ASHRAE ¢ R? 719 0.8 Z3}ol tha] w31~
ot o= yEEth Cv(RMSE)® A 18E Min-Max® 13 ¥ RF
Bdo] 17.86%% Ad5AS=r7t 7HE =%k ANN  (188%), SVM
(39.1%)=  YEtWTE.  GPRe® A Min-Max  (235%) HU}
Standardization (23.12%) AifstellA == © =A YEYT. SVM

dZrde ASHRAE 7% Cv(RMSE)Ql 30% olate] wEdix 33
AZ=QeEr} e Aow HAHYL.
P |

AAEo = Aoluojof et g0 g SR Sy ALAIE
A=} A o & Fag Aot JAeANAYS AF
AA I dSE Atelo] eAE YEh= SSE (Sum of Squared
Errors)®t SSW (Sum of Weights)7} 974 ol =4dS o, A4S

TR 7 2] Train AAHAIZEE] A9 F 7HA Atk Bl RS
g3l RE7F 71 & 9kar SVM < ANN < GPRZ YERth Ul 714 2dl
I# oz 3lgo] FRHBEE AN d3d Fe7t gltka

l?«
Auso] Az H8Y 5 e Ao AR Hrh 27] SR

d
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Table 22. 7] oS5

= o

gl Al =

o

a) ZF o=r2d 9] Train, Validation, Test Hlo]E] A|E R® & Cv(RMSE) A%
R2 Cv(RMSE) [%]
L i . q
carting Train Validation Test Train Validation Test
Algorithm
MM" | Std” | MM | Std | MM | Std | MM Std | MM | Std MM Std
ANN 0.93 0.92 0.90 0.88 0.89 | 0.88 14.78 14.92 19.35 | 21.12 18.80 20.87
RF 0.95 0.95 0.85 0.85 0.83 | 0.83 13.03 1825 | 1875 | 23.11 | 17.85 | 23.12
GPR 0.89 0.90 0.84 0.84 0.84 0.85 18.42 18.25 23.26 | 23.11 23.50 23.12
SVM 0.56 0.77 0.55 0.58 055 | 0.08 | 36.01 2698 | 37.82 | 42.01 39.10 52.03
1) MM : Min-Max
2) Std : Standardization
b) Z} =2 d 9] Train Hlo]E AES HAAAZE
Learning
Normalization Train Time [sec]
Algorithm
Min-Max 1.43
RF
Standardization 0.84
Min-Max 2.63
SVM
Standardization 6.64
Min-Max 18.19
ANN
Standardization 11.33
Min-Max 32.51
GPR
Standardization 30.02
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@ [Step 1] Hidden Layer change & Hidden Neuron fix

SHSS UNIFE 5A7HA S7hA71 4 23 diE wdae
AWT2070 2 587 A 3Fe] Train, Validation, Test data Z}z}el of
R*¢} Cv(RMSE) 4%5& A8 glth RPe) 44 [-5] 19 Zo] il
TxEFNA ASHRAE 7]E#d 085 ZFAste Aoz =&HAUh
YT AN 570 Fxo A 0.8 olstE "ojA = dAdo]
W= WA tiH 2435 47 ol SollM= e3sld 77 BElA
A= FHAATE AxHx Aow AtnHET

CvRMSE)®] A% [#5] 2, Fig. 337 #o] RE 39 FxoA
30%E =He= YEYA gtk 295 27 HE 78 Cv(RMSE)
A B o= 37 < 17 < 57) < 47) o2 v e
of Ayt= 1/ Y W A= FTFHA HEsturt 2Hd W FFE]
ZobAH JRF-E = A HolAl= 5502 45 HolE g BE oy

o

el AUt e9F 249 W A =e AoE @

ol

270ell A 718 =2 Adee Cv(RMSE)&= ¢
(0.989%), Validation (3.649%), Test (0.987%)%1 #H o & ey

-l>
N
N
—
>~
N
-
e
=)
.%
=
=
=)
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@ [Step 2] Hidden Layer fix & Hidden Neuron change

DA =F9 H4 Cv(RMSE) 455 Hols 2493 27 tiste] 7
H gold wHgr WAste d34dss 248t wdas OF
st A 472072 1A 5871 270 =0 A -838te] Train, Validation,
Test data ZZo] s R*¢} Cv(RMSE) A%< #43ch R%9 A4
[F-=] 3 7 [F5] 63 #Zo] i+ 085 Z=Hstd ot FiE24 o= 0.8

WEsA Ree Aoz uehtbid o % e49F 1 204 39

of\

=

derk 242 15, 1770 ¢ Wl Test data®l R?7F R0254%2 §-&9
FHHATE 7 v xR FAHAT Cv(RMSE)9] A [F5] 7

[%-5] 10, Fig. 349} #Zo] 2493 F 7/ Fo dis] 115 =Fd o
Train, Validation, Testell A Z}zb 2.295%, 33.182%, 0.833%= Test #k©]
ol 7HA] FEREHE F MY =& Aoz AEIHAh a1y oY
Train ¥ 29 F oWl Edlo] A2 & dest= &< Validation®
Cv(RMSE)7} ASHRAE 719l 30%E %3t o= YEeruth =3
R* 7} Testoll thald = 08172 7150l w3 Train¥ Validation&
0.687= wrHslA] REdte Aoz YEhyg dSEde] 8357 oy

=
AEHoR, dFEWol e9Fol 2holn FAFE 2 FolA
=z

= 1 s
14789 %% W Train, Validation, Testel t3F R?7} 1.000, 0.954,
0.942, Cv(RMSE)+= 0.989%, 3.649%, 0987%= 714 =& A3 s
Uetll= Aoz St mebd e 725 JAdeAAdY d5rdo

HAA3 mdz HA ] Aoy AL3st4c) (Fig. 32)
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Chiller Water N
Mass flow Q

___________________________________________________

Input Layer Hidden Layer: 2 Output Layer
Neuron: 3 Neuron: 14-14 Neuron: 1

Fig. 32 7% A& 3 5529 HT 7%
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Test Cv(RMSE): 0.987%
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(2) RF, GPR, SVM ©j&xd 243}

ANNS  A9Jgk RF, GPR, SVM 7/Asts =deo] HHse=
stols gt Ee]  WEE Fo]  HASsIGtE stolH B E =
MATLABoI A Default option®. 2 #|-&3ts FHEZ AA3Fe] o] x|¢t
#2352 Fall Table 233 o] 2 ¢ stolyuetu|HE =33

GPR 9|5 222 Sigma, Basis Function, Kernel Function®. & %3}
@t Sigmat FEA FFE S wmolze ®F AAE AAF o)

H A ke 2842747 AFEE vl Basis Functiong 71 A &d42 GPRE

Kernel Function2 o5 W4 kel 7] ge=xa JadAS 2As=
Az 7} oF W] el
Exponential 2 73l A3} st}

RF d=rd HA3l= A 7FA &to] ¥ 3tetu] e Method, Learning
Rate, NumLearningCyclingS #-83tt}. Method= YFE3 AL +X2E5
HA 3= stolygetnHE F8 duESES Bagging® Boostingo &
v 2 =godAE Boosting AlEe]  darg]E<l  AdaBoostE
21838 AdaBoost= 7/ v FFoA A8 4 9l RFY g%
daugFoln Bhgste FoF kA WEHIE 2AHE o]de] FH X
=¥ deolgel xF& SFo] AF¥EES  EQlvh AdapBoost®
LogitBoost, Gentle AdaBoost, RobusBoost, LSBoost, LPBoost,
RUSBoost, TotalBooste} 22 &dag]so] sttt 2 =fdAe 37
AFEo] A2 %= LSBoost (Least Square Boosting)S AF&3FA
Learning Ratex= 3sts5 13|wlth shele & on|sir 2 =wdAe
0.9629% A3ttt NumLearningCycling= 4AE9] 85 Alo]lE F=2

336 o= A= E QA
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_1>~I

] 3}
o]
gzt AAY EUYS AAFE Kernel 1369452 AFEE Rt Box

SVM d=wd-2 Epsilon, Box Constraint, Kernel Scale®
Sttt Epsilone vl e ARE AAA= 9= 77074, o]y

B

Constraints= Epsilon vFzL o] o 9l= #5Ae] Fos= ddE =

Aol HATE BAGE W Eee Tk oldoly HAA@L

F

399.0687= AbEH ST AbEdE HAS #$S A& HH 54
597 A3}, Table 24¥ 2o Yyl R*:= RF, GPR, SVMe] 717}
0.82, 0.77, 0512 RF7} 714 #& FX 2 U =99 JAAA=
ol a Cv(RMSE)E GPR, SVM, RF o2 7Ztzt 4.08%, 5.31%
1553%% GPRel 7F¢ dSAS=7F =9k 37bA 2l B5F 7[EAQ
30% ol8tE w3ttt

ANN, GPR, SVM, RF & 47}A9] dF5rd HA3 23 o545
Test data 715 ANN o|Z=2do] R* 094, Cv(RMSE) 098%% <l-&9

]I

AReA 8 AZHREI A S5 Aom FARYT. webA,

-

o
ok
>
o
&
2
AN
td
1w
o
=
T
2
A
Lo

AUy 2 dyA As
Aeidare] Fol A gste] A dee FrrEn

Table 23. GPR, SVM, RF d=54 &lo]yyletny 43}

Learning .
. Hyperparameters Values Preprocessing
Algorithm
Sigma 28.4274
GPR Basis Function Pure Quadratic Standardization
Kernel Function | ARD Squared Exponential
Method AdaBoost-LSBoost
Learning Rate 0.9629 )
RF - Min-Max
NumLearning
. 336
Cycling
Epsilon 7.7074
SVM Box Constraint 399.0687 Min-Max
Kernel Scale 13.6945
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Table 24. Aloj&dagls &S 93 HF od5nd 44
. . R? Cv(RMSE) [%]
Learning Algorithm - D -
Train Val Test Train Val Test
ANN 1.00 0.95 0.94 0.98 3.64 0.98
GPR 0.99 0.79 0.77 6.41 9.83 4.08
SVM 0.53 0.51 0.51 13.33 8.19 5.31
RF 0.97 0.86 0.82 10.47 17.33 15.53

1) Val : Validation

43. AAgungFe Ao A2 - HBAE - HeA B

AojdugEe y=w Aojo] 7|uksl® w el Time stepe] CRAH
TuE7] Z(CRAH Tsa)E 43t nWlAl AlEdolde] gd £

CRAH 3|4+3%7] <2%(CRAH_Tra (n)), IT *3dT Load (n))
H

YT F(CH Mw (n)2 Alojdaigsel dxd d5ade ez
L5 dErdz2ily 4% n+t1HA Time stepe] CRAH &3 7]
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43.1. 88§ ALgduzF AFH7}

Agkshs IT F-afell A8 tisshA xap, 44 ko sHsA &
CRAH &H37] &%7F 20T724C Atol2  Z¥ 5] Max Error7t

594C1 AL stk A4 Hrh AFoE Y Fa@
RMSES] 74§ 1237C2 W&o 7-9Ah ez Rolsz 9o
gal Ae AgaAb Batks A BAT 5 vk mebA] slwol

=<
B 5 Qe 489 AojduelFel Aesrhu BUHYLh Fig. 36t

oful wMAEHE WHRstelt WS 627853 KWhE AEEglon
95 FBe 1T Pas wdse Aoz BAHL o oFwd
Qe ZYvse] Aofohy WAt & NS ofn gl

1T Load (kW)  =-<=-Setpoint Temperature °C)  —O—CRAH Tsa Temperature(°C)
30 50
28 49
26 | 48
c2 I | 11— - n |l 47
T » 3 R'gaj_\f\i’n- A R\/E\/\E&R-H MH;\ “g
‘::_z 20 MY A ¥ Bl - Y- BRI as :g
£ s I 7 g i o
16 43 =
14 42
12 41

10 40
-] 20 35 S0 65 80 95 110 125 140 155 170 185 200 215 230 245

Time Step (min)

Fig. 35 RAlA& Alojdags - 24 2% oiv] CRAH sw&7] Alo] 2=
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==:Chilled water mass flow(Kg/hr) ===Cooling Load (kWh)

22,000 350
= 20,000 320
-
g 18,000 290 _
-

£ 16,000 260 =
= &
= 14,000 230 =
o s A A A A A s
2 12,000 / " . 200 o
= 10,000 : . i i) VL Vi ! 170 én
é‘; 8,000 140 —8'
= 6000 \ V: ) 1m ©
U @
= 4,000 | 80
-
O 2,000 | 50

0 20

5 20 35 50 65 80 95 110 125 140 155 170 185 200 215 230 245
Time Step [min]

Fig. 36 1]4¢ Aolgue)s - A4 ewe] ©E Ak Wirtd 2 W)

432. 488 AiLndE A3 2L 45H 7}

H| A g Alojgdag]Fo] AlojstA] %3 CRAH ¥w37] &% Ao A%
3 Aws Al A HE Aol skE<l Sliding
Window, Vector Augmentation, Vector Adaptatione #-83fo] 2}

FuelEel HHset 45YtE APt

Vector Augmentation, Vector Adaptations 2 -&3lo] # <3 Ao zZ+z}
daueFe stolHueny FHAH S AAESIH

2 =FolA &83 LM (Levenberg-Marquardt) ¥ilzlH2 43}
ZIWMom gt stolHueuH e A 2 HIFE YJUlo]EFTH
Table 25+ LMe] HAst gte] a5 5l 713 st wizidsel H 43}

o
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o
2 o)

j7i el WHeE vErdTh LMo Zb stolH shebu| e FH A 3=
Azl 7IEo] flo] AREAFe] MElAlg o g AAHET. 2 =iodAE F
12719 st T HAF Fa3% IFHOF Fuky = max fail, muy,
mu_dec, mu_incE Y 7}AE HdEste] dagls HAsle &835k3th
max_fail& Hof FEA A A Sl T
6312 AA¥ 100750032 ®9lE 7T mus S Al 2AEE
2k 7€l ®mAel 9= 7]E 0.001°l%  HAsl= 0.00170.01=
AAsI Y mu_dec®t muinctE muel #a-SUF AR 4 7R
AA3e 01, 1001 A3k Al 0017099 1.017202.5 A7 Sl

Al 7 S Alojdare]gel Zbzbel] tis] LMe] 7FA= vl 7HA
stoldutelnEle] A8 Ay Table 263 oy A3 2y 5 7
daeFol tE e 10748 AdE Holsr Al 7HA daugs F
Sliding Window #gts WS &3 daelFo]l FHAe RMSEZF
0.038% 7Hd -3 Ao Btk olwje] M shol ot
S max_fail 304, mu 0.005, mu_dec 0.466, mu_inc 4.829% A=t}
Vector Augment®} Vector Adaptation®l+= Z+2F A9 RMSEZ} 0.090,
05372 YEY} Sliding Window .t} A|ojA] 5o Wo]X|i= Ao 2 e

oL
olf
o
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Table 25. LM &ugl&9 FA3 7<=
_ 7] & s
3% A ] . = §L
uj | w ) S
net.trainParam. B B
49 4 5 945 1,000 -
epochs
net.trainParam. _
Be mE 0 -
goal
net.trainParam
) HAd FEA AA AH 3+ 6 100500
.max_fail
net.trainParam. B _
) HA 45 71€7] 1.00E-7 -
min_grad
A9 A7 BE AA AW
net.trainParam - - 0.0001~
2 7te2-7EHY Loz o X 0.001
.mu 0.01
71€7 BA
net.trainParam -
mu &4 AR 0.1 0.0170.9
.mu_dec
net.trainParam B
. mu =7} A=A 10 1.01720
.mu_inc
net.trainParam. _
A d mu 1.00E+10 -
mu_max
net.trainParam.
f =& o] 7+9 epoch 25 -
show
net.trainParam.
showCommand Hy & 59 AA FALSE -
Line
net.trainParam. } B
) g5 GUI 4 TRUE -
showWindow
net.trainParam. _ _ .
Hog F4d A(ER) inf -

time
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Table 26. 459 AloALdaeF stolwaetny 43 23}

LM 3}o] ¥ g} 2 v g RMSE
dunygF <9
max_fail mu mu_dec | mu_inc ()
1 304 0.005 0.466 4.829 0.038
2 181 0.010 0.790 8.660 0.229
3 334 0.006 0.891 15.345 0.236
4 215 0.010 0.454 3.201 0.240
Sliding 5 428 0.009 0.882 9.191 0.252
Window 6 423 0.005 0.033 19.815 0.268
7 499 0.006 0.571 1.949 0.272
8 226 0.003 0.582 19.881 0.291
9 113 0.002 0.671 18.069 0.315
10 381 0.003 0.853 13.451 0.315
1 116 0.001 0.076 5.294 0.090
2 413 0.007 0.884 16.465 0.293
3 201 0.009 0.887 6.724 0.361
4 100 0.000 0.016 16.509 0.368
Vector 5 464 0.005 0.145 19.865 0.916
Augment 6 466 0.007 0.017 6.823 0.969
7 454 0.001 0.853 4.794 1.107
8 113 0.000 0.325 14.693 1.137
9 422 0.005 0.858 18.732 1.182
10 361 0.008 0.772 4.398 1.238
1 252 0.010 0.803 13.653 0.537
2 489 0.000 0.622 12.976 0.790
3 494 0.000 0.027 8572 0.927
4 303 0.001 0.031 19.811 0.930
Vector 5 174 0.003 0.603 13.163 0.931
Adaptation 6 497 0.001 0.204 7.319 0.973
7 109 0.001 0.631 8.073 1.005
8 500 0.002 0.250 3.067 1.021
9 411 0.001 0.898 17.312 1.037
10 194 0.002 0.655 9.480 1.259
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(DA AbEd Aol wet 7 283 AodaelFe] stols ety
HAslo]| digt AAHLE did] CRAH ¥3537] &% Alo] A3+ Table
27, Fig. 37 ~ Fig. 429 v}k #H7F 71& RMSE$ Max Error®

AAZE 18CE b @99 F 4Nz st dF-Aols 33 A
RMSE®} Max Error7} Z+2Zb Sliding Window (0.038°C, 0.397°C), Vector
Augmentation (0.0900C, 5.633C), Vector Adaptation (0.537C, 5.653C)
02 Sliding Window”7} 78 A2 o2 A& slA Alojsts Aoz
AMEATG. WEriet dagasde A ddow dAste et
w3k Sliding Window”} 6,066.73 kWh® Vector Augmentation 6.316.2
kWh, Vector Adaptation 6,330.17 kWh thH] w7 e} o= Aok

SWAE M $5F AojeieFolgtn wud & v wAL

—

Aloje} Hlal Al Sliding Window Al°17} RMSE, Max Error, %43}

BE ZwdA 493 AdE AL FAY 5 9

gat stgo] ol FolAA e AHE ofu @t HoleAE A ITH 3}
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Ao s Ang

ek, 4.3 744 9]

Sliding Window”} A-&¥ 453

O

g A4
_ NERS
Item lgorithm | gjiding Vector Vector A ol
Window | Augmentation | Adaptation
Cooling Load (kWh) | 6,066.738 6,316.209 6,330.175 | 6,278.538
Max_error [TC] 0.397 5.633 5.653 5.936
RMSE [T] 0.038 0.090 0.537 12.374
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Table 28. Al EdlolA 23 B4 ASE Alad &njde vl

Item o) o o] E Al E A °1H**1Eill5)
ol m] |
T - — e
o] o] § Al ¥ c AEHSAHE "2 1) c AFHAHE WA 4
3 e BT . AdEE Huay | « 8% 2y
. * Rack 14tj * Rack 20t
IT &4 &3 i
o« H U+ 100 kW « Ao 51.05kW
s AAVE: F719 F5 s AA7FE F719
271e% 2 All 271e% 2 All
Azewcc)| ° ' &7 f
e YH T |8 e WH T 15
e d BT 29 s JEIE: 26
WA | e ok WA o T W
y zr %] o 82 240 kKW o« 8k 7737 kW (22RT)
=7
Al 2 H] « COP: 5.96 « COP: 5.96
CRAH | « &3 180 kW « g2 69.76 KW
oAz 6,066.738
Wk | T3 | «Table 37. Sliding Window ©] 1,082,880
2] Cooling Load A3} 715
Rack
1 21,986.81 21,212.14
aown) | @
dutdg oz AHAHE doleAdlEH e A%+ Hot Aisle?}t Cold
Aisle©] ¢F 10715TC Ao v += =2 7FA3tE116) B =Fo = 11 T2
7FAR s, AlE#E ol F% A 33F oA 83l Hlel o], Hot Aisled}
Cold Aisle?] 2%=x7F 11T 2 AAE dolg HAEE 839 54
115) =X+, 9%, 712 deolgAage 79ty oduxasdr7t Wy 9 PUE 7|4t

M&V Hjo]2ztel 2d i tfshAdu]gsts] =%3 Vol32, No.2, pp.88-99, 2020.
116) ZX1 3, op. cit., pp. 121
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Table 30. AlojLargls A4 HI7FE 9 AlEHolAd /&
Item Contents
Containment Size Rack 10 EA CRAH 6 EA
Simulation Time 30 Days
Control Cycle 5 min
Time Step 8,640
o TH3al WA AAH2% 114
Case
Set-point N
1 . 0724 hr 23
Temperature (C)
o TH3 WA AYex WA
Control Scenario 0~Ahr 5
Case ' 4~8hr 18
. Set-point 8 12hr 22
Temperature(C) 12716hr 25
16™20hr 27
207 24hr 25
Load
Max 6.6/Rack (Rack 10 EA: 66 kW)
(kW)
o HLE XIS w5 e Wy AA
I Mo Partial & 53k £ 1/0.05 [Gaussian Noise]
[%] 074hr | 478hr | 8 12hr | 12716hr | 16 20hr | 20 24hr
20 20 30 40 50 40

0%<%F 100% AlelE ON,
o] W3yt WUF Zx, AAl H3Egho]

o g}, dbEAlo] F2o =z <l A A
H =

Aiusrt AdAeA etz 3= 2¢ = (Hunting) ©lgx
e, d8e od 5 9lE Aol wHolth o#d Aol AnsA
Ao g} oA 4H] FHME §8& 40X Falrt,
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ON-OFF, PID #lo]7]
AN A 2dS BAEsls= Simulink (Version. R2020a) & -85}
T&838tdth. Simulink® MATLAB #8743 W3 Ego] 7}%53}to]
AABT FEIAY ZE ~AHEE AT F o el s
2 AZEdY AFARE Aol Zhsste] AlEdeld B om™ 7wk
AAE A AF Ao 2 OAE AE Al de AME FolthlD

Al 7HA] Alejrde] A& H7PAPi= Table 31 ~ Table 329 #th
Case 13 Case 2 EFolA ON-OFF, PID, ANN Al 7}#] Alojm=

fox]

==
K3
ANNol Alofe] G2, kA, olvA Hdepy, Asde Todskle o

[

MATLAB 7|8t ey =Z=2ad

M 43 Aoz el ol ARGIWE Ry WA"E s
el = ANN o579k Alojdag]Fe] A-e4S Zethe A4S vt

(1) 284

Alele] 443 W7 712 RMSER 783t} Case 1 ¢4+ RMSE7F ANN
023C<PID 18CT<ON-OFF 639C= Y}t ANNe|] 7H¢ AHewrt =i
Case 2 °IAE ANNe| 024C= 7V 5% Ag=E H3a PID 1.86C,
ON-OFF 692T +o& uYelyth Aloje] A= oSEdoxe] CRAH

e £Ee] AT 3 Alolwdore] MgLEd WEsk= CRAH

A
H

Of
o

7 eEw A Aelde Ao ARG B wRdA Aue
ANN e Alojzdle Qe CRAH 3737 2% Aoldse shugl e}

ZERINESR dolgAlEe] Aol FdiAl AojH= A Fllskidth

Agemel RFHA Aold 5 b AN dZAelmde Anpgow
AEMESY doleldElsl WUA gl el & # 9e Aow
gebec) WielUx) Az Hoks (@) oA Aok oA selg 4 gtk

117) MathWorks, https://www.mathworks.com/ (access: 2020.10.30.)
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Aojel A Hrhe AR Ao7|ENE AEE Aol
o7 BA8 4= 9l Max—errors= Alojo] AapA A LA &% 9z}
SE QAR Zh Alojmde] Ao hggS vttt Case 19]
ax-error’b ANN 0.98C>PID 222C>ON-OFF 278 CZ ANN©]
7b kAR Aoj7l2 YER o Case2 %A ANNo] 1.022 PID,
ON-OFF Aloj7]xct GhA] vep Qg A9l Alojdds ®lth Case 2%
Case 17 2] AEIHE 27 ¥ut ofye} AA2Z7F 413 @92
HAEE AUt F712 dAgel ek Aol Aole] dile] wHrh
Table 32, Fig. 44 <3t 3k 2o] Alo] 717+ & Max—erroro] 45+ ANN
mdo] 7 e Zlo] opd s |E AARErF WA= A el A9

AoJLE QAE ANNel 744 we oz et 4#7 Zuol

H

=z 2

Fig. 45¢} %Fo] #lHth ON-OFF Aol Al 71A A
252026791 kWh= & Caseclx] ELstAl A=A Alol7] AN
ON-OFF Aol z7] AA ol oJs 2T + de BE 3o gt
Aol 7hsafoF vt =, A IT AW =kl AAV]E 2291 18727C
AA WHLAelA AT = Je W FHFoR nAghe] Yo guEms
+1CS 7122 9 ON, OFF %8 w&siA "o weha, Ao
Alutglee] ®iste] wE HA Wa f7F AdEe] 71Tol glo] oluA dopH
Alol7lek= A 7b Erk
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Table 31. Aojr o]

A2-A%s BaEA - Time step: 8,640 (One month)

Case Item Controller
ANN PID ON-OFF
RMSE () 0.23 1.88 6.89
Max-error (C) 0.98 2.22 2.78
Case L 1™ Cooling | Value (kWh) | 527,826.37 | 737,392.92 | 2,520,267.91
load Variation (%) -79.06 -70.74 Standard
RMSE () 0.24 1.86 6.92
Max-error (C) 1.02 2.22 2.59
Case 2 1 oling | Value (kWh) | 527,487.94 | 737.931.38 | 2,520,267.91
load Variation (%) -79.07 -70.72 Standard
A O A X
% oHg o A ><
A5 o= Aok O A X
-84 O A X
O ! % A RT R & <2
Table 32. Ao} Ay L 77Fd Max error (C) - Time step: 283 (One day)
Section (The 1st day)
Controller IT Load
20% 20% 30% 40% 50% 40%
Case
ANN Casel 050 | 056 | 0.62 | 0.77 | 0.56 | 0.96
Case2 0.73 | 057 | 056 | 092 | 0.69 | 0.77
CIEToTS Casel 1.20 2.03 1.00 1.51 1.26 1.86
Case2 1.09 2.73 2.19 1.96 1.00 1.82
PID Casel 1.13 1.07 0.77 0.99 0.76 1.05
Case2 1.13 2.00 1.50 1.00 0.76 1.05
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BIT Load 20% (0~4hr) BIT Load 20% (4~8hr) BIT Load 30% (8~12hr)

QIT Load 40% (12~16hr)  ©IT Load 50% (16~20hr)  OIT Load 40% (20~24hr)
3.00

2.50

2.00

1.50

[TIMTITT]

1.00

Temperature Error (°C)

0.50

MO TTIIIOTTTINTITO

0!0141&0!020!4!{0!4!0’{4!‘?

0.00
ON—OFF

Case & Control model
Fig. 44 Ao} F+3% IT A F& F3k&dd e Ho 2% o3
(Max error) - The 1st day

—— ON-OFF oo PID ANN

800
700

600

Cooling Load (kWh)

50 100 150 200 250
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4.4.1. ON-OFF A9
ON-OFF #lo}7] F+&2de Fig. 469 2l dH=wi=
SERERE +1TE Fosiglon Alxgl 7bs Al Y
He 18727TC F 7FE Husy+d 18TE 7eoz 44
ol E=&W 25000 kcal/hrz AA3Ict AAE W

S| FEFS IT AH
vl 2ko] Hujolaz A4 CRAH 337 &7} 18CE L8759+ 713
AAS gl i E A7 7hsd ez e 4

of _ 5

e

1

Fig. 46 Simulink 7]¥F ON-OFF #|¢]7]

Z} Case?] AlE# ol A= Case 1 Fig. 47-(a),(b),(c), Case 2 Fig.
48-(a),(b),(c)¢} 2t} Case 13 Case 2914 RMSE¥ 7HzF 6.89T,
6.92CE Al 7FA A7l = 7F =4 dey ZAgert 3E& Zo=
gHel = itk Max-errors 2.78C, 259C =2 Wl=wl=r 1T o]y, ojnr}

= T A= =tHder A E HEsgel o3 Aom
gleth, WibRelks 2520,267.91 kWh= Case 13 Case 204 & sHAl
A 9

L

Z9h £1Ce] 93] 49 ON-OFFE RiEst= Aojolm g Ao
AtE] oo AA deFS wkx] eki=t} = Fig. 47-(b), Fig. 48-(b)e] Zhuj
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npAje A gl o] dAetel] wEsty] 913 ON-OFFE wh&shAl €k
o} 2o Ao} MEor F2e= ON-OFF Aloj H3Eghl] =9g3sl7] 913
Areko] wol gk WHkHpats WAA7IH oyl e Adu] VAN RE
F&HolA] Xe Ao AR €tk

I
I

O

=z

iy

‘ CRAH Tsa Temp erature (°C) srmsmmmens St Point Temperature ('C) ———— IT Load (kW) ‘
T T T T T T
35 } | ! 35
HHh rnnnun‘huu NENNEN
S f B g
i | f\l. | “-; I ,!: A It
2 25 ‘ ! “ p! 4 | 25 E
E i .I:.I. ‘ 1 A‘ ‘..._ : L e ‘ _.I.‘ u ‘....; 1 _ A ; ,‘n A L .f e ‘....u. A &,
: 3
o b
| IR IR B e T
| I [ N R i S T (1
H Hm MMHHHHHHH )
10 | ! | | | 1
1,000 2,000 3,000 4,000 5,000 6,000 7,000 8,000
Time Step
(a) Time step 8640 - 3+ & Aoj Az}
CRAH Tsa Temperature (°C) ========= Se{ Point Temperature ('C) ———~ IT Load (kW)
35 T I - 35
~ 30 - 30
2
E -
E :
= =
g z
= -
E
 Transient response section
10 _ 10
| 1 1 |
50 100 150 200 250
Time Step

(b) Time step 288 - 3}F Aloj 43}
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35

35

Temperature ("C)

10

1 -1 15
1 1 1 1 1 ] 1 1 1 1 10
50 100 150 200 250 300 350 400 450 500 550
Time Step
(¢) Time step 578 - ©] &3t Aoj4d =
Fig. 47 ON-OFF #|o}7] Case 1 A3}

Set-Point Temperature (C) ———— IT Load (kW) ‘
— 35

AREN
T l: — 30

Temperature (°C)

10

Collection

1,000

2,000 3,000 4,000 5,000 6,000 7,000 8,000
Time Step

(a) Time step 8640 - 3 = A ojAx}
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— CRAH Tsa Temperature (°C) ========: Set-Point Temperature (°C) ———— IT Load (kW)

T T T
35 - 35

Temperature (°C)

Transient response section

l | | | |
50 100 150 200 250
Time Step

(b) Time step 288 - 3}F Aloj 43}

CRAH Tsa Temperature (°C) s=ss=ussi Set-Point Temperature (°C) ———- IT Load (kW)

Temperature (°C)
IT Load (kW)

10 I I | I I I I | | I I 10
50 100 150 200 250 300 350 400 450 500 550
Time Step

(c) Time step 578 - ©]Ezteo] Aol 4z}

Fig. 48 ON-OFF #l°}”] Case 2 23}
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4.4.2. PID A
PID Alol7] F+dEPL Fig. 499 v} P, I, D "W7/l¥4E Fig. 50

2ol FAF mde sl AFom Adstel AL ARFE

=3 pud =
FA T

¢

(

=

Simulink® Tool?l PID Tunerel] 9&] =&% vwj/iHFE

|

>
o

b

CRAH
e i
R T |
L
CRATE N I
— &=
CRAH C

")‘Lﬁgd Racks{A~J)

g'] ]

]

of
2
2
|

Control Parameter

P -193,242,492.86
I -34,323,358,243.37
D 161,348.42
‘I A1zt 0.00105 (sec)
A2 ARE 0.00577 (sec)
QHFE 10.6 (%)

Fig. 50 Simulink PID Tuner A%

Z} Case°l| gk Al&d ol A3}= Case 1 Fig. 51-(a),(b),(c) ~ Case
2 Fig. 52-(a),(b),(c)2} #t}. RMSEE Case 1, Case 2 77} 1.887,

- 138 -

Collection €




1.86C &2 AF&%Atk. Max-error®] 7% Case 1, Case 2014 F<U3}HA
222C= AAE AT ON-OFF Alej7jutt whf-o] Alo] EIECA
of F¥3x9k Fig. 51-(b), Fig. 52-(b)¢} 2ol <F 30wttt
Sgo] gt HEgge] &bl IT HF-afol o3k wde

oAx A @& AF A t(Shut down)ol dojd 27t

(s
Mo ox
rfo
i
" A

o
N
-
%

Aom  HEgHe] o Edagt WiiRsrt A 5 Aok
Wk Rsh= Case 12 737,39292 kWh, Case 2+ 737,931.38 kWh=
AEH ATk PID Aloj7lelA P, I, D o wiZRREsE HZAHgol w7
AeliM= gol W o vtk AxA Hol dHHoJoF vk Iy &
o A= Case 19 Wizl 9} Case 29 wiZ/NHF7F FAtA 485 o

Case 1 HU Aol A= Ayg]ort MEFA HEH Case 2014
Wishrl 53846 kWh7b 57k Zle 2 Atg ¥tk = PID Alole M2&
Aol ek As A8 7wl glo] Aol o Mo wiivs =4I
AAoF k= MARZRE R Aol STt

-

tjo

‘ CRAH Tsa Temperature ("C)  =swssssssi §op Point Temperature ('C) ———— IT Load (kW) ‘
e
o, IR0
S
SR T s
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(a) Time step 8,640 -

g & Aol A3}

CRAH Tsa Temperature ("C) ====sss=s §et-Point Temperature ("C) ———— IT Load (kW)

35 35
g 30 - T -1 30
w25 ) : -
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5 ! ! ‘

H 20 | 1 NN U 1 20
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10 | 10
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Time Step
(b) Time step 288 - 3% A|o] 2z}
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i 1 M g
(|10 fe
| |
30 . : 30
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e f
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Time Step

Collection

(c) Time step 576 - ©]E7re] Aoj A3}
Fig. 51 PID AJ]”7] Case 1 2}
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CRAH Tsa Temp erature (7C) s=eremes Set-Point Temp erature ("C) ——— IT Load (kW)

35 - | I F I I : —— 35

30 - F 30

Temperature ("C)
IT Load (kW)

10 | | I \ I i \ \ | I 10

50 100 150 200 250 300 350 400 450 500 550
Time Step

(c) Time step 576 - o] &7t Aloj 47}
Fig. 52 PID Al°]”7] Case 2 23}

Fig. 53-(a),(b),(c) ~ Case 2 Fig 54-(a),(b),(c)e} #T}. Case 1, Case 294
77 RMSE+ 0.23TC, 024T 2 =F5o] Al 714 Alojxd & gds] vo}
Aegrrt 4538 e Aoz AT Max-error 0.98TC, 1.02T=
of FH=FH ol Ao TASHA ko ON-OFF, PID
o bFAQ Alojrlgta & o Advk WERske] A$ Case
1ol M= 527,826.37 kWh, Case 2+ 527,487.94 kWh=Z 2F&E% o] A 74
Aojrd F 7bd vtk ANN AojRde HALed nkstr] e
A WEFEFS =Fse] Alojd A&st=m AAEN] wied 7P
AquA E&H0 Ao7lg & 5 Ak 7 7HA Alej7]ek gE] ANN
Ao RS Case 1HT Case 29 W¥Fsh7t 33843 kWh d3H= Sl
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Temperature (°C)

Temperature (°C)
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45 A4

2 AolMe 3&elA IS CRAH w37 =% dF 9
AojdagFo Aol A=k A=
Algdlelds 283 ARt B34 Ass AAsdd. =8 s

get 2.

() dAZzde gt Jsarts F AR Qs 271299

AZY 53t o F AN A AAs AZEA JFH S Pl

%7] dZ=md& ANN, RF, GPR, SVM % Test dlo]go] th3 R*=
ANNe] 0.89% 7b4 =¢ka, Cv(RMSE)$H 14hA1ZFS RE7F 17.85(%),
08425 714 st Yewt 27 d2rde Asas ¢35k
ANNE Ho]x| et HHstE HEsto ANAY T+ HAgE AL
iR E HAse HE AR HA Fx2o] ANN 2o s 47 A
TP ¥t RF, GPR, SVM Edo] tisix= mi7/ifsE H At 1
A3}, Test dlolEl 7% R? 7} ANN (0.94)> RF (0.82)> GPR (0.77) >
SVM (05D& 2t&E¥dem, Cv(RMSE)E RF (1553%) > SVM
(5.31%) > GPR (4.08) > ANN (0.98%)Z 4tZ5 o] ANNQ| o34 5o0]
M e oz FAEQh ol wEl, ANN A dFRdS

ol M FaAodneFa Feah
() 7z A=l gRd AclgmeBe s A%E s

EG olFel we wAS Ao}, Hg Aoz o] dF Ao e
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[ =] ANN 524 7= HH3

1. ANN o|=rd 7% H#3 R? 2% - @ [Step 1] Hidden Layer change & Hidden Neuron fix

HL 1 2 3 4 5

HN Train Val? Test | Train Val Test Train Val Test Train Val Test | Train Val Test

0.892 0.851 0.858 0.988 0.982 0.983 0.857 0.832 0.807 0.935 0.910 0.897 0.933 0.914 0.904

0.891 0.849 0.855 0.989 0.983 0.975 0.998 0.996 0.991 0.757 0.733 0.735 0.913 0.883 0.858

0.896 0.8%4 0.859 0.994 0.972 0.978 0.996 0.969 0.970 0.825 0.769 0.765 0.873 0.832 0.836

0.928 0.897 0.898 0.985 0.947 0.955 0.976 0.943 0.944 0.995 0.951 0.967 0.988 0.933 0.943

4
5
6
7 0.901 0.859 0.863 0.997 0.980 0.988 0.985 0.964 0.962 0.900 0.859 0.863 0.879 0.830 0.814
8
9

0.927 0.900 0.892 0.991 0.963 0.969 0.997 0.962 0.977 0.924 0.868 0.869 0.993 0.951 0.946

10 0.931 0.893 0.898 0.999 0.977 0.971 0.928 0.898 0.891 0.945 0.881 0.879 0.983 0.912 0.917
11 0.938 0.932 0.918 0.919 0.898 0.888 0.981 0.932 0.931 0.988 0.929 0.953 0.894 0.807 0.814
12 0.943 0.939 0.922 0.999 0.974 0.977 0.897 0.846 0.854 0.969 0.842 0.858 0.964 0.879 0.888
13 0.944 0.929 0.926 0.996 0.976 0.982 1.000 0.954 0.937 0.780 0.731 0.726 0.975 0.889 0.874
14 0.941 0.919 0.914 1.000 0.954 0.942 1.000 0.972 0.981 0.964 0.913 0.920 0.940 0.827 0.823
15 0.938 0.896 0.902 1.000 0.978 0.969 0.988 0.935 0.942 0.987 0.927 0.922 0.973 0.876 0.902
16 0.959 0.951 0.941 0.998 0.978 0.987 0.907 0.853 0.856 0.921 0.860 0.863 0.961 0.855 0.841
17 0.959 0.941 0.935 0.999 0.967 0.965 0.905 0.855 0.861 0.996 0.894 0.930 0.950 0.871 0.862
18 0.962 0.946 0.937 1.000 0.930 0.926 0.938 0.882 0.896 0.798 0.709 0.703 0.964 0.868 0.858
19 0.963 0.948 0.949 1.000 0.937 0.969 0.994 0.966 0.958 0.79% 0.707 0.721 0.930 0.798 0.817
20 0.963 0.946 0.948 0.997 0.970 0.972 0.949 0.859 0.876 0.908 0.837 0.845 0.993 0.876 0.918

1) Val : Validation
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2. ANN o =24 7z A3 Cv(RMSE) 23 - @ [Step 1] Hidden Layer change & Hidden Neuron fix
HL 1 2 3 4 B
HN Train | ValV Test | Train Val Test | Train Val Test | Train Val Test | Train Val Test
4 17514 | 22.187 | 22.889 | 5.765 5.289 9.776 | 19681 | 23.007 | 25351 | 13.619 | 15666 | 17.097 | 13.707 | 15.824 | 17.144
5 17591 | 22.211 | 22373 | 5.478 7.219 7.064 2.651 1.372 6.406 | 26.276 | 28473 | 28364 | 15706 | 19.385 | 19.952
6 17.190 | 22.323 | 22.138 | 4.050 2.511 4.422 3.314 9.778 9.099 | 22361 | 26.358 | 25577 | 19.009 | 24.232 | 24.323
7 16771 | 21439 | 21257 | 2.994 | 7.552 6.744 6.593 8452 | 10.096 | 16.818 | 21.393 | 20.995 | 18791 | 21.598 | 23.455
8 14.341 | 19.213 | 19.752 | 6.509 3.777 3.393 8259 | 10.171 | 10.034 | 4669 | 10548 | 11.166 | 6.159 | 11.670 | 11.439
9 14492 | 18727 | 18531 | 4.841 2.393 3.826 2.822 7222 | 10.762 | 14.663 | 19.384 | 19.103 | 4.371 5.700 7.719
10 13961 | 19910 | 19313 | 1.765 3.230 | 10395 | 14583 | 19947 | 18.866 | 12.525 | 16498 | 16.969 | 7.060 | 13.005 | 14.053
11 13.335 | 17.327 | 18531 | 15.918 | 19.240 | 20.153 | 7.835 | 12.511 | 8223 6.793 | 10.711 | 8605 | 17418 | 21.270 | 20.894
12 12.800 | 12.861 | 14.305 | 1.991 5.757 3404 | 16833 | 21.637 | 21.888 | 9545 | 19625 | 17.638 | 10.645 | 18.160 | 17.914
13 4721 | 11.817 | 7195 | 3.465 4.637 1.994 0.559 7678 2510 | 25209 | 27276 | 28134 | 8765 | 15635 | 14.271
14 12.992 | 17.040 | 15347 | 0.989 | 3.649 | 0.987 1.247 6.743 5158 | 10.777 | 15749 | 14.124 | 12.737 | 20.546 | 22.035
15 13254 | 19.233 | 16.699 | 0.696 4.897 3.653 6.024 12.044 | 11.432 6.304 14.176 | 12.610 9.371 17.140 | 15412
16 10740 | 12.046 | 10474 | 2.324 | 4210 2358 | 16.346 | 22.078 | 20.173 | 15332 | 21.360 | 19593 | 11.304 | 18.034 | 18527
17 10.820 | 11583 | 11.758 | 1.800 3.169 3368 | 16353 | 22.170 | 20.810 | 3635 | 10.239 | 13.877 | 12.143 | 19515 | 15.888
18 10436 | 11.387 | 10.802 | 0.518 3.687 3.259 | 13636 | 20.370 | 17.829 | 24.360 | 29.295 | 28.867 | 10.246 | 17.488 | 16.678
19 10.297 | 13680 | 11.235 | 0.275 5172 7.634 4.364 4.744 9559 | 24.367 | 27.238 | 25282 | 14.293 | 19.820 | 19.880
20 10.346 | 13.233 | 13948 | 2.887 6.174 9.437 12188 | 17.262 | 16.168 | 16.356 | 22.092 | 19.232 4901 17.182 | 14.056

1) Val : Validation
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3. ANN o ==2d F-x

HA3 R? 4% - @ [Step 2] Hidden Layer fix & Hidden Neuron change (1)

L 2 Neuron 4 5 6 7 8
HL 1 Neuro Train | Val | Test | Train | Val Test | Train | Val Test | Train | Val Test | Train | Val Test
4 0.988 | 0.982 | 0.983 | 0966 | 0.960 | 0958 | 0.995 | 0978 | 0966 | 0.981 | 0953 | 0.953 | 0953 | 0.975 | 0.979
8 0.996 | 0979 | 0.976 | 0989 | 0.983 | 0975 | 0.994 | 0984 | 098 | 0.991 | 0982 | 0982 | 0982 | 0.951 | 0.535
6 0.993 | 0.980 | 0.981 | 0992 | 0976 | 0980 | 0.994 | 0972 | 0978 | 0.996 | 0981 | 0.981 | 0981 | 0932 | 0.945
7 0.958 | 0.941 | 0.945 | 0996 | 0971 | 0973 | 0.997 | 0970 | 0.984 | 0.997 | 0980 | 0.983 | 0973 | 0978 | 0.991
8 0.997 | 0.969 | 0.972 | 0998 | 0.965 | 0987 | 0.999 | 0.809 | 0959 | 0.996 | 0973 | 0973 | 0985 | 0.947 | 0.955
9 0.973 | 0973 | 0.977 | 0980 | 0980 | 0981 | 0.901 | 0901 | 0.962 | 0979 | 0979 | 0979 | 0979 | 0.791 | 0.847
10 0.978 | 0978 | 0.977 | 0979 | 0979 | 0985 | 0.855 | 0.855 | 0.862 | 0.981 | 0981 | 0981 | 0.981 | 0974 | 0.986
11 0.967 | 0.967 | 0.965 | 0.687 | 0.687 | 0817 | 0969 | 0969 | 0961 | 0.978 | 0978 | 0978 | 0978 | 0.985 | 0.977
12 0.964 | 0964 | 0.979 | 0986 | 0.986 | 0987 | 0974 | 0974 | 0984 | 0971 | 0971 | 0971 | 0971 | 0.988 | 0.986
13 0972 | 0972 | 0965 | 0976 | 0976 | 0977 | 0976 | 0976 | 0.937 | 0963 | 0963 | 0963 | 0.963 | 0975 | 0.983
14 0.755 | 0.729 | 0.732 | 0998 | 0.976 | 0949 | 0.995 | 0969 | 0972 | 0.998 | 0980 | 0.980 | 0.980 | 0.976 | 0.961
15 0.998 | 0973 | 0.971 | 0994 | 0958 | 0.782 | 0.998 | 0976 | 0970 | 0.999 | 0974 | 0974 | 0974 | 0.823 | 0.847
16 0996 | 0.964 | 0.961 | 0.990 | 0.980 | 0.979 1.000 | 0977 | 0957 1.000 | 0.977 | 0977 | 0977 | 0983 | 0977
17 0.998 | 0974 | 0949 | 0999 | 0974 | 0954 | 1.000 | 0971 | 0972 | 0997 | 0975 | 0975 | 0975 | 0947 | 0.944
18 0.998 | 0.968 | 0.933 | 0996 | 0.958 | 0970 | 0.999 | 0956 | 0957 | 0.985 | 0955 | 0.955 | 0.955 | 0.981 | 0971
19 0.996 | 0976 | 0.975 | 0999 | 0.968 | 0946 | 0.999 | 0969 | 0959 | 1.000 | 0976 | 0976 | 0976 | 0.946 | 0.954
20 0.960 | 0.936 | 0.937 | 0997 | 0978 | 0982 | 0.998 | 0963 | 0959 | 1.000 | 0925 | 0925 | 0925 | 0.980 | 0.957

1) Val : Validation
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4. ANN oj=xd

T2 HA3s R 27 - @ [Step 2] Hidden Layer fix & Hidden Neuron change (2)

HL 2 Neuron 9 10 11 12 13
HL 1 Neuron Train | Val” | Test | Train | Val Test | Train | Val Test | Train | Val Test | Train | Val Test
4 0984 | 0970 | 0.977 | 0997 | 0.972 | 0988 | 0.994 | 0971 | 0987 | 0.994 | 0972 | 0986 | 099 | 0.981 | 0.966
8 0998 | 0973 | 0.992 | 0998 | 0.937 | 0975 | 0992 | 0973 | 0968 | 0.999 | 0981 | 0965 | 0999 | 0.979 | 0.986
6 0.996 | 0.964 | 0.990 | 0996 | 0.953 | 0970 | 0.996 | 0.979 | 0978 | 0.998 | 0979 | 0.984 | 0998 | 0.690 | 0.765
7 0.998 | 0973 | 0.963 | 0999 | 0.988 | 0978 | 0.996 | 0.980 | 0982 | 0.998 | 0912 | 0.946 | 0999 | 0.981 | 0.985
8 0999 | 0968 | 0.975 | 0977 | 0.953 | 0960 | 0.999 | 0977 | 098 | 1.000 | 0965 | 0.935 | 0998 | 0.928 | 0.585
9 0.991 | 0963 | 0.969 | 0.981 | 0981 | 0983 | 0.958 | 0958 | 0.942 | 0.975 | 0975 | 0981 | 0977 | 0977 | 0.976
10 0.982 | 0982 | 0979 | 0999 | 0977 | 0971 | 0.844 | 0.844 | 0973 | 0.923 | 0923 | 0976 | 0975 | 0975 | 0.978
11 0970 | 0970 | 0.978 | 0973 | 0.973 | 0975 | 0919 | 0.898 | 0.888 | 0.961 | 0961 | 0.967 | 0961 | 0.961 | 0.889
12 0.967 | 0.967 | 0.966 | 0973 | 0.973 | 0963 | 0.883 | 0.883 | 0914 | 0.999 | 0974 | 0977 | 0973 | 0.973 | 0.988
13 0.980 | 0.980 | 0.977 | 0948 | 0948 | 0972 | 0945 | 0945 | 0.940 | 0.971 | 0971 | 0973 | 099 | 0976 | 0.982
14 1.000 | 0.971 | 0.985 | 0.960 | 0927 | 0936 | 1.000 | 0921 | 0.931 | 1.000 | 0974 | 0962 | 0998 | 0.983 | 0.962
15 1.000 | 0.629 | 0.894 | 1.000 | 0.223 | 0.375 | 1.000 | 0932 | 0.910 | 0908 | 0.865 | 0.866 | 1.000 | 0.879 | 0.863
16 0924 | 0.888 | 0.888 | 0.999 | 0.980 | 0.980 1.000 | 0.959 | 0.959 1.000 | 0.968 | 0.956 1.000 | 0.848 | 0.695
17 1.000 | 0954 | 0.338 | 1.000 | 0.961 | 0.950 | 0999 | 0.739 | 0.949 | 1.000 | 0.825 | 0.864 | 1.000 | 0.965 | 0.953
18 1.000 | 0.959 | 0.951 | 1.000 | 0967 | 0.960 | 1.000 | 0959 | 0.939 | 1.000 | 0976 | 0.969 | 1.000 | 0.961 | 0.972
19 1.000 | 0.855 | 0.728 | 1.000 | 0973 | 0961 | 0.997 | 0971 | 0.977 | 1.000 | 0974 | 0958 | 0997 | 0.965 | 0.939
20 1.000 | 0.813 | 0.950 | 1.000 | 0.956 | 0.960 1.000 | 0923 | 0.896 | 0998 | 0.977 | 0.942 1.000 | 0.345 | 0.553

1) Val : Validation
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5. ANN o|=rd

7% HA3t R? A7 - @ [Step 2] Hidden Layer fix & Hidden Neuron change (3)

HL 2 Neuron 14 15 16 17 18
HL 1 Neuron Train | Val” | Test | Train Val Test | Train Val Test | Train Val Test | Train Val Test
4 0997 | 0978 | 0.993 | 0.998 | 0.956 | 0975 0.993 0.982 0.986 0.997 | 0968 | 0.965 0.998 0975 | 0.981
5 0998 | 0979 | 0.979 | 0999 | 0977 | 0.982 0.998 0.937 0.961 0.998 | 0.981 0.968 0.999 0.981 0.986
6 0987 | 0936 | 0.922 | 0999 | 0.895 | 0.863 0.999 0.981 0.978 0.998 | 0.962 0.956 0.999 0977 | 0.964
7 0.999 | 0980 | 0.98 | 0.997 | 0.970 | 0.871 0.999 0.975 0.966 0.999 | 0.966 0.989 0.999 0979 | 0978
8 1.000 | 0.890 | 0.938 | 0.999 | 0.960 | 0.967 0.999 0.978 0.989 0.999 | 0977 0.965 1.000 0944 | 0973
9 0935 | 0935 | 0.934 | 0.891 0.891 0.890 0.939 0.939 0.977 0987 | 0987 | 0.964 0.988 0.988 | 0.981
10 0971 | 0.971 | 0.956 | 0.981 0.981 0.955 0.983 0.983 0.975 0977 | 0977 | 0.982 0.968 0.968 | 0.859
11 0.777 | 0.777 | 0.903 | 0.962 0.962 0.962 0.979 0.979 0.984 0.987 | 0.987 0.983 0.795 079 | 0.767
12 0959 | 0959 | 0.976 | 0.907 | 0.907 | 0.953 0.980 0.980 0.932 0.388 | 0.388 | 0.801 0.959 0.959 | 0.940
13 0.943 | 0943 | 0.969 | 0.949 | 0.949 0.960 0.969 0.969 0.962 0.881 0.881 0.927 0.557 0.557 | 0.489
14 1.000 | 0954 | 0.942 | 1.000 | 0975 | 0.974 1.000 0.976 0.961 1.000 | 0954 | 0.956 1.000 0.966 | 0.945
15 1.000 | 0.957 | 0.976 | 1.000 | 0978 | 0.969 1.000 0.952 0.961 1.000 | 0.956 655_4_| 0.999 0974 | 0979
16 1000 | 0.807 | 0745 | 1000 | 0.960 | 0.960 | 0998 | 0.978 | 0987 | 0.999 | 0965 | 0972 | 0.9% | 0971 | 0.984
17 1.000 | 0.816 | 0.887 | 1.000 | 0.973 0.941 0.997 0.981 0.978 0.999 0.967 | 0.965 1.000 0.923 0.965
18 1.000 | 0.927 | 0.957 | 1.000 | 0.958 | 0.951 1.000 0.973 0.977 0.856 | 0.806 0.812 1.000 0.930 | 0.926
19 1.000 | 0.953 | 0.954 | 1.000 | 0.963 0.966 0.926 0.890 0.896 1.000 | 0.387 | 0.402 1.000 0.892 0.744
20 1.000 | 0911 | 0.851 | 1.000 0.952 0.954 1.000 0.949 0.961 1.000 0.944 0.913 1.000 0.904 0.913

1) Val : Validation
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6. ANN o|=nd 7% HAsl R? 47 - @ [Step 2] Hidden Layer fix & Hidden Neuron change (4)

HL 2 Neuron 19 20
HL 1 Neuron Train | Val | Test | Train | Val | Test
4 0.999 | 0.668 | 0.847 | 0.999 | 0.963 | 0.986
5 0.999 | 0974 | 0979 | 099 | 0.968 | 0.979
6 1.000 | 0977 | 0986 | 0999 | 0974 | 0957
7 0.999 | 0935 | 0954 | 1.000 | 0.983 | 0.986
8 1.000 | 0984 | 0975 | 1.000 | 0.960 | 0.968
9 0.979 | 0979 | 0980 | 0971 | 0971 | 0950
10 0.969 | 0.969 | 0.985 | 0.822 | 0.822 | 0.807
11 0918 | 0918 | 0.791 | 0959 | 0.959 | 0.941
12 0.955 | 0955 | 0.949 | 0951 | 0951 | 0.965
13 0.949 | 0949 | 0974 | 0963 | 0963 | 0.964
14 1.000 | 0.981 | 0.982 | 1.000 | 0.974 | 0975
15 1.000 | 0.873 | 0.839 | 1.000 | 0.942 | 0978
16 1.000 | 0922 | 0.858 | 1.000 | 0951 | 0981
17 1.000 | 0976 | 0961 | 0995 | 0978 | 0987
18 1.000 | 0951 | 0.979 | 1.000 | 0.800 | 0.783
19 1.000 | 0937 | 0.969 | 1.000 | 0955 | 0.945
20 1.000 | 0915 | 0.838 | 0.997 | 0.970 | 0.949

1) Val : Validation
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7. ANN d=rd % 43} Cv(RMSE) 23 - @ [Step 2] Hidden Layer fix & Hidden Neuron change (1)

HL 2 Neuron 4 5 6 7 8
HL 1 Neuron Train | Val” | Test | Train Val Test | Train Val Test | Train Val Test | Train Val Test
4 5765 | 5290 | 9776 | 9620 | 15110 | 7802 | 3784 | 4372 | 7103 | 7372 | 10962 | 11411 | 4110 | 9.079 | 10.222
5 3214 | 6967 | 14411 | 5478 | 7219 | 7064 | 4139 | 6.140 | 11781 | 4997 | 5885 | 11.193 | 8534 | 7.861 | 5562
6 443 | 1616 | 101 | 4757 | 3406 | 9688 | 4050 | 2511 | 4422 | 3346 | 7402 | 6421 | 9528 | 12707 | 9507
7 10877 | 15027 | 1376 | 3259 | 717 | 3730 | 2740 | 5141 | 7.857 | 2994 | 7552 | 6744 | 1738 | 5338 | 8771
8 3023 | 9432 | 583 | 238 | 9118 | 40443 | 2042 | 21035 | 10742 | 3419 | 8896 | 6919 | 6509 | 3777 | 3393
9 4403 | 5266 | 867 | 2997 | 8457 | 6147 | 3085 | 8853 | 5449 | 3750 | 5367 | 12.284 | 4006 | 17316 | 9641
10 3007 | 1951 | 8041 | 4005 | 4802 | 9638 | 17062 | 21552 | 5892 | 2078 | 5932 | 7439 | 2878 | 3854 | 11.534
11 3980 | 782 | 8258 | 2.205 | 33182 | 0.838 | 2680 | 2246 | 8369 | 3036 | 7620 | 4587 | 1.938 | 3631 | 5355
12 3418 | 251 | 9984 | 3014 | 598 | 1088 | 2877 | 7.301 | 5494 | 2257 | 4441 | 8454 | 1126 | 6304 | 3474
13 1794 | 7909 | 1015 | 1576 | 549 | 9065 | 1392 | 9921 | 24454 | 1.106 | 4918 | 4219 | 2615 | 9729 | 41151
14 %371 | R76 | 7983 | 2135 | 7647 | 9513 | 3639 | 7168 | 2268 | 2483 | 5247 | 5861 | 1101 | 2566 | 15.251
15 2621 | 75% | 8608 | 4243 | 6190 | 84% | 2365 | 0864 | 23350 | 1768 | 6275 | 15699 | 17.146 | 24500 | 5683
16 3467 | 6597 | 6265 | 5465 | 4571 | 7366 | 1190 | 5533 | 7.663 | 1506 | 8495 | 3902 | 1.688 | 6324 | 4462
17 00% | 7259 | 7927 | 1220 | 75% | 11260 | 1.084 | 8647 | 12,697 | 3371 | 7262 | 5839 | 1501 | 10.082 | 7.257
18 033 | 585 | 955 | 3406 | 5357 | 6008 | 1599 | 4250 | 13.023 | 6430 | 1.874 | 7.660 | 1000 | 5896 | 9.130
19 3479 | 6287 | 116% | 1243 | 4001 | 3280 | 1916 | 7532 | 6919 | 1478 | 5510 | 7.886 | 5568 | 6233 | 7.706
20 1065 | 1178 | 6896 | 2704 | 7463 | 5708 | 2564 | 4755 | 6793 | 0687 | 7428 | 6751 | 3462 | 7.3% | 10125

1) Val : Validation
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8. ANN d&nd 1z 23} Cv(RMSE) 23 - @ [Step 2] Hidden Layer fix & Hidden Neuron change (2)

HL 2 Neuron 9 10 11 12 13
HL 1 Neuron Train | Val” | Test | Train | Val Test | Train | Val Test | Train | Val Test | Train | Val Test
4 678 | 5916 | 489 | 3126 | 1471 | 4044 | 2937 | 4207 | 2925 | 3990 | 5293 | 68%0 | 3562 | 4771 | 7.603
5 2482 | 5069 | 7592 | 2437 | 15442 | 6381 4687 5312 | 27892 1941 2468 4,030 1.849 6.687 8.261
6 3372 | 8458 | 7.000 | 3211 | 11.334 | 21319 | 3361 | 10118 | 8702 | 2158 | 2666 | 52% | 2412 | 30286 | 16227
7 2103 | 4931 | 5162 | 1226 | 6407 | 4600 | 3402 | 6332 | 851 2565 | 10741 | 7729 1714 | 5070 | 11.403
8 1584 | 4778 | 375 | 8180 | 14343 | 8443 1607 | 4914 | 5933 | 1229 | 6027 | 7994 | 2080 | 10760 | 6244
9 4841 | 2393 | 386 | 1593 | 5521 | 8201 | 0656 | 18b | 9677 | 2772 | 8465 | 2849 | 2768 | 7187 | 7108
10 1897 | 6168 | 7144 | 1765 | 3230 | 103% | 1557 | 24114 | 10526 | 1211 | 13555 | 4562 | 3414 | 6261 | 7520
11 4255 | 10160 | 5968 | 4016 | 6616 | 8154 | 15918 | 19240 | 20153 | 8749 | 319 | 12970 | 0805 | 3970 | 12201
12 2739 | 9193 | 8636 | 133% | 4017 | 887 | 3843 | 13522 | 8230 | 1991 | 5757 | 3404 | 1361 | 444 | 12235
13 2818 | 886 | 66 | 07%6 | 3840 | 50% | 98 | 12234 | 15377 | 179 | 4073 | 4%l 3465 | 4637 | 19U
14 1148 | 5143 | 14%1 | 10618 | 16276 | 8223 | 0319 | 8703 | 9014 | 0809 | 3626 | 5296 | 2408 | 3490 | 8637
15 0809 | 3323 | 19001 | 0665 | 107232 | 2423 | 0948 | 7228 | 9249 | 16168 | 20651 | 2666 | 0440 | 16567 | 6649
16 14784 | 018 | 1.071 1938 7605 2752 0.661 1.614 8434 0479 9.131 9,731 0656 | 17.026 | 7629
17 0962 | 6801 | 8426 | 0836 | 3434 | 2092 | 132 | 23664 | 5512 | 0998 | 25476 | 26082 | 0448 | 7198 | 7.839
18 0722 | 789 | 6727 | 0639 | 9837 | 24681 | 0545 | 5610 | 1958 | 0330 | 5897 | 847 | 0341 | 9199 | 46622
19 0825 | 10630 | 8990 | 1572 | 7729 | 7187 | 3000 | 8442 | 18245 | 0616 | 6034 | 4078 | 291 | 4900 | 679
20 0433 | 1860 | 7573 1.000 744 | 26168 | 1.239 9.243 13765 | 2312 2762 7945 0028 | 63713 | 6679

1) Val : Validation

- 160 -



9. ANN d&rnd 7% 243 Cv(RMSE) 23 - @ [Step 2] Hidden Layer fix & Hidden Neuron change (3)

HL 2 Neuron 14 15 16 17 18
HL 1 Neuron Train | Val” | Test | Train | Val Test | Train | Val Test | Train | Val Test | Train | Val Test
4 276 | 298 | BIB | 226 | 1242 | 79H 4192 7516 732 3874 6562 998 212 166 4281
5 225 830 | 12071 | 0427 4713 19762 2283 10701 6333 210 1283 996 164 043%6 6833
6 6154 | 1229 | 919 | 1900 | 1880 | 9106 1542 1537 9321 2401 6731 538 1690 3057 45%6
7 148 | 0521 | 889 | 3212 6637 83092 186 591 9.09%6 1317 780 6103 175 0347 | 11214
8 086 | 2155 | 868 | 13 5129 | 217l 0646 561 97 168 562 9718 0941 6844 6762
9 92 | 151V | 73b | 1067 | 2198 | B3 | 0607 | 11913 | 19064 | 108 396 | 6154 | 0597 28012 9730
10 072 | 585 | 1588 | 0937 6767 | 72432 | 078 6.3 706 092 7173 | 10381 | 043 8491 1125
11 076 | 27212 | 3048 | 1014 770 | 1515 | 01 6306 7462 0443 39 735 078 | 1986 | 5748
12 0577 | 7987 | 9627 | 0487 9214 | 035 | 068 2434 9209 0171 | &70 | 0763 | 206 5725 972
13 101 | 7012 | 5245 | 098 9027 904 0511 538 | 36 | 06U | 074 194 093 | 4734 | 9®ml
14 099 | 3649 | 0987 | 038 286 | 1113 | 126 128 | 2180 | 06 9516 | 19843 | 11%6 476 | 10877
15 058 | 568 | 7516 | 06% 4897 363 0218 91% 5417 083 568 | 1049 | 124 614 379
16 0251 | 23348 | 1138 | 0410 2532 892 234 4210 238 121 | 102% | 8 3811 3036 3337
17 3112 | 183K | 7712 | 0818 743 | BOO | 281 33 536 180 3169 338 03% 583 | B9
18 038 | 10056 | 130 | 0348 4147 7004 084 6908 8313 | 026 | 233B | 4519 0518 3637 329
19 0274 | 478 | 6011 | 0316 1971 | 28747 | 14481 | 1953 | 2048 | 0213 | W79 | 6414 0215 | 11291 | 87H
20 119 799 | 989 058 10481 7.361 034 184 3721 0526 8066 836 0272 1998 | 23607

1) Val : Validation
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10. ANN o=rd % A3} Cv(RMSE) 23 - @ [Step 2] Hidden Layer fix & Hidden Neuron change (4)

HL 2 Neuron 19 20
HL 1 Neuron Train | Val” | Test | Train | Val | Test
4 188 | 3L7A | 6923 186 584 14124
5 1262 92 | 1094 | 343 486 759
6 1.040 166 | 12527 | 1618 495 7621
7 236 1610 | 744 0441 7674 63268
8 095 6323 | 11815 | 118 665 9163
9 2107 4716 | 096 | 0532 1271 4531
10 155 9914 | 829 1075 24.244 9633
11 032 | 13739 | 936 160 5833 3XW1
12 09R 4013 | 8518 1301 1245 | 120%
13 1567 | 11646 | 5343 0453 2121 RO
14 1611 6619 | 8661 0419 7108 1288
15 036 | 1734 | 808 0251 12033 580
16 0151 | 10230 | 1884 | 064 13264 890
17 0770 860 | 7160 | 3763 684 94%6
18 075 | 1005 | 496 | 0418 2012 11672
19 026 5172 | 1634 0321 59%6 21233
20 0257 9176 | 11.008 | 2837 6174 9437

1) Val : Validation
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ABSTRACT

Development of an Artificial Neural Network based
Chilled water flow Control Algorithm to Improve the

Energy Saving of the Data centers

Park, Bo Rang
Major in Environmental Design in Architecture
Department of Architecture and Building Science

The Graduate School of Chung-Ang University

Recently, With the rapid development of the IT industry, the demand
for data centers is rapidly increasing due to business changes of
companies. IT power consumption of the world companies is 100
billion KW per year, accounting for 2% of world-wide carbon dioxide
emissions. The number of IT servers in the data center is on the rise
of 13% annually and power consumption i1s on the rise of 20%
annually. As data centers are excessive energy consuming buildings,
cooling accounts for 509 of the total energy consumption ratio of the
building, the best way to reduce overall every consumption is reducing
server cooling. Therefore, in this study, we developed a predictive
model and an adaptive control algorithm using ANN based on chilled
water mass flow control to provide the optimal indoor thermal
environment of the data center and save cooling energy.

The target data center is a containment type with a central cooling
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water system applied and predicts-controls indoor thermal environment
and cooling energy through control of chilled water mass flow. 20,200
data were acquired by a mathematical model based on the law of
conservation of energy, and a simulation model was constructed
similar to a real data center using MATLAB to evaluate the
performance of the control algorithm. The input variables of the
predictive model were IT server calorific value, CRAH recovered air
temperature, and chilled water mass flow rate while the output
variables were set as CRAH supply air temperature. Using this, an
ANN-based initial CRAH supply air temperature prediction model was
developed. To prove the performance of the artificial neural network
prediction model, three machine learning RF, GPR, and SVM were
developed to compare-analyze the prediction performance. The ANN
prediction model was structure optimized, and the three machine
learning prediction models were hyperparameters optimized. As a
result, the ANN prediction model was adopted as the final prediction
model with 2 hidden layers and 14-14 hidden neurons with a Cv
(RMSE) of 098%, with the best performance among the four
prediction models.

The control algorithm including the developed prediction model was

divided into non-adaptive and adaptive control algorithms based on
the capacity of relearning process for errors in order to evaluate the
performance. For the adaptive control algorithm, the optimal adaptive
control algorithm was selected by applying three relearning algorithm
techniques and performing hyperparameter optimization for each
technique. As a result, the RMSE of the adaptive control algorithm of
the Sliding Window technique was calculated as 0.04C, and the

prediction accuracy was the highest. In addition, RMSE improved
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about 99% compared to non—adaptive control algorithm. Therefore, it
was selected as the final control algorithm model as it showed the
best control accuracy.

To verify the adaptability and scalability of the selected adaptive
control algorithm to a new environment, control is performed by
changing the containment size, the heating value of the IT server, and
the set temperature. To verify the performance of the ANN controller,
the prediction-control  accuracy, stability, energy-saving, and
adaptability were evaluated compared with the conventional ON-OFF
and PID controllers. As a result, the ANN adaptive control algorithm
showed high accuracy at RMSE 0.23C and 0.24°C, respectively, in
both the changed two control scenarios in the new environment, and it
was the lowest in terms of maximum error temperature and cooling
energy consumption, resulting in stability and energy savings also
showed the best performance. That is, the adaptability and scalability
of the ANN-based adaptive control algorithm to the new environment
have been verified reasonably.

Therefore, it was confirmed that the control algorithm developed in
this study can be applied to various data centers and cooling systems
based on chilled water mass flow control. In addition, the developed
technology is expected to provide key functions of implementing a
green data center by helping to reduce cooling energy and CO»
emissions with allowing of efficient cooling system operation to the

data center.

Keyword : Data Center, Building Energy, Artificial Neural
Network, Chilled Water Mass Flow Control, Adaptive Control
Algorithm
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