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WAIARD SAIKONG : INTEGRATED ENERGY MANAGEMENT
SYSTEM FOR ELECTRIC VEHICLE WITH COMBINATION OF
BATTERY AND ELECTRIC DOUBLE LAYER CAPACITOR. THESIS
ADVISOR : ASSOC. PROF. THANATCHAI KULWORAWANICHPONG,

PhD. 173 PP

INTEGRATED ENERGY MANAGEMENT SYSTEM/OPTIMAL ADJUSTMENT

OF VELOCITY TRAJECTORY/OPTIMAL ENERGY STORAGE SYSTEM

This thesis presented energy consumption and economical driving power by
integrated energy management system..The study included the extension of driving
range which was the weak point of electric vehicles, having limited driving range
compared to vehicles with internal combustion engine. This study performed the
simulation of electric vehicle driving and adjustment for optimal velocity trajectory
suitable for the route under the condition of late arrival to the destination according to
driver’s demand to have the arrival 30 and 60 seconds late. The simulation used the
original velocity trajectory as the range of reference velocity. The velocity had to have
its velocity trajectory similar to the original ene so-that it was applicable to open
environment and closed environment. The results of the simulation to adjust for
optimal velocity trajectory when arriving at the destination late revealed reduction of
energy and maximum electric power in driving the electric vehicle. The algorithm to
adjust velocity trajectory proposed in this study was able to reduce consumption of
energy and maximum electric power and the vehicle arrived at the destination close to
the determined time, better than Cruise Control which was the popular velocity

trajectory in vehicles nowadays. The effect of the adjustment of velocity trajectory



was reduction of energy regeneration gained from brake, resulted from reduction of
velocity before brake. This had an effect that the driving range was shortened. The
researcher then simulated installation of wireless power transfer system that was
appropriate with the route and velocity trajectory to the system. The results of the
installation of wireless power transfer system were that the energy storage system had
higher stage of charge at the end of the simulation. The researcher then investigated
for the optimal size of the energy storage system that was appropriate for the driving
route by comparing the results of the simulation between the investigation for only
optimal size of energy storage system and the investigation of optimal energy system
by including the result of energy regeneration gained from brake, wireless charging
and the optimal adjustment of veloeity trajectory. The results of the comparison
revealed that the weight of the emergy storage system used on the integrated
management was heavier than the system to investigate the size of the optimal energy
storage system in some cases. It, however, did not result in significant increase of
energy and power consumption. The results of the simulation using authentic value
from the field test found that the integrated energy management system reduced the
driving energy at” 21.487% and distributed net. energy only at 37.435% when

compared to base case.
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Fig. 13 : Tricycle électrique de Trouvé
(Alexis Clerc, Physique et chimie populaires, vol. 2, 1881-1883).
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F08ATzern1sTY T001MITNW HazsIAgnn 1M IFuuamesiiiesediuasa lusa i
' 9 '
wewas T wuunluszeznaidus deiuszuu l§aemolsz i szuvazawy
o a { ] A i 4
was i Tsusanmmzavaisisznen lUdrednnuilszqoasia uazuuaaes uenani
J9AeeliszuUMITANITNAIWNEWINAYNT tazAuIavUIAvesEUUaz aNna Ul
[ 9 o [] Y o A v [
muEA DN wazmsedmiavesszuulszg lddwou15ae wanissiassduduii
ganeinuvesszuuianmsuasnunldnuqumsiauvesssuazaunasunulausa
[ Y 1A a A
awnsara ldedaiilsz@nsnm
Sarang R. Soni ilaZAME (Sarang R. Soni, et al., 2015) 1&¥imsiausunau
a o a ) A 1 : v 2
MeINUMIAATIEHIzBUazaunasnuuuD lausasgniuuames tagdunuilszqdeds
9 Y v v I a
dmSuerueud Wil nisaauge uagsanisnisdsey Ishvesdnuilsgydsenn 1943
a a I v Ao o A ' = Aq v 2 [ ' Y
dszansnmilluladeidrnn Nz vregaorguoaiuanes neuuau luunanudinainla
= v [ 9 [ U v o w
Insavaeesvesszubazaunasu luiaegluuudmsuldlunageumsdamsmas vl
paznasnu Ivihue ssaoud Wi wamsiseasdhszvvazaundsnunuylausasening
~ v I A A a A ) [ o
nuAAes wazdunuilszyseradmisanlszansaiwns lanasau e seueua
T
222 szvvilszglivhamSuenueunlih
m3tlszy i lueuoud Iidhaseneu ldde msdsy lwihuouldaeuas
nuy1¥aedni1 Yefvesszuulszy ldwouB3meadenSsuiounumsszyTaeldae

nhde Tanuazainlumsiszy i wazlimsuenszuumia i (Galvanic isolation) ¥4
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gilnsaltlszauazszuuvesnueud liheennndu e lusuiludesldmelumsszy il

Y T 9
srvoud 1 ansadszy I 1ddhe vareass lunn adninmsaeasradsyquuy1iae

wufithy Aoy i3 vaziigaasssdyyie Ty @udu dmsumsdszq iy
"l%}LL‘]J‘U!,ﬂﬁﬂuﬁ (Dynamic wireless charging, DWC) «T'N%aﬂé’qﬁm%”uauu“lmﬁumﬁzﬁﬂw
dealugesmanme il¥annsodszy i luvas smeud liduadouiild azihlian
M3AAR3ZULYTEQUUUTIAGY (Fast charging) 18 udszuuilszquuy3meiiidesitaie &
Uszansamdindszuunisdsza Tl lasldaedaih won9INHEals 1A YuIa tas

a Aa v 9 R v A Y Y AYY 1 Yy 9 Y
nszuauMsaanlianusudouninnd Fedeseniudodosn ldna1nu azdecldsuns
U g o o 3
Ysvlgaldavwite awnsa ldmaunuszuumsdszauuulgarodnirlduiniulueuian
iiesthitiuiinadtonerdumstszy i lueueud lihedaunivats Taliunanums
= li' v o
ArmsneInumsnunIulssanssuuesnslsgy ihuagsuunilszinnvesszuuilsey
TWuagsruswranudsonernumsdsgy lihuuy1$a1e (A. Ahmad, et al., 2018)
o a L] A 4

TumsWaeuoud Iihszoulszy i danuddaiuediee e

nSeufeunverueudnlsasessudduaiilniolu srueud lilihdesnisnarlunisan
[Y] [} 1 AAa o a d‘ g’/ 1 = o = 9 1 [} gIJ =4
wasunauINN M udemaaunienauni vazisuaniilszy lddndesndn duiuds
o & o w a A 4 o ' 4
suiludostianrfidszy lihidsge uaslidszannmge oud ludamiaenarn mseaszy
3 3 4
ThuuusaaiGa (Fast charger) amnsnilszy Tl 1859052 Taerszquuamesnenaug 5o %
1 ] < a
Tuar 3 uifi uaz 80 % Tuna 15 1 uaed1alsnaw msdszq lddhdemaiinmslszy
< 1 v | g A X o A=
TfmunsiaG wdwwaliunamesidenan mii8s3u oanes i szuvilszuiana szun
< = o Y s s Y~
Ay voszuuilszy lihuuusiasivelanusudeunazvuiavesnounesimesndod
Y [
wualvgiru 3o ldsimvesszuuiinimngeannszuulszy lihunUn@ (Normal charge)
mslFlszanuanes lagldnszuauazussau lilihminz auazsretaorgnis ldauves
A 1 v ' < o g X
nuaaes uamsvzunlymidinannalsezsilinsdszg lihsiaEiiu ssumsilszy
T Taesldgaednildsumsansuaiuise ldau Idea1amilse@nTaw (S. Lukic and Z.
Pantic, 2013) nagiimsnmuamiasgiudmsumsdseae Iddwuuldmedningd uams
Uszq lWihuuumiieni (Inductive charging) 3n90g 1ug9u0INITHAU
2.2.2.1 m3dszy lwhihIae 1¥aednhamSueueud Tnih
mstszy i lasldaedningiiliinamsiyendonianieninsznin
1o o v o ' <3|

urasnendauazeueud i msdsgq liihlaeldaedniuiseenilu nsisey i
1 9 9
NAAAIVUIUNIHUY (On-board charger) agAAAIUDNITUNIN UL (Off-board charger) RN ERT

v 9
szuvlsgq lihidedsuuerunvuzginsaldmiulsgy v wu sad v’ (Rectifier)
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d o @ @ A [
pazisnpamesdmiulSunszua Iliwesunames (Battery current regulators) 92 gn 15y
Y a & Y A Aa Y @ C4
v lianunsaaaaslueueud Wi 18 luvaziszuulszy i aaadsuendasa gilnsal

[ 1 a gll % L:y 9 % o A 1 [ [
aananIzAnfInIeuenalsn uennntnsdszy llihIagldmednidinsutsesaunsadu
yoamsaaumas ldheenilu szdui 1 IWfnszuaady (AC level 1) Tagldmdalsey
Tl 2 kw szaud 2 Tlhnszuaadn (AC level 2) Tdmaalunsiszq luheglugag
420 kW szaud 3 ldfinszuaase ldiaeddunsiszylddieglugae 20-120 kw u35e
YNNI (F. Ahmad, et al., 2017) MaufSeuiouszavvesmstszy lihwaadlugda 2.3 nay
a15197 2.1 uaaanmsFeuieunisdszy e soruoud ldihuazoueud I lausa
puuiieneanirdrmiudsey Il (Plug-in hybrid electric vehicles, PHEVs) 1614 9 #ilin13 1%
aueglutlgiiu Ui 2.4 nfeuieuszuuilsey Tih seavi 2 dszgdae Irlihnszuaady

<
nazszuulszquuusaaGa Uszgae lilihinszuaasa

700
600
500 400
400
300 o 240
BO ()
00 80 100 80 80 90 {
100 8 16 197 V 19.2 36
., . K . Sm. -
AC Level 1 AC Level 2 AC Level 3 DC Level 1 DC Level 2 DC Level 3
® Max Voltage (V) ® Max Current (A) & Max Power (kW)

g1l 2.3 szaumamssey IldhdmFuenueud 1w

M15199 2.1 VeveILUAReIIazsiaveInsilszy Tl

, FUAVD YUIAVD - GIERURERIEED
U , y yUAUDINIT132Y
grugUa | Luaeas (kWh) gga (kW)
Porsche Panamera PHEV 9 Level 1/Level 2 3
SE-Hybrid
Porsche Cayenne PHEV 11 Level 2 3.6/7.2
SE-Hybrid




M3199 2.1 WeveLuamestazsiaveinslszy vl (de)
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, UAVD YUIAVD - 903131329
U , y yHAUDINIT132Y
eIUBUA | LUAADT (kWh) 799 (kW)
100% 16 Level 2 (16A, 10A, 8A) | 3.6/2.4/1.92
Mitsubishi i-MiEV
Electric /Level3
100% 24 Level 1/Level 2/Level 3 | 3.3/7.2
Nissan LEAF
Electric
100% 36.6 Level 1/Level 2/DC fast | 3.6/7.2
Volkswagen e-Golf
Electric charging
100% 23 Level 1/Level 2 6.6
Ford Focus Electric
Electric
100% 24 Level 1/Level 2/DC fast | 7.4
BMW i3
Electric charging
Mercedes B-Class | 100% 28 Level 2 10
Electric Electric
100% 85 Levell/Level 11.5/17.2/120
Tesla Model S
Electric 2/Supercharge

Sgnal Nuw
Posaw Fow

Charging Pownt
r

R p———

gﬂﬁ 2.4 LLWHﬂWWLIﬁ'SUmEJ”]Jﬂﬁ‘IJ‘i‘“%‘i“’ﬂ’U‘V] 2 hl“l"l‘l?\hﬂi‘“LLﬁﬁﬁUL!ﬁ“"i“"lJ‘lJ‘l]i“’ﬂLl’U‘Ui’Jﬂl‘i'J
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2222 msdseylhwuumiioanir wsenissey IWihuuy 13a1e (nductive
charging or wireless charging)
1 H v
3U% 2.5 ugasmsnSeuifiousgrieszuudszy ldhnaaasuueunnue
pagszuulsgy ihuun1$ee szuudsea ldwuumionimsessundsey Tdwou 13
aevz msreudenmennsznNauraseazeueus i 1l a.e. 1999 Sakamoto
v v
uagANg (H. Sakamoto, et al., 1999) IdtausniamilenigaiuunuIvaluaymgiiyu (The new
inductive coupler) H31UszANTMnmsdsriuias i 97% Afdsdruesn (Output power)
A 8.3 kW 5282 HINNAIFUALTUNT 009931991017 (Air gap) 3 mm NAIND 100 kHz
% 1 - % 1 d’ o % V=% Y
HATENITOATINIVTZETEHINMTULazAduierinTlsey Irlih Taesn Tula Jagaiuns
Usgy IdhwuumiioniigniSeni msdszyliduun1ae uazannsodaiuiias lvdin
1 (%3 1 v o A 9 dal Aa o [y} 1 9 d‘ [y Y
5292321 INATazaTDIaNun NenUu nudveTudagiiueduldimswaunldds

(2

fauszez sz i funasfdainaniy aUnsaididnnsedindnidnauazds
sada I 1 gundu msdasida linuy 12ane (Wireless power transfer, WPT) 11159
Fuun1dauai nsveansdafids 1y s damaauDme1i1 (Inductive power transfer,
IPT) midaﬁﬁmumﬂmmucﬁuﬂmﬁﬂfjmu (Coupled magnetic resonance, CMR) N384 144
uuumimﬁﬂm’;igimu (Permanent magnet coupled transfer , PMC) 13@af1aaaleiaiyas
ez luTasnd vieawnsaswunlsznnlasutsmuanyuzmsldau wu madszqlud13
AU VEIUBUATDA (Static wireless charging : SWC) (Vatsala, et al., 2017) , (W. Chen, et al.,
2016) ﬂﬁﬂiﬁ;"h/\lﬂﬂmlmzmuau@‘i’mﬁauﬁuuﬂ% (Dynamic wireless charging, DWC) (S. Li,
etal,, 2016) uazn1sdszy lWdrl5arennueu GUAN AR O UM (Quasi dynamic wireless

charging, QWC) (Y. J. Jang, et al., 2016) VUVUY

GRID

' 9
707 2.5 nlSeuiiovszuuilszy dhnaaasuueunwnuzuazszvilszy ldhwou15ae



21

luthgiuds ldannsoszy ldnismsdemas oo 13aeismslang

a A )

{ 9 [ I 1 o w { [
ngadmiueruoud vl cMr duismsdeas ooy 1§aentidssaninmgedmsy
1 o w [ Io = 1 o o Y a = a a d’d 1
myaamasluszavanaliunan mydemdsdremaia IPT vxlise@nsamnalunmsaaly

A 9 [ o v A A () 9 S = a A 1 o o
seuuilduseauuazmaangs Taof ludoaldneess Taunusg False@ninmusinisdimas
1 1 1 =) a 4 1 1 Ql g
VLOYTTNIN 85% - 96% A5z ANTNINIZAAAUNOTD9II1901MIANNAY (M. Budhia, et al.,
o o v o o 9 o w & g 1 1 A v o A
2013) damsumsdemias ld 5 aremidege Fedeanisszozinsenindarduazarsui
d' [ Y d' a dsl o [ a & = 1Y a q‘f
muzay etlosnuanudouimadu dmsumatia CMR Falimdulszdniveaniss
Tenuugngaweazannsadaigs i 1dgannna 20 kw lumsiszq I 3menuuaia
(Y.-H. Chao and I.-J. Shich, 2012) d1vFumstlszq I luvazeruoudinaounuuy1¥ate
= @ g a J = =
W) 1udl a.¢. 2009 ﬁmuuﬂfuqafmmmﬁmuazmﬂuiammwa (Korea Advanced
. . ya 7 i
Institute of Science & Technology, KAIST) laianIasan1serueud Ilieenlal (On-Line EV,
3 @ o w y a
oLEV) Hunmswannszuuiszy i ¥aesideguielgaulunamnaisd Tasenis OLEV
[ [ o w Y ~ = 9 Aa A 1 [ ) [ [
amnsoderumas vl Idgeanannud 20 kbz dre1szansammsasriu 3% dmsumsas
Maaluith 60 kw Tael49999191918 20 cm (J. Huh, et al., 2011)
2.2.2.3 Bmsvsey ihuuy Baedmsuereus lwhih
' o 1 <]
31N 2.6 nagaamsswundszmnnisdszy oy 1§ee durnniman
{ 1 [ 1 I 1 @ J { ]
TuihnadaTasgdnsaldendsan i 15ame (Tx) sguisesnidu 2 daudaoiu 1) aaui'li
UNTUNTNTLI18AAY (Nonradiative Region) T 03U auIN5282 1nd (Near Field Region) 2)

AIUNTNITUNTNTLD10UDIAAY (Radiative Region) ToaIUauIu52oe Ina (Far-Field Region)

ﬁlwﬂldﬂl 1

wiveiliznanauiiesismsdszy iy ¥emedmsveusud Tl

| xEV Charging

using

Far Field

| Uwireest | < Wl | EViChagn®
charging of using

Electric vehicle Near Ficld

Quasi Dynamic Inductive | _La”c_'
Wircless ' wireless Charging
charging charging

_ Microwave
Static Magnetic Charging
wircless |~ Resonance
charging coupling
Dynamic Permanent
wireless Magnet
charging coupling

517 2.6 msmialsznnmaiszy Irldwun 13ae
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n). Mmsdszy oy lFaeTaeldma TuTad ¥aeauimszoz 1nd
[ 9 = [ A 1 Y o P 2 o 1 ]
dauanusze Induuedandsnundsesnuivzedndnuglnsaifds Fedadans u

v o 9 []

Vaatldesndsnueenuiaiin ilasudwegluszezazawnsosunasnuld ssezms

v 2

Y
danasnuveunaluTadtasudelnduaziuegnuglituazvmaaisutazaads Tuaau
1 < [ g [
avwszezlng auwIihuazaumuiman lihezuensenviniu Aremgil wasaulugl
1 [ ~ 3‘/ [l <3 1 [ Y
auw Ilfhezgnaerin T 1Wih (Blectrodes) wagaunumimansggnasiudlsvaaia (T.
. = [ ~ ¥ ' 3
Sun, X. Xie, and Z. Wang, 2013) Tagauin Iiazdiszoznsdeiunlndnnauimsiman
A 1 S A 1 Y 1
o InauIanANaE 50 lunsNzgrIu (Penetrate) 1AANIT
P [
1) msdsey ldihuun lSaeuuiugiueesmsaeiawuumiieni (Inducive power
@ 1 < { o
transfer, IPT) M3Uszy Ilihwuu 1enonun 1P 19wdnmisvesnmsudman Tuduniienirlu
1 [ 9 Y o o [ 4 4
madanasauTae'hilddni Taserdongueaaud uazv151ad (Lenz’s law and Faraday’s
A v o A = <3 9 [l < ) A a a
law) Wonszualudninnansnlasunlasnszadwauuminiansodni ievaaianaugil
(Secondary loop) 1308251 92 lasuussau lwfhuuvaaraiieunnnmsasundlasvel

[ 1 <

: v v 4 1 v U
AFUNIMAN (Magnetic flux) (H. K. Dashora, et al., 2015) @4@25URvzi¥euaany Tvana nMsaa

o v MY ~ o A N 9 A ! 2~ Vo
ﬂ’]ﬁ\‘]”liﬁ'lﬂllﬂﬂlﬁuﬂﬁu'] 3o IPT Uﬂlltlslfsluﬁgﬂﬂﬁ@ﬁ']ﬁ WU 58UVU RFID ¥IUN1TAINTU

wasuies udedelsnmmdmiuszunsn iihdesmamsdeiumad i luszdugs
sruudamddldmonuumienina1dumsdiuledromaiiinreess Tauuud Faitend
msdamaauus Tnuudiinangaiy 1ie CMR

2) m'ﬂJizﬁ;”11/1ﬂumu"l%'maum’ﬁ‘yugmmmmiﬁeﬁm"’mumiTmmwﬁuahwﬁmjmu
(Coupled Magnetic Resonance, CMR) A3 @ 4f18911115 15U U Ul Mangniuvie CMR
warn Tasaaniumaluladuyas1ysad (Massachusetts Institute of Technology, MIT) (A.
Kurs, et al., 2007) #91l5z nou ldreunanadii dads TLELRIITRIEES ieldlumsvase
nazdlsulgendilsznoumas Wi (Power factor correction) e l¥ifas Tanuusdmsuds
mas Inlihgeage (Maximum power transfer, MPT) lutlszimeimuald ldimsnageu@uso

Tagens lwheoulad (OLEV) Tagldudnmss Tauuudgarudmsulslumssey i 1§

awvazinasui (DWC) OLEV lasudaidenliilugaseadslszagluil a.s. 2010 (N. P. Suh

v
o w

9
and D. H. Cho, 2017) uazmasrimun Tl gmsldauludondisd uSinsaasueudsunim
[ a @ a3 ] v
Tan wu maar Taledn vagiadu Hudu fidenlFinaTulad s Tsuuudmimangaiy
dmsunsdszy w13 ae Tunaweu latimswauiszuudsey Wi daedmsy
4 A A Aa a A Y1 1 Y 9 ~ [
guUAvaZIAdoUN NNUTEANTAIN 90% TaalFree11991mAN 19 1 m wagldnnudlug

UNIF5AY (C. Qiu, K. T. Chau, et al., 2013)
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¥
1 Il <]
3) msdsgy Ty ¥ areuunugiuuesnisgaiuvenimanniis (Permanent

o w

Magnet Coupling) U3 A% Taauile (The University of British Columbia) Tawaumsaam 3f)
1 ] <3 Y oA A 49! . 14 ] <3
m‘ummmmaﬂmaﬂﬁummmwaa@ummu (The Magnetic Gear Effect) Tﬂﬂjilﬁﬁlﬁlmlﬁﬁﬂ

a a 9

Y P o q ¥ s Y a 3 o o oA
maimuﬂgugmwuuuaxmuﬂauﬂﬂimaﬁmunﬁt’JmJ14uumumammmmmnuma

~ 1 3 a o 9y 1 o o Y 9
59n791A210159F91A59d (Synchronous Speed) AU VYBINITAIA1AIVY 13 a0 Tae 1y
1 < o 3 < 1 1 o w A
WMANDITHAUIYU TAY Covic HAZAME (G. A. Covic, et al., 2010) FITU1ITAAINIUAIBINT
' Aa a ~ ~ 9 ] ' Ay v 1 9
AEANTNIN 80 % NANUD 150 Hz 155997190107 150 mm UATZUVUNTVOADIDINA18TD
PUIINININMTTUAINOULAZITITUNIUINAIUYTZNOUNING MIFONITIFI AN

1 | o w d‘ = T v gl.: dyd L7 ] e./
duuiasngeszuvagivinalng duinszuuiveds himunzauiumsdszy i luszun

oo ueud I

¥). Mmadszq ooy l5aeTaelsnalulag 1dmeaumszes Ina

Y
malulad Fmeauiuszes lnadsgaeudie 3 nszurumsndnaess 1l 1) msuals

Aundsa i ldganuding adululasni wie wwos 2) MsdarIunasaIu 3) s
azanmaingarue asu) nazulsduguasaou bl Taenisaeidwun 1§melagld
maluladauuszes lnalseneudie 2 ¥iiandne fe 1) msdamaedresnanlulasni vise

o v 9 4

AAUINY 2) MITINAIABIAITOS
v 9

1) msdemasaleaaulyInsnd vie aauing msasmiaslaeldmaTuladauiy

szoz lna Wumsaesmdsinuniga vag Idsumsiauie 19 umsdemsunn 1¥ae 1l

A

a - o 1 o o I ¥ a

A.f. 1904 11 1na1 era1 (Nikola Tesla) laviimsdshawmun1imeadluaswsnlasldnauing
NR219D 150 kHz 5241319 1) A.A. 2003 D4 2008 Shinohara (N. Shinohara, 2013) uazUTHNI

o 4 o 1 o w 9 [ ! {
aduneames lunswannszuvasmias¥eedinsuemeud lWh 10018 2.45 GHz Taeld
aau luTasnlunisdszquuames Aretszansnin 76 % nasil a.a. 2006 latiniswaun
maTuTagmsdszy lihruaaululasndlulszmagijuedianisuns fenganssuves

A A 1 o w 9 I g A Y Y ' o w
aauluTasnviawnsoasiaegelaiuszes Ina lununimmzmizes vazdildmsdehas

@ ' 1 @ a oA ' @ {

puuasnanlumsdanasnuanuaseriadignasninauiieuandanuTan

2) msdszy i 13 aeTlasldames maluladames ausodariuniga 1aluy

q

1 o Y

< o Aa A ) [
szog Inauantivennaniamiulsydniam msdszy dhdmSuomoud idhdromes
Funszurumsndlull1denuazsudou eosnnnszurumsusiundasau T lddq
Swasaes wazmsulsiudavaesnaudlundanu i FarzdealFiaad 1l e Tam

8n (Photovoltaic cell) Fuflugilnsaifimihiindasmdsnuuasie Taouilundsanlvih
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Y a [ A A 1

o o 4 ' v ]
ﬁmmmu«ff’au 16195}@?1/!‘1/]1.!?{\1 ngE]"I‘Irﬂﬂ‘ﬂﬁ‘VIN“UfN’mI,Lﬁ\‘imlﬁl)"f)ﬁ‘limﬁﬂﬂﬂﬁ’liﬂ ﬁiﬂuﬂﬁﬁ\‘i‘lil

q U

v a A v o Y a = o 3 o 1 A Aada 9
ﬂﬁ\?ﬂﬂﬂﬁﬂ'l\‘]ﬂﬁ@\?ﬂ'lﬁ%31’]11ﬁlﬂﬂﬂ31uqmulﬁﬂwa\1 L!a%tﬂu@uﬂﬁWﬂﬂﬂﬁ\?NGb’?ﬁqﬂ

a). maluTadmsdszy Il 13 menazmsdlszand 19

wannsuguvesntsdszy Il 1Zaozerdondnnsi@oasuiuvfouta
197 (Transformer) usvz 145097190 1mAunuunumanlunoutlad 1 Tasauisouii
penadnuazms sl msdszyllifunueeudaia swo) femsdszy iiuile
uoud T v0a veaialiimamaoui mssz fhuuneusudiadenii Owe) Aems
ﬂiﬁ;”lﬂﬂﬂﬁ"@muamﬂﬂﬂméauﬁ”lﬂmmﬁuma WI0TEHINMTAUNN (L. A. Maglaras, et
al., 2015) M3tz llfwuusueudaiieunaoun Qwo) Aemsdszy I vmziea
Frnanszninmaaum wunsugy Wi 1¥meluvazeeaszritesedyana lvesies
M390A91AT1IVeITNVUA BT azIEn IS uda Tasas Fensiseq Ilfhuuy 3aed
namuldnsdsz ldfiuanuuimdn i Te1vaziBeavesnisszy il luudas
wuuiidade il

1. m3vsza Tl IFmenuneusudaia

msdsza Il Banenvneeudadaldsumsiauinayliunsgiusesiy fe SAE
2954 ﬂmJssfg"lwv’hﬂsﬁﬂsz?{‘n%mwLﬁu%mﬁ@ﬁa%’mm:ﬁaﬁﬁﬂﬁwﬂuumzﬁmﬁu 51
2.7 WERUHUA TSI FULIs Tnuudiniionih tazduaoumsudsiumdanunas
YseaNTNIMV0ITLTV "Lu%’um@ummméqﬁwﬁwﬁ’q‘Mﬁmszuﬁﬁﬁ’uuﬂiﬁuwﬁ’ammjszuu
Tdhnszuanse Tagldrsvsmaniduunuen@n (Active Front End, AFE) mazszuuliuilg
mdlszneudas el msnlsiuiilszaninmgas Sss1iludedldneunesinesanudyge

= Y A A [ 1 1 ] o w Y a
uazuwumgﬂmmmaguwmn1mmﬂﬂi::°uuﬂaufmmummmnqwamﬂgngu ll‘V\lﬂT

Y
IS o

o = Y a [ < v 2 & 14
nszugaauanudgetvzhldnaauuuimanady duiuldawngueseunis (Ampere’s
[l 2 o ] ~ ° Y a @ A 1A g Aa A =R
Law) duuimanasnansgmienildinanszua lddhaduanudgndsvaaianfegil ¥
I 4 4 Aa A 3 4 1
dul)awngueshisuad (Faraday’s Law) tie 1dszuniidsz@nsnmuiniiu azdeudonno
@ A o A s 2 Y @ =
AU sTAss Iz aunuSou lumss Teuuud duasuganie ldihnszuaaduazgnise
a 14 a a 4 1
nizuaale15na lwoossz@nTn1ngs (High Efficient Rectifier) 1ol 529 1114 un

uuaae3 (J. M. Miller, et al., 2015)
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%8 sOHa
= - Wircless Charger Vehicle Part

od R - o e S TP
Kforrmer Cails | Coulb Rectifies Banery e
: X . |
HF |} T, ]
J + [ | — [
@ AFE Inverter | s : b '
' '
AC source S : . T '
_____________________ '

L . J

[ om—3} 1

L

) Svstem Efficiency more than 8§5%

{ o s A o
:.'iﬂﬁ 2.7 LLN‘LlﬂTWﬂﬁW1Q1HW®Q§ZUUL§IGBLLHHWH’TﬁEJ’JLH
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Frg == Mngin( 0{) 3.3)
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A15197 3.2 MaulseansaNudeaNIUeINIA (Mi Chris, et al, 2011)
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Speed (rpm)
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Vv — ™Np maxTd (m/s) (3.14)
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(Ultracapacitor energy storage system) ¥3010818931 UESS 1o 111 laA1usaduiing taznszue
a o { o 4 4 % gl,: 1 4 4 [
wnanldlumstumaeuoiueud i d9iu uaazivadvesgunssiazaundsaiu i
9 1 A o 9 ~ 1 A v a 1 <3 Y
LADINDOYNITUHIDVUIUNY LAZIININUMIADDYNTUHIOVUIUNUNUNI 3 1¥AA NIZADI
a ' a s o W . . y o
HszvufhasieaeuuazAanua 1M lne s Nd1AY (Mi Chris.etal, 2011) 1iodan1s 17N
I [ A 1w a 9 A = wa A A 1 [
waana sy liihimmnu Tasdndudmnanesziianianianunuuiuueangsugs

v
=<

1 Il o w o : o v < i
HANAMUE UL UYDIMA 1L FafaTerannuIInauAIuNIuN e luve AN
U 1 P Ao w o v v Y 4
dawalinisane Inaa uaznszualunsdszy ldihisndina dusuaunulszyaosruiio

= Y Ao & A A o Ao ' o w 12
nfFeumeununuanesaunUlszgeeInazianyu NUANNHUIUUYRINAIIUG LAY
[l o w o = d 9 v & A A
ANUHUMUUVBINA1IUA Faduwanananuasmumeluvesdunuilseygeeraninm
o 1 { o =] A
mnuuanes Fansninlddanuilszgoseraingzualunsilszy i vaznszualvlih
1 J { % v 3 2 {
Tumsane Tnaagenuuanes doaonionilsuesaunuilszaseeiaie n1siognsldaun
e1IUIU VUM AUNUNMTIe Inaa lugieiiaos ldmaslilihge viesaeise Tudihnisis
< o & A o 9y A o C4 @ I Yy
AN Astumsnazimsldauniontuqumsiinuvesginsaiazaunasauld 14
a A wa @ J @ @ ' 2 o
UszanSnmisdosdneaniia nToanyuzvegUnsaldzdunaInUAING1I TN UL VDI
v Y
nuanesndnglsznoulidrearnis q aeae luil
. A A =) 1 1 A o
A1UY (Capacity) AUYVIAVAINDIHIDIVIUGDIN C AOIIUINYDI T2
{ § ' J { v 4 ]
TWdhanuamesansaneTvaalanounvzmelszgnuasgnauysal luniite SIANUYIE
' 3 < o ' { 1 3 < @
Huilugaeul ua laena limnnuguesnaaesaziivitedu towntls 2 Tue nie Ah
{ 1 Y L4 (g ! Y
Tagh 1 Ah 92lA M0 3600 gaon1l N135218AT1N3A0YTZYVODANGIA80AT1 C 11

] s A A Y [ o ¥ Ad ' 14
vugeunls lll@ll'ﬂﬁl@]@iﬂ’lﬂﬂﬁgﬂqﬂ’ﬁl@ﬂi'l nC ﬂ\?uu!lﬂﬁlﬁ@ﬁﬂﬂgﬂ'lﬂﬂﬁgllﬁhlﬂ 1/n



50
& o ' ' ° o { v ¥ o 3 ] 1
$2 109 9NAIBIIUFU A INTUUVAADIAINY 2 Ah AUUBATT C/5 ANUIBANUIMLAIADT
' ' ] ] I 9
VLVWATLUET 400 mA LazIeNTEUd e 5 5 Tuadudu
ASALAUNAIU (Energy stored) MIALAUNAINUNT 01 WoUEDIN E F392

2 o @ ~ ° A d YR [l 3 o
YUY ‘ULLN@‘LAUHMWNLUMWIM llagﬂ']ugu‘ﬂﬁgﬂqﬂlﬂﬂﬁgﬁullj G]Nilﬁu’)ﬂlﬂu')ﬂ@] GD"JI?J\T

A

30 Wh auyd lduuaaesingsau liihasigain
E Wh) =V xC (3.29)
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4 { a o & <] = o &
e t, Aonangamsiszy Wi duium soc fegamnsomouldast

jlb(r)dr

SOC(t) :“Q—x100% (3.32)
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YSuavean13a1e1l52q (Depth of Discharge) U3mamsaielszqriodioude
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Qo —J. l,(z)dz
DOD (t):t"Q—xlOO% (3.33)
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NEANUTUNE (Specific energy) WAINUTUMIZHINED VT u1anaaaru Tulsih
A 3 v A X A ' < ' ) o
Rannsamnvazaylanenlavewuannes Balntely Whke 1azmmdsnudmzage
J { o ! . . 3
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Taginaudamaanazedlusig 65 19 90 % mlsz@ninwainanazivegnuralodady

1 a ti' a 0}
IHU FAVDWDAIADS gangil tazoainsiszy Tl

A1 19N 3.4 AMNAINUIUNIZVBILHAINAINUHABF LA

URAINEINY WAINUIUNIE (Wh/kg)
YA 12,500
UAEEITNIA 9,350
NIUDA (Methanol) 6,050
laTasau 33,000
DIUHY 8,200
nuAReI AL N3 A 35
nuamesiina uaaiion laase 50
nuames Aoy Twawes (Li-p) 200
nuamesaiion loseu (Li-n 120
A0AUM1A (Flywheel) 30
uAuszqBeeaa 3.3

A a @ I 1 a S A o w J
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d‘ é o Y [ 1 [ d‘ J d‘
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" 1 a 9) " @ 1 1] " =1 o = a
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N3N uum@maﬂ%ummﬂuﬁmwaﬂ (Nickel-base) 1% ul,ﬂﬁ/hl’é)i’é)u UIND/UAANEY Lz ULNa
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o { A I Y] [ a a 4
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. aa . = Aaa < A Aa ° 9y < Y
(Li-P) wazameon leasay (Li-D) Fasuawesameudluuuamesninssiunlsauduvanlu
4 1 o
g1ueud 1Nl Taelua15199 3.5 (Ehsani Mehrdad, et al., 2010) 1@ 101515 suiii e
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A o . 3 A A o d v
HUAABINZNINTA (Lead-acid battery) 11 1ttuamos nUseauanudu59u1nN19A1HE0AY 1Y
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] ]
) g v

msh 11 F o ludsu q feavewumasitae H5iagn Huma TuTadfwanniuuiuy
ud wazfinnuansanemdd Il 18ge uduuamesasia nsafiitedovaled iy
wuRersu gy S duhauiigangidinm 10 esmuradea miidasmnzuazan
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PbO, +Pb+2H,S0, —2PbSO, + 2H,0 (3.34)
aumanidmsuuuamesazia nia seramsdse i fe

2PbSO, +2H,0—Pb0O, +Pb+2H,SO, (3.35)

ag J 1Y
vindumaadl Tuvazaeilszy a150:an1n3 1aa (Electrolyte) tazidauoniin
4 ' ) 1
(Active material) 9290 19 naz 181 uazaznadamla (Lead sulfide) oviinsilszquuanes

v Y i
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Aa a a 14 . 9 a a Ao A
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I ldiinnudasais uazdangulumsoonuuumuuniu Ufnsen Tiduaing lunaas

Y
aaae i

XLi+M 0, <Li,M O, (3.36)
A [ a A o W ~
ATTWN 3.5 MWITTNADINTIAYVDIULLUANDT
N1TANY
[ [ Y
NANWTU HIGHN - - o o am ﬂi$i]ﬂ’JEJ
- 4 . 52aNTNN ININTFIN .
YUAUDILUALIAD T UNY tjﬂ@'ﬂ . eIGH]
NANIU (%) | (Cycle life) ,
(Wh/kg) (W/kg) (% 910 48
33 109)
Acid Aqueous solution
Lead / acid
35-50
150-400 >80 500-1000 0.6
Alkaline Aqueous
solution
Nickel / cadmium 50-60 80-150 75 800 1
Nickel / iron 50-60 80-150 75 1500-2000 3
Nickel / zinc 55-75 170-260 65 300 1.6
Ni-MH 70-95 200-300 70 750-1200+ 6
Aluminum / air
200-300 160 <50 ? ?
Iron / air
80-120 90 60 500+ ?
Zinc / air
100-220 30-80 60 600+ ?
Molten salt
Sodium / sulfur ]
150-240 230 80 800+ 0
Sodium / nickel chloride
90-120 130-160 80 1200+ 0"
Lithium / iron sulfide
100-130 150-250 80 1000+ ?
(FeS)
Organic / lithium
80-130 200-300 >95 1000+ 0.7
Li-I

a =< (= 9 o 1 ~ [ <3
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. N N ] 01 ?z’/ d' Y a A a A
(Lithiated carbon) (Li C) dnsui Irlihau ununezldlavzaimeon vazamenunsn lanzn

Ao A o 4 . o @ Z a A J
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Uiz Tliuniii luan e Ui
Li,C+Li,,M,0, <>C+LiM,0, (337)
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Y q

v
a

7
Al o w ° A A o ° Ao A o~ o = 1
gagraliaihiae sz nge uatinmasnu ldihduneddulofouiuuuanes ua
' 3 1o w o v g 2 I X g A
pgnglsnmuamimiaa s umzvesdunuilszqeeeraniiargegads 3 kWikg Fuiluaings

[ ~ a & o Yo A 1 ~ Y v
NINUVALADTNNTUA %Qﬂ?iﬁ@]ﬁlﬂﬂﬂizﬂﬂﬂﬂ?ﬂﬁ"m"liﬂﬁl"lﬂﬂﬁzllﬁﬂqqslﬁﬂ‘]JI‘Waﬂ UAgHIUITD



56

1 [ { % 3 A Aa A
Uszy Idhoinmstiedundsunnmswsn arenszuaigesaiunmsmudszaninimns

=

Y o g v a = 9 A [ aa 1
ldnasau uenviniiaunuilszyeeeandiliongnisldauniedginsdianeauiunii
~ v A Ao o A A @ o A o v ¥ = ]
nuaaesuaiiesInnsnaunulszgoseaatinmasau s umzddin daiudald
v g ¥ o ' [ a
awnsnl¥aunvlszaaesruilunvasazaundanuuessueud ifuitssriiafe 18

@ o X 9 v I y o A A '
ﬂaﬂﬂ’lﬁ‘ﬂWQWULU@QQU‘U@\‘]@]LﬂﬂﬂﬁgﬂaﬂQﬂfULlaﬂQﬂQ§ﬂﬂ 3.7 lUDLNY

'
a a

J ' i o o I ¥ 4 1
msveunrey luaisazalensasana3niiusuUI9 (Thin sulfuric acid solution) HoIN15918

[ 1 2 ¥ o Y a A ] adg 4
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Ecap:ECVZ (3.38)
atlnsaitlszq vl (Charger)
©
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H 8 o 8 -
- .
10®° o @ g
10 ©,0 @
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5UN 3.7 waﬂmsmqmmmﬁ’umxﬁuﬂﬁzﬁ;aawu(Ehsani Mehrdad, et al.,2010)
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mas lihdumz a1 Indifes wSegandn s Whikg 1ag 500 Wikg awaiau uamaTuTaslu
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1ag 4300 W/kg #10R0191 NAIDYINAD Lﬂﬂﬂ5$ﬂqfNﬂjﬂﬂﬁﬁ]ﬁlﬁuﬁlﬂqllv!ﬁﬂﬂllu@ﬁ@']ﬁﬁlﬁﬁ 3.6

(Ehsani Mehrdad, et al., 2010) Fudumaada st ve U3 N Maxwell Technologies R

BOOSTCAP’

1 A v J A A o
A15199 3.6 %’@gam1qgmﬂuﬂmaqmagﬂuﬂszﬁ;ﬂqmmmmum Maxwell Technologies

BCA P0010 BMODO115 BMODO0117

() (Tuga) (Tuga)
A7 (farads, -20% / +20%) 2600 145 435
ANUAIUMUDYNINGIga (M) 0.7 10 4
A vl (ﬁwqqq@ssimﬁm) V) 2.5(2.8) 42(50) 14(17)
amaa lrlihdumneg (Wikg) 4300 2900 1900
amasnu Tlihdumne (Whikg) 43 2.22 1.82
ANTLUATIYA (A) 600 600 600
i (kg) 0.525 16 6.5
5103 (L) 0.42 22 7.5
nszuaialva (mA) 12 #alus §i 25°C 5 10 10
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(Hybrid energy storage system %30 HESS) izﬁ:iNwummEﬁluazﬁagﬁuﬂizﬂﬁm%mzsﬁw”lﬁ’
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elp

E
Re/p=—" 3.39
P (3.39)

Tagi E, uaz P Aewdsaiu I nagidsIidhiidestieldnueueud Tvih

muaeu az R, fAs dadiuves wasnu liihdemas liihwesssuuazaundsaunuy

elp

A a Y 7 ¥ v Y Yo A
Vlaﬂﬁﬂ U,a3ﬁ'uJqﬁﬂlmﬂualﬁﬂgﬁluWﬂuﬂl@\ju']ﬁuﬂllﬂﬂ\‘]ﬁllfnTW 3.40

_W,E, +W_E_

- 3.40
P W, P, +W.P, (3.40)

c

4 o o A v A o

e W, uaz W_ Asthwinvesuawestazannuilseyseiamudiay E, uas E
A ' v o A v 3 2 o = '
ﬂ@ﬂ’lWﬁ\?\ﬂuvh/\lﬂ'ﬁnl,W']gella\ulll@!@ﬁ]i Ll,agﬁjlﬂﬂﬂﬁgﬂﬂQS'ﬁﬂﬁ'liJa'lﬂﬂ Pb uag Pc DA
o w o A v 3 2 o w
ﬂ’lﬁ\?leﬂ'ﬁnlW’lall@\ulﬂﬁlﬁﬂi l,l,azmmuﬂizﬂmﬂ’mmnmﬂu
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Fori =1 to Population size
If f(x;) < f(p;) thenp; = x,
é = min(ﬁnsighbm')

For j = 1 to dimension

vt + D = w0 e, (O — 2 ®) + mes (g, — 2, )

u,-j-{t +1)= s:'gn{v,-j(t + 1)) - min(abs (u,-j-{t + 1]) + Vi )

x5t +1) = x;(8) + vt +1)
Next d
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o A A @ A . . . . . .
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. . R B G A 10 @191 60
VBDYALTUNN T UNINO NN n o~ n o~
IUIN IUIN
' a S . . .
s  (m/s”) 1.042 0.991 0.986
InIgven 1
y g a, (m/s’) 0.000 -0.033 -0.080
LAUNIN U
) o4 | aas) 0.787 0.770 0.752
LU InNIgveN 2 S
a S . -U. -U.
, (m/s”) 0.000 0.035 0.058
Lo a, (m/s’) 0.694 0.593 0.470
’Jg]‘ﬂﬂﬁﬂ’e)ﬂ“l/l?:
a S . -U. -U.
, (m/s”) 0.000 0.145 0.140
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waueniios | ninsdosi 4 i
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Lithium- Total WPT
Eload Ech Enet | Ppeak Ultracapacitor
NI ion Batt. weight | Position
(kWh) | (kWh) | (kWh) | (kW) (kg)
(kg) (kg) (m)
Cl | 1.827 | 0.000 | 1.827 | 46.596 | 300.000 0.000 300.000 -
C2 | 1.827 | 0304 | 1.523 | 46.596 | 300.000 0.000 300.000 -
C3 | 1.827 | 0.622 | 1.205 | 46.596 | 300.000 0.000 300.000 | 4061.900
C4 | 1.602 | 0.000 | 1.602 | 42.003 | 42.000 0.000 42.000 -
C5 | 1.593 | 0.000 | 1.593 | 41.811 | 24.150 7.060 31.210 -
C6 | 1.592 | 0.420 | 1.167 | 41.791 | 22.200 7.900 30.100 | 4060.700
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Lithium- Total WPT
- | Eload | Ech Enet Ppeak Ultracapacitor
NI ion Batt. weight Position
(kWh) | (kWh) | (kWh) | (kW) (kg)
(kg) (kg) (m)
Cl 1.680 | 0.000 | 1.680 | 46.039 | 300.000 | 0.000 300.000 | -
C2 1.680 | 0.230 | 1.450 | 46.039 | 300.000 | 0.000 300.000 | -
C3 1.680 | 0.525 | 1.155 | 46.039 | 300.000 | 0.000 300.000 | 4060.700
C4 1.476 | 0.000 | 1.476 | 41.467 | 41.460 0.000 41.460 | -
C5 1.464 | 0.000 | 1.464 |41.192 | 14.360 11.540 25.900 -
Co6 1.467 | 0.358 | 1.105 | 41.259 | 22.000 7.700 29.700 | 4060.700
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Lithium- Total WPT
. | Eload | Ech Enet Ppeak Ultracapacitor
NI ion Batt. weight Position
(kWh) | (kWh) | (kWh) | (kW) (kg)
(kg) (kg) (m)
Cl 1.581 | 0.000 | 1.581 | 39.968 | 300.000 | 0.000 300.000 | -
C2 1.581 | 0.205 | 1.377 | 39.968 | 300.000 | 0.000 300.000 | -
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(m/s")

a, 1.25 0.63 0.45

! a, 0.00 -0.10 -0.11

a, 2.50 0.94 0.64

? a, -0.04 -0.11 -0.11

a, 2.10 0.97 0.65

’ a, -0.13 -0.13 -0.12

a, 2.68 1.36 0.95

* a, 0.00 -0.15 -0.21

a, 1.12 0.57 0.38

. a, -0.18 -0.10 -0.10

a, 2.24 1.28 0.97

° a, 0.00 -0.12 -0.11

a, 1.61 0.78 0.57

! a, -0.27 -0.09 -0.10

a, 1.43 0.50 0.36

i a, -0.22 -0.11 -0.10
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[ % 1 ﬂj’lul’ilq = "9 a = "9 a =
insdoy X nIalgIu a9 30 M | 8191 60 I
(m/s")
a, 1.48 0.67 0.43
9
a, 0.13 0.12 0.1
a, 1.83 0.65 0.44
10
a, -0.13 -0.12 0.12
A13199 5.9 HAN1TI1ADIVDUTUNIIO1ID9N 2
Lithium- Total WPT
Eload | Ech Enet | Ppeak Ultracapacitor
NI ion Batt. weight | Position
(kWh) | (kWh) | (kWh) | (kW) (kg)
(kg) (kg) (m)
Cl1 0.463 0.000 0.463 | 43.547 | 300.000 0.000 300.000
C2 0.463 0.135 0.328 | 43.547 | 300.000 0.000 300.000
C3 0.455 0.275 0.188 | 43.547 | 300.000 0.000 300.000 | 1325.100
C4 0.384 0.000 0.384 | 35.946 35.950 0.000 35.950
C5 0.378 0.000 0.378 | 35.381 3.590 12.720 16.310
C6 0.375 0.302 0.074 | 35.453 1.900 16.900 18.800 1537.000
A13199 5.10 HANII91809UDIUFUNIID1DIN 2 110 DINUUIAIF 30 TUIN
Lithium- Total WPT
Eload | Ech Enet Ppeak Ultracapacitor
NI ion Batt. weight | Position
(kWh) | (kWh) | (kWh) | (kW) (kg)
(kg) (kg) (m)
Cl1 0.354 0.000 0.354 27.961 | 300.000 0.000 300.000
C2 0.354 0.090 0.264 27.961 | 300.000 0.000 300.000
C3 0.349 0.265 0.089 27.961 | 300.000 0.000 300.000 | 1528.600
C4 0.290 0.000 0.290 22.884 | 22.880 0.000 22.880
C5 0.287 0.000 0.287 22.666 | 2.710 8.290 11.000
Cé6 0.289 0.253 0.036 23.227 | 22.200 19.400 41.600 1535.800
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—Late 60s

30

20

Velocity (km/h)

0 - - |
0 200 400 600 800 1000

1200 1400 1600 1800

Distance (m)

Lithium- Total WPT
- | Eload | Ech Enet Ppeak Ultracapacitor
NI ion Batt. weight | Position
(kWh) | (kWh) | (kWh) | (kW) (kg)
(kg) (kg) (m)
C1 0.304 | 0.000 | 0.304 | 21.183 | 300.000 | 0.000 300.000
C2 0.304 | 0.065 | 0.239 | 21.183 | 300.000 | 0.000 300.000
C3 0.299 |0.248 | 0.056 | 21.183 | 300.000 | 0.000 300.000 | 1535.500
C4 0.248 | 0.000 | 0.248 | 17.301 | 17.300 0.000 17.300
C5 0.247 | 0.000 | 0.247 | 17.182 | 2.340 6.310 8.650
C6 0.246 | 0.214 | 0.036 | 17.385 | 13.000 10.400 23.400 1532.700
50
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40 —Late 30s
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a o o o o I 4
Gluﬂ’]ﬁjlﬂﬁ’]gﬁuaglﬂdﬁlellfﬁfJUWaﬂ’]ﬁ%']a@\iﬁ\?ulfgl}u'lwaﬂ'ﬁEﬂ']ﬁ@Qi]’]l%ﬂl‘llﬂuﬂi']wlﬁ@klﬁﬂﬁﬂ’]ﬁ

P a 4 X [ [ A = A
nasunasvesnailnes ladanu aaaasasgili 5.27 degili 5.29

Starting and ending
point of testing route
I

517 5.25 1@ un1e SUT091 116 s0UNMIINNauNA T TadgsUTs

M135199 5.12 AT I9IINTEDeV U dUN19819DN 3

Lo AT . \ VY e
1InTH0Y / nIalgIU A1 30 N | 8191 60 IUM
(m/s")

a, 1.43 1.24 1.03

: a, -0.04 -0.10 -0.10

a, 1.73 1.01 0.73

? a, -0.39 -0.11 -0.15

a, 1.46 1.07 0.59

’ a, -0.09 -0.18 -0.16

a, 2.44 2.29 1.62

* a, -0.11 -0.29 -0.32

a, 1.68 0.66 0.44

. a, -0.10 -0.09 -0.08
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[ % 1 ﬂj’]i’”’éq = "9 a = "9 a =
19INIgoY ) NIUITU 8191 30 3UIN 81%1 60 IUIN
(m/s”)

a, 2.55 1.64 1.04
6

a, -0.14 -0.11 -0.10

a, 2.45 1.58 1.47
7

a, -0.02 -0.13 -0.18

a, 2.10 1.74 1.73
8

a, -0.09 -0.03 -0.19

a, 1.24 0.74 0.53
9

a, -0.16 0.96 0.96

a, 1.65 0.71 1.65
10

a, -0.04 0.57 -0.11

a, 1.35 0.71 0.70
11

a, -0.13 -0.13 -0.12

a, 1.29 1.05 1.06
12

a, -0.04 -0.04 -0.07

a, 1.80 0.59 0.59
13

a, -0.03 1.75 1.02

a, 1.41 0.55 0.40
14

a, -0.12 0.00 -0.12
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Total WPT
Eload Ech Enet | Ppeak | Lithium-ion | Ultracapacitor
Case weight | Position
(kWh) | (kWh) | (kWh) | (kW) | Batt. (kg) (kg)
(kg) (m)
Cl1 1.950 | 0.000 | 1.950 | 66.03 300.000 0.000 300.00
C2 | 1950 | 0.566 | 1.384 | 66.03 300.000 0.000 300.00
C3 | 1.942 | 0.622 | 1.321 | 66.03 300.000 0.000 300.00 | 3302.40
C4 | 1.650 | 0.000 | 1.650 | 55.46 55.460 0.000 55.460
C5 | 1.620 | 0.000 | 1.620 | 54.43 16.190 15.290 31.480
C6 | 1.613 | 0.857 | 0.748 | 54.19 7.100 18.900 26.000 | 3299.70
M5NN 5.14 AN T3V UTUN1B19097 3 ipDaNIIBE1H 30 T
Total WPT
Eload Ech Enet | Ppeak | Lithium-ion | Ultracapacito
Case weight | Position
(kWh) | (kWh) | (kWh) | (kW) | Batt. (kg) r(kg)
(kg) (m)
Cl | 1.880 | 0.000 | 1.880 | 55.79 300.000 0.000 300.00
C2 | 1.880 | 0.505 | 1.376 | 55.79 300.000 0.000 300.00
C3 | 1.873 | 0.579 | 1.294 | 55.79 300.000 0.000 300.00 | 3313.00
C4 | 1.580 | 0.000 | 1.580 | 46.35 46.360 0.000 46.360
C5 | 1.558 | 0.000 | 1.558 | 45.65 15.330 12.130 27.460
C6 | 1.553 | 0.807 | 0.745 | 45.65 15.300 12.100 27.400 | 6393.00
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Total WPT
Eload Ech Enet | Ppeak | Lithium-ion | Ultracapacit
Case weight | Position
(kWh) | (kWh) | (kWh) | (kW) Batt. (kg) or (kg)
(kg) (m)

Cl 1.847 | 0.000 | 1.847 | 60.99 300.000 0.000 300.00

C2 1.847 | 0.492 | 1.355 | 60.99 300.000 0.000 300.00

C3 1.840 | 0.569 | 1.271 | 60.99 300.000 0.000 300.00 | 3306.50
C4 | 1.557 | 0.000 | 1.557 | 51.07 51.070 0.000 51.070

C5 1.532 | 0.000 | 1.532 | 50.20 15.060 14.060 29.120

Co6 1.531 | 0.801 | 0.730 | 50.23 16.700 13.400 30.100 | 6393.00
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Abstract—Y oltsge stability assessment 1 & crucial tool for headway planning in milway system operation. The
use of appropriate mmemum headway % an mmportant factor that gives the metro system running fast and
efficient while the system must have strong voltage stability. In view of the seriousness of this peoblem, the
effective measure of volsage stability assessment should be taken for analyse the effect of train headway m DC
ruilways. This paper describes the unpact of mmmmum hendwany on voltage callapse of DC mass tunsit
systems. This assessment 15 based on eigensvalue sensitivity analysis of two voltage level systems, The
smallest egen-value 15 chosen 10 meosure the salality margn of the DC mailway mass ransit system. As
resull. the mmimum headway of 3 minutes caused the voltage collapse of the 800 V test system whibe the 1 5
kV test system = stll strong The smulateon result of all case shows that the 1300 V test system is stronger

than 800V

Keywords—DC Raslway, Minmmum Headway; Smallest Bigen Valoe, Voltage Collapse; Voltage Stabality

&
*
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I INTRODUCTION
VDLT:\GE mstability ¥ a phenomenon which often

contnbutes 1o the development of power system
distirbances. Whale mcreasing load power, node
voltage decreases dramatically. As a result, voltage collapses
with all consequences resulting from it The problemn of
valtage stability concerns the whale power systems i both
AC and DC sides, although it usoally has o large mvolvement
in one critical side of the power system. IEEE defines voltage
collapse as the process by which voltage instability leads to
loss of voltage.an a sigmficant part of the power systeny
[TEEECIGRE Jgint Task Force Report, 2004] In D power
systems, analvsisof DC voltage collapse differs from thot of
AC power systems in which reactive power plavs the key role
of mpact to the AC volume stabelty. In-DC where the
reactive power disappears there nust be another approach o
pan out the pomt of voltage collapee Nowsdays, in some
countries especially in Asia there 15 a need foe mass transt
rallways to mobalize thew people within metropolitan arcy
[Haque. 2003] Due to sudden and frequent charges hungrily
in power coasumption of metro DC railway substation, the
relation between tram tmffic operation and the voltage
oollapse must be curefully studied
System analysis within the DXC traction power system 5
vital 1o the design and operation of an electrified DC rmilway
[Hell 1994] The DC taction-power simulators usually

ISSN: 2321-2403

include modelling of the track geometry and traction-system
charsesenistics and permit multi-train operations. By solvirg
the DC power metwork equations, the simulators give details
of electrical interactions among trains t specific tme steps
over & long span of time and under different traffic
condibions Al moving loads 10 the DC nnhway power
feeding system are sssumed to be fixed 1n pasiton st a
specific time given. However, in the real world, the running
truns change their position wt every second. Hence, a [ull
hour operation of train services 15 required 1o mvestigate the
effect of mmumen headway an the DC voltage stability

This paper ceganizes @ totnd ol six sectioas. Next soetion,
Section 2, illustrates DO wailway power supply systems.
Section 3 gives the bricf of traction performance and train
movementssimulofion, Secton 4 presents the eigen-value
sénsitav ity analysis o find the point of voltage collapses in
DC fulway power systems. Section S5 s the section
descnbing ssmuktion results and discussion  Conclusion
remark 15 1n the last sectica, Secton spx

II.  DC Ranway POWER FLow
CALCULATION

A DC mass trarsit railway power system is o typical 3ed-rail
conductor system. It is complicated a4 described in figure |
for its conductor armangemert. To formubste power flow
equations, transmission lines and other network componenta

© 2000 | Pubdsihad] by The Standard Internastional Jouenads (The 517) 23
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requires sufficiemtly accurste modeling. Analyais of DC
ralway power supply systems i simple and typecally based
an only nodal analysis [Joodman, 1997] Hewever, in more
accarate model of the DO mass transit system, trains
operating m powering mode draw a huge ameunt of power
from the traction substation. It is ressonable to chsrscterize
the motanng tram as a constant power model  Therefore, the
DX rallway power foxding systens are oon-linear [Lee &
Han, 2012, Saikong & Kulworawanichpoog, 2014] There are
some  sumphifications of the DC power metwoek as
summarized in figure 2 This equivalent cireuit s adequate to
caloulate voltages scross trains and terminal voltage of the
substations

In this paper, anly DC power flow methods based on the
nodal analysis = determined. Accordmg to the Nmm

W (CTCEL Vol 20 No. 3, Miy 2014

III.  TRACTION PERFORMANCE
CALCULATION

The powering twain modelling used the train  power
copsumption from tractive effort force-speed characteristic
for prepubsion shown 1 figure3  The power tram
corsumption by tractive force multiplying with velocity =
deseribed in (4)
Pmu = r" (4)

Where

Fey 15000'S power COnsImpLIc

v s train’s velocity

¥, 18 train’s tractive effort

1

Raphson method [Chong & Zak, 2001. Kulwaraw
2010, the current mismstch equations of node m can e
shown m (1) (2) describes the system matrix of the nodal
analysis for the DO ralway system [Hong 2007) It notes
that the genemtor current mentioned above is he currents
supplied by the supply sources at the substatians which are
constant, J15 and J25. The load current is the current drawn
by the powering train. [t can be expressed mathematically as
summanzed in(3),

| AL Pymem 3y stseb =l |

e e R T )

l Wiwwrwny 1aids

Figere |- Simplified Riglway System lnterfoce

™
;l.ff i S vlt ™~
e | .y
o 2 an E‘EI'“ i & Py
= AN F—— AW
-~ Jb
#Fizare 2 Nooton Equivaient Circuit
L, =¥G -1 1
I
Where
I w8 the genersioe Sussent 9F nade 1
I s the Joad current of tode o
G, 1 the conductance between nodé ¢ 'mnd ncde f
@R 0 a1 0 "7 [
o @G -G o ||ra| | e
-@ S @ 0 CINEA 2)
0 0 o axGe || | 1,
b
j L
2=y -y, (3

Where P, is the power consumed by the powering train

ISShC 23212403

™
)
o
~

S i)

Toom.o
8

s n X" w oW e w ¥ 1w Vo

M, gsint

Myg
Fignre 4 Froe-Body Diagram of & Tras on b Grdeent

Suppose that a trmn of mss Mg 1s on a slope making an
angle O ta the hoazontal ws shown m figure 4, where Mg 15
the effective mass. The train matice is opposed by varioss
forces, g serodynamic drag, track gradient force, etc By
applying Newtan's second law ghe tam movement equation
is expressed in (5), where a is the tmain scceleration [The
Electnic Raslway. l-llndhwk Editarial Committee, 2007]

C E-F Fo v Mga (53}

The uaod_\mmlc drag is difficult to predict from
caleulutsons, however based oo messurements from run-down
tests where the natural deccleration of o train on straighy,
level track on o windless day Is measured the drag force can
be charsetenzed Dadfferent operators have ther own favourite
equation to fit the tram resistance. The Davis in (6) as
commanly used

Foo=atbveey’ 6)
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Where 2 b ané ¢ are drag-farce coetlicients and v is the
train speed. 1 3 common Lo use dafterent values for open ar
tunnel ssuations [Goodmar, 1997, Profillidis, 2006]. To push
a heavy train up slopes requires substantial force The
gradient force can be approximated by using (7}

Fr =M ggsmd (M

The friction fvece s calculated using train resistance
[Rulweorawamchpong, XH 0], show in (8

V. SIMULATION RESULTS

This section amms to present the simulation results of different
headways and different wvoltage level to exhibit volage
stability of DC metro railway systems. The test s DC
railway system of 9-km line route having three passenger
stops with equal 3-km passenger station spacing, Figure §
shaws the train speed tmjectory. Figure 6, 7 and 8 show the
stam of train power consumption for this test

Ro=R +R, =R +Ry) {8
Where 2
R 18 Total of Tram resistance (1) =
e Rail Resistanse () i »
R i Gradient Resistance =
R is Curve Ressstance % o6 300 108 40 -m m 0 80 900 1060
Ry, 8 Tunnel Resistance
The rail train ressstance s cakulated in (9) Fiure § Trmn Spued lnqacmy of the Test
Ry =(for ¥ 11 9 .
Where a 1e
V18 train's speed (kmh) § 14
Wis Train mass (10n) ~ 13
£ f; ave rolling resistance coefficients | K
Sy 18 an aerodynamic drag ceefliaent o
0l
IV. EIGEN-VALUE SENSITIVITY ANALYSIS Mo i ke e 3w W e e w0 e
The cigen analysis is an approach Lo measure l"nﬁllibf of Fignaee 6: The Sum of Trmn Power Consumption for 10-Minute
Jacobian sirgularity at loadability limits [Kundur, 1994 Heudwary
Cutsern & Voumnas 1998]. Eigensvalue decomposition can 24 .
b expressed m terms off exgm-ulumm!ascm'ma 33}
A=W, ST ) 3
Where J, and W, are matrices whose columns are the '5“
right and feft cigenvestor respectively, while 2 is a diagonal %
mitrix whose entries sre the sigen-valug @, (i=1..n) of 4. ! 5
The agenvectors are such that A
Ay =, an N
M=o, % L T "
For a singular Jacobian matrix, the smallest cigensyalue Teme (4
8 2er0 a8 follows. Figure 7 The Sum of Train Power Consumption for 5-Minute
Ay =0 a»n Het vy
whA=0 04 y
In this paper theosmallest cigen-values analysis is q
provided for sudy SLOvoltaee. stability, The  network P
constraints represented by equation (1) matt b expressod an E:. ’
follawing form L
[a1)=m Bar] as  |E,
Where i Al incremental change in node current, AV is
merementsl change m node voltage magnitude and |7, | = 3
the Jacobean matrix. The power flow equations are salved
wing the Newton-Raphson technique [Pay, 2006, Ajjarapu. 1 7 3 r— r— 000
2004). The magnitade of the eigen-values of the Jacobian Thew (4}
matrix in equation (15) can provide a relative measure of Figuee 8 The Sum of Tram Poswer Comumption for 3-Mimure
praximity to instability. Heudway
ISSN 23212400 © 2014 | Published by The Standaed L 1) s (The S1J) ey
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The test 1s divided mio three test cse scenmmos
accordmg to three different beschyays and two  different
vaoltuge level test systens. The first test cuse scenano 18 the
10-minwte heacwny The tmin travel graph gencruted

&ng to the 10.m headway 15 shawn in figure 9. To
memure the voltage stubihity of this test case scenanio, the
smallest  agenvalues are computed und collected wath
respect %o time. Figare 10 and 1] show the smallest exgen-
value ul each tume slep dunng the tnen servioe of 800 V and
15V test systems The mimmum smallest eigen-value of
this test 5 31043 for 500 V' test system and 15840 foe 1.5
kV test systems respectively. This exhibits that the finst test
cuse scenario is m the safety ame and the vollage coll

cks & Communicitoa Engimeermg (CNCE), Vel. 2 No 3, May 2014

200 $o 0 L 1000

T (3}

does not occur. The voltage magnitade of the substation
temmal | of both veltage level test systems are shown
figure 12 and 13 respectively.

% 200 3 w0 a9 'ﬁ-
e (5] §
Figure & Tran Travel Geph for 10xManuie Headway

i

P wo - o (S ]

Figure 10 Smalles Fx«u-\'uln%‘i System R [C-Minute
Hesdway

— p e ma— qp— — ——

[T L Y VS WY CHIVY G O G u—" e
0 B0 200 e M 0 N 0 3 M0 N

U= — Tume (v)
Figure 11: Smallest Exgen-Value of 1.5EV System for |0-Minmte
Headway

ISEN 2321-2403 © 2014 | Published by The Stund

Fuguge 12 Voluge of 800 Y Test System af the Substutica Terminal
1 for 10-Minute Hemtway

R T T R T T T T T
Tione (5}

Figure 13: Voltage of 1.3 kV Test System i the Subsuiboa
Terminal | %o 10-Mmase Hendway

The second test case scenano is the Siminute headway

L The train travel graph genersted according to the S-minute
headway 15 shown in fgure 14 To mensure the voltsge
stability of 1his sest case somano, the smallest agen-values

are oomputed and collected with respect 1o ime. Figure 15
and 16 show the smallest cigen-value at cach time step dunng
the trnsn service. The mmmum smallest exgenvaloe of this
est 18 8 71 for 800 V st system and 15880 for 1.5 KV test
systems respectively. Thes exhibits that the second test cse
seenino fs sill in the safety zone amd the voltage cotlapse
does ot cecwr. The vollage mugnitide of the substation
serminal | for this sest case scenaria is shown in figure 17 and
18.

The thund 1es1 case seenans (@hclast case) is the -mmute
beadway The truin travel gmgh gencrated sccording to the 3-
minute headway s shown W fgare 190 To messure the
voltage stabulity of thig test emse scenario, the smallest wigen-
values are somputed and collected with respect to fime.
Figure 20 ard 21 show the smullest eigen-value o each ime
step during the train service The minimom smallest cigen-
value of 800 V test sy 15 0 Thus inchcates that the last
test case scenanio is unstable and the voltage collapse does
oocur, while the mimmum smallest eigen-vilue of 1.5 EV test
system is 14885 that mean the case scepano of 1.3 KV 1est
system 15 still in the safety zone und the voltage collapse does
oot occue The voltage mignitude of the substaton terminad |
for thas test case scenana 15 shown in figure 22 and 23

1 )i Is (The 517) 28
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VI. ConcLusion

Thes paper desenbes the method of smallest eigen-value to
measure voltige stabelity of DO metfo relway  power
systens. The eigen-value culculabon s based on lh\. ‘m

Eaphsoo iterative molhod to formulate )

The smallest cigensvalue as mentioned is the mgm.ﬂue of
these Jacobian matnices. A DC metro cailway svem af 9-km
lme rowte having three pusscoger stops with equal 3-km
passenger sation spacng = emploved for test. Aogonding to
the simudation results, as smullest agenvalues, vollage
stanlity iz reduced when the beadway dectine As a resull of
all test cane acenanas, the trends in all cies are sinalar but
the 1500 V test system is stonger than 800V s the
mEnimum hesdway of 800V test system for 3 minutes 15 the
cae that coases the system voltage collapse. Bocuase of the
porwer Loss ity Trigh vid tage wvsterm is e than the low voltage
when wed s load
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Abstract: In the dlectnc velucle mdustry, a good estimanon of & tracton battery pack or the <tate of charge (S0C) 12
coucial as it reflects how far a vehicle travel before recharmng As the battery degrades, its behavior and the associated
paramaters such as intemal resctans o, capacity and SOC-OCV (open circat voltage) mapping changes Thus, abattery
meodel has to take into account the changes in the battery parameters forit to be accurate throughout the battery b fetrme

For such a moded to be computational intensive, st requires powerful processors. With limeted calculati on performance
proceszors found in vehacles, the model fidelity 15 normally comprommsed In thas paper, two battery models are uzed
to accurately estimate traction batery SOC. The Ohmuc resistance model 1« used to sense changes in battery internal
resistance, when the change it agmficant, the resistor<apacitor (RC) model 12 used to update the battery SOC-OCV
curve which 13 wsed to ectimate the bartery it SOC. Hence, the coulomb counting method i3 used to update the
battery SOC The real operational battery data from PEA Ze-Bus (Zero-Ermission bus of the Provincial Electricity
Authonity of Thailand) are used i this study. The propored algomthm used to test the state of chargo of the battery has
been venfied and dlustrates the error of SOC estimation at 3 31%, less than the unadaptable model

Keywords: Electric velscle, Trachon battery pack modalling. Battery parameter estiman on, Online parameter tracking.
SOC estimation algonthm,

be implemented to an embedded system for practical
use, a challenge uvsually arises due to limited
caleniation performence of the hardware [11]. Thus,

1. Introduction
Nowadays, electric vehicles are gaming in

larity due to_envigonmental and fuel securty
concerns [ 1-4) Lithmum-ion based battery 1= currently
an energy storage device thet fentures properiies to
meet requrements for electric vehicles, specifically,
high energy and power denzities, high coulombic
efficiency, and low cyele cost To describe the
behaviar of & traction battery, & variety of battery
models have been propozed m the field of research in
the past decude [5-10) For equivalent circutt battery
model, as the model becomes more complex {more
components added info ¥) the fidelity of the model
tends to increase, this can be appropriste for
simulation werks However, when the model has to

Itemational Joumol of Intelltgent Engereermg and Systems, Vol 12, Nod, 2019

for # battery model to be mmplemented on hmited
performance calcolshon hardware for real tme
parumeter estrmation, = fidelty 1= always
compromized

A battery model that 15 accurate and reliable
throughout the battery lifetime is very mportant in
electnic vehicles (EVs), to accurately estimate and
update battery parameters responding to a unique EV
intermuttent load, n function of route snd dnving
profiles. Electric vehicles users may find themselves
stranded along the road just because the estimated
battery state of charge (SOC) was fir above the actusl
SOC.  Generally, manufacturers acquire parameters
of a battery cell by charge and discharge 1mpuise
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testing, cell capacity is acquired by various levels of
constant current discharging under given temperature
[6].

Despite a practical EV load being far from the
constant current, battery cells are connected in series
and/or parallel depending on the application and
controlled by a battery management system (BMS).
Parameters of an entire EV battery system may not be
accurately reflected by a single battery cell. Moreover,
when a battery has been cycled a number of times
over the course, its behavior and consequently its
parameters will change. Obviously then, it is
necessary to update or recalculate the battery
parameters throughout its lifetime, in order to
accurately estimate a crucial parameter or the SOC.
Battery SOC reflects how much energy is in the
battery and consequently how far a vehicle can go
before recharging [12].

Battery SOC cannot be measured directly, the
well-known methods in current research used to
estimate SOC are the coulomb counting technique
and SOC-OCV correlation (the hysteresis curve),
which is normally scaled up from a battery cell level.
Battery pack SOC depends on various factors such as
self-discharge, charge and discharge current rate,
number of charging cycle and the BMS parameter
configuration [13, 14]. In this paper a novel SOC
estimation method is proposed using only two
measured parameters, current and voltage. The
proposed method uses two battery equivalent circuits,
the ohmic resistance equivalent circuit and resistor-
capacitor (RC) equivalent circuit. Using the battery
current and terminal voltage, the ohmic resistance
equivalent circuit model estimates battery internal
resistance and tracks its changes, once the change in
estimated, internal resistance will then be significant,
arequest is sent to the RC equivalent circuit to update
the SOC-OCV curve. The up to date SOC-OCV
curve is used to estimate battery’s initial SOC. Data
from PEA Ze-Bus (Zero-Emission bus of the
Provincial Electricity Authority of Thailand) are
applied in this study. Prior to the selection of using
the RC model to update SOC-OCV curve, a
comparison between ohmic resistance model and RC
model are done to establish the fidelity of the RC
model.

The rest of the paper is organized as followed, the
battery parameter estimation is presented in Section
2. Section 3 presents specifications of the test vehicle,
field data, and proposed algorithm. The results and
discussion are then presented in Section 4. Finally,
the conclusion is presented in Section 5.
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2. Battery parameter estimation
2.1 Ohmic resistance battery model

The ohmic resistance battery model [ 14] as shown
in Fig. 1, can be used to roughly estimate the
battery’s internal resistance (R,) and open circuit
voltage (OCV) given terminal voltage (V7)) and
terminal current (/7) which can be directly measured.
The parameters for using in battery modelling are
shown in Table 1.

From the equivalent circuit in Fig. 1, Egs. (1) —(3)
are developed.

Voc = IrRy = Vrp (L
From a system of lincar equations,

Ay = by (2

Table 1. Battery modelling parameters

Notation Definition
Voe Open circuit voltage
Rg Internal resistance
Vr Terminal voltage
Iz Terminal current
A State matrix (for eq.7)
B Input matrix (for eq.7)
C Output matrix (for eq.8)
D Feedforward matrix (for eq.8)
OCV(SOC) | Open circuit voltage as a function of
state of charge
C, Capacitance of RC model
Ry Resistance of RC model
k The experimental data are collected up
to time &
N,n Natural number
T Sampling period
I Identity matrix
SOC cumpr SOC is estimated by the SOC-OCV
curve
SOCy4 SOC is estimated by the coulomb
counting technique
Agq State matrix in discretized form
By Input matrix in discretized form
R I
ocv (soc) V.

Figure.1 Battery ohmic resistance model
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Eq. (1) can be written in the form of Eq. (2)

then, [1 -Ip] [VOC] = Vs (3)
1| Ry g

Open circuit voltage (Vo) and R, are then
estimated by recursive least-square estimation
(RLSE). Since the Eq. (3) is not computational
intensive, Vo and R, estimation can be done in real-
time. The RLSE algorithm adds a new correction
term and recalculates Voo and Ry based on new data.
Consequently, this algorithm is appropriate to track
changes in parameters over a time application
condition. The load current (/7x) and the battery
terminal voltage (}7;) are acquired from real-time
measurement. Eq. (2) is then modified as shown in
Eq. (4) when the new data arrives.

Ay1Zrrs = brits 4)
1 Iy Ay
Where’ Aera = [1 _ITZ+1] y [a1€+1]’
2 = VOC,k+1] _ Vg ]
ktl Rogsr I 7% T (Ve

the least-squares error is applied to the new data as
presented in Eq. (5).

Xerr = [Akr Aea] ™ Afiabress (&)
with, Gy = [A£+1 Al ™

Which uses the recursive form from the reference
that can be written as shown in Eq. (6) [15-16].

Tppr = T+ Gy @i (Vo — @f1a%c), (6)
2.2 RC circuit model

The resistor-capacitor (R-C) battery model [6, 17]
shown in Fig. 2 adds a resistor in parallel with a
capacitor to the ohmic model in Fig. 1 to capture the
polarization effect of lithium-ion battery [18].

ocy (soc)

Figure.2 RC equivalent circuit model
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From Fig. 2, state space equation can be written as
follows.

% = Ax + Bl;, %)
V = Cx + Diy, (8
where, V, = C;‘;ll 2—:, V=—I+R, — V4,

and V=V, —Vy

The discretization formula is applied to the
continuous-time  state Eqs. (7) and (8) with the
sampling period T to decrease the calculation time
[15] when using offline. The SQP (sequential
quadratic programming) heuristic process algorithm,
can be illustrated according to the following Eq. (9).
The state of charge is calculated based on the current
integration as described in Fig. 2.

x[n+ 1] = Agx[n] + Byl [n] 9
where the discretized matrices are
Ay =1+ ATW
B, =¥TB

where,

Walp—
= +2Rlcl>(...

{I + 31;1Tc1 {I B ...+m(1 + N;:ci)}'"}

for N>1, where N 1s a natural number

3. Test vehicle, field data and proposed
method

To accurately estimate the battery SOC, a battery
model may be improved and corrected by adding
more  parameters  [2,7,19-20].  Adding more
parameters increases the complexity of the model. On
the other hand, the battery modelling using battery
pack data are more accurate than those using cell data,
as the battery pack includes electrical topology and
BMS effects. Using BMS, the SOC always depends
on the weakest cell in the battery system.

3.1 Test vehicle

A provincial electricity authority electric zero
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Table 2. PEA-Zebus Tedhinical Data

Specific data Information

Size and weight

Dimenston (w < 1 *hi{m) | 2.55 < 12 < 2.%

[ “Tare mass (kg) 12,100
[ Treaction mosor

Motor technology 2 asynchronous hub
motors, 3 phases

Rated voltage (V) 630

Motor power (KW) Max. 2x 128
Cont 2x 60

Output torgue max, (Nm) | 2 x 10,500

Battery System

Baltery Iype Lithitsm-ion

Battery capacity (KWh) 196 {320 Ali)

Rated voltage (V) 630

Max. current discharge 150

(A

Performance

Passenger seat 43

Climbing ability (%) 26.8

Mux. speed (kmh) 90

Max. range ) 150 ¢with full load and
aar-condition)

Figure 3 PEA-Zebus munning test

emission bus (PEA-Zebus), developed by Suranaree
Uriversity of Techpolegy (SUT), Thailand iz used as
a test vehucie as shown i Fig) 3. The specifications
of the bus are as given in Tuble 2,

3.2 Field data collection

The overview of the test and data collection
procedure is shown in Fig. 4. The bus was drven for
LOOO km around the Suramasee University of
Technology (SUT) route as shownn Fig, 5 and Data
set | was collected dunng the first 1438 km test drive
and Data set 2 was collected during the last 159.1 km
test drive, both starting with a fully charged battery
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(100% SOC). Data set 3 was collected during 2 16.17
km test drive on an extra-urban route after the bus had
been in vse (driven) for a certain amount of time, The
witial battery’s SOC for Data set 3 18 to be estimated
as aforementioned and then the SOC is to be updated
using coulomb counting. The total time and amps-
hour (Ah) consumption for Data get 3 18 925 seconds
and 17.23 Al respectively. The energy needed to
recharge the battery to be fully charged will be used
to validate the imital SOC estimation for Data set 3.
For all the Data sets, they were recorded after every
1 second via CAN (Control Area Network) bus as
shown in Fig. 6 A one-second sampling time 15
considered swtable for the Battery Management
Svstem [14]

Three data sets were collected, Data set 1 and Data
set 2 comprises of battery termunal voltage, battery
disclarge current and battery SOC ag shown in Fig. 7
and 8 respectively, while Data get 3 compnses of only
battery terminal voltage and battery discharge current,
whale the battery SOC i3 to be estimated. Foe Data set
1 and Data set 2, the battery's mital SOC 18 100%,
und the final SOC is 34.4 % and 28 8% respectively.
The SOC data 18 updated by Conlomb (amps-hour)
Counting,

modcl
. OCk

R
<
> Rt S e———
”i » prnn'fvan}'*
.7
’:V

SOC Mentification

Comparison ank validation

Figure 4 Test procedure
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Sturting and ending
perint of testing route
|
b
U

|

Figure 5 Test roate for Data set 1 and Data set 2
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Open circant voltage pobwnomial curve fittmg 1=
done for ohmic resistance model and RC circuit
madel; The polynomial functions for Data sct 1
(ohmic resistance model), Data set 1 (RC circuit
model ). Data set 2 (ohmic resistance model) and Data
set 2 {RC circuit model) are presented as shown in
Eqs. (10) - {13), respectively. The curves are then
used to estimate the initial battery SOC.

S0Conmaarar = —1.26 X 10-‘([’&) + 0.34(”&[) -
348 x 105(V30) + 1.57 X 10° (Ve ) —
267 x 107 (10)

SOCue garar = 434 % 107°(VJ) — L14YE) — -+
113 % 10%(550) — 4.97 X 10° (Vo) — -
491 x 107 (m

SOCpmaaraz = —1.18 X 10°4(V3) + 0.32(V5.) — =
327 x 10°(V3:) + 148 % 107 (V) =
25x% 107 (12)

$0Cae dneaz = 388 % 1 (V) = 7.79(V5) —
521 % 10° (V) = 116 x 10° (13)

3.3 Proposed SOC estimation algorithm

The proposed method uses two battery equivalent
circuit models; the ohmic resistance equivalent
cireutt model and RC equivalent circut model as
shown in Fig. 1 and Fig. 2 respectively. The RC
equivalent circwit model has higher nccuracy than the
ohmic resistance equivalent circuit model which can
be sean from the estimated battery erminal voltage
from the two models compared to the actual
mensurement. Thus, the RC equivalent cireuit model
is used to update the SOC-OCV curve while the
ohimic resistanee equivalent cireuit model 15 used 1o
track changes in battery internal resistance. Data set
1 and Data set 2 are_used 1o identity baftery
parameters and the SOC-OCV curve. The RLSE
algorithm is used onling freal-time) with the Ohmic
Resistanes Model to frack the ohmic resistance. The
high acearacy’ RC equivalent circait moded usas the
SOQP heuristic process to update the SOC-OCV curve
offline,

Using the battery current and termmal voltage. the
ohmic resistance equivalent circuit model estimates
the baltery mtemal resistance and tracks ifs changes
as shown in third stage of Fig. 9, once the change in
the estrmated internal resistance is significant, a
roquest is sent to the high accuracy RC equivalent
circuit 1o update the SOC-OCV curve as shown in
the fourth stage in Fig. 9. The SOC-OCV curve is
updated offlime using the battery ferminal voltage and
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Frgure 9 The overview of proposed algorithn

current data of the latest discharging eyele. The up-
to-date SOC-OCV curve is used to estimate the
battery’s initial SOC as shown in the first stage of
Fig. 9.

First, before any load is connected to the traction
battery. the traction battery SOC 18 cstimated by a
directly measured voltage from the battery terminals
using the SOC-0OCV carve as shown in first stage.
Since no load is connected beforchand, the mitial
measured voltage s the OCV, Using the SOC-OCV
relationship in the primary stage, this eliminates the
need W add for o compensated term for a self-
discharge cffcet m the battery model. Therefore, the
unknown parameters of the moded are raduced. At the
next stage in the algorithm processes. After the load
i ted. The coulomb counting method & used
to update the battery SOC by continuously
integrating battery discharge curvents dictated by the
bus’s intermittent foad as shown m the second stage.
The fmal SOC covlomb counting 15 then stored and
estimated, where the initial battery SOC is validated
by energy. needed to fully charge the battery. After
that, using the battery current and tesminal voltage.
the ohmic resistance eguivalent circuit maoidkl
estimates the battery internal resistance and tracks its
changes as shown in third stage, once the change in
the estmated internal resistance is significant, a
request s sent to the high accuracy RC cquivalkent
cireuil to update the SOC OCV curve as shown in
the fourth stage. Finally: The SOC-OCV curve is
updated offline using the battery terminai voltage and
current data of the latest discharging evcle, The up-
to-date SOC-OCV curve is used to cstimate the
battery's initial SOC as shown in the first stage

4. Results and discussion

The companson between the estimated battery
pack ferminal voltage from two hatiery models
{ohmic resistance model and RC model) and the
actual battery pack voltage 1s presented in this section.
This & done o demonstrate the accuracy of the RC
battery model. The estimated battery pack SOC uses

I 1. ) !, § ) .
Inter of Intelligent Eng

riveg amcd Systems, Vol l2, Nad, 2019
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the proposed method which has been presented and
validated,

4.1 Battery models com parison

Battery pack terminal voltage from the two battery
models are compared with the actual lield measured
voltage in Fig. 10, Fig. 11, and Fig. 12 using Data set
1. Data set 2, and Data sct 3, respectively. All figures
illustrate the same pattem; the battery terminal
voltage decreases slightly with time. However, as it
can be seen clealy, the estimated battery terminal
voltage from the ohmic resistance model does not
match with the measured voltage especially at the
beginning of the test and when the voltage suddenly
changes. In contrast, the estimated battery terminal
voltage from the RC equivalent circuit model
matches with the measured voltage throughout the
test period. As presented in Table 3. the mean square
crror (MSE) from all RC equivalent circuit model is
smaller than that of the ohmic resistance equivalent
cireuit model, Therefore, the RC equivalent circuit
maodel has a higher accuracy than the ohmic
resistance model and this is the reason it was used to
update SOCOCY solution as aforementioned.

i i I I
o o o o0 Y Jamn e Yoo
e o

e Mamasal \vétags
s Ohipedt Gidbgr of e ot sobilascc sasdel
e O Vel of e R CHealt masde!

Figure. 10 Battery termiral voltage comparison from
[mta setl

Ovagr rabage of 1he shara fnsstans wue!
Outpr: vokuge of the ILC Gt rmmdel

Figure. | | Bottery teeminal voltage comparson from
Data set 2
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Figure 12 Battery terminal voltuge comparison from
Diata set 3
Table 3. Estimated parameters for all data sets

Dt Estimuted puameter |
w | Mo R 6] MSE
obumic | 0.09 | 55063 - - 0407

|
RC T 08 | va457 | 006 [ 14083 ] 1013
2 olemo | 0,12 | 0409 - - 83 26
RC Joce| 64275 | o068 | 10008 | 1260
o |cteme [ 003 ] 04800 - - 1162
) RC 010 ]| o4734 | oose | 43861 | 0373
4.2 SOC estimation and validation

From Data set 3 m Fig. 13, The voltage and
current presented, are measured direetly, The imitial
SOC 1s estimated using SOC-OCY curve and then the
SOC 15 updated using coulomb counting xs presented.
During the current (discharge current) inrush, due to
the vehicle acceleration or hill elimbing, the battery”'s
terminal voltage falls dramatically and the
hour (Al) count increases considerably, When the
current drops sharply to a steady low current state, the
voltage rapidly rises and then gradually increascs
with hysteresis voltage, the Ah count shightly
increases,

Fig. 14 shows the estimated battery paramcters
using ohmic resistance model and RC model,
Similarly to Data sct 1 and Data set 2. the estimated
R. using ohmic resistance model has  minimal
fluctuation at the beginming and decreases to a stable
value which » amound 0,127 Ohms. The RC
cquivalent circoit model gives only one ohmic
resistance which 180401 Ohms (72 and ) of the RC
cquivalent circuit model are shown in the Table 3).
The OCV from both models are fairly constant.

As mentionad  previousty. the initial SOC s
cstimated using directly miial measured baltery
terminal voltage (no loads voltage) and the SOC-
OCY curve, From Data set 3, the initial no load
voltage (open circuit voltage) was 64808 V. This
voltage 1s substituted in the up-to-date polynomial
curve fitting to cstimate the mitial SOC, and in this
case the initial SOC was 36,70 % Knowmg the
battery capacity (320 Ah) and having cstablished the
initial SOC, coulomb method 15 used to update the
SOC. i this case the final SOC was 51.31 % as
presented in Table 4 (The RC model of Data 2 or the
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Data set 3
Table 4 d SOC
Esimated | Estmated
Dt Model nitial SOC | final SOC | Erroe
sl ) wing Data | wang Data | (%)
se4 3 (%) set 3 (%)
1 Chm ke 343 NA NA
RC 65 4526 936
Chmx NiA N/A N/A
2 | Purposed =
gorithm S6.70 5131 i

proposed algorithm), the conlomb count was 17.23
Ah, The Amps hours needed to fully charge the
battery pack is used to yalidate the final estimatexd
battery SOC. thus mdirectly validsting the initial
catimated SOC. Tn this case the Ah needed to fully
charge the battery pack was 143, 2Ah (recorded from
battery charger), the estimation of SOC enor is also
presented in Table 4.

In order to compechend the estimation of SOC, if
Data set 1 and the ohmic resistance model were to be
wsed to create a SOC-0CY curve and estimate an
mitial battery pack SOC, whereas Table 4 ako
presents the estimated SOC and percentage error
using Data set 1, and ohmic resistance model, By
using Data set 1 and chmic resistance model. the
mitial battery pack SOC (3,43 %) is estimated by
using Eq. (10), resulting in the final SOC as negative
considered as an invalid result. For Data set 2, the
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initial SOC from the ohmic resistance model is
negative, estimated using Eq. (12). Thus, both the
initial and final SOC are invalid. Using Data set 1 and
RC model, initial SOC is estimated using Eq. (11).
The initial SOC, final SOC and mean square error are
50.65 %, 45.26 % and 9.36 %, respectively. The error
is higher than that from Data set 2.

5. Conclusion

An accurate battery pack state of charge (SOC)
estimation is crucial for an electric vehicle as it
reflects how long a vehicle can travel before
recharging. Battery parameters change as a battery
degrades and a battery model is required to take the
changes into account for accuracy throughout battery
lifetime. Such model is computational intensive, with
limited processing performance hardware found in
vehicles. A battery model’s fidelity is usually
compromised. This paper provides research on the
use of two battery models in order to accurately
estimate traction battery SOC. The ohmic resistance
model is used to track changes in battery internal
resistance, when the change is significant a request is
sent to update battery SOC-OCV curve using
resistor-capacitor (RC) model. The up-to-date SOC-
OCV curve is used to estimate battery initial SOC.
Hence, coulomb counting is used to update the SOC.
Using the provided ficld data from the PEA Ze-Bus
(Zero-Emission bus of the Provincial Electricity
Authority of Thailand) In conclusion, the proposed
model is validated, since the SOC estimation error
was less significant (3.31%). It is also evident that the
RC model has higher accuracy than the ohmic
resistance model, and latest Data set provides a more
accurate SOC-OCYV curve than the prior data. Hence,
resulting in the reason the proposed algorithm can be
applied to update the SOC-OCV curve to reduce the
state of charge estimation error.

For future research, the proposed algorithm will
implement on embedded hardware in the electric bus.
After that, further research will also focus on
investigating the difference between the highly
intermittent load of the urban route and using the
highly constant velocity of the extra-urban route that
effects on battery pack capacity and SOC
identification.
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Abstract: An electric vehicle is one of the crucial technologies for transportation of passengers and goods to reduce
the consumption of fossil fuel which is the main factorof air pollution. Currently. energy and power density of batteries
are low when compared to fossil fuel, having an effect that electric vehicles have limited driving range. As a result,
simulating velocity trajectory for optimal energy consumption for electric vehicle is necessary. This paper introduced
the algorithm to determine optimal velocity trajectory or velocity profile to consume the least energy in the required
cycle with the condition that the optimal velocity had to be similar to the profile of the reference velocity or the original
velocity so that it was capable of driving in the traffic circumstance of the sample cycles. To find the optimal velocity
with the least energy consumption, the simple vehicle model and mathematic approach to simulate optimal vehicle
trajectory by particles swarm optimization (PSO) were used in this study. The route used in the study were divided
into elementary driving cycles. The algorithm will simulate the acceleration and create the optimal velocity trajectory
of each segment to find the trajectory that consumed the least energy regarding the condition of driving time
determined by user. The result of the simulation found that the algorithm reduced the consumption of energy and
maximum electric power with significance. That were 13.44% and 14.225% respectively when the electric vehicle was
determined to arrive at the destination by | minute late.

Keywords: Electric vehicles simulation, Vehicle trajectory, Energy consumption, Optimization.

emission from combustion leading to change of
1. Introduction atmosphere and pollution in city [2] which are critical
environmental problems. To solve the problem. it is
suggested to use energy from other source or use
energies from various sources for sustainable
consumption. Additionally, there must be the least
possible emission of pollution. The use of electric
energy is the most flexible since it can be obtained
from many power sources without emission to cause
air pollution. However, the energy and power density
of batteries are low when compared to fossil fuel [3]
leading to the fact that electric car has limited driving
range. Moreover, the rate of electrical power supply
to traction motor is limited. Higher electrical power
supply than the capacity of the batteries brings about
exceeding heat and later leading to problem of safety
[4]. As a result, batteries in present electric vehicle
has to be unnecessarily big since it has to supply high

Nowadays, fossil fuel is still the main fuel in
transportation < to~ freely transport goods and
passengers for economic and social development.
Generally. the world consumption of fuel is
approximately 85 million barrels per day and 60% is
used in transportation. All round the world, there are
approximately 800 million private cars [1] and the
number is increasing. In 2009, China is the biggest
manufacturer and the biggest car market of the world
leaving USA behind by manufacturing 13.79 million
cars in the year and the trend of the supply and
demand is rapidly rising every year. The
aforementioned report indicates that transportation
also has demand to consume more fuel which is
limited resource. There will also be pollution
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electrical peak power. Therefore, simulation of
optimal energy and power for electric vehicle is
significant.

In general, vehicle trajectory model of each route
is the unique driving characteristic which includes
factors affecting movement profile such as traffic,
types of vehicle, and the legal speed limit of each
route. As a result, changing velocity trajectory model
to simulate optimal rate must depend on traffic
environment which was categorized into 2 types:
open environment and closed environment [5]. Open
environment is the traffic considerably affected by
external factors such as heavy traffic on public road
which has an effect on the velocity trajectory by other
vehicles sharing the same road, traffic signs, and
pedestrians. The adjustment to optimal velocity
trajectory for application to authentic circumstance is
difficult or impossible at all. Closed environment, on
the other hand. is the studied traffic environment
which is affected by only few external factors such as
pathway in parks, pathway in zoos, streets in
universities where driving is in closed area, and
public road or highway with light traffic which can
be considered a driving condition in closed
environment. The adjustment of driving profile to
save energy and apply to the studied can possibly be
implemented in such environment.

There are several studies proposing electric
vehicle driving by simulating energy saving velocity
trajectory to increase driving range. For example. [6]
presented an approach to plan an optimal velocity
trajectory to simulate the wvelocity trajectory
employing simple vehicle model and dynamic
programming algorithm. The driving route was
divided to equal segments of 10 m. each. The
algorithm simulated optimal velocity of each sections
to find the point of minimum power usage regarding
State of Charge: SOC and driving time. Additionally,
[7] the simulation saved energy by reusing kinetic
energy and potential energy by storing back to
batteries when brake or drive downhill and then
bringing the stored power to be used as driving
energy. The result of the study revealed energy
saving by 5% when compared to cruise controller
with constant velocity set point. Furthermore, [8.9]
used probabilistic model to estimate the vehicle
velocity trajectories by examining all possible
sequences of modal activities (e.g.. acceleration,
deceleration, cruising,. and idling) between
consecutive data points from sparse position and
vehicle velocity measurements. This model requires
real-time traffic data from smartphones or cellular
network to optimize powertrain operation strategy
and vehicle speed trajectory [10].
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In this paper, a new algorithm is proposed to
simulate velocity trajectory of driving so that electric
vehicles consumed optimum energy under the
condition of the driving time determined by a driver.
The simulated velocity trajectory was similar to
original trajectory so that the newly simulated
velocity was applicable to authentic use and
applicable under the condition of the original traffic
environment, both of open traffic environment or
closed traffic environment. When the driver
determined the time to reach the destination slower or
spend more time to drive, the algorithm calculated
optimal velocity trajectory by particles swarm
optimization: PSO [11-14] for saving energy
consumption and reached the destination by the
appointed time. The simulation used the original
velocity to be the upper bound velocity limit. This
formulation was to compare consumption of energy
and power when the driver determined to reach the
destination by 30 seconds and 60 seconds late.

2. Mathematical model and optimization
formulation

This part was to explain application of mathematic
model to explain electrical vehicle movement to find
power and energy consumption. After that examined
acceleration with least energy consumption under the
condition of the proposed vehicle trajectory. From
Newton’s second law of motion, the dynamic

equation of vehicle movement is expressed by Eq. (1).

The driving power was equal to the resistance power
plus the dynamic power of acceleration of the vehicle
as shown in Eq. (3) and Fig. | showing force acting
on the vehicle.

av

FI_FH_Fad_Fr‘q:MvK (1)
From the equation of power [1],
Po=FpxV )

Eq. (1)and (2) can be written in the form of Eq. (3)

Figure.| Free-body diagram of a vehicle on a gradient
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P, = "1‘(10,, +Fag + g + M8S)  (3)
Suppose that a vehicle’s velocity is ¥, a vehicle of
mass M, is on a slope making an anglea to the
horizontal as shown in Fig. 1. the vehicle motion is
opposed by various forces, e.g. aerodynamic drag
(Fa4). gradient force (Fg), and rolling resistance force
(Fi) [1.15]. @ is an acceleration and is called
& rotational inertia factor [3]. The power loss in
transmission, motor drive loses including power
losses in the electrics are represented by the
efficiency as shown in the table 1. The Eq. (3) can be
written as Eq. (4).

1
v Mvgfrcosa"';PaCDAer

~ 10001,

(C)]

e . av
+Mgf, sina + M"SE

Electric vehicle energy consumption in kilowatt
unit (kW) can be calculated by integration of the
power consumption and can be expressed as Eq. (5),

[3]
E, = [1"p, dt 5)

where E, is the net energy consumption from
batteries.

In order to optimise energy consumption using the
particles swarm optimization (PSO). The objective
function and constrain are shown in Eq. (6),

Min f(E,) = Min(E, — E.(ay.a;)) (6)
Subject to: 0 < a; < Gref maxt

Qyef max_br = Q2 < Qref maxz
(& + tz + 4 tn) < trinal

trinal = trey + tiare

where E; is-the initial energy in an energy storage
system, a; and @ are acceleration parameters that are
used in the algorithm in methodology section.
@ref mar_br 15 @ deceleration parameter that is used in
braking period. @,y mx; 1s @ maximum acceleration
parameter of the reference route that is used in
acceleration period and @rfma: IS @ maximum
acceleration (or deceleration) parameter of the
reference route that is used in constant velocity and
coasting period. (t;+1:+...+1,) are the driving time in
elementary cycles, f is the overall driving time, #,.
is the driving time of the reference route and fiu is
the late time constraint as driver input. An
optimization process has acceptable tolerance of less
than 107,
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Table | Parameters used for simulation

Parameters Symbol Unit Value
Vehicle Mass M, kg 1500
Rolling resist.
coefficient fr 3 2010
Aerodynamic drag
coefficient Co 3 %300
Front area A m’ 2.200
Air d‘cns.ity ) kg/m’ 1.1455
Gravnatlpnal g /s 9.810
acceleration
Vehicle’s velocity v m's -
?otauonal inertia 5 R 1.084

actor
Efficiency N - 0.960
Net energy
consumption E. kWh 3
Initial energy in an E kWh )
energy storage
Vehicle av 3
- —ora m/s® -
acceleration dt
3. Simulation verification
Mathematical model must be undergone

investigation and verification to verify whether the
simulation and the result of the simulation was
reliable. This section was to compare the result of the
simulation from the previously —mentioned
mathematical model. It was calculation using an
iterative process and electric vehicle simulation for
energy management and design: EVSED which is
developed to compare the results with reliable
academic document [3]. The comparison of traction
energy, basic data of electric vehicle used in the
simulation as shown in Table 1. and data of routes
and driving cycles. The comparison was made with 4
routes which were LA92, US06 and New York City
Cycle (NYCC) which were the standard route in the
simulation [16]. The routes parameters were shown
in Table 2 and velocity trajectory and time of driving
cycle were presented in Fig. 2 to 5 respectively and
the results of the simulation were compared in Table
3. The last route was the field data measurement by
collecting energy consumption rate from CAN
(Control Area Network) and GPS (Global
Positioning System) in a provincial electricity
authority electric zero emission bus (PEA-Zebus).
developed by Suranaree University of Technology
(SUT). The data sets were recorded every | second
via CAN (Control Area Network) bus as shown in
Fig. 6. The bus was driven for 12.54 km around SUT
route. Then the result was compared to the result from
the simulation using EVSED program using input
data from GPS and the results of the simulation were
presented in Fig. 6 and Table 4.
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Table 2. Route parameter in simulation comparison

226

Table 4. Measurement of energy consumption and

u-

Speed (km/h)

Time (s)
Figure. 2 Velocity trajectory and time of LA92 route
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Figure. 3 Velocity trajectory and time of US06 route
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Figure. 4 Velocity trajectory and time of NYCC route

Speed (km/h)

LA92 route, when compared to driving in urban
area such as NYCC route, had higher maximum
speed and average speed, but had less stops per
distance and also had higher maximum acceleration.

US06 route was the route with the highest
acceleration of all the routes in the test drive route
used to compare in this study. This driving in the
simulation represented aggressive driving.

NYCC route used low speed and often had stop-
and-go traffic which was the unique characteristic of
driving in city.

Table 3. Comparison of traction energy

Driving Traction energy (kWh) 3
cycles Ref.” EVSED % e
LA92 2.3559 2.3577 0.0764
US06 2.2655 2.2490 0.7283
NYCC 0.2960 0.2941 0.6419
Remark: Ref. refers to the test result from [3]

International Journal of Intelligent Engineering and Systems, Vol 12, No.4, 2019

Route parameters LA92 | US06 | NYCC calculation result
Max. speed (km/h) 108.15 | 129.23 | 44.38 Driving Traction energy (kWh) % Error
Ave. speed (km/h) 39.60 [ 77.84 | 11.43 cycle CANdata _ EVSED »
Traveling distance per 1580 | 12.89 | 1.89 SUT Route 13.347 13.458 0.832
cycle (km)
Driving time (s) 1435 596 598
Max. acceleration (m/s?) | 3.08 3.75 2.68
Max. deceleration (m/s?) | -3.93 | -3.08 | -2.64

Figure. 5 Data measuring and logging via CAN bus

16 -- EVSED (GPS)
14 — CAN Data (kWh)

Encrgy Consumption (kWh)

0 00 1000 1500 2000 2500
Time (s)

Figure. 6 Data measurement of energy consumption and
simulation result of SUT route

The result of the simulation in Table 3 revealed
that the maximum deviation was no more than
0.728% and the minimum deviation was 0.0764%.
The result of werification by the real filed
measurement data in Table 4 presented deviation at
only 0.832%. This can be assumed that the
calculation algorithm, test of electric vehicle for
energy management, and EVSED design were
accurate and reliable. Therefore, EVSED program
that was developed by SUT research team was
appropriate to employ in this study for energy
management system and investigating electrical
energy consumption of the electric vehicle which was
reported in this article.

4. Testing route and simulation

This article used UNECE Reg.101 [17] as the
reference route in the simulation which consisted of
2 cycles: urban driving cycle and extra urban driving
cycle. The researcher also divided the cycles into 13
elementary driving cycles. Each elementary cycle
referred to the position from parking or the position
where velocity was zero to the next position where
the velocity was zero again. As shown in Fig. 7, the
data of the simulating routes are as followed: total
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Figure. 7 The UNECE Reg.101 testing route velocity
profile
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Figure. 8 Vehicle velocity profile cycle

distance 11,022 m., maximum velocity 120 km/h,
average velocity 33.6 km/h, and driving time 1,180
seconds (s).

In this paper, one elementary cycle velocity
profile of electric vehicle can be categorized into 4
segments as shown in Fig. 8. Part | — P 1. (segment
1.) was the segment for accelerate velocity when it
was accelerated to one point and entered part 2. Part
2 - P 2 (segment 2.) was the stage of constant velocity
or zero acceleration. Part 3 — P 3 was the segment
when the electric vehicle was moving by coasting or
also using brake to slow down the acceleration. The
last segment was Part 4 (P 4) where braking was used
to lower velocity to zero or to stop. Authentic driving
may consist of Part 2 and Part 3 or either one. | route
cycle consisted of many elementary driving cycles.
Shown in Fig. 7 was the test-driving route cycle
UNECE Reg. 101 which consisted of 13 elementary
cycles.

An algorithm is created to discover new velocity
trajectory so that electric vehicle consumed optimum
energy under the condition of time determined by
drivers. The velocity profile had to resemble to
original trajectory so that the newly created trajectory
was applicable to the driving condition of the original

International Journal of Intelligent Engineering and Systems, Vol.12, No.4, 2019

route. for both open and closed traffic environment.
When drivers determined to arrive at the destination
slower or spend more time in driving. the algorithm
would calculate the optimal velocity for saving
energy consumption and arrived at the destination by
the time determined. The algorithm used the original
velocity profile as the upper bound velocity limit. In
other words, the newly created velocity profile was
not faster than the original velocity profile. In Fig. 8,
the velocity profile in solid line was the original
velocity trajectory while the dashed line was the new
velocity trajectory. In this study, the test was a
comparison of power and energy consumption when
the driver determined to arrive at the destination by
30 seconds and 60 seconds late. The process of
creating new velocity trajectory composes of 4 steps
as follows.

Steps in  Creating the New Velocity Profile
Algorithm

Step 1. Categorized velocity profile of original
route into elementary cycles as shown in Fig. 7 and
presented the process in Fig. 9

Step 2. Investigated each cycle in Part | and find
optimal acceleration (a,,) by finding the result in
PSO. The condition was that @, was the acceleration
of segment 1 of the elementary cycle number x as
shown in Fig. 9 with the condition that the result of
vehicle velocity calculation obtained from the
simulation must not exceed the original velocity
profile as in Fig. 8 at x; where the minimum velocity
was lower than x> on the line of original velocity
which was used as the limit of the maximum velocity.
Time spent in driving was not exceed the time
determined by the driver. (This test was to compare
power and energy consumption when the driver
determined to arrive at the destination by 30 seconds
and 60 seconds late.)

Step 3. Investigated segment 2 and segment 3
together to find acceleration (a,, ) when a,, was the
acceleration of segment 2 of elementary cycle
number x as shown in Fig. 9. Consider xz in Fig. 8 by
the same approach as in step 2 but with wider limit.
The acceleration obtained was possible to be positive
(increasing velocity), zero (steady velocity), or
negative (decreasing velocity). This contributed to
the 3 possible velocity profiles as followed from x; to
x4, from x3 to x5 and from x3 to Xs as shown in Fig. 8.

Step 4. Use @y, and dy, to create the velocity
profile under the constrains. when the new velocity
profile was equal to the original velocity profile at the
same position (at equal distance) and was the position
of the acceleration of the original velocity profile
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Figure. 9 Steps in creating new velocity trajectory

(used as reference velocity profile) was lower than
Ay, and d,.. then fixed the new velocity profile to
be equal to the original velocity profile. When
entering segment 4 where braking was needed, the
brake profiles were the same and always stop at the
same position. The mentioned condition was as in Eq.
(4). Then repeated step 2 to step 4 for all elementary
driving cycles all along the route.

5. Testing results

The test results consist of 2 topics, the comparison
of the proposed algorithm to cruise control algorithm
and the optimal velocity trajectory of route UNECE
Reg. 101 to compare the energy and peak power
consumption. movement simulation to compare the
proposed algorithm of the researcher to cruise control
algorithm which is available in general automobiles.
The reference velocity profile (bold black line as in
figure 10) has maximum speed at 90 km/h, distance
of 4690.7 m, and driving time of 214 seconds. The
simulation creates the.velocity profile that arrives late
at no more than 30 seconds: The results of energy and
maximum power consumption when driving are then
compared. The result of the simulation can be seen in
table 5. From table 5, it is found that energy
consumptions of the proposed algorithm and cruise
control algorithm decrease when compared to

228

reference velocity profile by 18.345% and 12.589%.
respectively. The maximum power of the proposed
algorithm decreases by 21.872% and 12.784% for the
cruise control algorithm. When compared to the
reference velocity, the algorithm that the researcher
proposed consumes less driving energy and is able to
decrease more maximum electrical power. It can be
concluded that the proposed algorithm is more
advanced in energy and power consumption than
cruise control algorithm in general automobile.

The testing results of the velocity trajectory of
route UNECE Reg. 101 as the reference route which
was the route consisting of the characteristics of
urban driving cycle and extra-urban driving cycle as
shown in Fig.7 and used as the upper bound velocity
limit were divided in to 2 cases. Case | determined
the car to arrive 30 second late and case 2 determined
the car to arrive 60 seconds late from the time of the
reference route. Then compared the result of the
simulations and reference velocity trajectory as
shown in Fig. 11 and 12.

In Fig. 11 in the stage of acceleration (segment 1.).
it was found that the adjusted optimal velocity
trajectory in the case of arriving at the destination 30
and 60 seconds late presented changes of subsequent
decreasing velocity and acceleration when compared
to the velocity trajectory of the reference route. The
acceleration can be observed in Table 6. In part 2
(segment 2.), when investigating the urban route, the
elementary cycle 1 and elementary cycle 2 presented
increasing deceleration when arriving at the
destination spending longer time. In the elementary
cycle 3 and extra urban driving or the last elementary
cycle presented similar trends that was deceleration
(ay) of velocity trajectory with 30s late profile
presented the highest value. in other words, the most
deceleration. Additionally, the velocity trajectory
case | (30s late) presented the same value as the
reference velocity trajectory. In the velocity
trajectory case. 2, other parts presented the lower
velocity than the reference velocity trajectory but
they presented imitation of velocity trajectory. Fig.
12 showed changes of velocity trajectory and time of
each case.

Table 5. Results of comparison of algorithms for optimal velocity profile

Energy consumption Peak power Average speed Max. speed
ooed penite (kWh) (kW) (km'h) (k)
Reference velocity profile 0.837 87.522 78.542 90.000
Proposed algorithm 0.681 68.379 68.196 82.563
Cruise control algorithm 0.729 76.333 70.830 80.006
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Figure. 12 Results of simulations and comparison of velocity trajectory and time

Table 6 Accelerating parameters comparison

Route information ref. route 30s late 60s late

The first elementary cycle :' é% _%%213 _%%z%

Urban route The second elementary cycle :: 3(7)3(7) _%:Zg -(())1)5528
The third elementary cycle :' gggg ‘%5&35 4%4[1%
Extra-urban route The forth elementary cycle :; 88(9)3 %';88% 4%"638]
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a7 L= &

=

.01

rel. route s fate 6% late

Velocity profe

Figure. 13 Energy consumed in driving of velocity profile

In Fig. 13, it was found that consumption of power
in driving of electric vehicle in the new velocity
profile presented lower value than velocity profile of
the reference route in both case 1 and case 2. In case
1 which fixed that the electric vehicle arrived at the
destination 30 second late consumed energy of
46.0394 kWh or decreasing by 8.0473% of energy
used in reference route. In case 2 which the researcher
fixed that the electric vehicle arrived at the
destination 60 second late consumed energy of

International Journal of Intelligent Engineering and Systems, Vol.12, No.4, 2019

39.968 kWh or decreasing by 13.44%. Not only that
the energy consumption was decreased, but the
maximum power was decreased with significance.
Fig. 14 showed the comparison of maximum electric
power of each velocity trajectory. Case | consumed
maximum electrical power in driving at 46.0394 kW
or decreasing by 1.195% and case 2 consumed peak

electrical ‘power at 39.968 kW or decreasing by
14.225%

as

Nk 460394
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o
g u
]
§- a2
19,968
£ w0
=
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36
sefl route 30s late 605 late
Velaelty peofiie
Figure. 14 Peak power consumed in driving of velocity
profile
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6. Conclusion

The strength of this study is the improvement of
optimal velocity profile under the condition of late
arrival at the destination. The optimal velocity profile
for the late arrival is crucial. The proposed procedure
in the article presented the improvement from
optimal velocity profile that brings about the results
that the automobile arrives at the appointed time and
consumes less energy and maximum driving power
than cruise control algorithm, a control algorithm that
automobiles generally have nowadays. The proposed
algorithm was flexible and drivers can input the
required late time to arrive at the destination.
Moreover, the algorithm can reduce energy
consumption with significance. It was an alternative
efficient choice to use the algorithm to reduce energy
consumption. The results revealed that the algorithm
can reduce electrical peak power and was attributable
to prolonging of batteries expiration. In terms of
energy storage system, the algorithm supported
reduction batteries size since the limitation of lower
electrical power density had an effect on the design
to be oversized and overweighed to support highest
electrical power supply. Additionally, the velocity
trajectory resulted from the proposed algorithm
resembled the original velocity trajectory or the
reference velocity trajectory and allowed drivers to
be able to drive in the optimal velocity trajectory so
that it is applicable to traffic conditions or

environments similar to the reference velocity profile.
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L Introduction

Nowadays, the energy storage system plays important role in electric vehicles The batteries are still the man
energy soarce for electric vehicles. Due to s hugh specific energy compares to other encrgy storage devices as
illustrate in [16). A number of life eycles and specific energy are more technologically advanced. However, there
seem an inadequate power denssty to supply the ntermittent traction loads with suddenly high power requirements
The batteries are not appropnate to be charged or discharged as suddenly as ultracapacitors. It also has a shorter
lifespan than ultracapacitors, especially when it uses with high current. Overcharging and overdischarging may
cause of over temperature and safety issue. To supply the fuctuated load, the battenies of electric vehicles wem 1w
be oversiang design

The main study presented in this paper ims to compare the study of energy consumption for electne vehicles
with three differents on-board energy storage systems The NYCLO is the driving information in New Yok city
cycles route, USA. where vehicles run at low speeds and also stop and accelerate frequently. NYOC is used us a test
route 1 mn this res¢arch. Test route 2 and 3, in which UN/ECE reg 83 15 applicd to represent i extra-urban dnving
cycle route and a bus transports of the Provincml Electneity Authority (PEA) employees to work, are PEA
headquarters-Samakkee road route, respectively. Besades, the speed profile of the test routes and altitudes obtained
from the global positioning system (GPS) is used 1o estimate a gradient. Three different types of energy storage
system, including lead acid, hthium-ion and hybrid energy storage system incorporating with lithium-ton battery and
ultrucapacitors are compared. Encrgy storage weight optimization is applied under regencrative braking condition
Finally, the lead-acid battery, lithium-ion batterys  andd Lithium-ton battery-ultracapacitors. hybrid storsge system
(HESS) have been wused i the simulation for ench foue and their important parameters were compared,

This paper organizes a total of five scctions. Next section, Secton two, illustrates the bref of traction
performance and vehicle movement simulation. Section three gives the optimal energy storage weight calculation.
Section four is the section describing simulation results and discussion, Conclusion remark is in the lust section

2. Traction performance calculation

In ths section mathematic modeling 15 applied to desanibe charactenistics of vehicle movement and to find the
power consumption of cleetric vehicle. The vehicle mechanical powes consumptson by tractive force multiplying
with veloeity is described in (1)

B =Ey m
Where £, is vehsele's mechanical power consumption

v isvehicle’s velocity
B, 1svehicle's mactive effort

Fig. 1. Free-body diagram of 2 vehicle on a gradies
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Suppose that a vehcle of mass M, 15 on o shope making sn angle @ to the horizontal s shown m Fig 1, the
veheck motwon 14 opposed by vanous forces, cg. scrodynamic drag (F, ). gradient force (F, ). and rolling
resistance force (£, ) [3.7] By applying Newton's second law, the dyramic equation of vehicle movement is
expressed in(2), where & is an aceeleration and £ is an acceleration force [3).

‘ﬁ.
F . =Mua=M, =5 (2)

Thye total tractive effort of the vehicle s expeessed by (3)

B =F, +Fay$Fy+F., (3)
Froem (1) and (3) vield (4)
ool Fo b F) )
r

Where 7215 the electne power consumption amd 7, 15 & total efficiency (8, 9]
3. Optimal energy storage weight calculation

Lead-acid battery (Pb) ts favourite battery in the vehicle markes. It is a widely used energy storage devioe in the
automotive industry and in other applications. The advantage of this battery is cheap and lugh power capacity
However the lead-acid battery have some disadvantages, such as heavy weight due to specific power and specific
energy are too fow, Lithium-ion bastery (La-I) s igh bath specific power and spectfic energy compared with Lead-
acid bettery. Ultracapacitor is the highest specific power and fast respond chargimg and dizcharging but lack of
specific energy. Consequently, it may be u geod chores to mesmporate lithium-sen battery and ultricapacitor wgether
or hybndd energy storage system (HESS)

In order 1o optimise the weight of an energy slomge system using the sequentil guadratic programming (SQP)
[11] The objective function is shown in (S

min £l (Ey(V )+ nEy 4, pm - 1) 8)

Where W' =11, + 1, and £, 1s the initial energy in an energy storage system, £ 5 the required tractive energy
of un electric vehxcle, g, 15 the regenerative braking energy. £, 15 the electrical energy obtained from wireless
charging. #_and' ¥, are the weight of & ultracspecitor snd a battery. respectively [3.7,10]

To peepare the data for an cptimisation process under a regenerative braking energy condibon The lmmit of the
weight of an energy ®orage system is considered as o mass factor (MF) of less than 3.26 and accepiable tolerance of
less tham 1074 The ME ¢an be caleudated by equation (6)

ME= (Moget Mg 1 Mis Moo ()

Where M, is the tare mass of an clectric vehicle, My, is the payicad of an electric vehicle, and Mgy is the
muss of an energy storge system
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4. Simulation results

The NYCC route, where vehicles run at low speeds and also stop and accelerate frequently, NYCC or a test route
1 in this research, Test route 2, in which UN/ECE reg. 83 is applied 1o represent in extra-urban driving cycle route
and a bus transports of PEA employees to work, are PEA headquarters-Samakkee road route is test route 3, Three
different types of energy storage system, including lead acid, lithium jon and hybrid energy storage system
incorporating with fithium-ion battery and ultracapacitor are compared. Energy storage weight optimisation is
applied under regenerative braking condition. In order to comparative study of encrgy consumption for electric
vehicke in three different energy storage systems and three different route as shown in Fig. 2. to 4, The simulation
processes are proposed which consisted of vehicle movement caleulation and the optimal energy storage weight.
The simulation results are shown in Table 1. 1o 3.

A W

{
|
|
L e 1060 2000 250 2000

Wione (v}

Fig 2 Repeated five time speed prafie of NYOC route
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Fig. 4 Speed profile of fichd metsured dnvieg profile in Bangkok route
4. Simsdation reswits of NYCC

The relationship between vehicle velocity and time are illustrated in figure 2. The simulation base on the
repeated five-time of NYCC route which the maximum speed is 44.58 km'h, driving time is 49.34 minute and 9.49
km is a distance of the simulated route. Comparative studies of different types of encrgy storage parameter under the
regenerative braking condition are expressed as Table 1.
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Table |, Sevmsletion resull of NYCC,
Parmeier ) [ HESS
Energy stomge sysem weight IET 13 kg 4438 kg 23294
Peak power lnad 901 kW MW 4139 kW
Enerey constimplion TESRW 182 KWh 179 kWh
Regenenstive brsiomg enagy O:MEWY QA7 KWh 066 KWh
Tas0c 93.19% 2.12% 183%

Table 1, compares the crucial parameter of an electric vehscle m ditferent energy storsge system. The highest
weight of energy storage, peak power load and encrgy consumption are the lead acud battery while Iithwm 100 and
HESS follow a similar pattern. Although the lead acid battery is the highest regenerative braking, the remained
capactty or state of charge percentige (%350C) of lead seid and lithium hattery seem 1o be oversize

4.2 Sumulation results of UNECE reg. 83 extra-urban drivinig cycle

The relationship between vehicle velocity and time are shown in Fig. 3. The simubation hases on the répeated
fowr-time the UN/ECE reg. 83 route which the maximum speed is 120 km/h, driving ume = 26.43 minute and 27,82
km is a distance of the route. Comparative studses of different types of energy storage parameter under the
regenerative braking condition are shown in Table 2.

Table 2. Swmwalation resth of UNECE reg. &3 extra.srbon deiving cycle.

PPammester (2] 121 HESS
Energy storge system weight 31979 kg 5099k Sy
Feak power lusd aLAZ KW 1S o kW 4860 kW
Energy consumption 69 EWh SA2EWR 542kWh
Regenerattive beskmg enagy G6TKWh Ol kWh hal kWh
HI0C TA10% 170% 170%

Table 2, it 1 the comparizon of the cructal parameter of an electric vehicle in different energy storage systems.
All parameters of lithsum-ion and HESS follow 2 similar trend. Although the lead acid battery s the highest return
encrgy from regencrative braking, the remained capacity of lead acid battery seems too oversize

4,3 Sumulation resulls of field measured driving profile in Bangkox

The relatonship between vehicle velocity and tume are expressed in Fig, 4 The simulation bases on a real ficld
measurement of speed and gradient profile from GFS tool. The maximum speed of a vehigle on the route 15 78.44
kb, used driving tme 9420 minute wnd 41 50 km 15 a distance of the simulation s Comparative studies of
different types ofenengy storage parameter under the regenerative beaking condition ere ilfustrated in table 3

Tuble 3. S lation reasht el mewired dowisgg profile i Banghok

Parameset ] La-1 HESS

Enerzy stomge system weight 1507 ke §5.51ke 1099k
Peak power load 197ATEW TOSREW TS KW
Energy consumption 1584 KW a4LEWL 636 kWh
Regenentive brokme encrmy S5 EWh 127kWh 220 kWh
2S00 §7.70% 5093 % 129%
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In both cases. the simulation result of field measurement dnving profile in Bangkok as shown m table 3 and
simulation result of NYCC as expressed m Table 1. following as similar pattern

§, Conclusions

In conclusion, the simulation results are shown in table 1 to 3. The heaviest kead acid battery has an effect on the
peak power and energy consumption, therefore the electric vehscle with lead acxd power source needs more power
and energy to supply the load than other types, but & has a highest regenerative braking energy  Lowest specific
energy and pawer cause battery oversizing of the lead acid type 1o wse with an iterrittert load. For oty traffic
under frequently stop snd drive condition, HESS s @ appropriate solution however, both lithium won battery and
HESS are not a sigmficant difference on the extra-urban dnving cycle route
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