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Cherdchai Corporation Co.,Ltd., there is an imperative to transition from
combustion engine to electric engine (EV Bus) in passenger buses underscores the
critical importance of designing effective cooling systems to maintain optimal battery
pack temperatures. This study focuses on enhancing efficiency and lifespan through
the implementation of a fuzzy logic control system to regulate battery pack heat using
an electric fan. Liquid cooling is employed to dissipate heat from the radiator and
internal components of the combustion bus, employing a reverse engineering
approach to assess heat exchange capabilities for integration into electric buses. The
cooling system, governed by network logic, dynamically adjusts fan speed and
operation based on real-time outlet temperature, radiator exit, environmental factors,
and other parameters impacting cooling. Leveraging fuzzy logic control enables the
system to address thermal uncertainties and non-linearities, resulting in improved
performance, reduced energy consumption, and diminished noise levels. This research
presents a robust cooling control method for electric bus battery packs, emphasizing
efficiency in heat exchange and providing guidance for cooling system design in electric
vehicles. By developing a mathematical model with a-maximum root mean square
error (RMSE) of 2.44 °C for outlet water temperature during dynamic tests, the cooling
system maintains radiator exit temperatures within 70 °C, suitable for battery packs

and other heat sources within electric buses.

School of Mechatronics Engineering
Academic Year 2023
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u = Overall heat transfer coefficient (W/m?)
A = it (m?)

T = Temperature (°C)

h = Heat transfer coefficient (W/m?K)
r = AAUATUNIUANTEULVDITAR (MK/W)
L = ANUETIANLLINIT IR (m)

k = Thermal conductivity (W/m)

h = UNUINNIE (k/kg)

D, = Hydraulic diameter

m = Mass flow rate (kg/s)

c, = Heat capacity rate (W/ °C)

& = Heat exchanger effectiveness
NTU = Number of heat transfer unit

\Y = Voltage (V)

R = Resistance (2, ohm)

F 2 Correction factor

p = ANAINAUILUY (kg/m?)

v = ANULSmevedlva (m/s)

U = Dynamic viscosity (kg/m:s)

iaving

[ = Inlet

0 = Outlet

C = Cold side

h = Hot side
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JUN 2.1 szgvmnaaievessavanaysaussnnbiimdmieludseinaly (Mao et al., 2023)

A157199 2.1 Auguuaeesedglusousamnlvinvuianaisfisvuianidn (International

Energy Agency, 2023)

Vehicle Category

Average Battery Capacity (kWh)

2019 2020 2021 2022 Change 2019- 2022

Transit bus 264 322 225 345 31%
School bus 155 141 207 137 -12%
Shuttle bus 104 119 120 150 45%
Coach 316 34( | 233177266 -16%
Cargo van 69 90 57 60 -13%
Medium-duty step van - 134 155 163 22%
Medium-duty truck 124 139 99 92 -26%
Heavy-duty truck 293 232 372 311 6%

Yard tractor 150 184 160 197 31%

2.1.2

Aa o
wuaLmasaisulasau

wusae3iduwnamdsulnii Aiiaannisdsunlasujisemiaad &

AnuIndusoinsosldniining q saufsenusudlnidnaie wusmesaifieuloosu (lithium-

ion battery, LIB) §i&
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1) High Energy Density: LIB anu1safmiundsaulduinnindeisuiu
YUNPUBIYAUUALADS

2) Low Self-Discharge Rate: LIB fisnsin1sgaydondsautiosdigaid elald

1 dmsueusudlnihgadfidunuiaula wWesen BV Mnailunismsadunaiu

(%
[

3) Long Cycle Life: LIB 3935%3memiunu aunsav1sauaesraausyqlavatenss

[

4) Lightweight: LIB Sldmiiniunniiuunmeiensalassianay Samuddsy
soeueulaih Hesnmsamimidnazthefiulsy s nmuazszesmald

5) Low Maintenance: LIB $i9an13n15ungesnunanies Lidesldaunsal
aglunisuseglilng
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2.1.2.1 wusmnadaaunaaina (Lithium Iron Phosphate: LFP)

wusned aiSouloaunlaaun (LiFePOd) walna (F7uan) ¥ian
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oamgiifinelAnmFATAIosananufeugsniuunmeidiBonviadu nanfelenaiiiis
aufeusniuaudalndfesnit wusned aifsureamaiongnisldeaiusiu
ussulylindves LiFePOd iwadifelasvinluazogfiuszana 3.2 89 3.3 Thad desning
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Tnlfinsudne §UT 2.2 Noaumadl 80 ssrgadeaisuinnisaaiadives Solid Electrolyte
Interphase (SEI) uag 100-120 sernwalfod azisuuanivedidninsladuazviliiiniie

ARl 19U Hay, CHg, CoHg waz CoH, veiigainsaauisaslniinazdnsasnmeluiunneiuae
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Uaoewasnuiiuld vliAnanusousazinaindy Wogamaliluwunmesiutuiagad
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Thermal
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Thermal Accumulation

Production

Li

Anode @
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o w a

E‘Uﬁ 2.2 mmumsmmmﬁﬂ’aL‘f‘immﬂmm%’ammmaé LiC,O, /graphite
(Chavan et al., 2023)

mMvAlesnAuouasalesiulanenisinnisanusouniinau T
a1unsanIvAuguniivasiunmeliifiuAmivun aiunseuaulasadelunisldeu
wunLno3atgeulaoau (Lithium-ion battery safety operating window) Tikseauluineg

o w

Tugng 2.5 - 4.2 Toadt Tadringamgiilumsldaunummeslutianzasaeyussquaznns
anuseq WaamgiilaeUseualiiiiu 55 °C saufisaniunisalvnia (State of Chage: SOC)
iiodosiulailfiAnn38auszqlniAy (Over charge) wian1sdnenszualiuimun (Over
discharge) WuAsdfnlunsusesdsednsnmuarasidedolunisléinuegrsUaonde

AIUANNITIEULUAMBT AL TEUUNITIANITUUALADS (Battery Management System: BMS)
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sAuNsIANISANSauluLUALADS (Battery Thaermal Management System BTMS) uag
YAsTUIEANLTEU Azanunsadanisiuanudeinanudeuiiinty weanudulalunis
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2.2.1.1 T2UUTEUI8ANUTBUAIBINA (Air cooling)
N1932UNEANNS BUA8BINIATUIS T LS udanazld A uagg
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LaZN1IABUTEARUALNDT IANNSEUNY ANAT Lasduininiun Anudsdlunisungesnm
Poidosanlifivesnalluszuu Useansanlunisinnisanusauliiesmadinsuenueus
Tt wunlug)
2.2.1.2 S5UUTEU8ANTIUMIBURLUAD (Liquid cooling)
SEUUTZUNIUANSaUATEY Al da s uantfu U Umselna
a d‘ I~ a U | v Y 1 = %
Aae MyulsusauYaLUnnes Lussuulnizgaduiasiemauseulad Hedne1ynisly
NuULAESNYIUTEEANE AU UALALS Wl TsaNiveusudlihaussausgs uay
YALUALMBIVUIALNEY WAAzilANUTUEaUTDITE UL TUMTNLALIIANEINTITEUUTEUY
AMUSAUMBBDINA
2.2.1.3 N1358UN8AUTBUAIENITIUE suNaveedan (Phase-Change
Material, PCM)
& % Yo A a '
Wuswinensseuiganuseulagldiannaiuisafowa (1wu
= = A ) v v ) S P~
vauanduveds) luvaeiigaiuanuiou ssuussuisauiauludnvauesiinnuaios
au1savan1sANsaulaag1eiluszans niw agelsAniunisin i anududaunas
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2.2.1.4 szuvssveanuseukuulauia (Hybrid Cooling)

szuuszuteaufounuuleuin gnesnuuuLieuA vy
Youlvidmnuauga lnn1ssnBnmsssuiganufouvaneiBidvneiu ieussanininuaz
Uszansualunsuanidsumiuieu Tinsssuisanuieussenaluanmzasvinulnd
waztdsululinnsszuisanudeusisveavadluaniunisaliineliiAnmusougimio
anmgsuus mnubanguvessruusruisaufeudnuas i limnsdmiuidiluldly
grugudlniUszianeg 9 wifazfinnududeuressruuiesaindnisnaunaiuves
walulad

Tuannymstuindeuselnihazinnaudsunlamasaaivesso
Ualagansluiihfidnunsduazyauuameiivunulug Jsfeanisssuunsdanmsanuiou
Afiuszansammuazduan Weisunnuannsalunsinnisanufouls egressuuszune
ANUTOUMEVDIUYAT

222 dUsENBUYBITTUUTTUIBANUTDULUALABIAIBYDIVAT
2.2.2.1 wiferh (Radiaton)
gunsaiffesldlunsuaniddsunnudoulusasud \Sendt wiferh
(Radiator) 1T utn3 osuaniudsuanusou tnsldveslua 2 viaunsiuiu 1l oliiAnnsg
uaniasumnuieu Jsundudrenagaliiienianuieusenanaisvaetiu asgnnszu
seiinauiiteriuauannsalunisnszaneanuion
2.2.2.2 Woaulwil (Electric fans)

‘ﬁﬂﬁﬂJlWﬁ?Lﬂuqﬂﬂﬁiﬁﬁﬁﬁm’]imﬁ"wLﬁiJUi%ﬁVl%ﬂ?Wﬂ’]ﬁ%UﬂﬁJﬂ’nm
You lithensifiudnnsinavesernadnguinaminnisuanasuauiou (Radiator)
sruvdansmsszueesauazdsnisnnuvesinanigliih hilsfszuussueanuiou
frnugangulun1saiuauynig gl

2.2.2.3 Y1 (Pump)

Janfrlwih fvehivaudeudvaeduluisssuuszuieanufon
warnsanUasuausoussninsmasrusou (Batter pack) futhmaeidu auindudiod
nslnavesindeibustnaeninan nsulaiituanmsavieuldedaseios fagsuussiu
ms3nwngamaiivioglutisiidesnslé

2.2.2.4 answdeidu (Coolant)
asvaofuduinaslunmsmanudou azlnaisuluszuuiiiegn

Fupnusounindiulsenous 4 anaulivesasraeldulzdedinnnuganuFaukagAINs



13

thanufeugs Wienszarwanudeuldogelivssaniam Ineialuarsvaedugaldly
gRAWINTIIEULLS fp ansnaefaulnanae waztn
2.2.3 LﬂéaﬂLLanLﬂgﬂumm%u (Heat Exchanger)
AMssEueAudeuTemian (Radiator) lusasud orfunisuanuaniUasy
anufounesvadiva 2 siafionmafisaty Ssnssrueanufeuremiethillinguives
mMsgamanudeu wlsswanildsunnudeunlimudnvarnisivavesvasinald 3 Ussian
1) Aslwaniedeanu (parallel flow)
2) msivaaiunianu (counter flow)
3) nslwasaanndiu (cross flow)
Fandeauanidsuanufouditeldlugaamnsssusudiduuuy nads
2 niy (cross flow) Tngwasluaitdutmaeiduaglnameluvio uwazfennieluan 1uly
LARIRNN Mi3eI3EN8neE93n tube and fin heat exchanger
2231 A1duUsEENS 158 18MANSOUTIN The overall heat transfer

coefficient: U (W/m2-°C)
ANMUFUNUSTZTNINAIANUSDU LazduUIEZANTNISONUMANNSDULARI L AGIALNNT

Q=UAAT (2.1)

AT : temperature difference %39 Log Mean Temperature difference
U : overall heat transfer coefficient (w/m?°C)

A heat transfer area (m?)

AUNIANAUUTZANTNNSANUWMANUSDUT NI b LAE

1 1
U=—1{ 2.2
A (2.2)

r
In|
1 (VJ 1

+ +
hA  2zLk  hA

NAUNTAITANTAMNA U Iilans1uiiui A uagaranusmumuanuseuvesian r 1aan

AunseaLandsuanuseu Tudmves k mauaudiinisiauiouresianlaainmisig
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[y

AsaudRmesiulawing uiAwoumUnieuiou h avduegiugduuumsivavesvedlva

nanelukazneusn tngnilaainanudunus
hD
Nu =T=cRea Pr° (2.3)

WaAIAINUE U US VDY Nusselt number, Reynold number, Wag Prandtl number Wi 9y
wandiiesa1nnisluauuy turbulent 3o laminar flow @sazanunsafvunAAsives a,
b way ¢ J9@u15011UM1 overall heat transfer coefficient o
2.2.3.2 msiaszinmsuaniasuanudou
ansomsnTInIseemedeuintusEwinseslvadounady
densudasnisinaidanavesvesina uazanuLAnAwesguugl 11ATIEWSNIINTS
waniasumnufoulneldngdofindwouneslalamniind nseusnendsaulsin dasins

fuwmaANuSauInvatlvadeu wiAusnsINITaNEWANLSauTR Ul aLdusIaNNTS

c,in

mc

cpc

h.in h.out

A i

m!a Cp.!r

c.out
gﬂﬁ 2.3 MsuanUABUATINEIULUY cross flow
nsiemanuieuiivedlvadeutassesn (Heat power emitted)
Qh = mhcp,h (Th,out _Th,in) (2.4)

nsenewmanNsounveslraldulasu (Heat power absorbed)

Qc = mccp,c (Tc,out _Tc,in) (2.5)
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NNV IFUAINITANBNAIINTEUTDIVRINAT 2 auAdTIzdininAunIaliiinay

godennuden uwilumamdnanuduaiaeiinisgaydeiiavu
Qlost :Qh _Qc (2.6)

Uszansnnlunisanemeinudou fe Aldasidudanuaiuisaniasostanidsuanusau
ANU150AIANUSEUVDIANNVRI ARSI d@u1sarlnann
Efficiency(n) = % x100% (2.7)

h

2.2.3.3 The Log mean temperature difference method (LMTD)
gaungdvetivans 2 gianelugunsaluaniufsuaiusouasian
a o a ~ v 9] !
Wasuwdashusmudunianisiraneluiasaseanlasuninugssy Anusauaiamainvediua
Souluguaalvafiiundy uanseeanismamuwnndswesgamngilaeswlugunsaluaniuieu
AUSDU ATDMNIINITANENANSDUSINMILAN BN DUTLNTH TNTINITONELNAIIUS DUN

TvanUNUN dA UMINUT A DIFlUNITANEMANNSDUNRDNAINNEIIVDLASDILANLURBU

Q =UAAT (2.8)

The Log mean temperature difference

AT —AT,
LMD —
In AiTl
AT,

i a

Tunsiwiumansnisaemanuseulagldistasdemsuaumgivnal ieniazaiunse

AT, (2.9)

"1 The Log mean temperature difference 19
2.2.3.4 The Effectiveness-NUT method
WWuAsMinANU e aNSNanIsaNtUasuANLSaULILATIZINIT ALY

Ansnani1shanUaguAINLsoUYaa

ee

AMUSDUN IAMILUIUIUANUSBU MgnsiUTauguUs
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wingiasaskandsuanuiou lunsidentdlvivuiaunsanuingussaenidenisssung

ANUSDUY

Effectiveness(g) = % (2.10)
Qactual = Cc (Tc,out _Tc,in) = Ch (Th,in _Th,out) (21 1)
1ne7 heat transfer rate (@)
C.=Mmc,, (2.12)
C, = M,Cyh (2.13)

2¢M5041 heat transfer rate (C) 5¥1314 C., G, NHAIUDENIIUAITAIUIUNAIAINT

fnemaNsaugeEn wavAnuswesaamn i lullauniaaiagaunsoiindula

a0 L2

it AT, =M =Ton) feliu nsanawennussunnigaiimesaunis

Qmax 2 Cmin (Th,in _Th,out) (2.14)

way NTU AauuIg989n15a18 ALY

UA _ UA (2.15)

NTU = =
C (mc,)

min min

Key ag London laliaudunusaes UssdnsnanisuaniUdeaun1usau Aunyienis

LaNUALY kagdRNINE@INANUIAINTOU c=C,,, /C, VOUATBIANUGHUANUTDULUY

min

cross flow Inefvaelvans 2 sialinaudunislunsaswanudsunnusoulisaaunis

0.22

P =1—exp{¥[exp(—cmu °-78)—1]} (2.16)
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23 STUUAIUAY
STUUMUAN AiB MIAIUAL dan3 waAnssuvesgUnsaluioszuudu q Tin1ssnw
oimpvessrulieglureuiniifonis Ussamvesszuumunuuuldsdl
2.3.1 szwmuqmmmaﬁm (Open-loop control)
nsaunuuandad terdnaldTnansenusenisaniunisaivay

a Y

HANDUANBINNRBNILTURY TUBUNALAzAIAIUAY lunsalfliliinn1sdsuulamsenis

U

FUNIUTLUU

Command Input Output
Controller System

Y

E‘U‘ﬁl 24 izUUMU@uLLUUNTJW (Open-loop control)

2.3.2 ‘J::UUﬂ'JUQmLUU’NTJﬂ (Close-loop control)
FPUULUUNTUAIEIIUDINANBUANDIRINLIANA LIS 18 uns Vil sz uy
i a = v v I Y} s
a1unsanavauasansisuuUawIan1ssunIula Usenaume iueslunisineidng
samuadldlunsieumsuendnaiinduiuie1dnnneenis uazuongiewmesielunis

USuBunanuanuaaInASouiiATLY

Command Error { Tnput Output
Controller > System >

Feedback

A

Sensor

gﬂﬁ 2.5 s3UUAIUANLUUUA (Close-loop control)

2.3.3  sUUAUANLUUABIN (Logic control)
nsAUANLUUaaInuTen sAUANANEU Tdnsyuunsinduladimssny

Wedanisviuvesssuy dnlngignldanumedaiuausuuldsunsuld (PLO) swudvaing
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wazidurestunsdinunenowes nsdlmanisaluuubiselie ualla1du (sequent) 14
anwEdyIMNWUUATADR WU TunTEUIUNITHER NMTAuANdyIulnaTI9T kagsYUY
el

D)

2.3.4  szuualuAuuuULUn - Ua (On-Off control)
n13AUANKUUTA-TA 13 0158NT1N1TATUANKUUABIAIWIALY 1T usEUY
muauLuuleaunduegisde uarldivegrunsvaty Tun1saivaunisita-Uavesdiniuny
adumsvhausewinaesanue Ae WaiuiivieTneganysal Tasazlansihauiles
wUsiAanuasuntadluainadidesnis (set point) wavazdanisvieudedsdniidivuall
msmuguuuulin-Jn gldlunuiidesnissududslieglutasiidmun muveuianiids
15w lumsauaugamglidwsuszuurianudeunsennuiu
2.3.5  STUUAUANLUUNYRVRDTZUUATUANKUUATINEARULASE (Fuzzy Logic
control)
Wdaodn (Fuzzy logic) N30RTINYARULATE Huedaadefildlunisdndula
Tngdrsdsmssindulavesiyud Jeansadadulameldmmiliuiueuvesdoyald azianu
LANFNNAINATINZUUUASUTA (Boolean logic) Tiazindus1ass (completely true) fuiiia

(completely false) gty druiledasinavarunsasraulaanuliuiusuaindiuveiy

AINA3 (partial true) uanuluszavan wu dos Urunans wieun faguil 2.6

completely true
completely true L

|

Partical true

completely false

completely false
¥

= & a & & =
E‘U‘Vl 2.6 AITINLLUULNAAN LUULVIQLVIEJUGﬁﬁﬂzﬂQNLﬂia

2.3.5.1 wnuasied (Fuzzy set)
et (crisp set) Wuaafdarrnuluandndu o ie 1wy

welunananutduaswarluladuaiany 0 use 1 Windu HedenaeiInunAITEAUALITN
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(degree of membership) 8¢521319 0§14 1 IngsgdvanBniviniu 1 wansdannuluandn
aganupu ke 0 wansruliduaudn

onfeg1smNgs AUl 2.5 mndenyaraditinnugdlueanide
i 180 Wwudlumsiduaugs we A flanuge 170 wufins (ue A auduauligs we B
ANuga 185 LwuRiuas(une B aziduaugy) mndeulaeldiledion Annugaszan 180

a < o & < ! 1y, &
LGZJuGlLiJmLTJUﬂUQG ANUU UY A ﬁ]gLUUV’]UV’]au‘YﬂQQQ hazuy B ﬁ]gL‘UUWUQQ

1.0| - tall (u = 1.0) 1.0} definitely a tall

person (1 = 0.95)

degree of

membership, J really not very

tall at all (u = 0.30)

not tall (u = 0.0) 0.0

170 185  Pewem

X

A B

5UM 2.7 Arpnuduaandnsewing crisp set uag fuzzy set

Y

(Fuzzy Logic ToolboxXTM User’s Guide R2023b, 1995)

1 xis full member of A
1, (X)=4(0,1)  xis partial member of A (2.17)
0 xisnot member of A

Wa A P80 WU

AX) 803 @UNTNVDLLLH (set membership)

1(X) aneds fedduemiduaundn (membership function)

2.3.5.2 Werduauduau@n (Membership function)
Handuanuluanndn zwantegluglaunisneadineans uasua
Tugunsol 2 @@ wilednesensvharandla unu x unu universe of discourse 1uvauLwn
fiauls snfegatiu ados Yrunans wioun Wudu duuny v wiussduanuduaundn
(degree of membership) agj5z1319 0 i 1 JUnULTaAdFum I TuaNEnilFsuaLdond

[

N

She
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- flenuaadey (Triangular)

trimf

U7 2.8 flariduanuwdey (Triangular) (Fuzzy Losic ToolboxTM User’s Guide R2023b, 1995)

- andudmasuamy (trapezoidal)

trapmf

U 2.9 W\‘iﬁﬁuﬁlma‘wm\‘imﬁl (trapezoidal) (Fuzzy Logic ToolboxTM User’s Guide
R2023b, 1995)

- anTundLdeY (Gaussian)

gaussmf

JUT 2.10 faidundifion (Gaussian) (Fuzzy Logic ToolboxTM User’s Guide R2023b,
1995)
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2.3.5.3 fuwdsn1w (linguistic variable)

Wudageinuae Tngldwaunisniw (linguistic term) Tugy
USunauwansuunfanasasranuslunisiniinssivesuywd sauduilsidunnuduaudn
uamsrveawnnuUiintlunsianisiudeyadunniiduteyaisiiay feghatu Tuszuu
szueAuseu EV oamad oraduduwdsmnaniw uwasdledien wu "Sou' "gu" "1du"
Dusiu

2.3.5.4 N (fuzzy rules)

npuuuiideulunusudsnenen lneilunguadideussniw
5951A" ﬁﬂﬁvﬁﬂaLLazﬁmummiﬂzmamuamlﬁdwﬁu AIRg1YU Mnguniisoulay
wunmeTsouiull Thifinanusiinay nguarifnuslasdidomgvieiFeudandeya
VOULIAANNENNTAVRQUN Tl

2355 Iﬂiﬂﬁ%’]ﬁﬁuﬁﬂuﬁﬂmmiﬂizmﬁamaLL‘U‘U‘W“ZI‘?J (Fuzzy Inference System)

n1sUszananawuuiled lideyainngeiie o iiveasiaodnnilyl

Faau U 2.11 uansdelassaseiiug ueenisussinananaudiiun1sniuay

Rule Base

A

Interference
Engine

Y

Detuzzificr

Output

Y
h

Input > Fuzzifier

UM 2.11 lassasniiugiuvesnsussuianaluuiiad

2.3.5.6 Defuzzification

Tumsiasuednaraua3alindunsnsziilulanwismnnuduasa
azlinszuIunsniisenin defuzzification Ftlazulasednailedlindumfaudn Feaunse
wldlditemuauszuula wu nsusumnudainaulussuuvimnudu eV

= a A . ~ v

NOBYNITAIVANADINLUUARNLATE (Fuzzy logic) dn13ldauluy
VAINVAYEIYT SIuDaTEUUAIUANEIUNA (WU EV) insesldluaiuiou nssuiunimig
RRAMNTTN hazdu 9 Feaziustlevdegeddunsaiinismiuuuiiaemniatinmansi

wiuglugessn viedelinnudeiviy 1nUssaunisalvesyeenwuunguesileddmsy
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Tlunissindulaniuauseuy 8nveni1smIvAuLUUed lide sn nLazALAmUluguEud

I

24 U%ﬁﬂﬁ?ﬁimﬂiiuﬁtﬁlﬂ’l%aﬁ
241 udefieateaieatunsdanisanudoununngs

Tu .#1.2001 Pasaran nanfsAudAglun19dnnisszuiIgauTou
LUALA3 dndusruninug i (BV) wazeruwanuglaifuuuleusa (HEV) wdousis
LU%&ULﬁaumiaaﬂLLUUizwmiﬁ’@mstmLma‘%"gﬂl,wwm 9 19U N1TITVIAUTDULUY
WA WU YU UAUNISTTLUNEAIIUS DULUUNIATN, NS5 UIEAIUS BUAILVYBILANAT
W3 guLTiBuAunITTEUI8ALSaUR 881N LA IELAINADINITNTSTEUIEAILS OUT
LANANITUYEIUUARBILUY VRLA, NiMH, wag Li-lon

Tut @.7.2019 Dusad wagauy LUS8UBUNIIEUNEANNSBUAILDINALAY
dvsefudmsunassunAIfuLUY MSUNNSERNIsALSe TR ILUMADTIUE U ML
i (Ev) Iﬂ&J‘UizLﬁUﬁ’mmLLUiﬁU“U@flqm‘MQﬁﬂ’lﬁJL%aﬁLLasﬁﬂLLUGILG]EJ%‘I, 99151N150AAIVDY
RIVEEY thiauenssngnsmuaumIssUIsaMusaufeimdeiBulusswinnisinues
EUNIVUE A1UN509ANN3ANSouTaIRURAWS Mg aTiusyAnSan

TuT A.A.2021 Sheng LATAMY ANWINANTENUIBINITLNAG, VUIAYDY WAL
ﬁ’lﬂﬁﬂﬁiumiizUﬂEJﬂ?ﬂm%@uﬁawqaﬂiiuﬂi’m%@uﬁLﬁﬂ%ﬂﬁ]’]ﬂLLUG]LG]@%@L%EJNI@@@U 21,700
Wwad Wudn1sinanuy interlaced LAnn1sAsEANEANS ouae waLane e luLrad
yonaninsiiusasinisiva wazveisvuisvestesiefiuUsyavisnmnsseunennu e
Snatansld slycoliflumaefu fiussans ammannnini (liquid water) asavdeusaens
neapsBuiulsyArBnmmsssusnuieu Snvgunnigeaniiinduluusiassadliiu 40
DIFLTALTEE LAYAIANULANANITENINLAaZITaa LAY 5 aeAwaldud

T8 A.A.2022 Hu wazamy YLauen1sszueausouLunnesaseylonay
wuulaue deldnsszunsanudeunuumadnsintunsssuseuseuLuuLeain Tnenis
srurgmnufounuuaTasaheuFousananyauuameililuanznslduunne’
figasnaiannuieusn dwiunsszueanuoudsimaeiButualdluanesunss
U anmzfiuunmeImeUseq 3C figaumnil 35 ssmwaidua uugthenduuszans Thermal
Electrical Performance Coefficient (TEP) W@ e Energy Utilization Efficiency Coefficient
(EUE) Tunns9reUseifiulseans amlunisssunsmiudeunsaz oy wuimsieisannisly

NSRS WAL 6.51% WidiAann15A1eUTEIUINNTT 98.5% AINNANITNAABINTT
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sruneAnuSeukUmneiaseylossuwuulsusaldndiuasivseavinmaeldaniienis
THuiiguuss

Ul A.A.2022 Zheng waganz Uszendldssuudanisausoununineslag
T¥nsszuisanadeuluuleniivl lileUuUsIUsEAnS A mueuUmmes A exloaoulus
guA i Aren1slduuudanimeneuinesawatdalwludediuud (FE) uaninis
ﬂizmmaqqmmﬁLLasqmmﬁqqqmuﬁuﬂaﬁmiﬁ;Lsnaét,mmLmémaﬁ]aaué’wmé’aaauWWLim
(IR) AnwanuduiugsyninsenuidnimdefulazdnsnisiauunneitennuuUsiy
YDIQUNNN MEUUUTIAY Gaussian process (GP) We1deyaannsinassiuy GP ¥ty
N1999NWUUTEUUNITAIVANNITIEUIEAIINT UKL ULDATIN HadnsyINliAnN15TIANIS
oumglivesuunnesegsiiusdvEnm

Ul A.7.2023 Zhao uazAME AAT1zsinseenuuuLie U sEanSam
Y8955 UUTANISNSTEUIEALSouR e s e fure U3 (liquid-cooling battery
thermal management system, BTMS) Tugnumnivugliii (EV) daueni1susulseres
syUgALieY, Nsvinanudungasvhaudu wariSsyuieanuseunwuu liquid-PCM
hybrid cooling SnvauuzthsEuUMITANsALSuLUAmES BT B UT IR USEUUUSU
91mA (AC) Lo llUszAvEnmnisssuisanieugan

o/

2.4.2 UMDYV WNYINUNITAZT1UUINADINIANAAIENT

Tud A./.2021 MureSan kag Harja @519LUUI180IMSANAAEATUDITEUY
szUrALTou Tned 198 wdnn1sveaas ssuaniud sual1udeu aaelusunsy
MATLAB\Simulink Lﬁamﬂuﬂ'}saaﬂLLUUizwmmme PI Iummw@mﬁuﬁmazméa
wosluasmalglwiln wagld ECE-15 driving cycle Tunisasiageuanuanisalunisseune
ANUTBU NANITNAABUTEYINA NI NN laglutie £3 samwalBuaingamgl
91989 annsasnwanuTnvesgamiineglussuusTugauTeunglaan1iznisvineu
fng o e

243 iteMnedaufsriusTUUATUAY

Tul A./.2018 Mohamed wagAe ULEAUDNITODNLUUTEUUSTUIEANSDY
Yosa3ssuRdumUmely Imamﬁé{’qms%mfmazﬁmamlw%LﬁammuqmmﬁﬁmdaLﬁu
Tusguu WS UM BUIEUUNITAIUANLUY PID, Linear Quadratic Regulation (LQR)
Wisuifisuiuszuunmsssuneamudeunuuimudddmammanalunsvhay waiildiinnis
amzstnmmaﬁwmmﬁlaﬁuaq%wfﬁaa 88% uazinananas 44% Worldwide Harmonized

Light Vehicles Test Cycle (WLTC) wudayaiieaiumdmisnanluwaaniugnisnisduin
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uansneiu gnldlunsUsziliuiionaaeuussansanlunsseuisnnuiou szuuszuneam
Sounafsldinanunnilunisidiganinzasis uasiivszavdnmlumsszuisarmdeution
NT15EUUAIUANLUY PID uay LOR BniisdamnsAufosemdsutoindanassaa
20% uansfstofvesszuuszutsauauiiauausgliilufulszansamnnsszune
anufouriliaussousvouaiotudity Ussndaiifu uastiediiuorgnislduresdu
wazsinaulferuuiy

Ul A.A.2019 Hannan wagame WiausnsinnsANLToUdMIULUALADS
dsualovoulususudlilin iedesiunsgaydeuszylwihuaznisidosanmuosiunine’
R8N AIAIUANLUUATINEARULATE (Fuzzy logic) laen5ld PSO (Particle Swarm
Optimization) lunsU§uldeuamniinesvesszuumunuvesiled Wisuiisunanis
ROUALBITUTEUUAIUANLUY PID Lag edatnaine Us1nginssuumunuuy Fuzzy-PSO
ann13iiia overshoot, aAaan settling time uaznslulugauuniaedinisnszatsved
gumgliegaiiaue uansisUssanSnnuarnsmuauisiug

Tud A./.2019 Chao wazANY WUUILUINIINITEBNLUUTEUUAIUAY
WAILINTATUALLUU PID SIuiuluuAguiaTe (Fuzzy) Ineldvannisesniuun1sniuaukuy
PID wuusRud1iutadeanliidudaduvesszuu wazlddane3funisiugnssu (GA)
dmsunsruiunsUsuasuandnunevesiliifuaindn (MF) Waneau Snvlarnuagag
N15YNUVBIBUNALALLD I NABE NTALIU HAIINNITTIABITEUUNITAIUANNDLADITN Y

TUsunsy MATLAB vilianunsaniuauueLmastauiuglugaenisyiauiimue

25 @yl
INASANYIN Y wasUviAlITTNATIUINEITRINUIN Anusauiinduluye
LuALABIANaNIENUARUTEANSAMNISLYNY 918 wazaUUasnsiy tneauseuiliindy

a | ! 9] . a A o ) Y
melugauunneitregluiianisldan (Discharge) wazasilArguiiodnisdnussanauiting

Y

s

WUALABS (Charge) gaungiluuninasingyszanaldidiiu 60 C wazlusaUalnihdsnsiaunsal
A av v S v % . & ¢ o ) a

duNABINIINITIEUIEANUToU Inefindein (Radiator) Lugunsaldwmsukaniuasuniny
Fouilazaunsnsessunusauduinnuraruseunelusadalnili welvsesiuaiy
Jouldegensaungu anliusaniuussuussueanuseuliaiunsasnugamgiinnelussuy
TilaiAu 70 °C nsdanisanuseunintuiududidfy lnsanvegndddugnainnssy
mssiesavalninlagans lugrnsuwsniiinnsideunuaineseseuddua viluiamesi

dulsznausne 9 YaesruusTUIEANTaugnldiunIassuidunungsldanulauiusuld
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(%
[ [

Tusavalnihlagans aely 11338839 Imnssudounau (Reverse Engineering) Liiagugiu
AUANLNTATUNITIZUIEAIUT DU A5 19ULUUTI89N1TIEUIBAIUS DU TINDIN1TODNLUY
FEUUMIUANNAANTEUIEANNTOUNLAATUININYALUAADS zarunsaansunulunisudl

SPUUTTUIEANUTouIINAeUsEImnaAnilsIAaale
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ASAIUNT5I8Y

3.1 uni

[

TuauAded

[

Wlunsvinenssudeunau memsduergunsaissuieausaunign
Tdunadlusadalaeansiaiesgudduniy u1ussendliaiunsaldnusadalagansinii
UAUBNITATIRUUTIABINNALAFIANTVDITZUUITUIEAIUTOU ANWINGANTTUNIINA 6
Y9953UU waztuuinaedlUldluniseenuuussuumunuiuunssneAgunIavseladasin
94119911919V AANTEUIEAINT U TIDIMAFDUS WA VYANAGRILN BT UL 8y
UsganSamlunisszuieanuiouvesszuuiuiuudiass iunisBudusnuausalunisan
% A a a A oA A9 v 9 o ¢
ANUToUMARINYALUALAET WNANU G edeliiusadalagansiiniingunsalssue
¥ d‘ 6 o Y a gj [ b4
ANUTouraLAT psURduAIUINUsEgnabY Bnviaduiuimisluniseeniuussuienuseau
WiougaMIUANMIBAULEY annTULIIEUUTEUIEANS ouanasUsEmAdunIsan AUy
lun1sdedszneusatalaeansiuiila lnennsiuyannasslseaninmnisssuieanuiou

wananagy 3.1 uarduneunisaidunidfenandugy 3.2

<_
Temperature
T VN AL
Fuzzy >=
L Radiator
I } » Sensor
R
Water pump

Hot water bath

Reference value

PID

JUT 3.1 MmsnssuussuIsanuSaumeinaulnii
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DONUUULAZASNYANAADY

nadauAMNANsalUAISUANIUAYY
¥ «
ANTDUVDIUNTEY

ASBUUINADINNANNAENT AL
1 = &
Uszunaawisifitnesuedssuu

ADALUUISUUAIUAN <

NAABUNIININTUAIAIUAN
uuudIans

NAABUNITAIVANTULITZUULTY

a L4
AATIFNLArETUNE

JUT 3.2 Tumeun1saniuaide

14
3.2 YANAGRUITUUISUIEAINUIDU
13T T0BNUUUYANAADUTTUUTEUIEANSToUARUALNES LTuLUUTEUIEAIY

Fous1811 (Liquid cooling) Imgn1sirgunsalignldauuaiuimaasy uazaiuaulnd

(%
€ v A

ANUANNTOIUNNTTEUIEANNTBUYALUALAET Ineilgunsalfall
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3.2.1  a9UINSaNUAaINATU5au
§9U19UIA 120 x 130 x 150 WURLIAT LALIAAINANNIDY 9,000 06 Ty

A5FuLE TS UD LI UANNS U (Heat source) ¥B952UUTLUNIEANNSOU 31804

ANUTOUARTUIINYARUAWES WAL 70 serwalTes

JUT 3.3 fatseu

3.2.2 Uui A3938uA Cummins ISDe285-30
Juhduduhngnldauluedessud Cummins 1SDe285-30 wuldidsain

3

A3 D98UA PUINUITeNUILeALUadlaelY ueLnes N InsELansa 24 1had 1,000 Tnd

< 1 a v G = Y o H 1 I o
AIULIY 3,000 52UNBUIN I‘Uﬂ’]TU‘U{]lI NMU']m‘Nﬂ'ﬁﬂ'ﬁ%ialu'Ju‘lJ']%a@LEJ‘Iﬂ‘u5%UU anInNy"

893 NI IMamYsTUUAIUANKUY PID

1%
o

JUN 3.4 Tutuazueines
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323 wilerh (Radiator)
niforniignldaulusatalasarsiadessusiduay wuin 560 x 700 x 100
fiaduns 1uLu fin and tube 5 wa? WugunsallumswaniUdsuanufeuszninsedlva
2 e Igun Yinazenia fdnwasnislvawuy cross flow Tnefiveslnana 2 Tunauiy 1

azlvaluvie (tubes) danonielyariuaiu (fins) thAnuseusandusseNIANIEUen

sUft 3.5 wifeth (Radiator)

3.2.4  Wnauluih
WinaulniheeunstwesiussuuUiuanavessadalagans dnnldauluye
NAABY AT18NWYT SPAL Automotive 3u1n 305 dadtuns v 3 62 wsanulwin (Supply

voltage) 24 17a# A213L57d98R 3,100 SoUroUIT ANSWEAT 800 ToURBUNT waz

'
[y o

ussfulninlun1&9ms (operating supply voltage) 071 0.~ 10 12ad 9z§umAsInTEUY

Avanlunsviui i unIeandnsnIsinaretenia N asidd e isnwinig

Y

A111501UNTIEUIBANUSUMUN LA A UALY
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JUN 3.6 sinaulnii

325 \Hugad

< ¢ v 4' = a

Buasilugunsallun13nsias (sensor) iiauenisanuzvesdenaula Ty
& ad o 1 e v PN a | ' < s o a
nilgamaiiludivadtannueuniianisiudsuwdaddugiannaidie 4 Wuwesingumgl
(temperature sensor) 7lglun15I98UE 2 Uszian laun

3.2.5.1 NTC Thermistor

. I & s aa ' Y
NTC Thermistor lufuigesgnmgiiansaanusmumuli ag
a A4 o a X '@ Ay Yo ' ] = ] v
fiAnanasilefigumaiiauiuulidududu gnldiuegrunsvateiesnnanudglunisly
1 anubwenisideundas wasiinnuudugl Wngaraumuniu R) luusavaumall (T)
a1u1saalaananseanuduiusnssuliluenans (data sheet) lusideiidenly NTC
Thermistor §1u7u 2 #3 Tun1sinargamgivesimasidunmauduazniseanveandeu
Hesntugeamnssueueuddedliidusesslailunsingumngivesszuussuisnusou
a0

wazidenld 1.8k Thermistor viuneA31LI1 Ngun)i 25 samiaaLgya Thermistor Hagdln

ANUAUNURYT 1.8 Alalevia #se 1,800 laviy

U7 3.7 NTC Thermistor (Coolant water temperature sensor)
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19ATUULTIAU (voltage divider) Tolun15TauseA Ui anATouc?
Auntuasi vesalulasreulnsaaessuauseiulnirdadudyameurdeniiaaue

IV

—> ¢ O
V, NTC Thermistor (R;)
L N v,
Resistor (R,)
1 o

U7l 3.8 2993UU U5 (Voltage divider)

V _ ViR2

0 —ﬁ (3.1)

3.2.5.2 K-type Thermocouple
wesluduilayiln K AslguwgeTingaumaiivilanilsivinnulagende

U31nn13aidiun (Seebeck effect) Usenausislansnanaoisinniuansiaiy Ineialufe

a a

lasiua (Hnifia-lasidew) wazegua (nifa-szgiiidew) laverisaesilimdouduil (i

Y

wsadulniaudadiuauneamgl gnldegraunsvatsluanamnssuiesaindyag

a

QUNYINIT Aausl -200 BeALTaLTEa DeUTEaM 1,372 BIFYALTLE LaTWIIRULBIANAT]
unruinudndssadldlunaveedyann (COMCU-8495 K-type Thermocouple amplifier

module) 81uAgaumgiidudyanaussiuliiuuvemdendiguesalulasreulnsames

14 K-type Thermocouple $1uau 2 fdmsu Ingamginiadwazesnvesoniailvaiing

Y

DU
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g“dﬁ 3.9 K-type Thermocouple and amplifier module

3.3 YARIUANWAANTZUIEANTIUY

gamuauldlunsdanisiaanliin $uau 3 f Inglduesalulaseoulnsaians
STM32F7462G aztiousiaiulusunsu MATLAB - Simulink luifeuudenlaezunsa ey
Agamgfitmseananmsie Ussaans wazmuauinaslilfinnudildes nuuussuy
muAx Faaznariluitedaly gunsaindnluynaiugy fasuil 3.10 Tdruusznaudng 9

[

D!

Step down

- cmodute,, -
= -1

U 3.10 YnAIUANTRANSTUIEAINTEU
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sv 9v 6v 3v GND 24v
e} o Qo [+ X+
<—’f— CIMCU-8495 |— sy D8 v
amplifier 1 &V i
Db ewmeromm— N[ . o 3 i
. 10 =
CIMCU-8495 [ A & i oHE Fend
= amplifier 11 L
K-type Thermocouple A2 STM32
F7462G 12
T : e R==
13
a2
s g -
K| e >
7 3 Il
21 D15 m
g i
. ol | w & Fan2
. N
- =
2
5‘ % ™ Y
3 >
3 [
—=
s av E"l‘- H Fanl

JUN 3.11 2easliihynnivauinausyuienuseu

3.3.1 unasaneliiinszuanss (Power supply)
wiasaneliianszuanss wsadulnin 24 Thad 20 wonuys Tddmsuane
wsasrulalin (Supply voltage) T fustausyuneaanudouits 3 &7 sudelidulugaysu
wsanulninszLanse
3.3.2  lugauSuussiuluiinszuanss (DC Step down module)
TugauFuusatulniih LM2596 usenudunm 4 - 35 1aad useduledng 1.25

- 35 106 NTzuae1fnnogn 3 wauuls Suwssiulivhnlasuainuvasinaliiinssuanss

Y

Y

(Power supply) U5uiuussduidosns uazthluiduuwasineliiugunsaldu 4 Tueniideil
Tiugausuussdiudiui 4 f wandu 4 useiu dwduldnudeiolud

1) 3 Taadt: Wdmsudunssiulninlunisdsnswaay (operating supply
voltage) Wvhauegil 30 Wesidudnsvnuiirnuiseugean

2) 6 Taad: ussdulninlunsdaniswaau (operating supply voltage) 1
vhauegil 60 WosLdus

3) 9 Taadt: uwsessulninlun1sdaniswaau (operating supply voltage) 14
vhauegil 90 Wesldus

4) 5 Tyad: Wuunasdreussduliiiu NTC Thermistor wag lugasiadl (Relay

module)
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3.3.3 lugasiad (Relay module)

SwdidugunsaBidnnsedndiignlifusgrsunsvaneluszuuamunudalusia
v fnileuaindln vhanildsenstounseualinlyituunain aiduauiuuimanls
fagaviindura (Contact) Wasuiirmenislvavesnszualuituitemueunissngliialyidu
gUnsaleing 1 TuuAdeiidenldidu Active H/L 3.3 V Relay module #aviain 9 dos

3.3.4 UBIARIUAN STM32F746ZG

STM32F7462G vas alulasasulnsaiaeiveinsena STM32 lag
STMicroelectronics l#§uniseanuuusniiietsdmnsuaginwamnadisiuuuuas o
weundindilagldlalasaoulnsainos@3d STM32F7 394 ARM Cortex-M7 ansauiidsi

1) lulaspoulnsalaes ARM®32-bit Cortex®-M7 vhaudienuiiigegn 216
MHz

2) weAmd1 1 MB Flash, 320 KB SRAM

3) GPIOs 168 %84 #3591ANAN15OIUNTS interrupt A1NNIBUBN

4) 12 i sundendunn 24 903 3 Yn

5) 12 i sundeno1sine 2 9

6) USART/UART 8 %

7) 12C 4 m

8) SPI 6 49

9) dauaEnEaNTATeIsUNSLTeuse Arduino Uno wag ST morpho ¢

10) N13HAYAUNNTY (Debugging) wagn15tTeulusinsy aag ST-LINKAV2-1

11) llidssuasnain USB (3.3V, 5V,7-12V) wazanuiasanenigusnla
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3.4 WUUINADINNARINAIEASYDITIUUSEUNEAUS DY

Ma,pescp,aTumb macp,aTa'i

A4
€<
Mw,recp,wﬂui,t:() \ Cer
> \V4 VN » MyCpawd wo
mwcp,wTwi
A 4
macp,aTao

JUT 3.12 WHUMWYRISEUULANLUREUAIITOU

3.4.1 aumsauganeausaulumanvai

(%
a o 1

ﬁllﬂ'ﬁﬁllQﬁ%’]\iﬂ?’]ﬂ%@ﬂiumﬂuﬂaﬂﬁW Ao é’m’]miamaqﬁumqmmmuma

< i a 1 o v A 1 [ a
W Weasaniianisarawmludmdeuniazananlianiy Lansneaunisi (3.1)

dT, . .
pr,w d;vo = mWCp,WTWi - mWCp,WTWO _Qex + Qre (32)

e M, A9 aravesdineluniioun (ke)
Cow FB  Anaugauiouresimasidy (J/'C)
& [ a ¥ 1 @
m, A dnTINsvallisnavesumanidu (ke/s)
T, Ao aamglimadivesimasdu (C)
= a H 1 < o
T, A9 auugiinisesnvesimaaidu (C)
o, A BnsInsuanidsunnnuiou (W)
0, A 8n3INTEiemANTouTesIAIAAeluriaun (W)

lngunAneusunszuIuMIgUUiuIMAiuAreoNLilAINAY Wevin1s

Uaninadlienialuarihguiiainiinnisuanildsuanuiouiiorainanuseuainiiidnag
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Ay nnglundoun gumgiumiadiuazniseanazasy 9 uonaniu osulglansaunis

(3.2)

Tnei

3.4.2

D D D DD Db
© © © © ©

o)
©

Qe =M, C wTworo where 0<t <t

Q.=0 where t >t

cut (33)

cut

Sasmsaemeanudeuvosninsiemelundot (w)
1athasisanelunsionh (ko)
FANLRANLSeuTDIMaBLEu (J/O)
gumpitmsenvewmisiothifiuiii 0 O

Y
L2877 (s)

~ 3 <

nagamgidviae duniadiuareenisuLANG1ai (s)

Y

’s'illfﬂ‘5’5'1319)‘EiVI’]\‘lﬂ’J’]SJ%EMiﬁJWIE]SJ‘UENE]']ﬂ’]ﬂ

WAnNszulIunIskanilasumusaulaguivasii untemainusou T

A | o § v a | ~ A X o A
amefitnaniu iligamafionniavisesngussenia deamaliaetiu fsaunisi (3.3)

Tnen

D D D2 DD D2 DIDb
®© © © © © ©

o))
®

dT, : .
Man,a d:o = r‘hacp,aTaLi - macp,aTao +Qe>< +Qpes (34)

1navesomAamelumsieii (kg)
A1ALYANTBUTBIDINA (J/C)
951713 Maltsuaauesenaa (kg/s)
gauniinudweseInia (C)

aUnnINI9eaNURI01INIA (CC)

9 Y

[

BMIINSaNtUABUANLSDU (W)

BNIINITOLNANSDUVBIDINATNTUNIU (W)

Tutasudumaaiduiedneluiinnuieugs Weldainaulvaemanusow

Feuileananuiiouwien1snvese MM lAlA1Ee e5ulesEunis (3.4)

Qpes = Ma,pescp,aTamb (3-5)
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Tned Qpes Ao Savmnisarawenudeuvesenaiisunau (W)
M, e Ao wiaemafAnsuniu (kg)
Coa AD  ANAMUYANNTBUVRIRINIA (J/O)
T, A9 9udiussenia (0)

3.4.3  aasamsuaniasuanuiou (Heat exchange rate)
gnsInsuwanidsuseninaiiseu waveinianigluniiedn danuduius
sgriniunlunisuandsuauiou ArduuseAvsnmsaemanuseusiu eumgiivesiva 2

g LLaszLWmma%mmgﬂéfaq A9aUNTT (3.5)

Qex =UAAT,, F (3.6)

ool @, fe  dwminisuanidsuanudeu (w)
U k) AnduUsEansnsenemaLSousI (W/m2°0)
A fo iwilumsuandsueudou (m?)
AT, @8 Log mean temperature difference ("C)
F Ao Correction factor

ANFUUTLANTNITONEANUS DU ILMLARTUILLNNTUR I ULUAIRINENINANT

Mauesssuuluvue iy Fsamisafiansaunlaainaunis (3.6)

1 ¢l €A
At 57)
hi k 0
JCIS Ao Andudszansniswianusouluvie (W/m2°C)
h, A AduUszAvsniswiAniuiouuenyie (W/m2C)
L Ao ANETIYe (M)
k Ao A1duUsEAnSNITinANSeu (W/m-"0)

Nusselt number Tuauni1s# (3.7) W udnsiaiunisniausounonisud

ANUSPULaY Hydraulic diameter (Dy,) Imaﬁ'gmmumﬂwmwu Turbulent @1n157 (3.8),
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WUU Laminar @115 (3.9) Larsnsinisnisivialag Reynold number (Re) @1n1s (3.10) Lay

Prandtl number (Pr) @un1s (3.11) Tunmsyanduuse@nsnisnininusau

Nu = (32.8)
k
Nu = 0.023x Re*®x Pr¥? (3.9)
V3
Rex Pr
NU =3.66><( e j (3.10)
Re=2""n (3.11)
7,
pr— JoH (3.12)
k
Tedl o AD  AIANUAUILLY (ke/m?)
v Ao A5 edlva (m/s)
i D) Dynamic viscosity (kg/m:s)

Log mean temperature difference (AT,,,; ) A9 N15UTZUIUAIAIUUANAW
Y99 UNNVDIUME LI ULAZDINAN ARSI uaz 0N VBIVBIlraTa 2 viin Tuszuy

WANUATUAINUTOU AIFUNIS (3.12)

R (3.13)
In( wi ao )
Ty T

wo amb

& A N 19 a a a a 9
WUNLANLUAYUAIINT DU (A) LﬂUUﬁL’JﬂJ'V] AANISLANLUGEUAINUTBU Y

mmstszmmiéfmﬂﬁﬂmmlﬁmﬂﬁuﬁmaﬂumsLLaﬂLﬂﬁaumm%’aumaaﬁiqﬁméaLﬁu 33U

1Y

vilaenie udilesanyanaaeslusddeinauiidnfediuiu 3 dq Snunlinseunqy

[
Y 4

Hunnihdnvemden anaeuldlunisaivauiinay Nldladaldauinauns 3 67 naen
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A1991197U Aznandatl Ylrdnsilasuslasuaanuiluniseanlasuninusoun 39AuIn

NUNLANUAIUANUSDUTDUNFUIINAN EAINNNITNARDY

3.5  29NUWUUTTUUAIUANLUUARLLATD (Fuzzy logic)
TuN1580NKUUITEVUAIVANKUUAGLAT B LW UNELATY Fuzzy logic designer ¥4

TUsunsu MATLAB §aflamuanunsaluniseenuuu USuwssssuunisuseananisvesiled

(Fuzzy Inference System, FIS) LaznadaUu N1ULUUTI80998955UUTEUANS U L6

aanuulu Simulink safnaniitneau

4] Fuzzy Logic Designer fuzzy_4mode

File Edit View

1

modet

fuzzy_dmods

temperature

i

moded

FIS Name: fuzzy_smode FISType: mamdani ‘

And method Current Variable

Name
Or method mex -

Type
Implication — o

Range

Aggregation - @

Defuzzification centroid R

Renamed FIS to *fuzzy_dmode™ ‘

E‘U‘ﬁl 3.13 Fuzzy logic designer

Wovin1ImaasdilemUss@nBsnmnIsmemausauTeseuu mukeulunng q 9
sgnandnly Wudeyalumsdndulaiiedunldeeniuuszuuauay IngssuuaIuaunIs
FEUIEAIUTOUMILNAAY 2T UA1UNNIN1900NVBINL U (T), o) LTBUTEUIANALAL

faaula danslviaauyinaustadulnuanisvinausiail
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A15199 3.1 IUANISYINUYRIN AL

Percentage fans operation

Mode Two (O
1 2 3
1 90 90 90 Two 2 65
2 90 90 i 60 < T, < 65
3 60 60 60 55 < Ty < 60
a 60 60 i T,. < 55

910915797 3.1 Wuen15791uil 1 (Mode 1) Waauyia 3 67 191Ul 90 1Uasiius
d‘ a g 4 %)I a1 1 a o -dl
Wegumgiumieanvemdeun (T,,) dA1m1nndn 65 ssraaided, Iuan1svinaui 2
(Mode 2) Waau 2 #7 vi191uil 90 Wesidud (egungiuiiseenvessioun (T,,) ot
¥4 60 D9 65 BeALgALTYE, IMUANITYINIUN 3 (Mode 3) Waaw 3 #3 ¥191U7 60
s & & A % v %o | | = =
Waesidud Wegumngiiumisesnvesmdein (T,,) 9831 55 04 60 oA LvaLfed Lag
uan15vaui 4 (Mode 4) finau 3 63 191U 60 Wesidus ogaumgiumisesntes
nilau (T,,,) JAWINNTT 65 BeALYaLTd
3.5.1 WeidunisiluaunBnuasduns (Input membership function)
Avuaarnuludu@nvesdune Tunuiddeissuunuauivdunmien
(Single input) 91ng i meenvewmdowl Fuduardunatdaiau (Crisp input) w7

fenulinduadunnnguese (Fuzzy input) lneldilsdduanumaes (trimf) Tuniseenuwuuls

Lﬂﬁ
he

d' s v < a PN ! [
HITNN 3.2 ﬁ\‘iﬂ"ﬁﬂﬂ’ﬁwua%ﬂﬁﬁﬂmaﬂQEMMQZJH’]M&E)LEJ‘L!

Two (O trimf Variable input
(Crisp input) (Fuzzification) (Fuzzy input)
> 65 [65 65 200] hot
60 - 65 [59.9 62.5 65] warm
55 -60 [55 57.5 60] fine
< 55 [-200 55 55] cool

'
a A

AT 3.2 TgauiiineesnveniouIuInndl 65 ssrnaldea xileue

a 1 |

an1ugd hot Inernuarmslesvesilandiudu [65 65 200], wnaamaiiotsening 60

Y
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~ 65 psAgaLiea Towdedn warm Armsidmesvesieddudu [59.9 625 65], d11
M1998N0E3ENIN 55 - 60 psmnwala Jomdodn fine Armnsfitaefuosiledidudu [55
57.5 60] ua fgungiimsesnvemiiethtiosndn 55 ssriwaiea aslendeaniuyn
cool Tngrmuamsfinesvesileddaundu [-200 55 55] iledesiumsvihnuiianainues
SEUUAIUANINBUN ARy uanIvovaUIYA T90enLUUIT BgUNA VB UL +200 B4FN

\wALTEA LarYaUA1NN 200 Berwaldua elasaguil 3.14

plot points: 181
Membership function plots

cool fine wanm hot
] ]

14 & 2
input variable “temperature”

g‘th‘?i 3.14 WerigunisuaunTnuesdunm (Input membership function)

(3

3.5.2  Weidunisiluaunnveerdnn (Output membership function)

9
i

LDNATIDBNINITFUUAIUANLITIIVIAA 4 67 (Multi output) Beazsinaulanis
MUVINAAN NN Aesvinnuiindale lnedadaulaainednnnguiaie (Fuzzy
output) Tufitinunefianisle - Unveusiazluun w1y Defuzzification Wutednadniay

(Crisp output) AduanslumIsng 3.3

13799 3.3 HeidunisluauBnvesandng

Variable output trimf On-off mode
(Fuzzy output) (Fuzzification) (Crisp output)
off [00 1] 0

on [011] 1




Membership function plots

plot points:

181

a2

off

on

output varable "mode1”

U7 3.15 flerdumsiluauiBnvesiendnm (Output membership function)

353 ﬁmuﬂngﬂ%@ (Fuzzy rules)

AruANgNSAIUALLUUNGY WeauesalilasraulnsalaaseuaA1gumgil

1%

N1999NINULBUT LAWINNTUSZTUINDTUUULNNAT (Mamdani fuzzy inference system)

a o [y} < o a o lej
wsanmuenisvinauvesinaunsiluluunle lnemvuanguesiled Al

M99 3.4 MUANUeITlad (Fuzzy rules)

Variable output

On-off mode

Thout Variable input
’ T 1 2 3.4 1 2 3 4
| > 65 hot H 1 0 0 0 on off off off
F 60 - 65 warm E 0 1 0 0 off on off off
55-60 fine N O 0 1 0 off off on off
< 55 cool 0 0 0 1 off off off on

a a a 9; 4 9; 1 1
INNAITNN 3.4 b BY AUNANUININBBNUYBINNBUINATNINATN 65 93FN

wagya HedazUsvidiuinoamgituegluaniie hot 31Nt UsvaianauazafeAdmtnd

aunshilvunlavienu senundudnerdnadaaui 0 e 1 luwsiaslnunnisviem dssy

3.16

a
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temperature = 50

| ]

made! = 0.33 mode2 = 0.33 maode3 = 0.33 maoded = 0.67

h b -
B b _df

0 1 i} 1 0 1 0

-~

—

E‘U‘ﬁl 3.16 Fuzzy rules viewer

3.5.4 nsldeuredsauiuyaaiuanlulusunsy MATLAB - Simulink

Tusidedl9Tusunsy MATLAB ludau Simulink SaufugaaIuALAae
Support package d1%§U STM32 Nucleo board Tunisdsnisitnay dsuandlugy 3.18 Tag
uden Fuzzy logic controller %’Uﬂ'ﬁqmmﬁﬁmwaaﬂwﬁaﬁé’]ﬁiﬁmnL%umj@% nduring
Ussiiunungitldeanuuuld anfindnfsssuumunuiuuila@dnei enerdnaiioanain
fla@duen 0 - 1 Tuwiaglnunnisvinu 39ldlduden Compare to constant fiunnniinie
Wi 0.5 dmnnisussiiusaeile@daunnnimsemany 0.5 azdsriuuy Boolean vlu
933 drflAtdeuninazaania 1ig Switch block dduaieazdsen 1 Wifuuden Digital
write ¥83u0 Lt & smsliuasalulasnoulnsaiaes Trelnliiulugasiad Tsiaaasia

(Close circuit) vinlvimasiluudagivinaunuasliifsgun 3.12

MBED

=

Fin: D7

TBED

1=

MBED

=

MBED

z
g
g

TBED

=

MBED

=

Pin: D12

5UT 3.17 wsunw Block diagram Tunisdsausinasilylii
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szuumuauLuUiies@asin dnsdadulalunsdanuinaulist 3 § e
$reBamsinaulavesuywd lissuumuauiansadanistumulifudaduresniny
SoufiAntuanmsldnuld Snadeulalunmsheuesinauiimsosnuuuliiiinay 1 6
wnnsviaulunsallifiesnisnisssuieanufouiigs annisldndsunazdiedneignis

YN UVBINAAL

3.6  MTNAABY
3.6.1 wnagauAaEunTagunsailun1sszueauiau (Static test)

A v g v av & Y oA >

Wewneynnaaeiltanddy Wugunsallussuuanuiauniunmsldauly
savalagansinieseudduniy dnundsznauduganaaeu lunszuiun1snaunisesniuy
szuumuauwuUiledlatu Sndudemsureunauannsavesgunsalniossuuszuy
ANUouniley lagduusiuvesssuunasnsaniuaula aun dnsimslvadauiaresii (
m,) 4aEdnIINTIMaTeIeINIA (m,) Falnaina1nn1sAIuANTulILasinaNsEUI8ANToU
AuEU s snaasdy 3 9n AuANIEITEUAISYUYEItNT ausiazausisouns

o [ A o < [ ¢ 3 < A o

WU INTUTUUABUTINULAEAULTITEUVRTRaN AU TUAYEIAIILTIEIgATING
auasavila fam13199 3.5 LY WAANTIUVBITEUUTHUIUAINTBUNIUAIFILUTAILAR

snsNsINemANNIauesnaIntmaedu (g, )

A3197 3.5 9RNLUUNITNARDINIANNEINITAIUNTTIEUIEANNS B Y

Pump speed Fans operation (%)
No.
(rpm) 1 2 3
1 85 85 85
2 60 60 60
800
3 85 85
4 60 60
5 85 85 85
6 60 60 60
1000
7 85 85
8 60 60
9 85 85 85
10 60 60 60
1200
11 85 85
12 60 60
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3.6.2 VAFBUITTUUAIVANNITIZUI8ANFDU (Dynamic test)
IINHANITNAGOUKUY Static test WlUgn1sadwuudnaemendinmans
uazaanuuuszuumuay lnefnuaieulelisnnisinavesimanifunsi nsveaey
szuumUAILiagranauauasesinaniiiudsuluamgangitmiseanvesiion 1July
mungileditldoonuuulifmsed 3.4 viels aufsanuannsalunsszuisnrudou Ty

Nivasnieanuiieouliliu 70 °C

3.7 @3

n1safivauddglunisesniuussuuaiuauinauliinlussuussuieanuioun
Ynergunsaliiiiunisldaunudidu SududesUszununisuuudiasmisadasians
MelaTanaunsalnilod WialinsudmgAnTsULarAINAINITOVDITEUUTEUIBANT DY
Wilugnisesnwuuszuumuny Insuundutuneudsil

TUPBUT 1 DONLUUKALATNYANARDITTUUSTUIEANINSoUYALUALADI TN TagTy

ao Ho i % & v v o Yy A v 8oy 9

MmAjpiidaunatanuTeudundedun lussueanuseuiviioun seinaulni

) = = v ¢

TURBUN 2 NAdeUANNAIINTaUNTLanUAsuAuTouTetgUNTal WawINTEUY
srungauTaulsEneunsynaUnsaintleg iy Wiun1sldanlusadainseseudduniy
IndudosmndouLiion U UIUAKAZANNAINNTAUNITTZUIBAINSOU

TUABUTN 3 UTEN1UNITUUUTI0INNALIAAIAASVDITEUUTEUIEANUTBY kA
UszanamnsiiinesnnetesmeuaUniiati Parameter estimation vadlusknsy MATLAB
dwsunsasukuuInaedlignaediieuiumlanseuuase

& a N v a o . .

TURBUT 4 0ONLUUTTUUAIUANLUUTGE Adeuaund Aty Fuzzy logic designer
YoslUswnsu MATLAB Tneligamgivnsesnvesndeundudunalunisdndulavesilsd

TUABUN 5 NAFBUTZUUAIUAN INNANTTADUALEeINsYIwinaudulunung
TI90Nuuy wazAgamlumadunneenvewmiiawn fmelusunsy MATLAB - Simulink

:5 d‘ a o al

Tupaui 6 nageunsauAnluszuuase demsmuauwuuiledluldlunisaiuay
Winaulpesurdunpanduresingumgiumasidunniseenidioun

TURBUN 7 AATILVUALATUNANITNAADS
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NAN15I8LaZaNUS18NA

4.1  uni
Iuwﬁﬁmuamimwaaummmmiaiumsizmamm%famaasqmqﬂﬂsaj Aiile
1NNTLUIUNITUTEUIUNIS1LABS (Parameter estimator) 1A ULUUTI889E1US5 U
ATIVABUANNYNADY UAELUTI UG UNANBUAUBITENINUUUTIRBITEUUTUNEATNTOU iU
NARDUALBITILANT LIS INNTN AR ULUUNA T (Dynamic) fitAnn1sasuwdasiosain

N3YN9UYBITEUUAIUAY

14 .
4.2  @AMUEINITAIUNITIZUIEAINSBU (Static test)
4.2.1  Juunviyuiin1uss 800 rpm
ﬁm%‘umwmaaummmmmiumiszuﬂﬂﬂam%’auﬁuaw@mam ANAULSA
o [ < & ’o’ a 2 Y
N353 wIAN5ITaUNTUYLYeITNUT 800 rpm FRETEUUAIUANLUL PID l9dnsIn1g
Inadanavesdiegi 0.42 kg/s MNTUUAELLUAINIINITIINUYBINAALAS
1) WRANTNY 3 AIVIIUN 85% (3-85%)
90
—Tai Tao - Twi Two
80
70
60
50

. /\\

30

Temperature (°C)

0 25 50 75 100 125 150

Time (s.)

[%

JUN 4.1 gaumglivaeiduuazeinaninay 3 (29191 85 wWesidus 800 rpm



2) WAL 3 FAVWT 60% (3-60%)

ar

90
—Tai —Tao —Twi Two
g
o 10 -
5
©
8 50
e
* L
30
0 25 50 75 100 125 150
Time (s.)

JUT 4.2 gaumgliuvaeidulare1naiineay 3 629y 60 1Wesidud 800 rpm

3) Weaw 2 YUl 85% (2-85%)

90
O B y - 3 \
o
v 70
% Tai Tao Twi Two
g— 50
I
g |/

30 > A e B B T "

0 25 50 75 100 125
Time.(s:)

¥

JUT 4.3 gaumgliumaeidularerniaiiipay 2 §2vieu 85 iasidus 800 rpm

150
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1) finau 2 §¥uR 60% (2-60%)

90
9
v 70
2 —Tai ——Tao Twi Two
g 50
5 L

30

0 25 50 75 100 125 150
Time (s.)

(%

JUT 4.4 gaumaglitvaeldunare1nafiieay 2 §2va1u 60 WWesidus 800 rpm

ﬁ]']ﬂNﬁﬂWiVl@ﬂE]UﬂﬂiL‘Ua?JULL‘UaQﬁ'ﬂiJL%’Ji@Uﬁlﬂam Iﬂﬂﬁgﬂ%JﬂﬂﬁﬂﬁﬂmL%?i@U

n1snguvesduulin 800 rpm Wdnsinslvaidauiavesuiasfif 0.42 ke/s 3NUY

aLiunsagunlamisvihauvesinaudsnna 1 biTeiu aumniiiasiainuasdnsinig

U8R AUIUTWANILAIAINT LARIIUNITIN 4.1

=i Y -‘N' o AY 5
13799 4.1 Namimauauawaﬂisumzmﬂmﬂmaumamazmmmﬂmmmu 800 rpm

Air Water
Fans -
No. m T, 1 AT m T T AT
Opel’ation a oal oao 1 a W OWI oWO ] w QW

(kg/s) (O (@) (O (keg/s) (O (@) (0  &w)
1 3-85% 288 3563 4416 854 045 7724 6579 1145 21.64
2 3-60% 195 3378 45.64 1185 0.45 7297 6574 723 1366
3 2-85% 1.92 3527 4748 1221 045 8328 7631 697 13.17
q 2-60% 1.30 34.74 4792 1318 0.45 8343 7857 486 9.19

INSNYULNNBANVBINEANTTH N TU AR UNNIRONVOIMIDU

Mlugisaaiusnisy ndrndainisiineauvinnudasedluaneasinussuin 15-20

Wi feunigamgiinieenazanasluauivaniizn1sawiidnAme NAnuasaveinay

Tuwsazn1svinauauisayvinle neionsIN1sEiuTUVINISONEMANULSDUAIUILA N
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'
1 d

95% Y948nIINTEEmAINTeuRAsluaNIIEAINeTE AN YIAIMITUA (Settling

time) AauanslunTIan 4.2 waggun 4.5

25,000
= 20,000
]
©
€ 15,000
L
é 10,000 //_/_,—/‘"'
§ 5,000
T —3-85% 3-60% 2-85% 2-60%
0
0 22 4aq 66 88 110 132
Time (s)

JUT 4.5 dnsnsaemanusauitiinvay 800 rpm

A5 4.2 NMTRNTUVDITRTINTTHANUABUAIILTOUN 800 rpm

Fans m Q Settling Increasing rate of heat
NO. a 95%
operation (kg/s) (kw) time (s) transfer (kW/s)
1 3-85% 2.88 20.56 83.0 0.26
2 3-60% 1.95 12.98 68.3 0.20
3 2-85% 1.92 12.51 74.0 0.18
4 2-60% 1.30 8.73 78.8 0.12

nuantmadauinwauiaseuntsuy uresd wlid 800 rpm uay
Usudsunnusiseuinauiiy Samnistiemenufeusnniganiitu 21.64 KW uazdas
nsdfisturesnisdnemwiiy 0.26 kw/s Tuanmzdiinauiis 3 davudl 85% (3-85%)
4.22 Dudmyuiinanda 1,000 rpm
‘U%J‘UL‘U?ilEJ‘lJﬂ’NSJL%’Ji@UmiMHU‘U@\‘]%Nﬁ;ﬂUﬁ 1,000 rpm vinlkensIn1siva

Fanavesdmasduuasudu 0.80 ke/s vnnsmeaesUsulUasuaNuEINSRUTeinay

4}
She
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1) Hoausha 3 §avinaudt 85% (3-85%)

30 7 Tai Tao Twi Two

[ w

0 13 26 39 52 65 78 91 104 117 130

30

Temperature (C)

Time (s)

H 1 [

JUT 4.6 gamalitvaeidunare1nafiieay 3 e 85 wWaesidus 1,000 rpm

2) WeaLa 3 §Avinaud 60% (3-60%)

80 —Tai =———Ta0 ——Twi Two

—_— ——

30 = e ==

Temperature ('C

0 13 26 39 52 65 78 91 104 117 130

Time (s)

v

JUT 4.7 gamglithwaeldunaye1nafiieay 3 291w 60 LWasidus 1,000 rpm

3) yipau 2 FAvuT 85% (2-85%)

OO 80 — kb 1 ESPITIEON T _-_T—ai Tao Twi Two

©

2

15

o L

o

;c_) 30

= 0 13 26 39 52 65 78 91 104 117 130

Time (s)

[%

JU7 4.8 gaumalitvdeldunare1naniieay 2 #vinau 85 wWaesidud 1,000 rpm
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1) finau 2 Feud 60% (2-60%)

130 Tai

— Tao Twi Two
@)

0]

= 80

©

L 30 L

5

= 0 13 26 39 52 65 78 91 104 117 130

Time (s)

(%

JUT 4.9 gamalitvaeidunare1nafiieay 2 §vinau 60 wWaesidud 1,000 rpm

nan1svageulaesneInIsseunMInyuvesdulin 1,000 rpm Tutas

anneasil (Steady-state) Argamaiiiadeannsnsninduldmsnd 4.3

=i ¥ = o Y g
#1319 4.3 Nﬁﬂ'ﬁﬁlaUﬁu@ﬂ]@ﬂi%‘U‘U'ﬁ%Uq‘EJﬂ'ﬂ’]iﬁ@u‘l/lﬁﬂ']'lSﬂQWQWﬁNUWWHu 1,000 rpm

Air Water
Fans - . :
N operation M, Ta Tao AT, m,, T Tuo AT, Q,

(kg/s) (O qo) (0 (ke/s) (O qo) O &w)
3-85% 288 3392 4493 11.00 080 7506 6925 581 1953
2 3-60% 195 3461 4735 1273 080 76.66 7232 434 1457
3 2-85% 1.92 3569 4586 10.16 080 78.03 7459 344 1155
4 2-60% 1.30 35.08 4748 1239 080 7956 7699 257 8.63

—_

30,000

=

o

5 20,000

ke

§ 10,000

5

& 0 e —3-85% 3-60% 2-85% 2-60%

0 16 32 a8 64 80 96 112
Time (s)

JUN 4.10 nsnnsanemanuTeunvanivyy 1,000 rpm
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MITNT 4.4 MIANTUTDIPRTINTHANIUABLALSEUN 1,000 rpm

No. Fans m, Qgs% Settling time Increasing rate of heat
operation (kg/s) (kw) (s) transfer (kW/s)
1 3-85% 2.88 18.56 74.5 0.25
2 3-60% 1.95 13.84 65.5 0.21
3 2-85% 1.92 10.97 66.7 0.16
4 2-60% 1.30 8.20 65.0 0.13

o o d‘ o & g d‘ < [
ANNNANITNAADUAINUN 2 M’lmimu{]mmwmmwaiau 1,000 rpm 8#131

ANSANYLNAINNS BUTIUDIDNTINTENUTUIDINITANYMNAIINTOU U@ 19.53 kW whag 0.25

KW/s ANUAIRAU LAATU 8 NISYNUANAANTD 3 HA919T1UN 85 % (3-85%) LYULAEINUNIT

Mgu%m‘ﬁl 800 rpm

4.23 duwuiinanaa 1200 rpm

nageuANLENTaluNIsTUIANUSaUlaeU SuAsunI S UN IS

wastundu 1,200 rpm aglasnsinisivadenavesiwasdudy 1.11 kg/s ntunyas

MInyuvasinaunuLUasduAn1svineTuds

Temperature (°C)

1) WAawusts 3 §9191uT 85% (3-85%)

80

70
60 —Tai Tao Twi Two

P —— sy e .

40[

30
0 10 20 30 40 50 60 70 80

Time (s)

[

U9l 4.11 gaungiumaaidulazainieninay 3 391w 85 wWosldud 1,200 rpm
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2) WAANTY 3§V 60% (3-60%)

80

70

60
Tai Tao Twi Two

50

30

Temperature (°C)

0 10 20 30 40 50 60 70 80

Time (s)

JUT 4.12 gaumglitviaeldunwazeinafinpay 3 #vina1u 60 wWesidus 1,200 rpm

3. yiman 2 §Avaui 85% (2-85%)

80

70
Tai Tao Twi Two

60
50

©

30 /7 7 > __|_o S

Temperature (°C)

¥

JUT 4.13 qumgliuvaeldunazeiniafiieay 2 dvinaiu 85 wWaesidus 1,200 rpm
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1) Fiaau 2 Ui 60% (2-60%)

80
__ 10
@) ) .
Z ——Tai ——Tao Twi Two
L 60
>
©
L 50
g v —
W A-—v— e
30
0 10 20 30 40 50 60 70 80
Time (s)

(%

JUT 4.14 gumgliuviaeldunwaze1niefiieay 2 dvinanu 60 wWesidus 1,200 rpm
NAN13NAREIABNITSNEIANINEITEU 800 rpm warUSuLUasuUasidudns
Meuvesnnay luganizasdinaamgiiinadiiasnisesnvemdouliinns

WasULUAIRIanIluANS19n 4.5

=i Y = o Y H
$1379% 4.5 Nﬁﬂ"liﬁ]@UﬁH@\W@\ﬁ%‘UUiSU’]EJﬂ'J’]fLIiE]u‘Vlﬂﬂ’]’DBF’NG]'N/l{jmuﬂ%?,;lu 1,200 rpm

Air Water
Fans : :
No- operation M Ta Teo AT, m, T Too AT, Q,

ke/s) (O (O (O (kes) (O CO (O (kw)
1 3-85%  2.88 3386 4550 1164 111 7576 7098 4.78 22.28
3-60%  1.95 3462 46.62 1200 1.11 7522 71.81 341 15.89
2-85%  1.92 3531 46.08 1077 1.1 77.74 7521 253 11.79
2-60% 130 3529 4636 11.07 1.11 7770 7591 179 8.34

A W DN
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25,000
20,000
15,000
10,000

5,000

Heat transfer rate (W)

o~ o —3-85% 3-60% 2-85% 2-60%

0 13 26 39 52 65

Time (s)

JUT 4.15 dnsinsanemanuseuntuivyy 1,200 rpm

AIINT 4.6 NTLTANTUTDIDRTINTANUABLANTOUN 1,200 rpm

No. Fans m, Qgs% Settling time Increasing rate of heat
operation (kg/s) (kw) (s) transfer (kW/s)
1 3-85% 2.88 21.17 49.9 0.42
2 3-60% 1.95 15.10 ar.3 0.32
3 2-85% 1.92 11.21 a4.9 0.25
a4 2-60% 1.30 7.93 46.2 0.17

313U 4.15 N158n31N13szvIganuioulaenisuiuildeuieuluns

o v a o 1 [ 4 dl o o g.J/ U dl
uvesinay f8psinsagmanuiausinfiantun1sinauvesinauva 3 6791 85% (3-
85%) uazlum1s1ail 4.6 uaniszeziial (Settling time) lup1sagaandnsiniswaniudeu
An1IEAI N1 5% ANUARIAARDY WALERTIIUNSIINAUYRINITAEMANTBU (Increasing
of heat transfer) lngiliinay 3 #A¥IN91UN 85% (3-85%) HENIINTHANTUYBINTEBINAIY

Sougegnegi 0.42 kW/s
nNsnegeuUsEansnmlunswandsuanusauvesynaunInivedseuy
2/ Ao %7 Ly = § = (3 [ v ! <

syunganueunilegiu Inen1suiulasudasidudnisyinauvesinadluusiazauniinis

Y % amwvo Yy v o § v v adaa a Ao ' a
nyuvestuiladnaueundiadu vilinsiuladeniidnsnaninasensuanudeuany
Fou e dnIINshravesemanitigndetukaziuilunisuaniUisuninuiouseninees

Tvaa 2 wile U9B91Na01UN15aINISYINUURINAaNTY 3 1 85% LOMTINITANUMAINLSDU

a =

wnfianfinnanusIseuntsyuvestul ilesanddnsinisivavesenimnniianuass

q
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[ '
A ¢

funlunsuanildeunnuiouduinainnisdainaua 3 67 wasidnsinisinavesdniy
anuilaladesiednsinisseuiganuiou Inefiduin 1,200 rpm d8wsInsszuieauiouas
Mgailefiansaniinisviuveainausis 3 ¢ 85% (3-85%) Bafiseutiauti1 800 rpm {18051

nmamemanuieulndifisdiu 1,200 rpm ualinAnusvessumgiiinasduninaduas

v
a v

90N (AT,) fiAunnd1 dnvienUuumsu 800 rpm Tdwasau 297.6 Ind Fetlosndnn 1,200
rpm ldWasU 352.8 Tad Fudenviauiiseu 800 rpm Tuniseeniuulasmuauouly

ANSYNIUYDINAAUAITITD 3.5

¢ .
43  WaN1SNAaRLUUNaIn (Dynamic test)
NAAOUTTUUAIUANTAANTEUIEANNTEUTUNNTIE U IEANTBUATIENTTAIUANIUY
¥ §199s9amglumasiduiinisesnvesmiioun \Wudunalifuiledlunisdanuinay de
v < & 5 v A 1 a a3 ' <
N133NIANNSITEUNIUYUYRU N LYASTN 800 rpm wazUSulUdsugaumaiuivaeidy
Y ® o w = o v v o &
mMudndy 80 75 uag 70 MU LitenI@aUNIYINNIWTeNiRaY laNan1snaaeudsil

4.3.1 gaugliumasdunadindoun 80 °C

90 - -
Tai Tao Twi Two
;3 75
g
S o st - s oy
w 60
9]
o}
g N AL, 2oy Be e Ae cmme Sons e, WOUUESRURSIGS!
45
g | Ry i rrmbgnd, PONSY | VY
30 pa o W it et yow
t, 176.5
0 100 200 300 400 500
1
0]
gl
le)
>
0

0 100 200 300 400 500



Mode 3 Mode 2

Mode 4

Temperature ('C)

0

0 100 200 300 400 500
1
0

0 100 200 300 400 500
1
0

0 100 200 300 400 500

Time (s)

a

JUT 4.16 HanaUauatuunaIingmgiitmiati 80 °C

9 Y

2 o

4.3.2 auualuvasgumadingiens 75 °C

80
7
0 Tai Tao Twi
60 v- A e cndin o N ey e e ey
50 prewsreny 1 gy Shasdhh Ty 'y
40
- Sy e S e o A
30 — —
t, 169.4
0 100 200 300 400 500

57



Mode 1

Mode 2

Mode 3

Mode 4

100 200 300 400 500
1

100 200 300 400 500

100 2;0 300 400 500

100 200 300 400 500

U7 4.17 HanauauaLuunaIRnaumall

Time (s)

]

a

Y

119127 75 °C

58



Temperature ('C)

Mode 3 Mode 2 Mode 1

Mode 4

4.33  guugiitn

80

70

60

50

40

30

4

navLuNINTIuMLaUn 70 °C

t, 194.4
0 100 200 300 400 500
0 100 200 300 400 500
0 100 200 300 400 500
0 100 200 300 400 500
0 100 200 300 400 500
Time (s)

JUT 4.18 nanauauaILUUNa TATIgmAll

]

a

Y

11911991 70 °C

59



60

INNINAFBUITUUAIUANTAALLUUTET TngAIuauAI1usI50UN TV

YosdunliRInfl 800 rpm waznaaeaigumgImadvesimaeiduilgamgiisieiui 80

75 uaz 70 “C Wnanaunsavihunuteuly vessyuuaiuauilanisesnuuull aamgin

waeduinseenvemmliotiiaamgiianini 70 °C aguldnmwnsed 4.7

A9 4.7 NARDUAUDILUUNA I

No. T, CO T, CO AT, Q) t, (s) Mode
1 80.00 63.13 16.87 176.50 1-2
2 75.00 57.32 17.68 169.40 1-3
3 70.00 56.36 13.64 194.40 1-3

4.4  ATINEIUANNYNADIVBILUUINALY (Validate model)

4.4.1 nsUsTINUAINNSIAMas (Parameter estimation)

A Ao <@ & S A A =
Q’]U’Jﬁ]ﬂﬂiﬂ‘lﬁﬂ'ﬂmLi']i’e]Uﬂ’]i‘lﬁﬂ;luﬁUEN{]?,JU’Wl 800 rpm LLagLa@ﬂLﬂ@ubL‘Uﬂﬁi

VUBBINARUT 90% Laz 60% Voan1svinugsaadunanlunisvinenu auluuans

19U 4 JULUU DU INANITNARDINUTENIUNITUUUTIAINNAEnAEAS biA1N1S

7AABININNTIN 4.8

AN5199 4.8 NARBUAUDINISANUNANLSDULUTINEN1ILAIT

air water
N Fans T T T T T T )
o m . A m - A
Operation a oal oao ] a W cWI OWO ] w QW
(kg/s) o (@) (@) (kg/s) (@) (@) (@) (kw)
1 3-90% 3.06 31.35 3779 6.44 0.19 63.71 4148 2222 18.16
2 2-90% 204 3137 4341 1204 0.19 7145 5533 16.12 13.17
3 3-60% 1.95 31.11 4506 1395 0.19 7375 5531 1845 1507
q 2-60% 1.30 30.90 48.05 17.15 0.19 7318 61.38 11.80 9.64

adunsAugaundy INgnsINsLaniliguauieu suiugunaiif

Y

7579791 warAduUsEANSN1SANEAMUS U (U ) 29nNN1SAIUIAMAIENNTTT (3.6) LIl
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AN UN L UNITRANLUASUANUS U ( A) harUseUIuNISATNISINWDS LA 8UDe VNt

WUUTIBDINTIALANUTUSIlART

AN5199 4.9 ANISINLMDSANNNNTUSEUUNIY Parameter estimator

Fans Q, U Tivo A M, M M, M,
operation (kW) (W/m%°C) (O F (m?) (kg) (kg) (kg) (kg)
3-90% 18.16 59.8 16.81 1 18.10 2.2117 0.1083 10.00 0.063
2-90% 13.17 78.2 2595 1 6.50 1.4849 0.3846 8.75 0.040
3-60% 15.07 78.7 26.38 1 7.27 1.6881 0.4343 750 0.046
2-60% 9.64 78.6 27.72 1! 443 23557 0.4007 6.60 0.030

UeAmIwesiuszanaunisialuuiuussuuinasdiinanugnaes

TndAssiuanuduasanal ¥iin1sa1asIseuuszutsausaulae i ualiensINIs Inaved

Umaaiduasi Sunafiingssuvvenuudnges fias aamgliivaedu 81na uwagdnsinis

IuallanaveseniALsazn1siUasuLUas

4.4.2 N1INTIRHIUANYNADIVDIKUUIIARINEN1IEAT (Static validation)

4.0.1.1 fiaaua 3 et 90% (3-90%)

Gﬁ’l‘\]ﬁ@Uﬂ’NNQﬂéf@ﬂﬂJ@\‘lLL‘U‘Uﬁ]o’]aENI@IEJﬂ’]i%JﬂH’]ﬁ’l’liJL%’JiE]Uﬂﬂiﬂi:!u

vestuindu 800 rpm wagier1N15yUVBITAANITS 3 AalEYINUN 90% LAuATLNIN

Wisuilsuiuuuuinasdlaetoudnsnisiralunavesimasiu-a1n1e gaumngliniad-

- 1 @ a = a5 ! [ A (Y =
’e]’e]ﬂ"UEN‘L!’Wia’e]LEJ‘LlLLﬁ%’eJ']ﬂ']ﬂLUﬁEJ‘ULV]EJUE;E’IJWQ&JUWM@E]LEJULLaﬁ’EJ’m’m‘VWINB@ﬂQQEUVI 4.19
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50

EXp. e Sim.

45

40

35

Air temperature ('C)

30
0 27 54 81 108 135 162 189 216 243 270

Time (s)

70

Exp. ——Sim.

65
60
55
50
a5
40 TSR
35

O 27 54 8 108 135 162 189 216 243 270

Water temperature ('C)

Time (s)

JUTN 4.19 MIATIRABULLUIIRINAR 3 f27I1391U 90%

0.4.1.2 Waax 2 §1vaudi 90% (2-90%)

a a3 I~
UM 4.20 LEAINANITADUAUBIVDIPUNHUUILAZDINTIFANININDBN

Y 9

v 3 = = o ° A o v o A
YDINUDUT INNITNAFDUUTIUNEUNULUUIEDY NN 2 AININUN 90%
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LN
LN

EXp. == Sim.

o L0 o L
L0 < < o

(D,) 4njesadwiay uy

34 51 68 85 102 119 136 153 170

17

Time (s)

LO
N~

Exp. ——Sim.

o n o L
M~ O O Lo

0, 2Jnjesadwia) Jo1epn

34 51 68 85 102 119 136 153 170

17

Time (s)

SUN 4.20 NMIATIVABULUY

2 $391197U 90%

o

189NN AAL



Air temperature ('C)

Water temperature (°C)

50

45

40

35

30

75

70

65

60

55

50

4.4.1.3 Waaw 3 §viaud 60% (3-60%)

M

20 40 60 80 100 120 140 160

Time (s)

20 40 60 80 100 120 140 160

Time (s)

JUTN 4.21 NM3ATIR@RULUUTIRBITIIAAN 3 A9 60%

64



65

4.4.1.4 Waay 2 Fvinaud 60% (2-60%)

55

EXp. e Sim.
50

45PW“MW

40

Air temperature ('C)

35

30
0 23 46 69 92 115 138 161 184 207 230

Time (s)

73

70

68

65

Water temperature (°C)
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JUTN 4.22 NM3A51@RULUUTIRBITIAaN 2 A1 60%

IINNIIATIVADUANUYNABILUUTIADY Iaen1siUTeuisuAflaaInnIg

o 1

$raowazafildnnavaaes dalimadsulasannsivadanaresonimdiguiot
719 4 Fouly ngfnssunsdsuulasesgumaiiuarerniaiivissenuasuuudiasuay
Afildmanasssdunliillumafety Wisufsumeumnineenvesiiuayeinie
Mnmsneassassiuaildnuuusaeddutiiidnganneasi fgamgiiuazeinia g

AlNALABIAY DNVIILARIAITINTI@DIVD IAINAAIALARBULAAY (Root Mean Square Error:
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I 1% <

RMSE) v@19auuiivia 2 feitgaumniidmaeifuiinisesnilan RMSE unndigna 1.26 °C Niinau

Y

3 fvinau 60 % agUleFannanedt 4.10

AN5199 4.10 HANISHFIVADULUUINGBINANIZAIT]

Mass flow rate Outlet air Outlet water
Fans (kg/s) temperature (°C) temperature (°C)
No
operation Avg. Avg. Avg. Avg.
Air Water RMSE RMSE
Exp. Sim. Exp. Sim.

1 3-90% 3.06 0.19 3796 3857 124 4167 41.05 0.94
2-90% 2.04 0.19 4345 4415 124 5522 55.68 0.99
3-60% 1.95 0.19 45.09 4524 0.78 54.80 5533 1.26
2-60% 1.30 0.19 48.00 4773 0.67 61.26 61.75 091

A W DN

N1395I9HOUAIINYNABIVBIL UL AR BURUAINLAIINNITMAdUNAA DS
nl' ~ . J J I A v = v 1<

WUUN@DUEAT (Static test) WUIUUIIRDILaLATN bna1nn1snaaasilwudldu Jululu

AeaufeIiy gaumninniesnvesdkazeInIalAlndiAssiu kagA1sIniassveay

ARTALAT BULad e (Root Mean Square Error: RMSE) dAnunngaiiied 1.26 °C W wanain

LUUTIARIsEULSTUIEAUSauaunsatlUldadwiantseanwuussuuRIUALYRgUNIal
v Al av A w
SEUNEANUSAUN LTI UNLAT B LA

4.42 NISATIVEBUANUYNABIVAUUTIABIMUUNATHA (Dynamic validation)

4.4.2.1 gunglumaetduniadmiioi 8o °C
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JUN 4.25 nan1snsiadeuluuIaILuUna iingugiiumadi 70 °C

AN LﬁUﬂ’ﬁmi’J‘\]ﬁ@Uﬂ’J’]iJQﬂCz]JENGUENLLUUﬁ’]ﬁ@Qi%UUi%U’]Hﬂ’JW@J%@uﬁ’)&lﬂﬂi

nadeukuUNalf lnesnwinnusiseunsryurestuuilin 800 rpm wasnadeugumgll

Wnastdunindii 80 75 uaz 70 mua1du Aarsangaumgiiunduniesnvemdeundiv
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HasaUauain1sihauvasinauluiive 3 ¢ Wulusunguesiled@nlaeenuuuld saudens
WIguiguA1gamiingeeanvedilara1nIAnlaINN1sNAARUITIIUNAIINAITIIABIHY

TUsunsY 1AANS9RNS199 4.11

ANS197 4.11 NANISASIVADULUUIIADILUUNAIR

outlet air outlet water
., Mode
Toi temperature ('C) temperature (')
No .
q@)
Avg. Avg. Avg. Avg.
RMSE RMSE Exp. Sim.
Exp. Sim. Exp. Sim.
1 80 49.73 4542 528 6313 6364 244 1-2 1-2
2 75 4780 4720 241 5732 5655 223 1-3 1-3
3 70 46.38 49.14 362 56.36 5500 2.38 1-3 1-3

29139991 4.1 Tigamaitifunazeiniaiinisoonvomiion fwans
povaueuiaulun L inaNfian1znsvinausig 9 anlanasiansuaze
nuamsnaaes lnefl esnflaesuesarmaainedouds (RMSE) vesgumniumaoify
mseeniiAmniiand 2.44 °C uaz MIINTidosesmuAaIAAAoUIRAE (RMSE) ¥9381nf
yaganiidunniiani 5.28 °C lunsmaaesiiligamgiiimadn 80 °C Msviuresiaay
Iihnuinedildannsmeassfuaainuuudassdiaunnmsiu suiownan mgaumgdl

6 o

UM n1geenvosnl el laainnnsiduee st dua1usunIu (Noise) LAnTu vilwdinng

a {

Usudsulnuanisinauvesinanlutisgumngiisessevesnazlnunnisvinau daduly

Y

Nav v %
nunguesiedilaeanwuul’

(% v ¢ .
4.5  BNTINSIINAI9U (Power consumption)
n1smvRuinaNssuuTEuIANUsoulagldiedasintuaiunsaeonwuulvinay
nufiaaugieiuld annisesnuuussuumUANRdliunsdsnuinanlivinausiaiy

98U 4 uanisviey argnsnislandsaniluusaginunnisyihauduldsgy 4.26
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400 381.6

. 307.4
= 300
[
0
= 205.0
&
5 200
z
O
v 100.4
$ 100 67.2
o I
[

o B

Max. Mode 1 Mode 2 Mode 3 Mode 4

JUN 4.26 mslinasnuluwsiaginunanisienuy

1N3UT 4.26 uansnslimdanulunsihauvesinaslsiinluusasivunnis
vha1u Taefl Msunugiusisusn (Max) wanstsddsuililuntsdsnuinauludings 3 4
Thauiienudigean Tindsonu 381.6 308 wissosuansinmsdsnuinauilvued 114
W& 307.4 Fodt Inuadl 2 vhaulaeldngsanu 205.0 %6 nuait 3 THwdsnu 100.8 Sad
wazlunmsvhauilnueil 4 1R mdsauegil 67.2 Yad

5U# 4.27 $rasamsmunuuuuln-Ua (On-Off control) Taarmunl Relay
switch ﬁamusL‘TJ@Lﬁ'aqmmﬁﬁmNaaﬂmnwﬁaﬁﬂﬁm&?@Lwi 70 °C wazdanisvirauile
pamgiivmseenudierndatiosndt 55 °C FafiaulndiAsadwdeaiungnismuaudas
fled Wisuieunsuilaandanuivszuussuenufouiinuaudeiiedriiuuudiiass

lngligaumgilihmadviniui 80 °C
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400
300 _l
200

0 100 200 300 400 500 600 700 800

Power (W.)

Tims (s.)

JU 4.28 05 INTUSLAANEIILYBINTAIUANUUUTRE

9157 4.27 uag 4.28 nansiUSsuiiisusasnisuilaandsnuresssuy
munuuuda-Ua fussuumuguuuuiled dewuuaedinglfgmumadimadmion
winfu 80 °C Usingimsnsnisuslnandsnuressruumuauuuuidn-Un ogil 82.60 Wh.
uazsmsmsuilaandanuessruumuauiuuiledidan 47.53 wh. Fauvuda-Uadidinng

UsTaandauunnnuuuiledaadu 73.78%

4.6 dsd

9

"i]']ﬂﬂ']i‘l/lﬂaENLﬁ@ﬁi?"\]ﬁ@Uﬂ’ﬂﬂJQﬂﬁ@\‘i%@x‘]LL“U"U%O’]GENLLagﬂ’]iVi”]Q’]usﬂaﬂﬁﬂauﬁﬁﬁJ

'
A

JEUUAIUANUUTLT wuuTIaesszuusEUIeausaulinginssunanauauasindifgsfuaif
19a1nn1meaedass lay A5 INTiaesresnuAaInARewady (RMSE) 1niian vasammgil
S ! < a1 i Ql' ) wva o [ =
Wmaelduvneeeniidnuniigad 2.44 C lun1snaaeuiuunaii finauaiunsausuiuaeunis
eunsanung laedsdegungiumvasiduinisesnvesnioun Fududuneliiussuy
o 1% a B ! < 1 a o Ry < 5 3 1%
AuAu yiligumgiiniesnvesdmasidulaiiiu 70 °C Tunsdindnwinnusivestuinl
dldl =< o a L2 aa 0 4 !
AIY 800 rpm FIUAIENIINTUILNANGIUVBITTUUAIUANLUUTIREA TN TN SATUAY

LUULA-TUR 21NNANITIIaBIHIULUUIaDIAsUSEaN



uni 5

ajUuasdaiauauue

51  #3Unan1siaeg

uATeilFAnvmgAnssuessruusruisanuieu fhinergunsaifidumslinuly
savaas pssud duauinUszgndld Wunisduiunisuuuimnssudeundu (Reverse
Engineer) LitelsinsuisUszansnmuazanuaninsalumsszuiganusou neufiaziiin
Yiuldlusadalui wazdausuumenisaauauinaulninfiessuuAIUANLUUARNLATE
vieila@anin FutumeunsifoannsaagUlased

v 14

1) @579%ANAABUN1TTEUIEAIINTOU 31N UNTAIVRITEUUTEUIEAINToUTa T
5 s o | YR ! Y o v v

wsedguRduaUsAUimau i weuaiunsalunsanemeauTeunssuvaunsavinla
= av & « [J Y H £% < [ a
FeluanAdetideneululunisviinu Adutmvyuaienuss 800 rpm 8r3INT5tuaLTg
Y9107 0.19 kg/s UarN13RUTBINAALYIA 3§77 90 WesidudrasnsviieIugdn

2) US8U14N15MUUTI8IMINANAFIERATUBITEUUTEU18AIINTBU A8lUTwNsY
MATLAB - Simulink 2175 ¥)N15018MAUTBUATELAT BIMaNLUA suAIIUT U (Heat
exchanger) lagdl 6031013t naved kazeINe SIndsangdunaenaduarg gl
amamadinlioun Juduwaliiuszuu Tuduveserdinafilinnuaulaldun gaumgii
wasifuiivisesnanuliown SnisdliunmsussanaanisivesiiordesiewoUndiatu
Parameter estimator Lﬁam’gﬁlaaummgﬂéfm (Validate) UUT1EBIMIEAINITNARBIRUY
AN (Static test) NANDUANBIVDILUUTIABIIANADAARBINUTEUUITY In9IA1 RMSE 110
d' PN ! <& 24 H P o v ] v o =i
Ngnvesguvgiiumdadunniesnudeuiegi 1.26 “C luan1ieWaauns 3 faviaui 60
\Wosigus

3) PBNKUUITTUUAIUANLUUTNTT A Fuzzy logic designer 1nga148991NNANTT
VAFBUANNAINNTIVRITEUY TunsauaNdnIsiinauia 3 dd liihaumelnuenisvinau
uu 4 Wnue Feldgamaiumasdunnesnvemiisunludunabiiunisaiuay d1ae9
NFNUVDITFUUAIUANKURUUTIADIMNAMIAAERTAIe Simulink dn15vaudiuaen
Tnuenisianuvesinausudeulunlaesnwuull

4) NAFBUITTUUAIUANTINAUTZUUATI A8 15LElUTWATU MATLAB - Simulink

39UfU STM32F746ZG board d9318da1afdnealiynniununisinauvesinay Galg
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Relay Tumsiduaindilia-Un Tnuanisvirsumudanisainszuuaugy esandesnis
AruAsuLazeIL S luMIRUALe Sesruvannsninwgamnivdeifuiinisoanves
wiounls Taiifiudl 70 °C uagfinsusuivdsulnunnisvhauresinaunsiniad suladi
ponuuuly Wisuifleugamgiifuuuudiass A1 RMSE inniigauesgamaivivasidud
yssenudiethegd 2.44 °C lunsdiftgumapivndeifumadimiiowinu 8o °C

5) MnHamsiLiumiAds maiengunsallussuussuisanudeulsdeseuddunny
wusuldlusavalaeansluilagunsaiifiegiu iiesweiivrananufeouiiinanuvasa
Youvessatialnii Inglanzegubsanumnedivii Tunismassslurnsannasiianunga
angamgiildiaean 17.68 °C dammsmsaemanuieu 14.10 kw lunsdiidnsinsinalds
wavesthmaaiiuil 0.19 ke/s wazn1siauvesiinaudulunussuumusuwuuied

6) szuumuAuNTIURRaulwifeiled arunsadenslifaauiauldang
Jeulviildiausly Snitadsanunsosnugamgithwaeduiioanainudeth Tilsiiiu 70 °C
14 Tneldinanusanas 180 3unit gaumgiifimseanuifothasdndganiizasia wagnisvinen
Y9338UUATUANTTS 4 Tnua ponuuulRdnnsinnsveuvesiaan 1 & viilidsenda

U ) A o o ¥
Wi uLardIsEngn1sintauvesinaulniile

5.2  U9LEUdLUL

a

1) lugrenisiaewinlugaaivnssueueudainassseuddusuilundanulni

(%
) (Y

zthgunsalszuteanuieudgnldlunisssuddunvanldlusaluiniy vnaiunsosiags

9
v

P DUINFIUNUIFI50 U5 9L UNIFINTA SAIUDITANIWAALT AaTU150d IauLT LAY
NuRntdanaun ¥lvensinisinavesaIn ey utastiunuitunIswanUasumnusou

I3 a a a = v
Wunsiiuuseansamluniswaniudsuainusou

¥
S o v

2) syuumuaukuuiladnldeenuuuiazinauslusmmAdel Auuavineaviaay 1
2 uag 3 Tnefiudaslnun foay 1 fu 2 awdundnlunsie feaumneias 3 alanie
amudeuly dodu lunsihluldasesnuuuiuialunsdadifunisieuvesinas
(sequence) Liteldalusiauvesinauusazduving fu Sasrgnisiauvesinauuay
A2ANUNITINUNLEOUN I USE8Ia1 (Planned maintenance)

3) Iumu%aa”aaﬁ’uﬁﬁﬂLauasqmmmaaumiismsmm%’au LAZKIVNNISAIUANTAAY
Iwhdefleadasin mnthudiuldlussuuszusanudeuganunneisadalnoansludi
guUnsaldmiuldlumsdasenieidsulnamsianuinaulnliihaisidu Relay Mldaulu

QAN TUY UL UANTAUNUNIY
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4) dvdumsiimanliiy 1Wldlusedalneansindosousdunid Tullauazainly
n15U13eshw \ies9nazyaulendiusenatnaie U Lwimf\]%éfauﬁmzuumugﬂu
nsMsAsIveuYsEANE A NNSYIuest st ayiaan i saudeianisvraiunes
1A% p3eus 1 psanniiusEuUsTUIBAISauRae Hydraulic fan %38 Mechanic fan agld
Mdsvonadassuslunsyieu Wussuuieatu namasdondsseuivheu ssuussuy
amudeufiazrhaulundeutu fanutndeio (Reliable) ludun1svauaeIssuy WAsEUY
szureanuseuseiaauliin un1sviulenduainnsieue e’ osus dany
agannlunsveutiiss mnitmauvdetudiliannsoviaulfediediussaniam fuvdmaly
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Dynamics estimator
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Chwnamics estimator
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- - - - —
FILE VARIABLE &
<fpEE » C: b Users ¥ MECIT » Desktop b Bank » - 0
Current Folder @ | Command Window ® | Workspace @
Name « MName « Value
_dynamic_test ~ >> MW: 1 ; FH Ma 1
_proposal HH Ma_eff 1
_thesis paper >> Mw re:l ’- H Mw 1
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\J @ Parameter estimator UU%U 1619094 Simulink Tusiive APPS Laen

Parameter estimator

MODELING FORMAT

% B 3 = > ] # ]
Gt Linearization Model Control System Parameter Response Robot Operating Embedded T
Add-Ons + Manager Linearizer Designer Estimator Optimizer System (ROS) Coder
ENVIRONMENT AP ry
g dynamics_change_condition_ori ] 'is
5 @ dynamics_change_condition_ori # v 5
T =
~l g
L |
B g
=H
=]
[
7]
v
« | ¢ 3
Ready 50% VariableStepAuto

E‘Uﬁ 9.3 YURBUNNSEY Parameter estimator

NU719 Parameter Estimator Lld8n New Experiment 311 ULd9A Select

Measured Output Signals \dendeyey1amvesnvednuuinass wazinitoyaoinailaly

WHAEYIIAN tneau1saun g xlsx %38 .csv Wle

4\ Paramete ge_condition_ori

VALIDATION

PARAMETER ESTIMATION

| ﬁ @ E B El @ E Cost Function: Sum Squared Error > D
Open  Save New Select Select  Sensitivity  Add Plot Plot Model | @) \jore Gptions™ Estimate
Session ¥ Session  Experiment Experiments | Parameters Analysisw ¥ Response -
FILE Edit & __ L6 ssuce oe b x SRR _ O x| =
Data Browser Outputs [ 2310x2 double -
o s Specify measured output signals for this experiment.
1 2 3 4
dynamics chenge condition ori/Te2 1
[ <1x1 Signal, 2310 points> - B x| 709108 2
2 01000 70.9470
dynamics change condition ori/Tac2:1
|11 Sigmal, 2310 points> B (2 D200 7096
gnal B = 4 0.3000 70.8972|
[&] Select Measured Output Signals 5 0.4000 711133
v
¥ Experiments Initial States T >
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EV.AS.VA82A-BBL375P/R/A/N-94A 24V DUCON 2.8 L480 PC

&) SPAL

Datasheet AUTOMOTIVE
1 General

Fan diameter @: 305 mm

Nominal voltage: 24V

Drive family SBL300P

Part number: 30107196

2 Features

Max fan speed rpm 3100
Min fan speed rpm 800
Sound pressure level at max speed dBA | 73 —at 1 m from the fan module - lateral side
Weight kg 2.2
Operating supply voltage range Vv 16.0 .. 32.0 at the Drive connector
Supply voltage to reach max speed Vv 26.0 .. 32.0 at the Drive connector
Operating ambient temperature range T -40 .. +120
Max operating ambient temperature @ | C +95
M
max fan speed
Storage temperature range T -40 .. +125
Lifetime h up to 40000 hours depending on mission profile
Time from O rpm to max speed s 11
Load dump protection (Pulse 5b) V 65 - Pulse peak voltage (Ug*) - ISO16750-2:2010

Reverse polarity protection

1ISO 16750-1 functional status class C - device fully
functional after correcting the polarity

Notes: (1) Few minutes ambient temperature transients do not engage the derating owing to the thermal inertia of the system.

Overloads may anticipate derating.
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AUTOMOTIVE

3 Air performance at maximum speed
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1000 1200 1400 1600 1800 2000 2200 2400 2600 2800
Airflow [m*/h]
Air density 1.21 kg/ m3 - Test number: #14048 — Test bench compliant to ANS| AMCA 210
TAMB=20TC +5C-UB= 260V at the Drive conn_ector
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4 Mechanical data

SENSD ROTAZIONE
FAN RATATION

766541

i

SENSO 4R14
LY 4IR FLOW

@3%
BI%

Fixing recommendation: use M6 bolts for fixing. Nominal tightening torque 5 +1/0 Nm
Nominal torque defined for brand new, clean and lubricant-free bolts.
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5 Connector and wires

6. WHITE WIRE
(0.75mm2)

N.D.

5. BLUE WIRE

(0.75mm?)

3. YELLOW WIRE

)

©2. BROWN WIRE
(2.5mm?)

(0.75mm?)

1. BLACK WIRE®

(2.5mm?)

Connector part number : DELPHI 12185126
Secondarylock part number : DELPHI 12185000
Pin number 1 2 3 4 5 6
Identification +D -D PWMA / E N.D. El FO
Wire Color Black Brown Yellow - Blue White
Sealing 15324973 15324973 15324974 10730124 15324974 15324974
Pin 12185237 12185237 12185129 - 12185129 | 12185129
Sect. [mm?] 25 25 0.75 - 0.75 0.75

For abbreviations see chapter 8.2 Drive pin functions
NOTE: Never handle the fan module via the cable harness
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6 Further Features
Compliance ECE Reg. 10-04 and updates - Automotive EMC directive.

2002/95/EC RoHS - Hazardous Substances
2000/53/EC and updates - End-of Life Vehicle

Ingress Protection IP 68 and IP6K9K design
Allowed power supply max ripple ms 1 % - contact SPAL for special needs
Fuse protection An automotive fuse according 1ISO8820 must be chosen

and used by the customer in the application wire harness.
Each drive must be protected by the unique proper fuse
(e.g. in case of double fan medules, two fuses are
needed)

7 Measurement conditions

The below conditions are assumed:

- Tame=20T x5 Tand

- Supply voltage UB = 26.0 V at the Drive connector
unless otherwise specified.

8 Hardware functions

8.1 Drive diagram
The Drive diagram is shown below.

+

PWMA /E
FO
El

Drive

02052018
v 6 pirs 6.2 O ved

E stands for integrated electronics. M stands for motor. Drive stands for motor with axial integrated
electronics.

8.2 Drive pin functions
The electrical Drive interface consists of 5 pins:
Power pins:
- supply voltage plus: +D
- supply voltage minus: -D
Signal pins:
1. Input: digital PWM input / active high. PWMA / E
2. Output: feedback output / active high: FO
3. Input: economy input/ active high: EI

The signal pin PWMA / E and El are used to control the Drive mode. PWMA / E it is the control input.
PWMA / E can be a digital PWM active high signal or an Analog signal.

It is called digital PWMA input / active high because the signal processing of a PWM signal applied to the
input PWMA / E is done in such a way that the PWM signal is filtered and then read with an analog input by
the microcontroller of the Drive electronics. In this way also relatively high PWM base frequencies can be
used (>100Hz).
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The signal pin FO is used to notify the Drive status.

8.3 Drive interface
The Drive interface, i.e. the connections between the CCU (Custom Control Unit) and the Drive, is depicted
in the following picture.

Us
cCcu o ) . SPAL Drive
- "J . D B
N levim
» PWMA / E
micro > E
controller micro
\4 controller
Iro A
- FO
PWM / E
pull down
FO
pull down =
D -
02.05.2018
53 00vsd
Connection with digital PWM signal active high
Ug
CCuU = [ e SPAL Drive

- ‘ D >
lei
N
>

El #

A
[

FO micro

i controller
micro i

controller lewma

B

\

PWMA/E
Analog output D FO PWMA/E

pull down pu S

\J

. T

16.04 2018
4G02

Connection with Analog signal
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The CCU electronics and the Drive electronics are connected via three unidirectional lines.

The PWM signal for the input PWMA / E comes from the CCU electronics and uses a pull down resistor
(PWMA / E pull down) located in the Drive electronics to determine the recessive level.

This pull down resistor is connected to the supply voltage minus: -D / GND.

The dominant level on the input PWMA / E is high level, provided by the switching to plus stage depicted in
above figure as a bipolar pnp transistor in the CCU.

The signal for the input El comes from the CCU electronics and uses a pull down resistor (El pull down)
located in the Drive electronics to determine the recessive level.

This pull down resistor is connected to the supply voltage minus: -D/ GND.

The dominant level on the input El is high level, provided by the switching to plus stage depicted in above
figure as a bipolar pnp transistor in the CCU.

The difference between the inputs PWMA / E and El is the waking up function:

PWM / E is also waking up the Drive from Quiescent current mode.

El is not waking up the Drive from Quiescent current mode.

This means to use the input El also the input PWM / E must be on dominant level. Or in other words the
input El alone cannot be used.

The output FO comes from the Drive electronics and uses a pull down resistor (FO pull down) located in the

CCU electronics.
The dominant level on output FO is high level, provided by the switching to high stage depicted in above

figure as a bipolar pnp transistor in the Drive.

9 Interface hardware

9.1 Interface hardware for Digital control: pin PWMA / E
The input PWMA / E is used to wake up the Drive from Quiescent current mode. Any PWM duty cycle that
guarantees a pulse going to the dominant level for more than Tyakeup Will wake up the Drive electronics.

Parameters Min Typical Max Unit Denomination
PWMA / E frequency range 50 50000 Hz fewm 3)
PWMA / E duty cycle range 0 100 % dCamin .« GCmec4)
PWMA / E high level voltage 12 Vv Upwmn1)
PWMA / E low level voltage k| V Upwm1)
PWMA / E resolution +1 % Cresol
PWMA / E accuracy +3 % OCaccy
PWMA / E current -10 % 0.45 +10 % mA lpwma
PWMA activation level 4 T 9 % dCeact 2)
PWMA / E leakage (quiescent) current 4 LA

PWMA / E wake up voltage 14 V DCpywmal)
PWMA / E duration for wakeup 150 us Twakeup

1): the PWMA thresholds consider a temperature range of -40 C to 120 C in the electronics

2): the activation level dcg,q considers a temperature range of -40 T to 120 T inthe electronics

3): for SPAL production line internal reasons there is a test mode implemented which is activated at a PWM
frequency range from 6 Hz to 20 Hz with dedicated duty cycles for various test modes.

The application must not use this frequency range!

4). for dc around the Min level the fan can be power-on or power-off, see dcgaq. For dc more than Max level
must consider the maximum speed

9.2 Analog control: pin PWMA /E
The input PWMA / E is used to wake up the Drive from Quiescent current mode. Any Analog signal that
guarantees a voltage more than DCpwma Will wake up the Drive electronics.

Parameters Min Typical Max Unit Denomination
PWMA / E nominal voltage range 0 10 \
PWMA / E current -10 % 0.25 +10 % mA lpwma at 10V
PWMA / E absolute maximum voltage -32 35 \
Any unauthorized use and /or copy of this document is strictly forbidden
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Parameters Min Typical Max Unit Denomination

PWMA / E leakage (quiescent) current 4 LA

PWMA / E wake up voltage 1.4 Vv DCpwma 1)
1): the PWMA thresholds consider a temperature range of -40 C to 120 T in the electronics
9.3 ELI economy input / active high

Parameters Min Typical Max Unit Denomination

El- high level input voltage 8.8 36 V Uein

El- low level input voltage 4.0 V Uei

El- active high: max current 0:27 1:22 mA lgi

El- impedence 29.5+10% KQ

El- speed 1800 + 5% pm
9.4 FO: feedback output / active high

Parameters Min Typical | Max | Unit Denomination

FO voltage Ug—2V Ug V Uro

FO current 50 mA [
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10 Software functions

10.1 Drive modes
The Drive has different working modes related mainly to the Drive current consumption:
1. Quiescent current mode
2. Electronics active mode
3. Run mode
4. Failure mode

The Drive mode changes accordingly to the control input duty cycle on pin PWMA / E and the voltage level
on the same input.

No. Drive mode Current consumption Drive speed FO
1 Quiescent current mode <100 pA 0 Recessive
2 Electronics active mode <40 mA 0 Recessive
depending on the requested | depending on the PWM duty cycle )
8 RUlLege speed and on the load or the analog input voltage level FREeEshS
4 Failure mode <40 mA depending on the failure Dominant

The Quiescent current mode is entered when the pin PWMA / E is on 0 % duty cycle (recessive level) and
the voltage level is OV. The time to go into Quiescent current mode depends on the actual PWM base
frequency and the number of samples for the plausibility check (see chapter 11.3). Additionally 2 s are
waited after the detection of the absence of the PWM signal before finally going into Quiescent current mode.
The Electronics active mode is entered with any PWM duty cycle value between 0 % and < 100 % if the
condition from chapter 10 is fulfilled (Twakeup) O the voltage level is greater of OV.
The Run mode is entered in the following cases:
- if the PWM duty cycle on pin PWMA / E has a value where the Drive is asked to run (see chapter
11.2)
- if the analog signal on pin analog input PWMA / E has a value where the Drive is asked to run (see
chapter 11.4).
The Failure mode is entered in case of failures of the Drive (see chapter 11.5).

10.2 Digital control: transfer function PWM input

The transfer function PWM input is the relation between the Drive speed and the duty cycle on the pin
digital PWMA input / active high: PWMA / E.

LN Th T e
|
Uy =
UlL e
J D=Ty/T* 100 [%]
T=Ty+ T,

It is called "positive logic duty cycle definition”.

Considering this definition,
- continuous low voltage is 0 % duty cycle (recessive level)
- continuous high voltage is 100 % duty cycle (dominant level)

Based on this duty cycle definition the transfer function PWM input is shown in the following figure.
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replacement BBL 375 digital DO0.Xsm

10.3 Analog control: transfer function analog input

The transfer function analog input is the relation between the Drive speed and the voltage on the pin
PWMAV/E (see following figure).

3500 T

max speed 9,2V
3000 f
91V

—_
=
o
x 2500 A
-
[
1}
o
@ /
-
@ 2000 /

1500 ,/

| /
1000 g
. 14V 2V /
min speed
33V
500
0
0 1 2 3 4 5 6 7 3 9 10 1 12 13

Input Voltage [V]

replacement BBL 375 analog D00.4sm
NOTE: tolerance on voltage threshold for minimum speed is 2 +0.5 V
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10.4 Drive speed set point with Digital control

The PWM signal on the control input PWMA / E is measured by the Drive electronics. The PWM signal
applied to the input PWMA / E is done in such a way that the PWM signal is filtered and then read with an
analog input by the microcontroller of the Drive electronics.

10.5 Relation between PWMA / E and EI
In above table the Relation between PWM / E and El can be found:

PWM / E El Drive mode Comment
recessive level recessive level | Quiescent current mode
recessive level dominant level Quiescent current mode Current flows into the
input El
PWM > dcgag recessive level | Run mode / Electronics active Drive follows PWM
mode request
PWM > dcgaq dominant level Run mode / Electronics active Drive goes to
mode economy speed

For the definition of recessive and dominant see chapter 10 and 11.2.
The economy speed is ~58 % of the max speed.

10.6 Drive mode Failure modes
There are the following cases where the Drive will go into Failure mode and stop the Drive:

 Failure modes | Handling of the failure W
. Drive blocked In case of detection of a rotor locked the following strategy is used: | FO is set to
| a delay of 3 s till the next start attempt is introduced. If this start | dominant
attempt fails again a delay increased by further 3 s till the next start | level

attempt is introduced. This delay increase is repeated till the delay

between the attempts is 30 s after which no further attempts are

made.
| Drive overloaded Fan speed is reduced in case of overload detection by means of | FO set to
! current draw measurement. recessive
| Over current In case of detection of a rotor locked the following strategy is used: | FO is set to

a delay of 3 s till the next start attempt is introduced. If this start = dominant
attempt fails again a delay increased by further 3 s till the next start | level
attempt is introduced. This delay increase is repeated till the delay

between the attempts is 30 s after which no further attempts are

| made.
! Drive overheated Fan speed is reduced in case of overheating detection (derating). | Over the max
Over the max operating temperature, the Drive will stop. operating
temperature
FO is set to
recessive
| p P level
" Under and Over | If the supply voltage is outside the specified range the Drive will FO set to
| voltage stop. recessive
Internal Drive i The Drive will stop if a failure is detected during the startup self FO is set to
| failure check procedure. dominant
level

In all cases the Drive tries to recover from failures when a valid F"WMVSIQ'néI is detected which asks the Drive
to run.
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11 Units and acronyms
Unit Physical Quantity Prefix Dimension
% percent Proportionality M 10 mega
Q Ohm Electrical Resistance k 10° kilo
T |degree Celsius Temperature m 107 milli
A Ampere Current Y] 10° micro
h | hours Time n 107 nano
dBA | deciBel (A-weighting) Sound pressure level p 10" pico
Hz Hertz Frequency
min | minute Time
Pa Pascal Pressure
rpm | Revolutions per minute | Rotation frequency
s second Time
3 Volt Voltage
W Watt Power
Table 1: Units of measurements
Key Word Description
AMPL_IN Amplitude PWM input signal
CCU Custom Control Unit
Drive Motor with axially integrated electronics
IGN Ignition (KL15)
PWM Pulse Width Modulation
Ri Input Resistance
SBL Sealed brushless
T Temperature
Tave Ambient Temperature
Ug Supply voltage
U, Nominal supply Voltage
ms root mean square

12 Document change history
Initial document author: document author

Latest revision: 000

Document author

Date

Revision | Comment

SPAL TEAM

02.0'5.2018

000 Initial Version.
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C€‘ 1.8K Thermistor Output Table Jzk!

ol Rev. 04/01/19

BAPI Sensor Specifications

1.8K Thermistor Output Table
°F C Ohms °F °C Ohms °F °C Ohms
-39 | -39.44 37793 37 2.78 4493 113 | 45.00 869
-37 -38.33 35455 39 3.89 4279 115 | 46.11 836
-35 -37.22 33277 41 5.00 4077 117 47.22 805
-33 | -36.11 31248 43 6.11 3886 119 | 48.33 775
-31 -35.00 29356 45 7.22 3705 121 49.44 747
-29 -33.89 27591 47 8.33 3534 123 50.56 720
-27 -32.78 25945 49 9.44 3371 125 51.67 693
-25 | -31.67 24408 51 10.56 3216 127 | 52.78 668
-23 -30.56 22972 53 11.67 3070 129 53.89 644
-21 -29.44 21619 55 12.78 2932 131 55.00 622
-19 | -28.33 20365 4 13.89 2801 133 | 56.11 600
-17 -27.22 19193 59 15.00 2676 135 57.22 578
-15 -26.11 18096 61 16.11 2558 137 58.33 558
-13 | -25.00 17069 63 17.22 2445 139 | 59.44 539
-11 -23.89 16107 65 18.33 2339 141 60.56 520
-9 -22.78 15205 67 19.44 2237 143 61.67 502
-7 -21.67 14360 69 20.56 2140 145 | 62.78 485
-5 -20.56 13568 71 21.67 2048 147 63.89 469
-3 -19.44 12818 73 22.78 1961 149 65.00 453
-1 -18.33 12120 75 23.89 1878 151 66.11 437
1 -17.22 11466 77 25.00 1799 153 67.22 423
3 -16.11 10850 V9 26.11 1724 155 | 68.33 409
5 -15.00 10272 81 27.22 1653 157 | 69.44 395
T -13.89 9728 83 28.33 1585 159 | 70.56 382
9 -12.78 9217 85 29.44 1520 161 71.67 370
11 -11.67 8736 87 30.56 1457 163 | 72.78 358
13 -10.56 8283 89 31.67 1398 165 | 73.89 346
15 -9.44 7853 91 32.78 1342 167 75.00 335
17 -8.33 7451 93 33.89 1289 169 | 76.11 324
19 -7.22 7073 95 35.00 1237 171 77.22 314
2% -6.11 6716 97 36.11 1189 173 | 78.33 304
23 -5.00 6379 99 37.22 1142 175 | 79.44 295
25 -3.89 6062 101 38.33 1097 177 | 80.56 285
27 -2.78 5762 103 | 39.44 1055 179 | 81.67 277
29 -1.67 5479 105 | 40.56 1014 181 82.78 268
31 -0.56 5212 107 | 41.67 975 183 | 83.89 260
33 0.56 4957 109 42.78 938 185 85.00 252
35 1.67 4718 111 43.89 903 187 | 86.11 244

* All Passive Thermistors 10K Q and smaller are CE compliant.

',‘5_/, 5’ 4 Tel: +1-608-735-4800 + Fax: +1-608-735-4804 + Email: sales@bapihvac.com « Web: www.bapihvac.com

Building Automation Products, Inc. « 750 North Royal Avenue, Gays Mills, WI 54631 USA
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Thermistor Overview

BAPI Sensor Specifications

Thermistor Description

BAPI Thermistors are thermally sensitive
resistors known for exhibiting a large change saaEa
in resistance with only a small change in
temperature. It is important to note that a
thermistor’s change in resistance is non-linear.

It follows a pre-defined curve which is provided
by the thermistor manufacturer. An example of a
thermistor output curve can be seen in Figure 1.

e

Figure 1 - Typical Thermistor Output
Curve 10K-2 Sensor

Rev. 05/07/21
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Thermistors are manufactured to follow a specific 5l
curve with a high degree of accuracy. All BAPI 0 25 50 75 100 125 150 175
thermistors have a standard accuracy of + 0.2 °C TompIAUN G

throughout the commercial temperature range of
0to 70 °C. BAPI also has available a higher accuracy sensor for meeting tougher specs. The extra
precision [XP] line has an initial accuracy of + 0.1 °C throughout the commercial temperature range
of 0 to 70 °C. Please call for availability and pricing on [XP] line thermistors. Both accuracy levels
allow BAPI thermistors to be interchanged without the extra expense of offsetting the controller.

* All Passive Thermistors 10K Q and smaller are CE compliant.
Thermistor Specifications
DEFINITION OF SPECIFICATION TERMS

Interchangeability Tolerance (Accuracy):
The maximum amount that thermistors following
the same curve will differ from each other.

Dissipation Constant:

The power needed to raise the thermistor’s
body temperature by 1°C. At the heart of all
BAPI thermistor products is a sensor with a 2.7
mW/°C dissipation constant to ensure that self-
heating stays at an absolute minimum.

Thermistor Specifications

Interchangeability Tolerance (Accuracy):
Standard Sensor: + 0.2 °C (0 to 70 °C)
High Accuracy [XP] Sensor: + 0.1 °C (0 to 70 °C)

Dissipation Constant: 2.7 mW/°C
Stability (drift): Less than 0.02 °C/ year

Thermal Time Constant: 5 seconds (bead in still air)
.5 seconds (stirred liquid)

Stability (drift): Sensor Refgrence Operating
The amount that the resistance characteristics Type Resistance Range

of a thermistor will change. BAPI uses only the 1.8K 18KQ@25°C -55t0 150 °C
highest quality, “pre-aged” thermistors with very 2.2K 22KQ@25°C -55t0 150 °C
small drift values. Over a ten year span, BAPI 3* 3KQ@25°C -55t0 150 °C
thermistors will not change more than 0.1°C. 3.3K 33KQ@25°C -55t0 150 °C
Operating Range: 10K-2** 10KQ@ 25 °C -55to 150 °C
The operating range shown is for the thermis- 10K-3** 10KQ@25°C 5510150 °C
tor only. The mounting package may further 10K-3(11K)*  52KQ @ 25°C -55t0 150 °C
limit the operating range and is described on 10K-4 10KQ @ 25 °C 5510 150 °C
each mounting type specification. The thermal 20K** 20KQ@25°C -55t0150 °C
time constant will also be affected based on the 47K 47KQ@ 25 °C -55to 150 °C
added mass of the stainless steel probe and 50K 50 KQ @ 25.°C -80to 150 °C
moisture protection encapsulation. 100K** 100 KQ @25 °C .55 to 150 °C

Thermal Time Constant
Bare sensors are typically measured and specified | Other Thermistors are available. Contact BAPI for
in still air and are timed at the statistical 63 2% of | availability and specifications of additional thermistors.

the step temperature change. Astirred liquid test
will typically result in a much faster response time
and is also timed at 63.2% of the step temperature
change. The time constant is always the same
whatever the temperature step change may be.

**Available as an [XP] high accuracy sensor.
Minimum quantities and long lead times may apply.
10K-2[XP] and 10K-3[XP] thermistors are typically
stocked items

m Building Automation Products, Inc. + 750 North Royal Avenue, Gays Mills, WI 54631 USA

4/ Tel: +1-608-735-4800 » Fax: +1-608-735-4804 + Email: sales@bapihvac.com « Web: www.bapihvac.com
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v Available from Stock in Convenient 5-Packs
v PFA, Kapton®, or Glass Braid Insulation

v 20, 24, 30, 36 and 40 AWG Wires

+» 1 and 2 m (40 and 80") Lengths Standard

+* NIST Calibration Available
v OEM Quantities Available
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“TT” PFA
insulation

“GG” Glass
braid insulation

Fine 40-Gage| | KAPTON®
ow Ava ila ble I PFA Wire Insulation
Connerons| |10 Order
Model No. AWG Diameter
- ANSI Color Code Gage mm (in) Insulation
Also Available 5TC-GG-(")-20-(*") | 20 0.81(0.032) Glass Braid
I&fmﬁgﬂsfe'xghtg‘zeﬂ:bels 5TC-GG-()-24-(") | 24 0.51 (0.020) Glass Braid
secure wire probes to surfaces. TAP 5TC-GG-(*)-30-(**) 30 0.25 (0.010) Glass Braid
a?geosé\‘/te Iabe(:)sgggg )athi;:knesg 5TC-GG-(*)-36-(**) 36 0.13 (0.005) Glass Braid
of 0. mm (0. ") and can be * =
used at a maximum temperature STC-TT(*)-20(*") 20 081 (0.032) PFA
of 180°C (356°F). They are made 5TC-TT-(*)-24-(**) 24 0.51 (0.020) PFA
T o s s [
Visit us online for details and ordering 5TC-TT-(*)-36-(*") 36 0.13 (0.005) PFA
information. 5TC-TT-(*)-40-(**) 40 0.08 (0.003) PFA
5TC-KK-(*)-20-(**) 20 0.81 (0.032) Kapton®
5TC-KK-(*)-24-(**) 24 0.51 (0.020) Kapton®
5TC-KK-(*)-30-(**) 30 0.25 (0.010) Kapton®
Actual size. * Insert calibration J, K, T, or E. ** Specify length, insert “36” for 1 m or “72” for 2 m length.
‘ Note: For GG or TT wire, additional cost per additional 300 mm (12") per package of 5.
‘ ‘ ! For KK wire, additional cost per additional 300 mm (12") per package of 5.
P o For a male straight M8 plug add “M8-S-M" to the model number for additional cost, for a male
‘ ' . " straight M12 plug add “M12-S-M” to the model number for additional cost.
—— For a male right-angled M8 plug add “M8-R-M" to the model number for additional cost, for a male
Model TAP, roll of 100 adhesive labels right-angled M12 plug add “M12-S-M" to the model number for additional cost.
il i 4 Ordering E. le: 5TC-TT-K-30-36, 5 'k, PFA insulated th les, T) K
shownsmallerithan.actual size: ibration (éal-lﬂl-!fOMEGA'-ALOMEGA"*), BOAWG. 1'm (40°) long, strippad lead tormination.
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Abstract. The cooling systems in the majority of passenger buses typically depend on
mechanical or hydraulic cooling systems. These systems utilize the engine's generated
energy to function, leading to increased engine workload and higher fuel consumption.
However, an electric cooling system presents the advantage of reducing the engine's
workload and providing enhanced control. This paper focuses on modelling, validating,
and presenting experimental results of an electric fan bus cooling system. Additionally,
it aims to design a control system specifically tailored to the engine's operating
conditions.

Keywords: Electric fan bus cooling system, Heat exchanger, MATL AB/Simulink.

1. Introduction

Currently, electric vehicles (EVs) for mass transportation have gained significant attention in
the automotive industry, surpassing the production of internal combustion engine (ICE) vehicles [ 15].
This is because ICE engines require fossil fucls as an energy source, resulting in energy losses through
incomplete combustion (exhaust gas), leading to environmental pollution [15, 3]. Additionally, energy
losses occur from the cooling system and internal friction, reducing the engine's overall efficiency to
approximately 34-38% [10]. Consequently, automotive manufacturers have been modifying the
powertrain components from ICE engines to efficient electric motors, with lower maintenance costs, to
meet increasing consumer demands. However, certain components can generate heat during operation
within the structure of electric vehicle systems (EVs) [2, 14]. This can impact system performance and
decrease the lifespan of clectrical components. Examples of heat sources include electric motors in the
powertrain system, heat generated within the control system unit, heat exchange systems in air
conditioning [6], and notably, the heat generated within the battery or energy storage system during
operation and charging [11-13]. Since these components account for approximately 30% - 50% of the
EV's total cost [5], they require careful temperature control during operation to optimize efficiency and
minimize damage to the battery and other components. Therefore, to ensure that all components of an
EV work together efficiently, a temperature control system or effective heat dissipation system is
essential. This system must maintain the appropriate temperature for the operation of electrical
components in different arcas. Generally, the radiator is an essential heat exchanger that uses both water
and air for heat exchange. It works in conjunction with fans and electric pumps to circulate air and water
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within the radiator system, helping to dissipate heat and control the temperature of electrical components
or areas that require heat dissipation in electric vehicles [ 1, 6-7, 15].

This research study investigates and tests a water and air-based heat dissipation system,
particularly the radiator, to assess the temperature response of the radiator system. The data obtained is
used to estimate the parameters of the radiator system in a mathematical model. This mathematical
model's results are compared and validated against the actual system's responses to confirm that the
mathematical model of the heat exchange system using the radiator is accurate and suitable for future
applications [1, 4, 8-9]. This model can be effectively employed for the design of a radiator cooling
system controller that is both accurate and suitable for future applications.

2. Cooling System

2.1. Experimental cooling systems setup

A
m THO
P
)| = |
thermocouple
N
%
c DNt AN
flow'§ensor T
—> N
& radialor a
m, ; %
thermistor
K type
thermoceuple
C <« <
_— hot water bath

Figure 1. Experimental setup

The experimental setup for the passenger bus cooling system that show in figure 1, comprises
multiple components designed to replicate the heat dissipation process. It features a hot water bath with
an electric heater for simulating heat generation, an engine water pump regulated by a PID controller to
maintain a consistent water flow rate, and a radiator that efficiently transfers heat from the hot water to
the incoming air, aided by three fans. To ensure precise temperature regulation, the system employs
NTC thermistor and K-type thermocouple sensors to measure water and air temperatures. The primary
objective of this sctup is to collect experimental data enabling the control of water flow rates,
maintaining them at a constant level while manipulating air flow rates through adjustments in fan speed
and fan count. During testing, the hot water bath is maintained at temperatures ranging from 70 to 80
degrees Celsius, with a constant water flow rate of 0.45 kg/s and the water pump operating at 800 rpm.
Four distinct cases are tested, each varying fan speed and count, aimed at observing the system's
response to temperature changes in the water and air inlet and outlet. The gathered experimental data
will be compared to simulation results from MATLAB/Simulink to validate the accuracy of the model
against real-world conditions.

2.2. Mathematic Model

The heat transfer rate, water temperature, and air at the radiator outlet are analysed using
mathematical models to calculate the overall heat transfer coefficient, U, as described in Equation 1, in
conjunction with Equations 2 through 4 and 17. Subsequently, Pr and NU values are determined using
Equations 9, 10, and 11 to obtain the effectiveness (¢), which is then integrated into the mathematical
model of the system, represented in Equation 12, this equation serves as the energy balance equation of
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the system, considering the energy changes of the cooling water flowing through the radiator. The
cooling water's energy change is equal to the sum of all energy exchanges that occur, in addition to
Equation 13, which is used to assess the energy changes of the moving cooling air. Equation 14 is
employed to evaluate the heat transfer rate to study the thermal dynamic behaviour of the system. The
system of equations presented can be used to assess the thermodynamic behaviour of the heat dissipation
system in this research.
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3. Experimental and Simulation Results

3.1. Experimental results

In the experiment, the heat exchange system's response was studied while maintaining a
constant water pump speed of 800 rpm, resulting in a consistent water flow rate. The airflow rate was
adjusted by controlling the operation of the system's fans at four distinct levels: 2.88 kg/s (Case a:
activating all fans at 85%), 1.95 kg/s (Case b: activating all fans at 60%), 1.92 kg/s (Case ¢: turning on
fan No. 1 & 2 at 85%), and 1.30 kg/s (Case d: turming on fan No. 1 & 2 at 60%). This investigation
aimed to analyze the heat exchange system's response with respect to the radiator equipment. The results
are illustrated by changes in the inlet water temperature (Twi). outlet water temperature (Two), inlet air
temperature (Tsi), and outlet air temperature (Ta), as displayed in Figure 2.

(@) (b)

temperature (C)

100 125

temperature (C)

5 25 50 I(IXO 2‘5 150
time (s) ume (s)
Figure 2. The outlet temperature of cooling air and cooling water (a) Case a: Turn On all fan at 85 %
(b) Case b: Turn On all fan at 60 % (¢) Case ¢: Turn On fan No 1 & 2 at 85 % (d) Case d : Turm On
fan No. 1 & 2 at 60 %.

3.2. Static performance
Table 1. Result of parameter estimation.

mass flow rate
case fan pump

No.  condition condition —(kg/s) - My Mi My resinat - Mamb_efect
water air
1 3-85% 800 rpm 0.45 2.88 14.062  8.201 0.067 0.102
2 3-60% 800 rpm 0.45 1.95 13.458 8472 0.045 0.275
3 2-85% 800 rpm 0.45 1.92 13.931 7.208 0.038 0.287
4 2-60% 800 rpm 0.45 1.30 12.368  4.940 0.028 0.288

The provided equation (12,13) serves as the basis for constructing a mathematical model that
encompasses several key parameters, including Parameter Estimator, My, Ma, My residual, and Mamb_efrect,
across four distinct cases.

In particular, when examining My, Ma, My resiqual it becomes evident that lower airflow rates
result in a corresponding decrease in the values of these parameters. This trend can be atiributed to the
roles played by Mw (representing the mass of water responsible for heat transfer) and Ma (representing
the mass of air contributing to heat transfer). My resiaal denotes the mass of water that remains within
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the pipeline. As the airflow rate decreases, the available air mass for heat exchange diminishes,
consequently leading to reduced values for My, Ma, My resicuat-

On the other hand, an inverse relationship is observed with Mamb_ettet in relation to airflow rate.
As the airflow rate increases, Mamy_eseet diminishes. This phenomenon arises due to the fact that higher
airflow rates limit the fan's intake of ambient air that has not accumulated heat. In essence, elevated
airflow rates reduce the fan's capacity to draw in cooler ambient air. As a result, the Mamp cite Value
decreases. Conversely, lower airflow rates prompt the fan to intake a larger mass of air from the
environment, which possesses less accumulated heat, leading to an increase in the Mamy_essect Value.

In summary, the airflow rate plays a pivotal role in influencing the behaviour of these
parameters within the mathematical model. Lower airflow rates tend to decrease the values of My, Ma,
M resianat While increasing the value of Manb_erect. Conversely, higher airflow rates exert the opposite
effect on these parameters. This observation underscores the crucial role of airflow rate in shaping the
dynamics of heat transfer under investigation.

Table 2. Steady state response.

mass flow water (kg/s)

mass flow 0.452 (800 rpm)
air (kg/s) _ \\/ate[v ‘ _ Air _ QW) Al?)
I in(C) T out (C) T in(C) T out(C)
2.88 77.15 65.49 35.67 44.12 22142.47 422
1.95 72.95 65.54 33.64 45.60 16373.44 323
1.92 83.27 76.30 3529 47.38 13229.17 236
1.30 83.3 78.63 34.84 47.83 9025.19 1.77

From the table 2. demonstrates a clear relationship between heat transfer area (A) and airflow
rate, revealing a direct correlation. This connection arises because higher airflow rates result in greater
temperature differences (AT)., consequently leading to higher Q values. This relationship is
mathematically represented by the heat transfer rate equation. from Figure 1. that the heat transfer arca
is not uniformly distributed across the entire cross-section of the radiator.

Case 1, boasting an airflow rate of 2.88 kg/s and the operation of all three fans at 85% power,
exhibits the largest heat transfer area, measuring 4.22 m”2. Conversely, Case 4, with an airflow rate of
1.3 kg/s and the activation of both fans at 60% power, demonstrates the smallest heat transfer area of
1.77 m"2. Cases 2 and 3, with airflow rates of 1.95 kg/s and 1.92 kg/s, respectively, exhibit slightly
different airflow rates, resulting in distinct heat transfer arcas of 3.23 m”2 and 2.36 m”2, respectively.
This divergence can be attributed to the number of fans in operation. Case 2 employs three fans at 85%
fan power, while Case 3 utilizes only two fans at 60% fan power. Despite their similar airflow rates, the
presence of additional fans in Case 2 allows for more efficient heat exchange, leading to noticeable
differences in heat transfer area.

Table 3. The experimental and modelling compare.

. Mass flow Water outlet Air outlet heat exchangs Fate (W)
§ rate (kg/s) temperature (C) temperature (C)

Water Air  Exp. Sim. %err. Exp. Sim. %err. Exp. Sim. QocrT.
1 0.45 288 6549 6578 0.44 4412 43.12 226 2217937 21614.23 2.55
2 045 195 6554 6540 0.22 4560 4095 10.19 1407990 1434928 1.91
3045 192 7630 76.17 0.17 4738 4227 1079 13251.22 1349522 1.84
4 045 130 7863 7845 023 47.83 4201 1217 904023 9386.00 3.82
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The table 3. was utilized to compare the experimental and modelling values, assessing the
accuracy of the created model. The water outlet temperature, with a water mass flow rate of 0.45 kg/s
and an air mass flow rate of 2.88 kg/s, exhibited the highest error value at 0.44%. In contrast, the lowest
error value of 0.17% was observed at a water mass flow rate of 0.45 kg/s and an air mass flow rate of
1.92 kg/s. Regarding the air outlet temperature, the highest error value, 12.17%, was recorded at a water
mass flow rate of 0.45 kg/s and an air mass flow rate of 1.30 kg/s. Conversely. the lowest error value of
2.26% was registered at a water mass flow rate of 0.45 kg/s and an air mass flow rate of 2.88 kg/s.

In terms of the heat exchange rate, the greatest error value of 3.82% was observed at a water
mass flow rate of 0.45 kg/s and an air mass flow rate of 1.30 kg/s, while the lowest error value, 1.84%,
was noted at a water mass flow rate of 0.45 kg/s and an air mass flow rate of 1.92 kg/s. These
comparisons provide insights into the model's accuracy across various conditions and highlight areas
where adjustments or improvements may be needed.

4
5 x10

T T

heat transfer rate (W)

air mass flow rate 2.88 kg's air mass flow rate 1.92
|~ = = air mass flow rate 195 kg/s —-—-= air mass flow ratc 1.3
-0.5 I 1
0 25 50 5 100 s o

time (s}
Figure 3. The dynamic behavior of heat exchange rate.

From the test results, the temperature response parameters for the system are as follows:
temperature difference of water (diff Tw), temperature difference of air (diff Ta), settling time
duration (T's)

These parameters represent the temperature differences between various points in the system
and the time it takes for the system to reach a steady-state condition. The values for these parameters
are presented in Table 4.

Additionally, based on the parameters obtained from the testing, we can calculate and present
the dynamic heat transfer rate of the heat exchange system as follows, dynamic heat transfer rate Figure
3 These calculations and data will provide insights into how the heat transfer rate changes over time in
the heat exchange system.

Table 4. The heat transfer rate and settling time of dynamics response of cooling system.

cortiton air mass flow rate s‘etﬂing increasing rate of heat heat transfer rate
(kg/s) time (s) transfer (W/s) (W)
Casc a 2.88 95.1 21731 21,753.94
Caseb 1.95 85.5 152.61 13.734.94
Case ¢ 1.92 88.6 141.95 13.238.6
Cased 1.30 90.2 97.36 9,244.01

3.3. Dynamic performance and simulation results.
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Figure 4. The compare of outlet temperature between simulation and experimental.

The Figure 4. presented in the upper frame of the figure illustrates the behaviour of the outlet
air temperature obtained from experiments, shown as a solid line, in conjunction with the temperature
values predicted by the mathematical model of the system, represented by a dashed line. Both sets of
data reveal that the outlet air temperature increases rapidly in the initial phase of system operation and
stabilizes around the 20-second mark. Additionally, the values obtained from the model closely match
the experimental results, demonstrating an acceptable level of accuracy. In the lower frame, the
behaviour of the cooling water temperature at the water outlet of the radiator is presented. The solid line
represents the data obtained from experiments, while the dashed line represents the results from the
mathematical model. The data indicates that the cooling water temperature remains relatively constant
during the early moments of system operation and decreases as it approaches the 10-second mark. After
that, it stabilizes and remains relatively constant until around the 80-second mark. This information
highlights that both temperature changes, for air and cooling water, occur rapidly during the initial phase
of system operation and then stabilize. with settling times within acceptable limits. The simulation
results obtained from the mathematical model for a cooling water flow rate of 0.425 kg/s and an airflow
rate of 1.3 kg/s appear to closely match the experimental data, further validating the model's reliability
for the cooling system using water.




114

S
2
2
E
2
=]
Q
=20 | I | | I 1 | I 1
;& 0 100 200 300 400 500 600 700 800 900 1000
@)
@ 90 T T T T T T T T T
o
L e - e e S| | Gl MR (s R e D et o -
D
g N o — U — - ——
g 70 | =
5 60 1 IL 1 i 11 L 2 I 1 N I —
5; 0 100 200 300 400 500 600 700 800 900 1000
100 T T 5 T T T T T
& 50 - f B
S !
{
0 L—d 1 1 I I 1 1 { SSERR| [P, RS
0 100 200 300 400 500 600 700 800 900 1000

time (s)
Figure 5. The system performance with dynamic operation.

In Figure 5. The results of testing the dynamic behaviour of the heat dissipation system are
presented under steady-state conditions, where the cooling water flow rate is kept constant by setting
the pump's rotational speed to 800 rpm. Water is supplied at a flow rate of 0.425 kg/s, and the inlet water
temperature is set at 80°C. At the 30-second mark, three fans are activated to dissipate air, with fan
speed controlled at 60% of the maximum rotational speed. This results in an airflow rate of 1.95 kg/s.
At the 650-second mark, the system's operation is altered by reducing the number of fans to two and
increasing their rotational speed to 85% of the maximum. This leads to an airflow rate of 1.92 kg/s. At
800 seconds, the fan speed of the two remaining fans is further reduced to 60% of the maximum,
resulting in an airflow rate of 1.3 kg/s. The system's response indicates that when the fans start operating,
there is a delay in the temperature response of both the air and the cooling water. This delay time is
higher for the cooling water compared to the air. Additionally, it is observed that as the airflow rate
decreases, the air temperature response increases. In contrast, the airflow rate decreases when the outlet
air temperature increases. These observations are evident at the 650-second and 800-second marks.
Furthermore, it is noted that the cooling water temperature responds with an increase in temperature as
the airflow rate decreases, and it exhibits an opposite behaviour when the airflow rate is increased. These
observations are particularly evident at the 650-second and 800-second marks. In summary, the
temperature response of the air and the cooling water in the heat dissipation system exhibits delay times,
and changes influence these responses in the airflow rates. The relationship between the airflow rate and
temperature response is complex. It is evident in the test results at various time intervals.

4. Conclusion

This research aims to study the dynamic behaviour of heat dissipation in an internal
combustion engine to apply it to the cooling system of electric vehicles. The results indicate that the
heat transfer capability is directly influenced by the flow rate of cooling water and the airflow through
the radiator, as well as the temperature of the exiting cooling water, which varies with the airflow rate.
It is noted that in order to achieve lower cooling water temperatures, it is necessary to increase the
airflow rate through the radiator. Furthermore, the study reveals that the actual heat exchange area is
affected by airflow rate in an inversely proportional manner. The cooling system's performance is
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influenced by the surrounding environment, as indicated by the data in Table 2, which shows
diminishing effects as airflow rates increase. Additionally, the mass of water and air impacts the cooling
water's thermal behaviour, which varies with their respective flow rates. The air exhibits clear and
distinct changes in behaviour.

In the future, the rescarchers plan to expand the scope of the study to cover a more
comprehensive operational range, including changes in cooling water flow rates, airflow rates, and the
inlet temperature of the cooling water. This expansion aims to improve the accuracy and reliability of
the mathematical model and system, enhancing its practical applicability.
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