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Currently, in agriculture, there is another technology that is replacing the old
farming method. Unmanned aerial vehicle technology or drones as well-known names.
There are many applications in agriculture, including spraying chemical fertilizers.
Explore the aerial brush fields for crop planning or even collect data for artificial
intelligence models to predict the health of the crops farmers are growing.

At present, drones are widely used in agriculture in many areas of Thailand due
to many advantages such as Save time in spraying chemicals. Minimize direct exposure
to chemicals or even autonomously command drones. But all of these Agricultural
drones still have some limitations, for example. Drones are very expensive. Not suitable
for individual investment and the pilot must be skilled in steering. There is a complex
working system. Expensive batteries and limited capacity and must have a spare
battery to switch and charge immediately.

Based on these requirements, the researcher has chosen to study and design
the battery in order to extend the flight time of the drone. The battery currently used
is OK Cell Lithium-Polymer. It is a battery pack consisting of a Battery Management
System (BMS) that manages and monitors parameters to protect the drone and battery
from over-use and charging, and a Pouch Cell Lithium-Polymer battery in series. The

14-cell system is 48 V and has a capacity of 28 Ah.
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T V) e wseulwiinfianasmnuszesinan

Vo Ae uswiulnihgeaameuiudy

K1 A®  Voltage drop coefficient
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Alkaline battery @3 Secondary battery fig wusWa3Na11158AUsERuLe (Rechargeable
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KuaNsarany Electrolyte Feazyliiinnseualninfaiunsairluaelvivinanls way

MTNUTIUTIBUAN AN o) YouuUnLmeINlilY Li-ion 2guanifin1snsi 2.1

mi’m‘ﬁ 2.1 Non Lithium-based chemistries [1]

Nickel Sodium
. Nickel Sodium .
Lead Acid Metal Nickel
Cadmium . Sulfur .
Hydride Chloride
Chemistry
PbA/LAB NiCd NiMh NaS NaNiCl
descriptor
Specific
energy 30-40 40-60 30-80 90-110 100-120
(Wh/kg)
Energy
density 60-70 50-150 140-300 345 160-190
(Wh/L)
Specific
60-180 150 250-1000 150-160 150
power (W/kg)
Power density
100 210 400 - -
(W/L)
Nominal
voltage (per 2 iy 1.2 2 2.6
cel) (V)
Cycle life 300-800 1000-2000 50-1500 1000-2500 1000
Self-discharge
(% per 3-5% 20% 30% 0% 0%
month)
Operating
temperature -20 to +60 -40 to +60 -20 to +60 300 to 400 300 to 400
range(°C)
Cost (per
$150-5200 $400-$800 $200-$300 $350 $100-$300
kWh)
Maintenance | 3-6 months 30-60 days 60-90 days None None
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2.3.1.2 Lead acid battery
wuaae3uln Lead acid Aouummosimunuaziinsldaunniian
fsdnfuludenmuilveiuuameingiingn uuameinginsainsdendanuidusideds
Foannsnmianidtieslnegfiuszana 300 fs 500 sou uarUAtonadiszninetauinuas
Travagsiliiinlevesnsndaiinin dadudunmedeuyud Tastagtuunneingdnangn
Idegaunsnanglusagudiuazsadnseueus
2.3.1.3 Nickel Metal-Based Chemistries
wunneTeintldsumuaulalugagd 1990 Ausznauludae Nivh
uaz NICd s isaesiifimnugreuiunsfigdwilvaunsniunuiuldtugunsaiuung
Sl Tnsuunine3 Nickel Metal-Based agilannaq uswiulih uazdnnuseulumsmnsat
flganiuummeingianin uiteldevosnunnoiviaifoauisoiin Memory effect I 39
Usngnsaliaeriliiensquesuumae’ Nickel Metal-Based anas Insanvaiiindonsld
uiiarnsldusaiuresuneediiunismeuszauunnes lWideTslvearausedu
(Nominal voltage) uaginduludnuszgauisafuis Maximum voltage Wievinssauszq
LLﬁzﬂ’]EJUi%R}LLUUf:‘{I;’]‘] 130w zvildduunmnes U Nominal voltage viu Cut-off
voltage uny uazdeldesnagsilsie wumpesUssaniisnsnsiia Self-discharge ﬁqa
1nFIN5197 2 FauumnesUszinildndnalfild Nicd uaz NiMh Fedededounnsneiu
oonlUfte NiCd azil C-rate Migsndn NiMh usiansiadliiussgreansuandlodadusunsese

uywd us NiMh Liflvilvidasnsdesenisldaiunia

M1519% 2.2 Nickel Metal-Based Chemistries [1]

Nickel Metal Nickel
Nickel Cadmium Nickel Zinc
Hydride Hydrogen
Chemistry
NiMh NiCd NiZn NiH,
descriptor
Specific
energy 30-80 40-60 70-110 50-65
(Wh/kg)
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#13199 2.2 Nickel Metal-Based Chemistries (519)
Nickel
Nickel
Metal Nickel Cadmium Nickel Zinc
Hydrogen
Hydride
Energy
density 140-300 50-150 130-350 55-110
(Wh/L)
Specific
power 250-1000 150 280-2500 -
(W/kg)
Power
density 400 210 420-7000 -
(W/L)
Nominal
voltage (per 1.2 1.2 1.6 1.4
cel) (V)
Cycle life 50-1500 1000-2000 300-900 >2000
Self-
discharge
30% 20% 20% -
(% per
month)
Operating
temperature -20 to +60 -40 to +60 -20 to +50 -
range(°C)
Consumer electronics,
Power tools, Satellite
Automotive | power tools, light rail and
lawn and applications: Low
hybrid train, uninterruptible
Applications garden tools, earth orbit and
electric power supplies,
light electric geosynchronous
vehicle (HEV) emergency lighting,
vehicles, HEVs earth orbit
telecom
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2.3.1.4 Sodium-Based Chemistries

Duuunnoinanansalialdlugamaiias lnvarsazaronelu fo
indeluifssnfiogluguveuvadsgnandulaefivideluneniniliuazgnisendn Zeolite
Battery Research Africa Project (ZEBRA)

329119919 UUALADS WAl Aofigamadl 350 A 700 B3
walgea Lﬁaﬁ%ﬁﬂﬁmﬁai%Lﬁsmagjamuwaamaﬁa%ﬁﬂﬁlaaauﬁzijﬁ%mﬂLLazﬂfJgaaU
anunsoLnduiils

2.3.1.5 Lithium-ion cells

gniiauoadausnlud a.e 1990 1ne A3 John Goodenough 91N
WIneduinga wazludud a.A. 2000 seAN13VN8YBY Li-ion ﬁLﬁme‘ﬁuquﬂuaéNmn
Lﬂj’eNmﬂﬂ??ll"\!LL@%LLiQﬁulWﬁﬁﬁM?ﬂLﬁ@LﬁﬂUﬁULLU@L@@%%ﬁﬂéuiuﬁmﬁaﬁﬂ

wdnmshnumileutulumneseinduienislnavesdiouloseu
NUENTATA1891N97 Anode TUil1a Cathode agviliiAinnssualuiiinisviaunuuiiazgn

Y
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Liﬂﬂjqﬂqiﬂqﬂﬂiz'ﬂ!LL@ﬂqi@@ﬂigﬁ!"ﬂgLﬂﬂﬂqiLLaﬂLUaﬁuaLﬁﬂml@@@uwmiﬂmquﬂu G’NETJLV] 2.5
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YEAYD Li-ion NERUDNITNLUALADTADUNRUIAD ULLTIAUNUINAIN

€

[
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LUALRB3FADY 1ne Nominal voltage 9z8gseving 3.2 fis 3.8 1oad Yuadivansiniinussy
agnelut Cathode favtngANUINIAUIUNTABOUNTUVBILUAMETALITINIUTREAITY
NiMh 91 Nominal voltage 1.2 laa# wlaldeunulnaniifnosn1suseu 120 1286 awhosne
auNsude 100 Aoy waa 1l Li-ion Aid Nominal voltage 3.7 13a6l WU £ABUNTUULA
Uszanad 32 fau

waNANUIIRULALAMNYINTNTILINLED Bnntlstafives Li-ion Aol
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4 Memory effect iagdansa Self-discharge mmﬂmmzagw 109 5 bUDIGUANDLADU LAY
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Discharging

fCurtent

Cathode

\_ - Separator +

Charging

Current 1

Anode

Separator

Cathode
+

E‘Uﬁ 2.5 How Li-ion work

(Lma'ﬁ‘ﬁm: https://www.researchgate.net)

miwﬁ 2.3 Lithium-ion chemistries [1]

)

Lithium Lithium . Lithium | Lithium Nickel | Lithium Nickel
Lithium
Iron Manganese Cobalt Cobalt Manganese
Titanate
Phosphate Oxide Oxide Aluminum Cobalt
Chemistry
LFP LMO LTO LCO NCA NMC
descriptor
Specific
energy 80-130 105-120 70 120-150 80-220 140-180
(Wh/kg)
Energy
density 220-250 250-265 130 250-450 210-600 325
(Wh/L)
Specific
power 1400-2400 1000 750 600 1500-1900 500-3000
(Wrkg)
Power
1200-
density 4500 2000 1400 4000-5000 6500
3000
(W/L)
Nominal
voltage
3.2-3.3 3.8 2.2-2.3 3.6-3.8 3.6 3.6-3.7
(per cell)
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M15199 2.3 Lithium-ion chemistries (91®)

Lithium Lithium Lithium | Lithium Nickel | Lithium Nickel
Lithium
Iron Manganese Cobalt Cobalt Manganese
Titanate
Phosphate Oxide Oxide Aluminum Cobalt
Cycle life 1000-2000 >500 >4000 >700 >1000 1000-4000
Self-
discharge
<1% 5% 2-10% 1-5% 2-10% 1%
(% per
month)
Cost (per $400- $600- $250-
$400-$900 $600-$1000 $500-$900
kwh) $1200 $2000 $450
Operating
-40 to -20 to
temperature | -20 to +60 | -20 to +60 -20 to +60 -20 to +55
+55 +60
range(°C)

1) Cathode Chemistries

Li-ion fudaiensiuadslaeunfvzulaldvainnaesidauin
Jusgfuanaiiifiussgegluda Cathode wazagiidogonuunigu lithium iron phosphate
(LFP), lithium nickel manganese cobalt (NMC), lithium nickel cobalt aluminum (NCA),
lithium titanate (LTO), lithium manganese oxide (LMO) i@ lithium cobalt oxide (LCO)

LFP vJundsluansinddideyldlusosudlninsizind Power
capability wag C-rate ﬁqq sldunsuazvasadeniivind uuniidodefio I Enerey
density faauag Nominal voltage E)gjﬁ 3.2 59 3.3 Tae

NMC Fadudnmadeniiansigind Energy density £ 140-180
Wh/kg Tngunesnananunsavinlane 200 Whkg wagdsil Nominal voltage aq"ﬁl 3.6 09 3.7
Tad

LCO Wuflenegnauwnsuatenntugunsaldidnnsednduuunnm
1 Energy density qqLLamwmsaé’mﬂizq%‘:ﬂﬁwmmau LL@'Gﬂ’aLﬁaﬁaqquﬁﬁ'%ﬁq
U59nn1358) Thermal runaway Hesninansiadivindu 9 Tnsegdl 130 ssmiwaidea Uy

(%
1A

Usngnisainidlouunwaiiinamaiferiludy ssiiansanivduaslianunsovgals d39aa3

9 Y

vnsthuuswesiuluiiunnie o wazduldlnlwaluntandu 9 LCO Jaunungiveunsali

q

a a Ao = & a Y
ilﬂ'ﬁﬂuﬂﬁgLLﬁlWﬁW‘WWW%QLUuaWLwﬂm@ﬂﬂqﬁLﬂﬂﬂjqﬂiau
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NCA Tngunfagldlugunsainamy wisudinisusuldlusaeud
Tl a7 LLG»iLf’iaﬂmﬂﬁmmﬁqqLaaﬁﬂmﬂuﬁﬁau
wag LMO il Crate waw Energy density asusdaldunadnuiy
seulunsmsatdenaslifinsusuldlusasusind
2) Anode Materials

JudIauremUnnes B9 nasenIeauNaNsznde raphite

) v

30 carbons Feunaguanlilalddiunauualdiluyiafienas wazdadits Anode Snuilnd

aa

maslasuanuaulade LTO nildedreaunsavianulaluiieumaiiniuazil Power density

Mgeusitaidemadl Nominal voltage a8l 2.2 At 2.3 Taad uarlulagiulaiinnsiden Anode

Y

D

[ 1

a & oV MY ! a aa a X o A
LﬂWU‘umﬂm&JLLG]ﬂﬂimiﬁa@ﬂmqmmmﬁwﬂua‘mw}LL‘UG]LGIEJiiJﬂ’J’]SJQLW?,JGUuﬂJ’mNEUVI 2.6

5.0

4.0

r\( Anode material

LisTisOq2 Sn-Me Lip 6Cog 4N
1.0 La;Co,Sn; EiMe \

HC bs&% i X T Li\
oo @ QE 0\ O
0 500 1000 1500 2000 2500 3000
Capacity (mAh/cc)

Voltage (Li+/Li)

O Commercialized Q Pre-commercialization Stage O Research Stage

E‘Uﬁ 2.6 Anode material performance comparison[1]

3) Separators
Separator L utanu1s 9 4 elagundudrazidwasidnvie
wanadn iilefiazutaszningin Anode uay Cathode Tnsnuautfves Separator azdosny
nsfinnseuvesasaransld luuisasld Separator manedudu PP vide PE wanadn wazlu
vadarldwuu Tri-layer Ao PP/PE/PP wagluunuwadayldiasindu Separator Ssasnu

gaumniigalafndmanadin
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4) Electrolytes
Tneundiansazarsaziuveanainsornaiias Cathode 3o
Anode lnat UG sagvimihfdusihileygalidiSenlessulnaduszninedald lae
ansazansazdudiunauves HC-based fivsznaulumuansifiuurmalsognaty ethylene
carbonate, dimethyl, diethyl LLag ethylmethyl carbonates iag lithium salts (LiPF6) R
a’m%ﬁLﬁuLamuaﬂmﬁamﬂiﬂummé’wmﬁmam
2.3.2 ﬁmuﬁlug'mﬂuamumma'%'

2.3.2.2  Capacity (Ah) Lﬂuﬂ%mmﬂwqﬁmu@ﬁmmmﬂﬁﬁﬁm%aﬁam%aléf

2323 Crate fin Sn91mssauszaniomeuszqlu 1 92lus Loy uunine3
YW 3 Ah fawnsafl 1 Crate wmammiﬂwﬁﬁﬂmwﬁﬂizLLagﬂUéaaaaﬂm 3A

2324  Specific energy (Wh/kg) v up 17 U suend U3 unundsaude
dmiveunnos

2325  Specific power (W/kg) W uenfivsuandafdslufindetminues

LURLAES

23.2.6 Energy density (Wh/0) iumfivaueniaSinamdanuseusuing
TBILUALADS

23.2.7  Power density (W) 1duanfivsvenieidsluiidousuinsves
LUALAES

2328 Internal resistance e A1Amd IunIuaeluLuaLAes Al
A5 AAINAITNAABS

2329 Maximum voltage A® Lméﬁ’uqqqmﬁamemaégﬂé’@ﬂss@amﬁu

2.3.2.10 ‘Nominal voltage #® LsITuUnNAvBILURLADS

2.3.2.11 Cut-off voltage A® Lmﬁum‘l’wqmﬁuamumma%" auumnesae
Usggniussduil uunnedazideuanin

2.3.2.12 Stage of charge (SOC) Lﬂumﬂ?fﬂwaﬂﬁﬂmzqﬁmﬁaagjma"lu
LUALADS

2.3.2.13 Stage of health (SOH) 1T ufnfi Usuenfaguamvesuuninedds
p199slavareladey

2.3.2.14 State of deterioration (SOD) \JuAnfivsuandsaudeunesves

LUALADS
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2.32.15 Depth of discharge (DOD) tfudnfiuansiisdnindunisnedsyy
E]E]ﬂ«’\]’lﬂLL‘UG]Lmaéﬁugﬂuﬁiﬁﬂﬂizﬁ;ﬁlmﬁm
23216 Cycle life Aoduausounssauszy-meusziLunmesanansovils
233  aswisuifisuanuuandsvesasiafiudazedalununime3 Li-ion
a15797 2.4 andunisiuSeuiisuaiasweusavansied Inowadudas
UizLﬂmzﬁ%’aaLL@%S&T@L%&Lmemﬁ’uaaﬂlﬂsﬁuayjﬁ’wﬁ%’muﬁ%é}’aqﬁmimdwL%aﬁﬂszmw

InunngauiulvanuesnuLes

A5 2.4 Comparison of Li-ion's chemical cathode

Comparison of Li-ion's chemical cathode

High Low Self-
Specific | Specific Nominal Life Thermal
Cost operaing | operaing discharge
Cathode energy power voltage span runaway
(%) temp. temp. (% per
(Whrkg) | (Wrke) V) (Cycle) O
(O Q) month)
LCO 350 135 600 60 -20 3.7 700 3 150
LMO 650 112.5 1000 60 -20 3.8 500 5 250
NMC 700 160 1750 55 -20 3.65 2500 1 210
LFP 800 105 1900 60 -20 328 1500 1 270
NCA 800 150 1700 60 -20 3.6 1000 6 150
One of
safest
LTO 1300 70 750 55 -40 2.25 4000 6
Li-ion
batteries
- 1300 160 1900 60 -40 3.8 4000 6 270

2.3.4 LLUUQ‘,ﬂﬁaﬁVIﬂﬁﬂﬂjﬁﬂqﬂﬁ%?laﬂLL‘UﬂLﬂ'e]%
NIIMIMUVTIAINIALAAIERS 98198 93995mabNH1a1nUT 2.7 Falu
19a57UsEnauluale OCV, Internal resistance (Rs), Terminal voltage (Vb) Way RC network

9na@997925 1Ay Internal resistance 3¢AaUAUDID81950L5 00 1NANNTNISAINTS AN
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LIIRUVDILUALABSANAT Ay OCV Fxduiusiu SOC Fansmaunisifieaduneazmldain
N131AadY Constant current discharge test

2995 RC network fiensasildesunenisifintuveausedu Vb levnisdan
Tnaneonainuunmedlneaas RICL avldosuisnisldnuuumneilussezinandu q uaz
R2C2 Wesunelusvasinaniiuiunit msasmAmsiimefanunazmlaainnisnaass

Current pulse discharge test

B — —I—
R1 R2 __
— —O
Rs | |
<:> ocV C1 C2 l
Vb
— b

JUN 2.7 wuudtaeanaliliveswunnes(7]

2.3.4.2 SOC Calculation
MSAIILNT SOC azaululaain Coulomb counting method #e
U o ’-ﬂl L2 A U ‘:‘I b4 1 QI ¥ 1
n13tuIIunsERangnenUTEavienelsEIREIN1sTlng LA DM IIUAT SOC LTuAUNDY

= 1 a 1 v 9 v ~ [ a [
NIDABUNTITLIUNTTNAADIAN 9 ﬂﬁi@@]UiSQ‘LLU@LG}@%‘IMLGM WU SOC AgdAININY 1

bl (2.14)
S0C = SOC, —f g :
0 C
Ty SOCO fe  SOC 5udu

NITUAVIVLATIQNANDBNIINUUALADT

o
b
®

Cc  flo  ANREan
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2.3.4.3 Open Circuit Voltage Calculation
A1TUIANNFUNUST211719 OCV thag SOC Agn1lAINN1TNAaDY
Constant current discharge test Ima%&’aqé’mﬂwﬂﬁuwLma%fll,ﬁudaw,wmzﬁ'amuzé”m
U5299ULANIZNIIUI1 SOC 93U 1 Tagazilua1uiu SOC Calculation 6ia Tnanis
NPaBIILINSAdYISaLUMABT 1/30C WedaudaitAndudriausesudl Terminal voltage
A1521313 Terminal voltage fu OCV azuansnsfutosunauwnuliiuanssas ensiu
OCV W§af9Ens1u SOC o wausuldanaunisd 14 asfawmsaaunseia SOC 1alng

0 N3 OCV-SOC aziidnuaiziaguil 2.8

2.6

N N
ES (3)

Voltage (V)
N
w

22

2

0 20 40 SOC (%) 60 80 100

5U#1 2.8 OCV and SOC characteristic at 30 °C of LTO.[7]

2.3.4.4 Calculation of internal resistance and RC network
N1TATUIUNIAIAINATUNINA 9 EAIUIULFIIINNTNAFDY
Current pulse discharge test ﬁﬂﬂﬂﬂi%ﬁ!ﬂi%LLa () tluriaiwinnan 18 unit aglansive
U7 2.9 Tagen Rs azmnldannuasineszninaussiuluszezinan 0 s 1 3unit fsaunsi 2.15

R1 2 191NNaA9SEnINasIsiluszezian 1 89 10 U9 fsaunish 16 R2 azunlaann

NARIITERINTIPULUTZEZLI8 10 D9 18 WY fsaunIsi 2.17

Yo-" (2.15)

R. =
§ I
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205
— 2k
e
o)
[e)) 8
3
£1.95
>
s
1.9}
1.85
25603 2.5604 2.5605 2.5606 2.5607 2.5608 2.5609 2.561
Time (s) x10°
gﬂ‘ﬁ 2.9 Current pulse discharge test[7]
i =1,
R, = i (2.16)
Vy, =V 2.17
R, = 2 1 3 (2.17)

ANSAWIUMARAUUTEISATIUNIIAINANNTISN 2,18 Wag 2.19 LagnsAuIUR

WSIAUT MNATBY Rs hag RC network aEAIUIUNTEAINNANNISA 2.20, 2.21 WAy 2.22
MIWAIRU ag Terminal voltage (Vb) agwlaainaunisi 2.23

91
Cl =
(Vo = V4) 1n(V2/V1) (2.18)
81
G = V. (2.19)
(V3 = V2) In( 3/1/2)
Ve, =1 X R;

(2.20)
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e = (O)](2) (-] 221
Veca = G) [(ciz) (1 B Z_Zz)] (2.22)

Vy = OCV — Vrer — Vrea — Vi, (2.23)

2.4  Battery Management System (BMS)
2.4.1 wihilvas BMS
2.4.1.1 Aay Monitoring AMMI51EABSHANN 9 TeaUAWe3 LU Cell voltage,
Current, Temperature, SOC, SOH uaguaatAuanIUzHAUNR#S 9
2.4.1.2 U93nun1s Over-Charge (Over Voltage, Over Current) ag Over-
Discharge (Under Voltage, Over Current) lngnissinisasiuiinameeindvse Fuse
2.4.1.3 Balancing voltage usiaz Cell iatosfunummadidon
2.4.1.4 \udeyanisdnuszquazaeuseq
24.15 dearstulvanviieanrdslwiweduandionseuaiilnasanain
wumnelnddwauLundisenls
2.4.1.6 muaugumgiveanunne’laliimiegaAulufessuu Heating
kagseuU Cooling
2.4.2 MIIAUITANVBS BMS
BMS anunsadnuszianlaedaniu 1) Technology 2) Topology 3) Format
2.4.2.1 BMS Technology
Tun1sdnnuaanguuumaluladaunsonuseandudn 2 Ussunn fe
1) Analog BMS 2) Digital BMS 3) Power Switch ita¢ 4) Battery management unit/Battery

monitoring unit(BMU) R



25

Protector BMU
r - 0, r - R
~ / Switch ™ E / N\
. o o}—@ : o
g - E - o system
21— P :| P ik
T 1| o ' L °
] o e R
~ Switc : / N
| ' e " l 1 ®
T — L &sys’rem 3 — L Bsysiem
g’ ) _ [" #C Dafa o r i Data
T . ° E T 4 ®
) ) ' )

E‘Uﬁ 2.10 M33HUNFURUUYRY BMS 978 Technology[3]

[ v v

wdudiudsguil 2,10 waglasunduds Analog BMS agnsaaduléin
szuuneuiliAndsinunituudliansossysuvsaznansenuld ue Digital BMS annsn
MR waEANULANAIITENINS Power Switch waz BMU fia Power Switch aggnaiuAusae
13J°Lmﬂaui‘|/|3aLaaﬂmammﬁaﬁmqaﬂﬁaLﬁmmmiiﬁ Over-Charge %38 Over-Discharge
ut BMU 2zludsnslunavesnissvaniiieandslndumm
1) Analog Protector BMS (PCM)
Tugani3sen195v9s BMS Auuunmeilngavuienssesanidu 3
WUU fie 1) Load-side t8un1561879957 PCM dofinfulvianuasiuninestnenss 1995uuy
Load-side aziluA Power Switch iiesila Discharge fnuiien dauils Charge 1A309 Charger
A OATTULUMASS T9nA21U37 Charger Aivhuunsaasdadlianunsadionseuaiuls
w1z liflednd oty 2) Single-port lumsdeiivasndvigauazifuiiden Ao PCM azsie
Fusumaosiiietotuien wazaziinasnd msu Charee uaw Discharge Wieniu a1u1se
Hoarulaa Overcharge Wag Over-discharge ag 3) Dual-port Junseedidussdnsnm
mnﬁqmwaw Wo3H Charge Way Discharge wgnoonNAWIWNIRaunsaldulranluvue

¥159luaele uaazliaiuisadesiuns Discharge W1 Charge port %30 Charge K1
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¥
I 1

Discharge ¢ wananidelin1suusdn 2 wuu As 1) Single-cell Ain PCM MiguauALEATIAYY

wag 2) Multicell Ao PCM fianansasieldvanawadsasud 2.11

Y

Load-side Single-port Dual-port
N N N

r r r
Charger Load Charger Load Charger lood

,_I

Singlecell

B+
Distributed
charger

B2
~ v

‘ B1

PCM

Multi<ell

JUN 2.11 M53uunguiuuved BMS meness Iuiueaduay Switched Positive[3]

PCM Terminal Label lunisaiduwiiazyinnisaenuiuntses diulejialiaiiua BO

= = o a & < = o o

%39 B- WU IaUVBUUANDT A1uTIUINALTUNNNEEY BL AUDITIUIULUANADTN

a1u13a6alei(Bn) WU BMS sunilianinsasisiunnesounsulaviaan 3 wad anuanuing
|

Azdlfans BO B3 B3 N15#e Bl ARofaNtIuINgadusnLazdiausaan 2 B2 Aotiuinwadn

2
v 3

2 uartIauwaddl 3 uay B3 fletauinwadi 3 Wudisuaaiing uavnisdedudsentedn 2
Wuume 1) Switched Positive wag 2) Switched Negative 1ag9asluuLsn? PCM azdlan P+
Juvignatupunisitalaldeusie Power Switch fiAUI2RIN Bn+ wae P+ naifawlle
l N v v P o d' i o d' % =i
AaLUAMEIIUATULAY N13gldnulinalnandiuingd P+ uazsalvnantiauil BO AgUN
2.11 dueswuuiaesagaseinuiuaeiian P- 1unu mMsdeldnune Tivinveduansdeniu

Bn+ uarddavveslvansiai P- fagui 2.12
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Load side Single port Dual port
1 s

Charger Charger

l

Single cell

Distributed

charger Charger

Multi<ell
e

[d)

JUN 2.12 M3Tuunguiluuves BMS menesn nuiuwanuay Switched Negative(3]

Digital BMS asaUsznavdlugagimilouiu Analog BMS LLmzﬁqﬂﬂizﬂﬁWﬁm%’u
LanINauazinedeansiiudun
2.4.2.2 BMS Topology
BMS anusadnUssinnanudiuUsenaunasisnissowunnadle
1) By Assembly Subdivision
dunismunaugunsaididnnsetindnnelu BMS Suundsd
Single board: ¥1n@e19593AU Single BMU: Ad19 iU Single board usi Protector switch 2
pguendIuiy uavModular

2) By Connection to Cell

a o

BMS @111309aUsenmnlanuisnisee BMS 11iukunmes 69
JUN 2.13 Wired Wunisdeuniisienisiauany Cell board 1un1sse BMS wuuiwadse

wad wag Bank board Wun1sme BMS mane q Wired uraglifinsiiuanslnanadives
WURALABILTAUYI1TDY BMS Tnanss

3) Permutation of BMS Topology

NNTIAYUTLLANAUEIUYTTNBULALANTAD FIUTAIUALAY
Senvelnallanunisiei 2.5



mifmﬁ 2.5 N15IUNUTZLANYDS BMS[3]

Single-Board Single-BMU Modular
Wired Wired PCM Centralized BMS Master/Slave BMS
Cell Distributed master/slave
- Distributed BMS
boards BMS
Bank
Mounted PCM Banked BMS Banked master/slave BMS
boards
Single board Single BMU Modulcr
— r’—’—j r A . Al
= |, B | 5 s
- < 3 -— %
£ » PCM ‘%’ E > BMU Master TE
—u S P £
= U I ’ > Slave €= =
- @ —
S
E: bCE”d 2
" ) ¥ J.\ Slave €= :;
= e =
2 :-é bgal'ld '—’ =
_2‘ N.A. g Master é
H it Cell || €
a A boord E
Slave 2
Cell / =
board __
[ ) A
.- /—] T (_\%;_ \r—\
_E E:::ﬂ > E bB:CI:I'kd > Slave & %
- 5 |3 | 2 E o &
-E-{ E PCM. E ) . BAL |% —a .._ﬂ Master é
8 ( é - _g — 8
T B | B |
ol o 2
1] Inl Thl

JUN 2.13 M53uunguiuuves BMS memaiuasliliasuainl3]
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Wired PCM o BMS Unffifinisideuseisaduumaaiiu BMS deansl
Lansagualdaziwad ey

Mounted PCM fidnweuginilounu Wired PCM usazlufinsinuanalnlagay
sonuuuInlineAfuradLUmneSuRa UsELANLEuTousadeEL Nickel

Centralized BMS {1 BMS i Battery pack wuneg iy BMS Pack i ousie
Aumeanslvadiulngazlaluau High voltage

Distributed BMS 13w BMS 7101568 BMU wuuwad s owadlnanisld
wdulnihanuuaweslunisiey deffenisaisouanaliegesaiioluvnsi
BMS %TJ@@&UJ'LLazLﬁaﬁ BMU wadlnudiidsfanunsadouanizisadivlg lisndudes
Wasutoun deideforsngarhnuidenssiurensaduunneianadiniiisinun nnsds

¥ A

Toyada BMS fausnagsuuazdslulvimiges mitgesrzeuduasinvoyaluseving

Y

v ¥

fudeyaausnuéaSsaslulimiian fftaufasvhuuuilutos q wwdshanreuwdads
dedayaauals BMU
Banked BMS 1du BMS il BMS douiluniilasazuszneulusig BMS
vangfResguaadLUmmeITnesynsuiuegyanililaglifinsifiuangln nsdsdeya
Aousiay BMS azeuauazdstoyatennd BMU
Master/Slave BMS 10u BMS Aiuszneulusne 2 dau fie Master waz Slave
Tno Slave urazfazqualsaduumnaed idosynsunsuiunuaelniuazdadoyaluds
Master #2875 Daisy chain Bus %3® Individual link
Distributed master/slave BMS da311aa18Afaiu Master/Slave BMS wi
ayld BMS danuuiwadnolwadunu wagnsdideyaismilousuudtoyagavineazasly
T9% Slave riou ndsarntiu Slave siavmnfiazdsdoyalul Master
Banked master/slave BMS agwmilounu Distributed master/slave BMS i
Slave agsifuiwaduunmesnuUlldanglnuny
2.4.2.3 BMS Format
UBNLNLBN Technology Way Topology Wad BMS @11150uusaen

lﬁGHNﬂﬁUiiﬁﬂ@EJ Open board Enclosed #3® Sealed
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2.4.3 Cell balancing method

M3spauNINiTDIYadLUNMETILTUNTUILT I UYB L AZIYAGU TN AY

desaidhuntiieayldussusuiomun dedumnunduaiudivadusasiwadlaldfiusasiu
ity Fansretiusstusinafududnnisanmgivilviannuguesuunimeianas n1svin Cell
balancing 3eiAudndy n1531uunIT1s Balancing azuUseanidu 2 35@e 1) Passive
balance WuAdmshfiflanududou udaziin Loss 3usnluszuumsny [unsingsnu
Tifusasiwadluisliiu Shunt resistor 2) Active balance WUARnNsATUsEAvEAM U

1 a

frnududeulunismunulazn1sio99s 1fin Loss deevseliiinay laenannisfeuinegs

o
fa o A

NUVDALATTIAIN TN TULAANANEA

2.4.3.1 Passive balance

v
= o (%

a8 naluY19au 35n1stazdinadsaului WA eA  Shunt
resistor Favzuutoanlailu 2 sUuuy
1) Fixed shunt resistor method
aa Fa o R | o s ¢
A5A15UABUN Shunt resistor UINDVUIUAULYAA LA ALLYAALND
‘:J ada Q’lj v = A . ! d‘ 3 a
ﬂwﬂizf\;m NITULRUIEAULUNLH DT Nickel Llay Lead-acid LWI1EINLUNLHDINIEDIYUA
&11150MUN1S Overcharge Tngliliianansenuls Toffp9asinsuntoldafaiin Loss Tu

sUkuuANUSoUTIusag Shunt resistor fa3UT 2.14
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V2 == R2
V3 =k R3
Va4 == R4

E‘U‘ﬁ' 2.14 Fixed shunt resistor method[5]

2) Switching shunt resistor method

aa g = ! Y o . .

A8n1siagdguuuunisaelnad fgeiu Fixed shunt resistor
method usiaziinsifinadndfegu 2.15 wemuandui@alaeunfiazdu Semiconductor
switch LU MOSFET Voltage sensor kazlulasaoulnsaiass lnglulasaoulnsaiaesazsu
! Y] ! 2 ¢ al ' e o A ¢ | o 44'
ANLSIRUYBIUAATIYAE WanTignInwadnangn wlasreulnsalaasasdsdyayiouiie
Active MOSFET Tinnszlaannuuano3teaaiy o lwasiu Shunt resistor Lioaalssfuag

¥ '
ad aAaa A

11 35n151ilenTeAe Charge shutting method wazunfagldiununimes Li-ion 3501514

<3

ANUUNTBRBNIN Fixed shunt resistor method uangaiin1siiin Loss 8¢ wazUninseuai

ihluaneusgqitaagliiiiiu 100 mA per Ah dolwad

V1 =+ l:.ul Q1 |
A
V2 =% R2 l:'l Q2

k=

2

O =
g

R4 — <

- =¢_"$Q‘E|QT,_

U7 2.15 Switching shunt resistor method(5]
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2.4.3.2 Active balance

Aufna1buT199uL 35n15HaziuseAnSn1wniIn Passive balance

s v

wszanihuszliihanwadniussiunadudausyauunmesniigameaunsalsig o v
Tlsiifin Loss w3eiiintiey urazdnsiiuaelvuazmafeulusunsuaiuguitennnd

1) Capacitor based Active Balancing Method

P A o

Wnstirensihuszglnihfigininlusauszaduiulszy Wedn

) ., q
Uszamufvdszgauduiaduaindlusnusequuameindusfuding Samssefuiuyssy
fiu Semiconductor switch @1sauusnisaalatdu 3 35 Taun Single Capacitor 3501578
wuuil aluadfuussgauaiaieausasld Semiconductor switch S1uau n+5 fadle
n Fednunummeifireeynsuiu Fnstasinnunnilunisdsleundsnuusiveiani

gINlUNIAIUANAIFUT 2.16

[ Controller |

—

vi1=r Q1
A 5
H Q"l
vz=+ Q2 ||—_
——e—‘“"“-—f‘\— 5
v3i =t QO3
—e—t—] i @

va = .04

E‘U‘ﬁl 2.16 Single Capacitor[5]

Switched Capacitor 15 n111l azdia1nudelun1sil sulusunsy

a o

AIVANNTTIT NN NANNITVINNU AD AULAITUSIAUVDILUAWBTIEAAT 4 AINT1LaE

au 9 Wlaseeulvsamesavdiliaduaisdiiiotiwad? 1 lUdauszaduiulszqdm 1 e

o v =

WA nAuUszeian 1 lursawadd 2 wuaadshludauszaduiudsyadan 2 suwuuiill

1508 9 uURUTARAIN 4 A3UN 19(a) Toideveditnisiiaearldiianuiuninitusn uais

Double-tiered Switched Capacitor 35n15Haztuilauny Switched Capacitor Wiaziin1g
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Y

sefiuUszgunuiingndn 1 uaaieibigauszauuunselantiu WWlandaead wu
310 11U 3 9 2 U 4 fegun 2.17(b)

Controller | Controller I
Q1 [ o1 |
vi=g | A2 L cn
_qu =1 02 =C1 ’
V2= ] - V2= ol P
d1c 4 ¢ == Cn+1
T]Qs T o3 T cn
V3= ! V3= 1
: lcs3 : lc3 ==Cn+2
val 194 T N e L
I 2 T 2
—T 1 ca —T | ca J—cma
F?n—l yn-1
Von-1 =i T, | Vn-1= (‘
Ij | Cn-1 1 | Cn-1
on [ n |
\% l Q_._ \ 9
T L1

(b)

=

g‘dﬁ 2.17 Several Capacitor[5]

2) Inductor based Active Balancing Schemes
Judnuil $35Tun19vn Active balance §sdafivasnislddn
a o A [ . = < Y <@ A o a o

wilgnAe n15¥1 Balancing AzdanusIatiinddaiulsey wilewinduniiendiaeg
avaundsuluguuwuvawuwiwantiihfsdlondlunisia Loss ilisiaadinisdasiunis
aunudimdnliily vilisasyssianilaziigunsailesiunazlalaaiionas Short circuit ¥
TidsAfigaludin1snesasasiuseantaidy 2 wuu Aldnvagadedudiiulsey wuud 1
Ao Single Inductor nann1svinuedIeiuduAUUIZY (Single Capacitor) illalonLiadun

widnileathagtsinddniulsey 2193snsresndudsgun 2.18



[ Controller |
vi= QI
_'_—°/'— .Qa
V2= QZ :;
—— — 1

L Qn_;_"' 1 Qb

vVn-1=—F g o
: - Th—
N 2
Vn= Qn
—
On+1

E‘Uﬁ 2.18 Single Inductor[5]

34

WUUN 2 A Several Inductor #ANN1TYI9IUARIAY Switched Capacitor Waiagl

ANUTINSIUN1Y Balancing N9 AS3UT 2.19

| Controller |
V1= 1 _ILE
mf_\_
— ::I v2 =+
03 = L2 K =
Q4 11\
k V3T L3 =
(V'Y'\f‘\
Va4 = .|
Q7 = L4 =
| Y Y ¥y
QSR I=
—L=
Vo-1=5 o =
mf‘\_
vn = o
__Ia

5U# 2.19 Several Inductor[5]

s

Q(2(n-1))
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3) Transformer based Active Balancing Schemes
Fnshegldmteudasiniiuny Fadu3snisvi Balancing 75
fgaudfdsansnsaiinnisgdsaunuwivanlsivieusudiunieni defveanislimile
wadlyii Ao annsmineadniusstugeanlumialitumaddtussiusingld Fonisnmsd
11 Cell to pack wazaunsaiin
wad R ussiuiiganineadidussiuiaaiauaungrsali
Fudafule 139n38n15841 Pack to cell uazdsaunsany19asls 2 wuy e 1) Single

Transformer é’fﬂgﬂ‘ﬁl 2.20 2) Several Transformer ﬁﬂgﬂ‘ﬁ 2.21 1ua1nu

P ]
vn-1 =+ Qn-1 i = s

Vn T (::2"

Qn+1

| Controller |

E‘U‘ﬁ' 2.20 Single Transformer[5]
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| 1
4 E# - -
Vi - % V1 | g
T2 a
g N
| v2 T
v 3 T % g
] 13 -
1 B —
vI=s % = % V3T § §
o |
= _ T4 u
) [ [+
\
VA= 3 B § g
= Tih-1
— s1 : o - =
. _44"? g =
| vn-17T° =
Von-1= 3 n g
<4 'l‘ . U
Vo= % § - 3
I—' S1
E‘Uﬁ 2.21 Several Transformer(5]
2.4.4 Evaluation
of BMS
TagUNAwds BMS 98 N1SAILINAIA0TUERNT 9 L7 §91891UAN TNV
av v
WUALABSH)

2.4.4.1 State of Charge Evaluation tdunns1dimesndn o 7aeuanals
v 1 d‘l 1 = U dl & 1 dl d! a v v
AlFunsu Avllazusueniandanuliihiviosd vesuunnes FelasUnAuaiasdomn
AMUAUNUSTZNIN OCV-SOC ANNISNAADUNIILINYAALAAL wAANANYAE N bl wilauiy
DIINENARUIIN T ITUNIDITNNTEARINU
2.4.4.2 Effective Capacity Evaluation tdun13518imes 7 Usuenfiasnuiu

NAIUNIMUANRUARBIYAnTsazaunsaU  URNUlE

a

2.4.4.3 OCV Evaluation t{un1sfimesfiuansdausefuvosuunmes vals
Tilgsenselnanle 4 suwdwnuiumunmeluresuwunnedioe

2.4.4.4 Internal Resistance Evaluation {udmmnsnfimesfivsuendeinainy
Frumumeluvesunnes umiiddad BMS avdemsuiieldmaum ocv Taeenils

31NN1INAaBN Constant pulse current discharge
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2.4.45 State of Health Evaluation Lﬁuﬂwwwmﬁma%ﬁﬂwaﬂﬁaqmmw

[y

wummed MssuauAElinareitunndrsiuoonlutuegfudian BMS Tnadn SOH LHue
mw‘hmaLf’faqﬁuﬁaiﬁ;ﬂ%’muﬁmﬁu%’hmiﬂzLﬂ?{amwmmaémaéﬂfu o naokl
2.4.4.6 State of Power Evaluation Ludiivsueniisauanunsalunisane
il o vaurddu etlostunszualwihiiazgniseoniiu §s BMS agdearsiunissinan
Panunsadeidaluiilalaifudng
2.4.4.7 Ground Fault Evaluation v1Jusndiléainnisnaaeu Capacitance
serhauummeIfunTdriiazsuenivnnufinunflaeiandiasmneisanslnenaas
g eniigemnefa nselvanenasgnaeduuummeilaeiilinisazgneioeg
2.4.5 Mode and Logic of BMS
2.4.5.1 Mode
Tu BMS asilmusmsvhauiituegfunsidesselnanvioriosssa
uazidanouenanlilasaeulnsaaesndniulusosudliiii axfindes ECU Mdugudnans
MsMUANSEULANS 9 Tneundndd BMS azlilnundaguil 2.22 eguszana 7 Tnun o
1) Low-power %38 Sleep mode
Tulvueduumned azdnniadeudatulvansiuntsidand
AouUNATEIAINT Fatiu nszuavhgniseenatniummeiaediandlng 0 faiuunmeiuay
NNSAUNTELEYRIURTA BMS Msinreamaliuasusiduratudaziadaslignaniunis n1s
doansszarinszuvazegluaniug Idle Mouiu Mogunisusngueddvunifedionmyua
S0EUAYNADADBNIINTD
2) Periodic wake-up from sleep mode
flaugdd1 BMS warlnanaglugnldnuuds widlewmananaiy
Usznsvilideaiiilenduluns Self-test 019 1l ansI9a0UMT Balancing Yedusazivad
Wiouszidiu SOC a vmeiiu Tnensiazdlnundlu BMS asdeafigunal Real-time clock
vide Timer uazlilaslusiwalwesififdslnihisannifiefiazdoasiu BMS shenisieas
WUU Serial bus
3) Idle %39 Standby mode
Tulnuniuunneiazdininnndeudofulnanuioweiossda
o winsinAwinaazgninguussiulazguvgfiveusaziuad Fault detection 93i3u

MaukazazisuUssiiy SOC n30du 9 auilanduly BMS TnuatiazusingUuile Startup
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38 Shutdown Tann3einswnsa WiefiszasivaeuinnsUanineuwnlzUasnsese
LunmesLazlnanvsoIAs e
4) Special operational mode
Tulnunievdulnuafiiasiissdantiineuunaaniziiie Pre-
charge %30 Soft start iy InegnUszasdfe dostudunseannsmnssuanienszua
Tuargiiulutag Peak
5) Multiple online mode
vszuuldszuuedetieiientuiiefiay Charee w3 Discharee
6) Error mode
Tulwueilsyuves@alnunidenuiudelanaiauisusznis
BMS agliifinsUanthreuwnaauningldasiafestoranainle
7) Preconditioning cycle mode
Tnunilasfiiannz BMS fidszuu Heating n3e Cooling Taen3en
s Thermal management dsagyiimsusugamnilillifourielduiuludsegludi
wangaunoudunsldmununneimnegunsalin 9 wuinauviednmes uazmineuuna

\Wan1s Charge 30 Discharge 9xQniUa

SLEEP
(contactors open,
BMS powered
down)

Wake stimulus (digital 10 or CAN message)
Clear Fault

Request

STANDBY
(contactors open, |—
BMS monitoring)

FAULTED

Connectionrequest |— Fault —# (contactor
opened)

SHUTDOWN Disconnection | F&Eﬁ:ﬁaﬁf J
(contactors request

opening) closing)

READY
Disconnection
— ——————— (contactors |—

request closed)

35U 2.22 Relationship between each modes[2]
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2.4.5.2 Logic
1) Power-Up control
BMS agUsgnaulunae Negative relay, total positive relay,
pre-charge relay Wwag charge relay (lus;uﬁ"t,ﬂu Dual-port) vl apeefnns o1l ause1993
wuRAe3IRagURl 2.23 Tumsideudeuunmesitniulvanegnasini azfinisenszuaiigann
Fodusunsoseuunne’ saiusiuiinzdostenasdfusmuiuiieannszuaneude
Pre-charge relay LﬁaLLiaé’umam’aLﬁuﬂszqmﬁﬁ’uLm@‘i’mwmma%" svdaduunla Total

positive relay unu lagagly logic gy 2.24

R -

+

AN —

g VY Pre-charge ®
z — relay =1
2 N TE
g Converter Positive 1 =
3 relay 2
= =
g T

Negative

relay
>
3]
H
3 Charger
@
= —
= —_— —_—— o o
= Charging

relay

g‘U‘ﬁ 2.23 Wiring of relay [4]

Received
power-on
instruction

Close negative
relay

Close pre-
charging relay

Voltage meet
ragquiraments?,

Close positive Open pre-
relay charging relay
Open negative
relay
¥
Return
Open pre- H
rechargin
charging relay nﬁert\mcﬂsrrgur

‘ l
Power-on
completed ) @WEern fawl@

U7 2.24 Logic of power-up control [4]



2) Charge control

a0

nsysaazdulumuninsgiuaina nsviseianysalasduly

m’mgﬂﬁ 2.25 LLazaa%ﬂiumsm%ﬁ]%Lﬁulﬂmmgﬂﬁ 2.26 waz 2.27 Feazidunmsuaniuasy

ToyausENIUATOWITAUAY BMS

Error
Error
i handling
Reconnection
@
£
g
Q
Physical Charging Charging . End of
connection —= shake hands —=| pe:\frgmetgrs Chlargmg = charging
& power on stage CORPILMRTIGN stage stage
stage

gﬂﬁ 2.25 Charge flow[4]

—

BMS

Send message of battery
charging states and charging
requirements to charger

End

Charger

Receive battery
charging states from
BMS?

Send message of
charger ready to

BMS
(configuration
stage)

U7

_¥

Overtime
Receive charger
states overtime? Y
Receive BMS
N Y— charging requirement
over time?
Send message of battery
voltage, temperature and
SOC to charger
Charging
stage Send message of
error charger states to EMS
alarm
Batteries are full or
receive end charge
message from eharger?, Batteries are full or
receive end charge
message from BMS?
Y
Send BMS end hSEHFl charger end
charging messags o c a'Q'“QBTNESmQE o
charger
4 Overtime
Receive permission Receive permission’
of end charge of end charge message
from charger? from BMS?
Y Y
End
charging
stage

2.26 Communication between BMS and charger during
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i Send message
| of end charging

ﬁ BMS Charger

: to BMS
M | Send message of _ | (cheraing stage) |
battery charging Received message J
statistics to charger of battery charging N
tatistics from BMS?

Overtime

Received charging
statistics message
from charger?

Send message of

vertime -
—l charger charging
statistics to BMS

o

End
charging
stage
arror
alarm

¥
End of
charging,
power off

E‘U‘ﬁ 2.27 End of charge flow[4]

3) Temperature control
Tun1sfazmuaNg vy vesuunnes azdeainnis Iiasie
LuRReIUAazLUURDUINT wLURIMeIusarsTinTitsenmglinsyhauiuanseiu Wevsiu
AudasiitavaEulURea1 Threshold Tu BMS daen Threshold tagutseanidu aia 1
waz 2 Tuthegumaiige waziana 1 uaz 2 Tudrsgamgiie Inendnnnsmugude iile
aumgiiAu Threshold tataa 1 Anmualilutisgamgiigs BMS azdeasiulnaniiiolvian

[

9
Aaalnil widAuaiaa 2 luds BMS azuduiiowitaumgiiflaiidauauazindawln
o e oA v o
SiadineUasnuduns18a1n Thermal runaway
4) Fault alarm and control
A A A 1Y Y o

MITNG 2.6 ABA1TALAAITEAUNITUT LA ULAzAUANTY
A01U¥N130069 9 aAn Threshold AidsAntiFauunnes LFP fiioaunsuiu 120 gn A1uY
g7l 210 Ah kAEANTN 7 FeNSRTIRABULALALTUNTAUg WY BMS LilalunmeIiiniy

a a

NaUNe



A5 2.6 Sample BMS fault type[4d]

a2

Grade 2 fault

No. Fault type Grade 1 fault criterion
criterion
Setting temperature non-equalization
1 >10 °C -
threshold value
Setting voltage non-equalization
2 >0.3V -
threshold value
>55 °C (T
Setting over-temperature fault >50 °C (T, Battery
3 Battery
threshold value temperature T,
temperature T, .0
Setting cell over-voltage fault
4 >3.65V >375V
threshold value
Setting temperature cell under-voltage
5 <30V <2.8V
fault threshold value
Setting total voltage over-voltage fault
6 >432 V (3.6 x 120) >438 V (3.65 x 120)
threshold value
Setting total voltage under-voltage
7 <366V (3.05 x 120) <360V (3.0 x 120)
fault threshold value
Setting over-current of charging fault
8 >1 °C (1 min) >1.5°C(10s)
threshold value
Setting over-current of discharging
9 >1.5°C (3 min) >2 °C (60 s)
fault threshold value
10 | SOC too high >100% >100%
11 | SOC too low <30% <10%
12 | Insulation fault <500 Q/V,but >100 Q/V <100Q/V




15197 2.7 BMS common safety measurements[4]
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No. | Fault type Fault grade Criterion Measurement Note
Cell battery Derating current
1 Grade 1 Viiax > Vi Alarm + buzzer
over-voltage charging
Cut-off main
2 Grade 2 Viax > Vi Stop charging
return circuit
Cell battery Derating current
3 Grade 1 Vi > Vi Alarm + buzzer
under-voltage charging
Cut-down main
4 Grade 2 Viin > Vi1, 12 Stop discharging
return circuit
Battery over- Derating current
5 Grade 1 12wl Alarm + buzzer
temperature charging
Cut-down main
6 Grade 2 > Ty Stop use
return circuit
Derating current
7 Over-current Grade 1 >l Alarm + buzzer
charging
Cut-down main
8 Grade 2 [ Stop use
return circuit
Derating current
9 SOC too high Grade 1 SOC > SOCyy; Alarm + buzzer

charging




mi’mﬁ 2.7 BMS common safety measurements (%19)

aa

No. | Fault type Fault grade Criterion Measurement Note
Cut-down main
10 Grade 2 SOC > SOCy, Stop charging
return circuit
Derating current
11 SOC too low Grade 1 SOC < SOC,; Alarm + buzzer
charging
Cut-down main
12 Grade 2 SOC < SOC,, Stop charging
return circuit
Insulation
13 Grade 1 Rin < Ri3 Alarm + buzzer Quick detection
fault
Cut-down main
14 Grade 2 Rmin < Ri2 Prohibit use
return circuit
Contactor Non conducting I, < Cut-down main
15 Grade 2 Prohibit use
fault . return circuit
Cut-down main
16 Grade 2 Over-current I, > I, Prohibit use
return circuit
Pre-charging
Non conducting I, < | Cut-down main
17 contactor Grade 2 Prohibit use
o return circuit
fault
Non conducting I, > | Cut-down main
18 Grade 2 Prohibit use
lo- return circuit
Contactor Non conducting I < Cut-down main
19 Grade 2 Prohibit use
fault I return circuit
Cut-down main
20 Grade 2 Over-current I > ;. Prohibit use

return circuit




mi’mﬁ 2.7 BMS common safety measurements (59)

a5

No. Fault type Fault grade Criterion Measurement Note
Air-machine Non conducting Ig,, <
21 Grade 2 Alarm + buzzer Quick detection
fault g
22 Grade 2 Over-current lg,, > e | Alarm + buzzer Quick detection
CAN
23 | communication Grade 2 Overtime: CAN > t Alarm + buzzer | Stop car nearby
fault
Pre-charging Cut-down main
24 Grade 2 Overtime: tpe > ton Prohibit use
fault return circuit
Voltage detection
25 BMS fault Grade 2 Alarm + buzzer Quick detection
abnormal
Temperature
26 Grade 2 Alarm + buzzer Quick detection
detection abnormal
Current detection
27 Grade 2 Alarm + buzzer Quick detection
abnormal
Total voltage
28 Grade 2 Alarm + buzzer Quick detection
detection abnormal
Insulation detection
29 Grade 2 Alarm + buzzer Quick detection
abnormal
Storage detection
30 Grade 2 Alarm + buzzer Quick detection
abnormal
Internal
31 Grade 2 communication Alarm + buzzer Quick detection

abnormal
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m'i’lx‘iﬁi 2.7 BMS common safety measurements (59)

No. Fault type Fault grade Criterion Measurement Note

Real-time check

32 Grade 2 Alarm + buzzer Quick detection
abnormal
Battery
Voltage inconsistency: Quick
33 | inconsistency Grade 1 Alarm
Umax = YUmin > Ug, maintenance
fault
Voltage non-match: Cut-down main
34 Grade 2 Stop nearby
Umax = YUmin > Ugy return circuit
Temperature
Quick
35 Grade 1 inconsistency: T, - Alarm
maintenance
Tmin > TB
Too full
36 Grade 1 Storage full Alarm Quick read
storage
Battery
Battery anti- Cut-down main
37 magnetic Grade 2 Prohibit use
connection return circuit
fault

v a A v

2.5 UsiAlsIUNIIULazaUIdeneIdas

Tud p.a. 2021 Khac uazanyldesuediuysznouiugiumng 4 veslasuuaglivi
N19MAa4 Brushless DC motor(BLDC) $1uau 4 daluganaaead lwnadad wd onn
Armnsdimesveslasulnenisuseivguviandndmivdalassveslnsuiisestiu BLOC
motor Wag Electronics Speed Control(ESC) Tnsaonuuulsiy Pitch wyulaflénadild de
14 Khac wagangldlusindmstuiidudsninussiununneiwaznszuaiiluasenain
wunme3ulnun Take-off Hovering uae Landing [8]

Wang uazanz1sinng Optimize M31UIUNITHOVUIULAL BYNTUYDIUUALABITIA
faglulusladnstufiunnsneafulilud a.a. 2020 TneBuanmsmuuuiassynandamans
veslasuneuiiusznoulufeluin 1isfudenilinaussannuemes BLDC uatnefiildaiie

A liiuluin@agnauauiie ESC uwarwunmeiiiduunasinendsnuliiliiu
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SYUU 8991NTU Ao N5 Optimization #1e38 Trajectory optimization KafllafpauIsam
FUIUNTARVUIURATOUNTUTBUAWRSNAgyI Indulauungalulruan1sduluy Take-
off tiaz Hovering 1ansIuAMIsENesAN 9 va9lnTu

@ 1 a

Tulnun Take-off N1ssivvUIULBINAMUVRMUAMBTITTUlAUIUNgRAvaLlloll

ANSABN LMUNZAYN N15FBVUIULINLULE B1ASUABIU1LAS 89T UL BLDC motor a¢M a9ty

[
o w a =

maslnihganemuluinaiaussenlvinanhuminnmusavesiilasuiasiuiule vilv
aa <) Y] 1 v a <@

ANNVBIRURIILalUnanaidunsElnantiiulasuwaznissiedesiiuluidialagnse
Mlvszeziiain1siuduas

dululnunnistunuy Hovering astlun1stunldmdsluiasivinnissuiunisde

A o a a X

YUTUVBILUALADIFINE MATE Uz 5 TUTR AU ALTU[6]

1ud A.f. 2019 Ngoc Anh Vu laeenuuussuutupaouredlnsunsinenslnginnis
LﬁusﬁayjaLﬁ@Lﬂ%EJULﬁEJU‘JW’jN Power—-Mass Mass-Internal resistance 994 BLDC motor
Internal resistance-Max continuous current Mass-Max continuous current 489 ESC &

! 2 = oA = Y o v Y ' 1A a
N R? Fadudnivsvenisrnudnnuuesdeyailetdosnit 0.5 udiliauladansiu
| = & v A o = a QJ'

wiaznsminisinuteyaiiethundisuiieuiiusynaaaals

N894 U Ngoc Anh Vu lAYIAISHILUUTIa0INeAmaAIdns aIlasulaguys
ponilu 2 luina Ao Electrical model way Performance model Wagy1a@un159 a5 une
FENINANUVBILUAMDTRATTTEELIA LN TuY

1a991n1U Ngoc Anh Vu lanaaeulunanaziiwanlaliassnsimitesuretisdivn
lasuwuniuszezaIninsuazaunso TulanIudIuINN1TH O TUIUKAT NN TADBYNTUVBY

aal [ v v | = v sa Y a v A 1
LUALABINUANAAUAETATUTY DIl -MGL Fanaansnvagnanseuliinunainnfouat
13%[9]
Marcin wazauzldoanituudiulsznouse 9 veslasulaenaansgavineidunis

o

Auszegatlunsdulilul a.a. 2020 Tngisuduainnisivuaguwuunistdaudae
Yuagiuai Thrust-to-weight ratio Fa.luAgnsndiuseninuswenvadasuivdminlay
JuldbivaneAauegiunseenuuuiu Insuildlunisudadunnunsa A1 Thrust-to-weight
. Y A ] = Y = P ° A A
ratio AvaiAuNNImTewiniu 7 vselasuildlunmsussyndmanlasunisinens Azl
AN 2 nasantu aznsmnldesuneiiausseniidensnenmsiseu usadanornusa
59U uasMasmannuiIseuvedtuiin
\engymdmnnanuemefagdeseluluiniioaisusieniiseans Weldamas

nakazluidenuamasnanudaulvisazlandamisluidioanun
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dleldmdmidldinugs Failuiden ESC finusio Max continuous current dans
FeuluuaziBenuuannedfisl C-Rate flamnsndienssuauasmnzaniuidsiivesewmes
n&e91nttu Marcin wazazldtiaun1sues Peukert i o103 Uen15anat o ILT Iy
wusmestaeAnduseu 9 i Time stamp 18 1 3wft dloRnaudsseuiiuseiuuunmeieon
niusduiifmundsUnfiazegiia Nominal voltage qaufieduausHeaynss aziodn
\duszeznaniimsilasuasaonuds Sehdiuiuseugadu Time stamp 9zeanuiy
sveznaMsduvesiasusty

wds9nthy Marcin LLazﬂmﬂéfﬁ’lmiVIﬂﬂaUEQJJaﬂEJ%ﬁlILU%SULﬁSUﬁU%@H@ﬁ%’N%N%G}
szyly nadwsldReanunsaussiuliudifiarmnainndousgineio]

1ud A.f. 2021 Benitto lﬁaaﬂLLUULLazUizawi Battery management system(BMS)
fiam13n Monitoring Amn313mes State of charge(SOC) State of health(SOH) wsaduas
usiaziwaduazgumnlivesiumned Lagifiuszuu Cell voltage balancing MUANGANATvDS
LUmABSMETAaNTEUEeINA wazhiufioudlie SOC sinin 20% Tneld Microcontroller
Tun1suszaranani SOC ag SOH laald3s Direct method(Open circuit voltage(OCV))
waYoyang 9 wandN1U Open-source Grafana N15Yufinteyadzld InfluxDB daun1s
Balancing cell 9214/ Passive balance %28 MOSFET lunisdaillnTafisiariu Power resistor
Tunissanszuaiiioanussdureauunneifigsnitlianasnvineaduunneifmign du
gaungflavldiwuweed LM25 luniseur1gam 9 uduiwuivesviln Analog output
voltage[11]

Madhav VLﬁaamLUULLasUSSﬁUﬁ Uninterruptible power supply(UPS) 131ud a.a.
2020 Inendnn1sAeaz AC to DC Converter 3newdaauiiiewiauunmasuazdteli DC to
AC Inverter ifteiaedlnan ioudsinelnnszuaaduiinuentumn Microcontroller 9w d3lv
g sulni191nwunme3 ungeli DC to AC Inverter wnu @3 UPS Sd1uusznauves
LUARB3 Madhav 5ead1a BMS Jusndaelaeiiniiiindn q fie 1) Jeaiu Over and under
voltage wag Over current Tunsel e Charge wag Discharge lnglyd1idudoed Cell
balancing 131z Madhav denlduumaedifieus 1 wad

wdnnnsiieadesfienism SOC 210 Columb counting Tae SOC 3udumilédann
n3MAINENTUS5EMINa OCV-SOC 7M1 Madhav S4eyasgudiuaznistuduiunseua

Madhav tdenle LTC4150 L‘ﬁugf’lﬁﬂL‘ﬁ@ﬂ?ﬂ’]ﬂﬁ’m’ﬁﬂﬁ]i’m%‘Uﬁﬂ‘V]’Nﬂ’ﬁi‘Mﬁ“ﬂ@ﬂﬂi%LLﬁlﬁ?\J 1ile

'
a o w

n3233uld N linsuitan uewunne3 n1dign Charge w3a Discharge 8¢ il o¥135U

AMITIMeINNOL1INAZELTINT SOC o vausula[12]
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Tul) aA. 2021 Ananthraj waganzldasuasdsenauuasndnnisyaudosiues
BMS 1 Electronics Vehicle(EV) & sazUsznauludae 1) Block diagram fiusznaulusag
FEUUHN 9) 7 BMS ansiide 1.1) Battery pack 1.2) Measurement block 1.3) Temperature
block 1.4) SOC and SOH estimation block 1.5) Capacity estimation 1.6) Equalization
block 1.7) Signal block (To ECU) 2) aguteftesesvasuunneiusas Ussiamitlilu BV 9
wunneIaBes-loseu (Li-ion) Jeulifigainaeilengnisldauuas Specific energy g4 3)
LUUT1AINIAE ARERSVBLUAADS Li-ion 1neld7495 Open circuit voltage 7 sadae
Internal resistance AU Resistor-Capacitor network Imaﬁmadi’l’sdﬁ]iﬁm’mau@aﬁﬂﬁ ocv
iU Terminal voltage wdsanifud svhn1snnaes Constant current pulse test Tneita
ﬂizLLaagjﬁ' 1C Huan 180 it uawitn 3240 it nadnsanmsvassiiasyilsinsua
Internal resistance Mﬁﬁmﬂﬁgu%ﬁﬂmwmm Continuous constant current discharge
test vl oMIALFURUSTENT19 OCV-SOC Taesn OCV fi Terminal voltage @au SOC 14
Columb counting method ta21nauun fit curve ey Non-linear polynomial trend
line 5™ order wag 4) innnsnsavaeulanalag Continuous constant current discharge
test A 0.25C 0.5C uag 1C 49 Ananthraj Waganzldasulilumaiwaundanuadiends
Sudnuarwunes Li-ion Tnenisasslanasie 9 senwuuniu Simulink wag Simscape[13]
Tutfaguudnndanaluladmdaduitenliuiiu ev e Yyaruseavga) 3
Jeewandara wazanzlsiudeyauazimun Al L3l e 2021 dwumsiug SOC fg
Electro-thermal battery model YOILUALADS Li-ion tiauSuldiu Battery energy storage
system lpaLiutaya Data set AIENANIMARBIAE 1) Constant current constant voltage
charge test 2) Constant current discharge test 3) Pulse discharge test 1a# Input 994
Tuinafe ussfuLUALADY NIzUaTigNAseanIINLUAEI LA gAMARITiunuNanslnelaLnad
uansnsfueanluds 7 lua lnglumaffinnuwiugianileldinneglusnuuszion Real
time #e Moving-Average #ifif1 R? &1 0.999302[14]

[

n1591 Cell balance ud nuilstadandrdansizidunisyieiiy Lifetime 99

a A o ) aAa 1w Y VYo =
wuawesiaullomansenuvesusaiuwunnesiilimiiuld Hemavathi lavins@nwuay
asunannisviau defuazdaresuatusiay Cell balancing method 13lud a.a. 2020 lngld
wusrinaenidu Passive balance wag Active balance

Passive balance L‘U?&J‘ULaﬁaumiﬁmﬁzLLﬁlWﬁwmﬂLLiqéﬁ’usuaamemﬁﬁqmjﬁmﬁﬁ

.:4' ] Yo . A a ¢ aa s a
Wq@lﬂQWSIMﬂU Shunt resistor LW@aﬂﬂfnll'ﬂsU@ﬂLLUWL@@ﬁLL@agL%ﬂaaQNW /UILLAA Loss
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ag19uuuuI uluisniuszansnmiesiian 1olawanzaniug Charge winuwagldiianlu
n13 Balancing W uNIUsIRLALWIINY WideRvediilfe waslinnuirglidudou Toaunsal

[y

WA Shunt resistor kaz MOSFET 1d1uIuveeaduuninesineaunsuiu

a 1 = a

Active balance 11337 ¢/ 981029958 Anududounsnduisaiuszdniainnin

Passive balance N13 Wiring iU Programming ANU81A48a8@IUNINAULTEY O1La9nI57LAY

=

angldne nslisulsunsuiiieniuauazenn Wudu wannsviaufe nMsihweaiiusenu
geaningaasulugsadafidussdusininlagaunsalvildvrsaudalaidu 3 wuu Ae 1)
Capacitor(C) 1 ugUnsalfiiin Loss Wesfigaidsvilildgunsalteemulusamnszludas
Uasiunsasyde Loss nannisaetigaaniiusaiugeluniausean C udrdahlunsaead
Pflusedusi 2) Inductor wiaduuileni iWugunsaindaulilunisvih Balancing usaziiin
= I @ = Y = 3 [ [y v [y 1o = o
Loss 9nn1sgayidsaunuusivindsiedigunsailesiu ndnnmseaeiu C uddimieaninag
azaunasulugluuvawuwdman 3) Transformer niansoutandugunsaiifiaaulalu
n9¥i Balancing wuiu uazdsaunsaiia Loss annisaideauuwimvantadnguiu us
Y aa ° saa Y] v o & s 9 Yoy o [ |
TofrpaInNwaaNilLTIRUaIN IR aIan T lmanls Saunneain C uaz
Aanflgadingzaoigunsaliuagyinnisvsagandewas wasdiaunsoulaaniiusnuy
geanlunTalniiussiundinlagediveisenii Pack to cell wag Cell to pack MuE1RUL5]
Y o a = a I3 aa ° Y} =
Mars wazamz lavinnsiseuifisustavesadiunaesnaiuisaiinaunilglmian
Asabalud a.e. 2017 FalauSeuiisusenInawummas Li-ion (NI-MH, NI-Cd) wag Lead-acid
lnglaoSureisdnumusYaslunlnes lagsaunauAsLunLAes 7 ¥15 99 la b oLl
Electrochemical cell #lvnasaumsinimiuasiadaulununines dwang agdsenauld
9 | & & = L 2 o o v 9]
A28 3 d1ufe 1) 71UINn3e Positive electrode (Cathode) WWuth9iweuls Electron Tuadn
Feagviliiiansyualufiaaiun1enu Electron lUnasidsslvan 2) 99aunie Negative
electrode (Anode) 1ua27inas Electron 3) Electrolyte Juatsazanesfinilefianunsali
n15ulWA1ve9 Electron 5817913 Cathode wag Anode 19 wageaSureiiswadunazlszian
1ng Li-ion 9197 Cathode agUsgnouluaians Lithiated metal oxide wazd2 Anode 1Uu
Graphitic carbon lagfl Separator W0 ufA usEnI19 Electrolyte 581319 Cathode way
1 1 % o & . [ a a
Anode usiazausageulnlossuriulula n1svineude Li atom aznaeilu diSvuleseu
waztAdaudea1n Cathode TU Anode Tuaaiunisalgnsadiuns Discharge asdingAnssu
n3eiut1uiu Tofved Li-ion Aadl Energy density g4 Lead-acid #10auagUssnaulunieg

Metal lead @rutruanazidu Lead dioxide ndnnshenssmdiiulusves Oxygen lagld
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Electrolyte findeuiilils Oxygen ﬁ]%ﬁ’]Lﬁﬂﬁ%ﬁU’JﬂiUizﬁ’j’Nﬂﬂi5®ﬂ§3ﬁ;LLﬁ$ﬁ]3ﬂ'§8%’lﬂlUﬁ
{hau dunsmevszganinufizeniinsediuiu uasNickel battery fassUsznnde Nicd
waz NiMH ludauwes NiMH 7id2uanie Nickel hydroxide a15azane Electrolyte fio
Potassium hydroxide Laztraude Hydrogen-absorbing alloy @1 NiCd agiiasAusznou
witouufu NiMH vnagaeniutauiild Cadmium hydroxide Wi NiMH 9gA1119
111N NiCd 2 8¢ 3 Wi Fafeuaziiu Li-ion ust C-rate 9gtiosnin Nicd Fadefives Nicd
fiofl C-rate g9 @130 Supply Wanfisiidsluingsls wasdiannsadauszqlietnasani
uite1defe 15 Cadmium Huamsifidunsesouyudiiduaimnvedlsafivuandouvie
Tspdla-8lald 89 NiMH TianuvasadosenisTénunnninnsglifansfivlis)

Tula.a. 2019 Seyed ldniArmsfiwesans 4 meluwummes Lithium Titanate
Oxide (LTO) Tnelglduuusaadlniiiivsznevludae ussiuiitauunme3 Open Circuit
Voltage (OCV) Fadnuviuniely wag RC network 2 1995 43 unaden1snduuunves
LLN@T‘LA‘W%’JGUENLL‘UG]LG]EJ%‘I‘I;L?QQﬂﬁﬂﬂi%LLﬁIUESHSgULLaSiSEwEJ’n Fansmanuduiussening
OCV-SOC Armnuaumunely AanudunulazaiuUszyluaeas RC network 9z

1#31nn15nAaes Pulse current discharge testing Ll 8N 1UAY INUALSINALANUITON

aun1sauyan1biinveswunnasla (7]

26 dsu

9

unillanantsorniAeiulsaudunialasu WUALMDS Way Battery management
system 130 BMS laglad1dusiluudnasaneamnf1dnsvolaTulaglunLneIg9anuise

inldseynaldlunisUsediusvegiaailunistula wagledvinisiwSsuiisununnaindly

IS a a

a = aAaa I a A v a L.
annautawunnesnenltlutegiu Fuvguaniidenlduunmes Li-ion isgiiusednsam
geangu Cycle-life gavinliiongnisldaulauiu Self-discharge avinlinisiiusnun

wuatmadidlaldlaldauazasusaduld o vaevinn1sdnuseq Power density geuazd
3

a

wsssulviinaanduuduiigEanis 4.2 V e 1 1was JeRetefninulatalieisuuiisuiuy

d' a 1 o @ d'd' (v o Y o 1
wusweTimalulaginn vilbrlunsuiiawunnesissuuusaiugs o asihnldduulunisee

aunsuiutosas laeuumnes Li-ion Sraunsauuslsennansiality Cathode lngansiadi

'
a a a a a =

widenly fe Asvuliniialaveasdevalilloneanlednia NCA wazdundAyngalunisly

] <

A
Y

= % Y] = = . . 1Y)
QWULL‘UWLmaﬁmﬂwq\iﬂqu@ﬂﬂigﬂqLLﬂgﬂ"lﬁlﬂigﬂqﬂa BMS @3¢ ADY monitoring b33NU NITLA
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'
[ a o

wazgungiluvagldiu dududadedidynviliuunmediiausingnisal Thermal

runaway adudunsiesewunmeiuwasdilldinues Tnsasdenjuiniteuasluinieuly

N99na1nAe Digital multi-cell single port Wired PCM BMS
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35n15010UN15I8

3.1 g

mideildhmssenuuuuunneitimnzaudmivlasunisinuns daasduain
Anvdouyaiiuguvesinsunouuddvinisfnwuumaeignifuilasuldos ndmmiu ag
yhmseenuuuussaSasiliiuuummeslnglflusunsy Solidwork wdavhmstusudeieies
3D Printer ua Laser cut ndsainntuagyhmauiianummeinidonldlitinsdefimunyay

AULASUNITINYHS

3.2 Tasumsinens SB1
Tasufoiduiteulavanlunsesnuuuuunineideiesdiiianrudonisigunsal

aelulasufiaganunsnduld orfitu wsadulnihilasuazanunsofuld wiedmdnsay

Fonunlasuazusannld Wudu deyamanisidudeniseenuuuiitelallfAnmuideme

neasnihnelursegtfivmannnisnlasusuuminiiu

U7 3.1 Tnsunsinums SB1

3.2.1  dayaiugiuveslasumsinens SB1

' v
aa v o ]

Insun1sinyns SB1 syuv 48 V dagui 3.1 1lulasundduhdmsuussyle
Wld 20 dns Faduindaumieueines X9 Power System 110KV faguil 3.2 {usduau 6 67
Tnetuseiuluiingegainsu 522 v nszualiisieifiadligean 720 A uasdialduudunan
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10 3wt 1A 900 A FeazviliueineinyuAIeAIITIZIGAN 5742 RPM LaraInNNI3

fuadaunigluiinia 6 Mazyiliaiunsoadausenlagegnegi 115.2 kef uiuseeniivig

a o

Andnnuzt1avegi 42-57 kef Inglunistaimtinvedlasumensidsayldlisesnvedlasuds
1087 1.6 kg Fudlotaudrvzladminiuviananegi 21.8 kg axvilvinsuiniminves
I5uALRSeazegn 20.2 kg AT3UN 3.3 AN milndeld n1siaveslasuiazussyden

U3nng 20 Ans T3010u 40.2 kg LATANMUENNNTOVDILDLADINEI1TIBNLA 42-57 kef 2zvi

TanunsaeenuuukuawmeInduwmnlaliiiy 16.8 kg

JUT 3.3 M3t miinlasuy

=
3.3 LLURALARDI
wusnastoidududdglunsifuuamasnuliiulasu Inedadugunsalussian

Electrochemical fie gunsaifiendeufisemuaiiniandundsaumsluihliiulvan lag
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[

Tunsidentfiawunmesazianudfgiiardrnsanazanliunslduazanuvasnde da
waneinidaduiifonfouunineiate-losou
33.1 deyavesuunmainildegiagiu
U3 nlitagtuduuunneivealusud OK Cell vu1m 175x290x110
avuy. vndn 8.4 kg ﬁqgﬂﬁ 3.4 7i%u595u Nominal voltage ag’ﬁl 51.8 V Jangluina
wumme3azUsznevlumenunned LI-PO wila Pouch cell seaynsuriueg 14 wad laodl
AuqEil 28 Ah uagRsnszuageanld 20C nsldmiluilgtuasiiuunmeiagitamn 6 gn
Souumnoingniumelasugnldaunun azadugndrsesuildunuuaziwunnoiinunly
PfaUszIueguuUll Seaefouaragil $859 videulanlunailneegit 20,867 v

(Wlassan o uit 2/3/2566)

5U7 3.4 OKCell Battery 14S 28Ah 20C

33.2  uuaweslvaifianidenld

MnnsAnudeyarauunmeILuuIi ek wunneIABe-looui
auiraulafiga Wesanfifiliusefulaiings Cycle-life ge Self-discharge i1 uaz
Thermal runaway #igs usillesananiugnsarudeusalniiludlagdunuandunguane
FruntsindiliuummedaBeuiu mendu Jadenlfuunneiadondnialauead
ozgilionoenlesuio NCA vaauusus Lishen Ju LR2170LA fagudt 3.5 iluuunineieia
Cylindrical cell fiflussiulvifingsiis 4.2 v fsanansaldenildds 2.5 v vilfmnzudnisuia
Tldszuu 48 V mnuguesuuninedazegil 4 Ah nszuaildauldgeanazegi 45A uasd

Y

5781 109 UINFDLAA
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5U7 3.5 Lishen LR2170LA

3.3.3  dayaves BMS naziaanly

Jueunsaindianuddguniununaesinszilugunsaliinesguainnis

IS o w

Neiun1senUszansemelsey Ban1ssavsenieseailiiulndinvesiunnesaziilug

q

= = [ I ¥ Y o ¥ <) 3
N1SiEeNANINYBILUANBTLAZBURT IR lT LA B9 BMS Tidenldaziluvesuusus
Jikong BMS 3u JK-B2A24515P fs3Uf 3.6 Inefiamaudffe da1uisaimungluuunisuie

wuvaynsulaRale 7-24 was nunszuaiialang 300 A uaznszuanowiiaalafs 150 A 17993

a

Active balance 8¢l 2 A TaedisnA153uds Power switch Wagiouiwesingamgiiagi 3800

Y

U

e B89 DL DO BT B1E M3 ML MW
B24 522 520 BI§ D16 814 BT MO B0 0 AR B~

U 3.6 Jikong BMS JK-B2A24S15P
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334  ONWUUNITHIHALUAMBSLTILSIRUWINAUsTUY 48V
mMsfiauiinnunne3ilssuuws iRy %é]’mﬁamﬂLLsaﬁuLLumLmaéﬁ%
INMRANEY Feuunmed LS2170LA Tidenld %ﬁﬂmmﬂ%’muagﬁ 4.2 - 2.5V lw
Sududosoounsutuiiomun 14 1wad Gaasylitisasnsldeuegi 58.8 - 35 V wavasde
Yty 10 wad ielriauaidu 40 Ah 929l Battery case fvunaivi1 4 Wiy sazvin
Tifiaugfinduin 42.86% SsarnniseanuuuasilvimuunmeIauaogf 15,260 U
59U USIANVD9 BMS %ﬁﬂﬁiwmﬁgmmagjﬁ 19,060 UM YlFuunmesiUsEneulndsIm
fnin 36.47%
3.3.5 99AWUU Battery holder uaz Battery case aaalusunsu Solid work
1ea91nuuAAed LS2170LA fivunaiduritugudnans 21 uu. slsviinng
99NV Battery holder fa5U7l 3.7 fanan3au599 LS2170LA Ifiduduan 10 1wad el
YUIALNNAU 46x115x15 aU.LYN. La¥iNN1599ALUU Battery case Thflvunn 200x293x118

~ 4 aal o s Y o d‘
au.ud. LW@I‘VIG’]&J’]’iOUii‘QLLUG]LG]E)S‘VIQ%WWWWLLW@I@ GNE‘UVI 3.8

35U 3.8 Battery case



58

3.3.6 ms%ugﬂ%umuﬁaamwu
Battery holder asgnausudeiadosfinst 3 TR daetan PLA+ vsuUTUA
esun Wusuaustiman 28 Tu uas Battery case avldununzadanaumun 3 uaz 5w,
finsnuiies Laser cut waznsdnazldang M3 TunsBa Tnsazvinnisfdindenly
3.3.7  A15USENRU MIUWNALASNISABEIEANN 9
SUAUIINNITLRALUARES 1 Segment @28 Battery holder mevu Uil
F1ua 10 wwad Wilddamun 14 Segments Aeudsgufl 3.9 Tnsldia3es Spot welding
ndsantiuagynssooynsutuianun 14 Segments ielildszuy d8v fa3uf 3.10 way
yhnmsiuusmeifidesynsuiuldasiulu Battery case fignuszneunazdaseang M3 uay
fnsia BMS Téaguit 3.11 (Husuatadu Fsasyhliiimiindommn 11.8 kg vinlvdthmin

Ty 40.48%

E‘U‘ﬁ 3.9 1 Segment (1 Serie 10 Parallels)

gﬂ‘ﬁ 3.10 14 Segments (14 Series 10 Parallels)
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U 3.11 Install BMS to Battery

34 @3y
Tuunilldiausdoyavedlasunisinunsfivzinswiawunme3 i Jedayainaiil
audanudAydon1TenLuULUAnes tagludiud 2 azdidusifisn15eonkuuLaEnIs
souwunwmeituluidendnluuni nisdewunmeIasasyimeanuszinss i Fedunse
YBILUAMBTUTELAN Li-ion Aeiiarnuatuisalunisinenseualagauin dauinviead
LUMADIAN993 Uz AR EEn RBLUmmaT uaz Ay duludunsiadodaguia
a % gj =< £ o 1 ] B v Ao [P v
LUALADSLDY Aty Femissedingeds lamsauldinsesseaumhlnile Wedeanisazunly

wadla o An msazrununseaniiluawulihunlaiuwaduunmeiouneu
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NANISTNIAADILAZAITIATIZHNANITNAADY

4.1  na1dn

Tuuniszdnausnisnageulnsunazuunnedlngazutseenidy 2 wuy Aenis
nageunaeslfiRnisuaznismaaeuniraun Inglunisneasunanesy juRinisesdu
A1sMaae LA Bt Uma N7 Insud o an1sd sz ldannisnedeusLnosuazlune A3
VAU U BULUAABS 551319 Li-PO U NCA n15W1An Peukert’s constant Laznng
$1809MIANYUTTIUDILURNLADS

drumsnageumeaaunuazdunisegeuisntuszezatlunisSuvestasudasyh
NM30uASIILUAMDS Li-PO waz NCA faelusindnistusing 4 wiawseudisuszezia

N15UUVBILURLA DIV IADIVTA

4.2 nIARaUNIANRIUfURNT
nsnagaunAResl iR 9gldia3 esnadeulunine3 Chroma model 17020
Regenerative Battery Test System ﬁqgﬂﬁ a1 L‘f]mﬂ'%"aqﬁaiumié’mﬂiaqLLasmsJiJizﬁ;%

anunsarmvualystdlavangsuwuuiasduiiniann 9 1w

g‘dﬁ 4.1 Chroma model 17020 Regenerative Battery Test System
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lunsnaaeuidalniniisuiuussenvasluinmeiazdunnanuduiusseninamsasdlag
nanleanusaunlulglunsUseiussoenaIn st uIInAsElnaniuaneaiuls §a3a99nty
na@auAs RCBenchmark 1780 test stand fe3uil 4.2 Magldiivdoyaussanainluin

o w

wsas Ul nsswalwinazidsluanniusmes

NG, ¥, VWiV 0L

gﬂﬁ 4.2 RCBenchmark 1780 test stand with BLDC motor, propeller, and battery.

4.2.1 NMINAFUMIANNENNUSTTNIIMasIWTAvussenvaslasulunia
WoaUiAnng
Tumsneaesazliuaimeiuvuifnifineg fuialasuusluinagldluinass
ginpoluinduilasuldlunistuduused 3411 Hobbywing Propeller waglusinudinlms

A liaelyd Ao 36190 Hobbywing Propeller a43U 4.3 @eaziivounnnneniuluiiagves
ANUELasiuinasluin

'
a

3U% 4.3 3411 Propeller and 36190 Propeller.

(#A317: image.made-in-china.com)
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Tnglun1svnaevennaeusenaIn 0 kef auda 15 kef Wosanesesildnagausu
Tnanusnlaiiles 20 kef Tsnadwsildazuanafaguil 4.4 lnsannnanismaassagldanunis
Polynomial order 2 Tun1s Fit curve sewinafdaluiinfuussendadidn R-square at;jﬁ 0.99
way 1 wansdraunisiildndianuindedo uazdnnisgadanade fussenvindu lun
36190 9gAurdabiiinfesninluia 3411 Tnen1sAumdalninfiteenitasaiuisavia

szagatunsiule

Propeller test

3000

3411 Propeller
2500 y = 7.0298x* + 75.041x - 9.7575
R*=0.9999

2000

36190 Propeller
¥ =7.5173x2 + 61.015x - 1.3745

£
=
5
z 2
£ 1500 r-O J .
£
S
i 1000 e * 3411 Propeller
88 = 36190 Propeller
.
500 v 3 -« Poly. (3411 Propeller)
-
P Poly. (36190 Propeller)
.
0 [P e y _ —_— m——
0 2 4 6 8 10 12 14 16 18
Thrust (kgf)

E‘U‘ﬁ 4.4 Electrical Power and Thrust of propeller test with test stand.

4.2.2 n1snagaunIaglniinflasudanIsigunukssennuawmasadala

aaaUId

Tunsnaaeunieraunazldgunsaliudeyanssiunasnszualuiilvassn

= v

NNBUANBITgNAIIelasU Feavtlasududulagusimnuiliums 22 805 udvinnis
alsdureaniiisaniininas Ingazduiatlunisa s9UNnen1snsIn1sinavesuiLive
AU IMass flow rate Taesiatdu 0.06875 kg/sec lnaagldannns Linear lun1s Fit

curve @33gdlen R-square 8¢l 0.92 wansiraun1silaundanlndifesiutoya fsgun 4.5
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Power - Mass
9000
8000 Power = 176.96(Mass) - 2816.2 :
R*=10.9202
7000 "
-’ * ¢
. . P e =
= 6000 BIPPRIIN . hr-.'-'.'\"'-""" o 'f‘."a‘-'.'-".-."g" . eos
= . o . -—-a"'-"-.v_"'"_ b T e
£ 5000 » ot Y :-..#--s.s.ww-""“"-'" : : .
2 4000
=
3000 - :
* data
2000
’ — Linear (data) l
1000
0
36.5 385 40.5 42.5 44.5 46.5 48.5 50.5
Mass (kg)

g‘Uﬁl 4.5 Electrical Power and Thrust of propeller test with drone.

4.23 WisuWigunavesaun1sanniaviesUfuinnisiuniaauny
ez nadauANULLIUEIewRdRIN1IInass Jslamiannisilauiainnis
fit curve vasluie 3411 wnUSsuisuiulaeivualiia x Wuussendafaus 35 kef quia
50 kef waza y Liumasluinfivewesdeanis v egavivaesaunisiiamisiuminleda
P < v a wa ] a 1< d'
aun1s9 4.1 asiluaunisvein1aiesuuanis dauaunisn 25 sziluvesnmeauy lnanad

lamaA1 RMS a1ty 199.92 watt wazA1 MAE LJu 69.02 watt 1neNasiInaIaslandna

a

U 4.6
Viab sest = 6 (7.0298(X/¢)” + 75.041(X/¢) — 9.7575) (4.1)

Yrieta_test = 176.96X — 2816.2 4.2)
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2000 Compare equation between Lab test and Field test
__ 6500 //
= 6000 —
E i ._,.u-"'
: 5500 .".ﬂl“M ..-c.-uc-'"". -
z aaset® ..-"'""‘" .
2 5000 s L Lab test
= — I » Field test
2 4500 - .
: MM ‘..—.-..-'!l-
2 4000 s ——
E _...-"'”'-

3500 ..,..--"""

3000

35 37 39 41 43 45 47 49
Thruse (kgf)

JUT 4.6 MIUTEUNIBUNIATLINYDIVINADIANNTT

4.24 n1snaaauA1eUszaluiil1Asn 19031 Crate N UANAIIAULIN 9K1AD
Peukert’s constant
= ~ a o o 8 v | . ¢ | ,
dnuilsdanazvilvina Simulation duyYsad ABNIINIAN Peukert’s constant
o oA q' o A
VBWUALADI LAEN1INAADUA18UTEI0BNANUUALABT T C-rate TuANANTU Tagaunisi
a = & d' a P e
9oUNETEEELIATlUNTANTELARDANNST 26 1ng Q, ADANUUDILUALADT | FaNTEUATIAY
k flo Peukert’s constant wag t AosreziIan T99sdnn15nAaeeniguil 4.7 udinis fi
curve AaglUsWNTU MATLAB #agul 4.8 Ingazuuinisnaassnisaieuszqeanidu 10 N3
NAaBILaY Validation 2 N13MAaes F9azvinnisaauumnes wuseandu 5 guuuu virld
JrRpsinIvnaewisiun 60 NIMeaes lnewuiniseasnilu 1S1P 152P 1S3P 251P way
3S1P lagAnunangued S kag P Ag 3113UNNTHORUNTULATNITHOVUIUAINEIAY LYY 3S1P
ARRBaUNTUAY 3 LWAR ABTUIU 1 wadvinlvise uullsiugeani 12.6 V uagAd1uail 4 Ah
wag 1S3P Pasipaunsuiuue 1 wad Aevununi 3 1was vinlvissuuiiusanugean 4.2 V uag
AUy 12 Ah Wudu Inensmaaetazyililae Peukert’s constant YaduwsazULUUNIHO
1 i Y =i e A &
VINUA 5 A1 HAN1TNARBIRINI5199 4.1 Inenanmsnaasslglaridivissasilunanisnaaes

dmsums Validation dlalavidfpies Peukert’s constant vasudaz iUy

Qo = I*t (4.3)
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1S1P Peukert's Constant
No. C-Rate Current(A) Measured time(hr) 1.014
Error (%)
1 0.2 0.8 4.753411111
Simulated time

2 0.4 1.6 2421736111

3 0.5 2 1.885844444 1.980685744 5.029115721
4 0.6 2.4 1.60275

5 0.8 3.2 1.18805

6 1 4 0.962097222

7 1.66 6.64 0.563038889

8 2.32 9.28 0.399544444

9 2.98 11.92 0.305772222

10 3.31 13.24 0.274172222 0.291383915 6.277693939
11 3.64 14.56 0.253625

12 4.3 17.2 0.209636111

AN5199 4.2 NNSNAABINIAT Peukert’s constant @195y 1S2P

1S2P Peukert's Constant
No. C-Rate Current(A) Measured time(hr) 1.066
Error (%)
1 0.2 1.6 4.675411111
Simulated time

2 0.4 3.2 2.342738889

3 0.5 4 1.860177778 1.825130977 1.884056519

4 0.6 4.8 1.567338889

5 0.8 6.4 1.159236111

6 1 8 0.904113889

7 1.66 13.28 0.506830556

8 1.99 15.92 0.437780556

9 232 18.56 0.367625 0.355456016 3.310162254
10 2.65 21.2 0.305286111

11 2.98 23.84 0.275558333

12 3.31 26.48 0.222475
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1S3pP Peukert's Constant
No. C-Rate Current(A) Measured time(hr) 1.057
Error (%)
1 0.2 2.4 4740302778
Simulated time

2 0.4 4.8 2.394011111

3 0.5 6 1.843725 1.805823808 2.055685762
4 0.6 7.2 1.557

5 0.8 9.6 1.130558333

6 1 12 0.855236111

7 1.1 13.2 0.690266667

8 1.2 14.4 0.672272222

9 1.3 15.6 0.609044444

10 1.4 16.8 0.544091667 0.60817608 11.77823841
11 15 18 0.494711111

12 1.6 19.2 0.479327778

MN5199 4.4 ANSNAABINIAT Peukert’s constant @195uU 2S1P

2S1P Peukert's Constant
No. C-Rate Current(A) Measured time(hr) 1.02
Error (%)
1 0.2 0.8 4.784155556
Simulated time

2 0.4 1.6 2.380411111

3 0.5 2 1.920966667 1.972465409 2.680876416
4 0.6 2.4 1.589977778

5 0.8 3.2 1.199833333

6 1 4 0.954216667

7 1.66 6.64 0.566327778

8 2.32 9.28 0.408586111

9 2.98 11.92 0.310183333

10 3.31 13.24 0.278283333 0.286902443 3.097242547
11 3.64 14.56 0.253644444

12 4.3 17.2 0.212966667
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3S1P Peukert's Constant
No. C-Rate Current(A) Measured time(hr) 1.022
Error (%)
1 0.2 0.8 4.812327778
Simulated time
2 0.4 1.6 2.394058333
3 0.5 2 1.933547222 1.969732886 1.871465209
q 0.6 2.4 1.581980556
5 0.8 3.2 1.205882353
6 1 4 0.945361111
7 1.66 6.64 0.570377778
8 2.32 9.28 0.405686111
9 2.98 11.92 0.313169444
10 3.31 13.24 0.281666667 0.285423988 1.33396039
11 3.64 14.56 0.254491667
12 4.3 17.2 0.212177778

gﬂﬁ 4.7 Set up battery for testing.
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BODS0

SU71 4.8 Fit curve by MATLAB

Tnga1nn1snaaenay fit curve 9g¥11¥N31UAT Peukert’s constant ag#l 1.014
1.066 1.057 1.02 uag 1.022 dwsunsneluy 1S1P 1S2P 1S3P 2S1P uag 3S1P Aua ey
TnoAnduaveyil 1.0358
425 nsnaassaeUszalniuuumdsdiiiasifunuames NCA Tu 1 wad
WialSsuiiisusznineszeznaniidaldiuszeznaniiussdivld
2INNINAABUNIAT Peukert’s constant fouvtiiliiieiazfigaiiaunisi
5-12 agvinsnaaesaeUszakuuidalninesd iomn 3 maveasduusiazsuuuunisde
Fannseii 4.5
mMsfagviinsdiassmeUssauuuiidsiylihaeg azihaunisi 5-12 lUideu

[

Juaednlu MATLAB m file sia3ui 4.9 Tngazuiiailunisinassiunaiiaeyssgeanin

Y

Y =

99 i UIANYIALAAIALAZDUAIRII T 4.6

M1397 4.6 Masliiiasneaeslunsarukuunissie

Connection Power to test constant power discharging (watt)
1S1P 175 275 37.5
152p 475 575 67.5
1S3pP 20 30 40
2S51P 35 55 75
3S1P 52.5 82.5 112.5
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t_constant) ) * (rating* (1-Peukert_constant))*

i (cap_ah*Peukert_constant)];
s'cap(size(cap,2)));

p(1))*(cap(l) - cap(size(cap,2))))];
nstant) ) * (rating” (1-Peukert_constant))* (cap_ah*Peukert_constant))-sum(current.'timestep)]:
i*timestep;

[0 linspace(l,1,1)]
= ones(l, i+l).

Command Window
Total FT is 2.703889 hr
f>»

SUT 4.9 Peukert’s law with MATLAB m file

Y

M1319% 4.7 WisuisunanisnnassagyseauuumasinihaanlagiSsuiisunaasaiu

1287191NN1SUTELLY
1S1P
Power(W) I_max (A) I_min (A) Measured time(hr) Predicted time (hr) Error (%)
17.5 7 4.166666667 0.752088889 0.716111 4.783728283
275 11 6.547619048 0.450294444 0.438056 2717875958
37.5 15 8.928571429 0.320566667 0.317778 0.869917854
1S2P
Power(\W) |_max (A) I_min (A) Measured time(hr) Predicted time (hr) Error (%)
47.5 19 11.30952381 0.471002778 0.448611 4.754064909
57.5 23 13.69047619 0.354655556 0.347222 2.095992982
67.5 27 16.07142857 0.285769444 0.276111 3.379803066
1S3P
Power(W) |_max (A) |_min (A) Measured time(hr) Predicted time (hr) Error (%)
20 8 4.761904762 1.886944444 1.877222 0.515248049
30 12 7.142857143 1.152413889 1.15 0.20946371
40 16 9.523809524 0.796116667 0.798056 0.243599137
2S1P
Power(W) I_max (A) I_min (A) Measured time(hr) Predicted time (hr) Error (%)
35 7 4.166666667 0.746197222 0.707222 5.223179752
55 11 6.547619048 0.455461111 0.44 3.394606199
75 15 8.928571429 0.326991667 0.319444 2.308213767
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M13°99 4.7 WIsuiisunanismeassneUseguuuiatiniailaeieudiounaaseiv

LIA1ANANSUSELIU (D)

3S1P
Power(W) I_max (A) I_min (A) Measured time(hr) Predicted time (hr) Error (%)
52.5 7 4.166666667 0.751538889 0.708333 5.748989111
82.5 11 6.547619048 0.456741667 0.440833 3.483077597
1125 15 8.928571429 0.320466667 0.316944 1.099230289

INANTNIN 4.7 IENUIN NSNAZBULNBMIAT Peukert’s constant UBIwURLADS LARY

Uszian gvibianunsald Peukert’s law Tun1sdnassnisanedszquuuidalndimsilauaiy

'
o

g189%u logArAnuanaInlINga 5.75% wagtoedni 0.21% lagaud Ay vesauns
K ~ d‘ o w A Al £4 < a
wanllAe Weansvaavesiunneskaziadbniiainlasuienis Aagaiusa Ussdy
srgvlianlahuuameIaniuzasnsaduliuiunug
4.2.6 adauAeUsEaUUUAIAIWHIATT 500 W Aukuamas Li-PO
NeaeUAEUTERUUNAINIAa 500 W Aukuamas Li-PO Geazany
U599MNU590U 58.8 V anaddudis 51.8 V wawiin13dunian wuaias Li-PO aunsaaels 1

a3 15 unit 49 3undi anuaiifeeenluagi 11.464 Ah fasudl 4.10

Constant Power Discharge Test 500 Watt of Li-PO Battery (Traditional Battery)
60 12
59
S~ 1 10
58 — e A S WS —
s7 [ s _
- g =z
<. — =
£ 3 N - 6 E
£ 55 - E
- <
54 — 4
53
T 2
52 ]
51 0
0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000
Time (s)
—Voltage —Current

E‘Uﬁ 4.10 Constant Power Discharge Test 500 Watt of Li-PO Battery
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4.2.7 veseumEUszUUURATInAIAeiii 500 W AuLuaAeT NCA
naasumeUszuUUm&sliiiiasif 500 W fulusined NCA Geazmenszq
INUIIAU 58.8 V anasauds 51.8 V lngazidanisnaassliindoudu Li-PO udwiin1sdu
Ao NCA anansadald 2 §9lua 7 unit 29 3undl evwigiisseonluegi 19.3069 An
Fagudt 4.11

Constant Power Discharge Test 500 Watt of NCA Battery (New Battery)

-]
]

4
'

)

n n

-y 2
J

h

n

/
Current (A)

Voltage (V

i
£

—~ 2

51 0
0 1000 2000 3000 4000 5000 6000 7000 8000

Time (s)

—Voltage Current

gﬂﬁ 4.11 Constant Power Discharge Test 500 Watt of NCA Battery

Imaqmizmﬁmmmi‘mmaaaLﬁa%miwsnmﬁﬁmfmﬁamaﬂszﬁ;éﬁ"m‘[ﬂﬂv\lé
Aoty denunined NCA armrsnaeUsggldifiunnndu 7.8429 Ah Aaudu 68.41% uay
srpvnaLiutu 51 wiit 40 3ud Anuu 68.14%

4.2.8 UszdiuszeziaanisneUszauuumatiniiansd 500 W funuaaes NCA

TngazdgalusinalimdlouiulagazameUszgainusediu 58.8 V auiia 51.8 V
Fanaisuifiulfainnisdiasiie 2 alue 14 urit 10 Funit Fannnianuduaieedd 6

Wi 41 3l vsedndurnianainegil 5.24% lnenan1sinaedasuanifgui 4.12
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Constant Power Discharge Test 500 Watt of NCA (Simulation)
60 9.8
59 —
_— 9.6
58 —
— 9.4
_57 L _
s _— =
;5(‘ — —Voltage 9.2 =]
~=:‘ 55 . ——Current 9 E
- — 3
54 —
_— 8.8
53 T
52— 8.6
51 8.4
0 1000 2000 3000 4000 5000 6000 7000 8000
Time (s)

E‘U‘ffi 4.12 Simulation of Constant Power Discharge 500 Watt of NCA Battery

4.2.9 wnagaumeyszawuuilu Pattern AuwuAas Li-PO
nsmeUszuuudgliuunie Pattern aziludiaeduaniivunneiazied
~ = = = o o P o A = =
Waluuvianvaney Fadieuiaiisudnyaensldauvedasuiiiliewniounivisengailaved
lyanfiuaneeiu lng Pattern MNviuAAe 98A18UT¥IAINLIIGU 58.8 V aRa9Uie 51.8 V
Piaalviimsnan 500 W e 100 W lpgasuusaeanidu 5 93 500W 400W 300W

200W uaz 100W Fsluusazvisszmedsyidunan 10 wiil Feezfiodnduriwnas Weay

U52971739 100W Asu 10 wiil udrazaeuszglutiadeiuussvaduluniuwnuiugley

[

WUUTAUNTENILTITUYDILUALADIANAIIUTY 51.8 V Faszeetiafihunmes Li-PO falpavey

71 2 $lue 7 undl 58 Funit faguit 4.13

Multi Constant Power Discharge Test of LI-PO (Traditional Battery)

(1] 600

™ 500

58 -
L
_57 400 =
= 56 - =
& 300 T
Zss Z
= z
54 | ) : L . 200 =
53

51 0
0 10N 2000 3000 000 S000 [ T000 K000 D000
lime (s)

Voltage Power

5U# 4.13 Multi Constant Power Discharge Test of LI-PO
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4.2.10 nagauA1eUszauuUlu Pattern AuLUAWAES NCA
M1N15NABIAN8UTTRRUULABINUNITNARDY 4.2.9. TINAFNS 71 131N

LUALABS NCA AD 3 Takua 40 W 35 U9 TIN5z A NLIULL g U ULUALABS Li-PO

9L 72.38% LALHATNEILUARIRITUN 4.14

Multi Constant Power Discharge Test of NCA Battery (New Battery)

59 600

S 500
400

300

Voltage (V)
4 un
O
f
Power (Watt)

200
S 100

51 : 1]
0 2000 4000 6000 8000 10000 12000 14000
Time (s)
—Vaoltage Power

E‘Uﬁ 4.14 Multi Constant Power Discharge Test of NCA

4.3 ANINAEDUNTIATHUIU
ztduNIsMeAaUsEEZAT lUNISTUTBIAAZ L UALMBS MElATUNISINYAS SB1
4.3.1 wnagaululasunuungailainarsaInialagliussnnluana uuuninas
Li-PO
= [ a 3 a a ::g” v a
Wunisneaeudukuamesawiy lngaslilasuduiuluuaeailanany
DINIANN WIIRULUALADST 61 V AUNTENIANRID9 51.8 V FanadwsNlaannn1sneasinsalee

Tosuanunsatula 7 i 7 3unl fagun 4.15

ANHUNNF VDY

duanai GPS
/1

naiuduayan:07:07
IUIUIU

0955623555
0.00m
07:07
0.0l/RAI

J ﬁh!ﬂﬂnﬂ'ﬂﬂ
2.0 0.0., 0300

ettt AN Wai

-0.2n 0.0ms 0.1,

g‘dﬁ 4.15 Flight time testing of Li-PO with Hovering and no-load conditions
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4.3.2  nageululasuwuungaiisnatsennidlaglivssnlnandlsuunngs NCA

1% B

Wun1snaaausedauluwuufeIfun1snagay 4.3.1. WAkIIFULUALADS
SUAUALRYN 58.8 V FawadnsilaAelasuaiunsadule 11wl 17 3wl dsguin 4.16 3a

WNNTUAWS Li-PO 88 4 Wil 10 3wl IneAniluesidusiogn 58.55%

0.0 Fwm Twamsdu | msfienin | endma

Puldonuné (GPS)

523 X 19 % viwm ¥ 100
8 3 Ty,
L i i - *'3

nawsduaran:11:17

: | W " FILITUIIU
b F
% i

[
:
3

. ‘ ', 0955623555

.':""“ X 1117
: — ' 0.01/RAI
1.0.0.0.. 00"

AN AN Wad

0.0m 0.0ms 1.3

T & o 4
g : 0.00n
» <

E‘Uﬁ 4.16 Flight time testing of NCA with Hovering and no-load conditions

4.3.3 d1assmieUszgannsiulasunvungaisnatsenialaglivssnivan
Fouunmas NCA
ilesanmstuuuuvgaiisnanseimamziililasufuddsliiuuund 3s

awannsnszyidsiniihillasusesnsldanaunisd 24 SeasAnarnimdnuediasu 20.2 kg

LAz IMUNVDILUALADS NCA 11.8 kg vl U miinsiueg N 32 kg 39 lvilasuf9InIs

v =

Adslyiinegd 3542.52 watt Tnsannamsuszidiude 13 Uil 8 Jundt fegui

Y

4.17 Fapn

waeuey 1 wiil 51 Junil viedndu 16.4% lavanvginanisussliuaainmdeuinlaain
= a a v oA ! °o w ] 1 ! <@

wagauaiiesantun1siuese Jadendwmanamasliihivaleedis wu anusiay

o vauzily Inanvesgunsaling 4 vielnanvesangln 1usiu
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Flight time calculation of NCA with Hovering and no-load conditions

=)
=
@
-]

-

59 /

a
o

A )
h & =2
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S
Current (A)

56 —Voltage

——Current

Voltage (V)
o & &
- = N W

N
7]
-

0 100 200 300 400 500 600 700 800
Time (s)

E‘Uﬁ 4.17 Flight time calculation of NCA with Hovering and no-load conditions

3.4 veseuiulasuuuuindouiilaglivsmninandlsuunne? Li-PO
nanaaeuirdouiilagliusmninanazidunistulaeimungalilasudu
FalusfArnesnsnsa 1 m/s finnugs 3 1wms uuuidy Pattern sBusIRULUALABS N7
61V faguil 4.18 (ilelasudunuuiiu Pattern 1a3audn Tnsuazdundumnmumisilasuvi
n13 Take off Insazlilasudunuuassdanarsornie o iuvisd aunseiusaiures

wunlnesanadude 51.8 V 3111n1s Landing Wnenaansnlareanunsadula 7 wii 31 3w

a

AegUN 4.19

3o Wsaidousia
aUnsal
=

nawipduazan11:15 20.5m

2 . . Tt

0.38RAI

seoevy Audd danmslva
0.6. 0.0w 0.0un

anuge M WaT
07 0.0m 230 unLan | Msuvahuidu | RN | dufiums
/s Omss “

35U 4.18 Moving path for flight testing
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duldmudné (GPS)

nanisnduaras:07:31
UITUIU

0955623555
0.00m

07:31
0.0l/RAI

svurpe i danmslua
038> 00¥0. 0. e

ANNFY M Wad

1.0m 0.0ms  0.10

g‘Uﬁl 4.19 Flight time testing of Li-PO with Moving pattern and no-load conditions

4.3.5 wadauiulasunuuiagounlagliussnivandisuunines NCA
Wunistulasulagldlusindnisuaassiuuidetiun1sneas 4.3.4. sz

WasulUldhunmas NCA wnulaehsItukUnLADISUAUAD 58.8 V J9nadnsAlaAaa1u1se

a v

Julel 11wl 15 Ju9 FagUel 4.20 FaunnIwunnes Li-PO ag 3 U1l 44 Juil w3edn
D 49.67%

duldenung (GPS)

nawisbuazan11:15 e
. UIUINU

0955623555
0.00m
11:15
0.0l/RAI

seusvng Ui a5 Iva

0.6. 0.0 0.0...

AN A ad

0.4 0.0ms  2.3.

g'ﬂﬁ 4.20 Flight time testing of NCA with Moving pattern and no-load conditions
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4.3.6 wagauiussivlasulaelindounuazussnnivan 5 kg lneldawseun
29NAWUUALADS Li-PO
2 - < =
Junsveaeutulasuwuullasungaisnaneinialaeussmnidulileeg

Tlawseineanuderaienunisvmeass 4.3.1. IngazJuanwsasulniua L UnmaISUALT

a

58.8 V YuanALMAD 51.8V Fauumaes Li-PO a1unsaduls 3 undt 22 Jund AU 4.21

Fwou Twemsdu | msia | seadme

duldanuné (GPS)
b )4

naWpIDuAzAN:03:22

X 2 &% viwe fFo 18

VIUWIU

0955623555
0.00m
03:22
0.0l/RAI

A STUZNNY ﬁ\uﬂ*‘.ﬂwﬁlwa
(.3::0.0.; X0....

AN anud ad

-0.4n 0.0mss 0.6

E‘U‘ﬁl 4.21 Flight time testing of Li-PO with Hovering and 5kg-load conditions

4.3.7 wasauluvsaivlasulagliindaunuazussnnivan 5 kg Tnglaiase
U198NAILUUANADT NCA
1< a a =3
{Wunisvegeviulasunuulvlasungatianarseanielaeussynundulilag
lawseiheenundauiiediun1snaaes 4.3.6. Inesiumeunme3tnt NCA 19usesiu
wunnasviiy Faanunsadule 9wl 23 Junit TagasTuldununda Li-PO ag 6 wivt 1 3w

visoRmlu 178.71% faguil 4.22
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5 Tsaudonsio
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nawpIDuAzA:09:23
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ualan | \mlilwaam ‘ MULIN[DN | Uasuvidu MTUINAILIU

E‘Uﬁ 4.22 Flight time testing of NCA with Hovering and 5kg-load conditions

4.3.8 Uszdiunmstudulasulagluimdouniuazussnnluan 5 kg lagliawsd
U19aNAILLUNADT NCA

= N N o a o w o =
Luaﬂ"iﬂﬂﬂﬂiUULLUUMQQUQﬂa’]\‘]E)’]ﬂ’lﬁﬂ%ﬂ/l"liﬂﬁﬂi‘hm‘lmWaﬂ‘lW‘W’lLLU‘UﬂQW 9

ranunsaszyialnihlasusenslemiiouiunsiiaedn 4.3.3. FuagAnanuininues

(% '

1A5U 20.2 kg Untinve kU NCA 11.8 kg uazlvan 5 kg ﬁﬂlﬁﬁﬁﬁwﬁﬂiauagﬁ 37 ke
Juililasudioanisidaluiinegi 4321.94 watt Tnpannnanissiassie 9 undi 48 Jundl #is

JU7 4.13 Fapauadousd 25 3wl wiedndu 4.44%

Flight time calculation of NCA with Hovering and Skg-load no spray conditions
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gﬂﬁ 4.23 Flight time calculation of NCA with Hovering and 5ke-load conditions
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4.4 &34

]

Tuunillfiauemsuasnanismeaesdsazutseenduaedi lnsdnd 1 audy
wansnaaesluiesufiRnsfiazynimeaeusewes luiianazuunined dadududdnlu
n3UsEIiusEezn1siuday Peukert’s law fiaznaaoumdalnfitvosusineduaznian
Peukert’s constant 9a33UuUUNISABTA 5 WUV Felidnadvagil 1.0358 vdsintu andy
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%% SECTION TITLE

% DESCRIPTIVE TEXT

clc;clear all;

cap_mah = 40*1000;%%% %% %% % %%%%%

%Peukert_constant = 1.022;9%%%% %% % %% %%% %% %%%%%% 1
%Peukert_constant = 1.074;%%%% %% %% % %%% %% %%% % %% 2
Peukert_constant = 1.0358;%% %% %% % 9%%% %% %% % %%%%%3
rating = 1;

Power = 3542.52;

amount_of_series = 14;

dod = (14.4*1000)/400009% %% % %%% %%% %% % %% % %%

%dod = 1;
vmax = 4.2;
vmin = 3.7;

cap_ah = cap_mah / 1000;
Vv_sag_constant = (vmax - vmin) / dod * amount_of series;
voltage = [vmax*amount_of series];
current = [Power/voltage(size(voltage,2))];
cap = [(current(size(current,2))A(1-Peukert_constant))*(ratingA(1-Peukert_constant))*(cap_ah/Peukert_constant)];
k1 = (vmax - vmin)/(dod*amount_of series*cap(size(cap,2)));
%% calulation
timestep = 1/60/60;
i=0;
while voltage(size(voltage,2)) > vmin*amount_of_series
voltage = [voltage (voltage(1) - (v_sag constant/cap(1))*(cap(1) - cap(size(cap,2))];
current = [current Power/voltage(size(voltage,2))];
cap = [cap ((current(size(current,2))AN(1-Peukert_constant))*(rating/A(1-Peukert_constant))*(cap_ah”Peukert_constant))-
sum(current.*timestep)];
i=i+1
end
ft = i*timestep;
time = [0 linspace(1,i,)];
power_plot = ones(1, i+1).*Power;
fprintf(Total FT is %f hr\n'ft);
fprintf(Total FT is %f min\n"ft*60);
%% plot

%plot(time,current,time,voltage,time,power plot)

figure

yyaxis left
plot(time,voltage)
ylabel(Voltage')

yyaxis right
plot(time,current)
ylabel('Current)
legend('Voltage','Current’)

%%
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% plot(time,current,voltage,power plot)

figure

[yyh,H1,H2] = plotyy(time,voltage,time,current, plot’, plot);
yyh(1).XTickMode = 'manual’;

yyh(1).YTickMode = 'manual’;

yyh(1).YLim = [min(yyh(1).YTick), max(yyh(1).YTick)J;
yyh(1).XLimMode = 'manual’;

grid(yyh(1),'on)

ytick = yyh(1).YTick;

xlabellyyh, Time')

ax2 = axes('position’, yyh(1).Position);
H3 = plot(ax2,time,power plot, 'k)
pause(0.1)

ax2.Color = 'none’;

grid(ax2, 'on’)

ax2.XLim = yyh(1).XLim;

ax2.XTick = yyh(1).XTick;

ax2.YLimMode = 'manual;

yl = ax2.YLim;

ax2.YTick = linspace(yl(1), yl(2), length(ytick));

ax2.YTickLabel = strcat(ax2.YTickLabel, {' D;
legend([H1;H2;H3], Voltage', Current’, Power);
title('Constant Power Discharge Test 500 Watt of NCA (Simulation)’)
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2.1 N1999NnLUU Battery holder

E‘Uﬁ 2.1 Battery holder 1 Unit

U 4.2 NCA 40 Ah 1 Cell



SU7 2.3 NCA 40 Ah 14 Cells
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9.2 N1999NLLUU Battery casing

U7 2.4 Left and Right side unit

gﬂ‘ﬁ 2.5 Front side unit
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gﬂﬂ 9.6 Rear side unit

E‘Uﬁ 9.7 Base side unit
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9.3 Assembly

U7 9.9 Assembly with top

U7 2.10 Assembly without top
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E‘U‘ﬁ' A.2 Battery holder
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A.4 Check connection with multi meter



gﬂﬁ A.6 LFP battery for spot welding 2
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The Electrical Modeling Of Lithium-ion Battery Using Matlab
Simscape

Patipan Nimthanee ‘), Theeraphat Sri-on "', Kontorn Chamniprasart ‘), *Jiraphon
Srisertpol "
School of Mechanical Engineering, Institute of Engineering, Suranaree University of
Technology, Thailand
*Corresponding author: jiraphon@sut.ac.th

Abstract: Lithium-ion batteries are widely used as energy
storage and distribution devices. This study presents an
electrical equivalent circuit model of the battery developed
on MATLAB Simscape to study lithium nickel cobalt
aluminum oxide (NCA), lithium nickel cobalt
oxide (NMC) and lithium iron phosphate (LFP) batteries
behaviour in practice. The selected current draw pattern is
the initinl variable of prediction, and the terminal voltage
and the state of charge (SOC) are the variables obtained
from the model. Including observation of the temperature
behavior of the battery. The developed model is able to
accurately predict the terminal voltage significantly, with
a maximum Root Mean Square Error (RMS) of 97.14 mV,
36.30 mV, and 54.05 mV, with the battery having a
maximum temperature-increasing  rate of  0.027°C/s,
0.022°C/s, and 0.020°C/s for pulse discharge of NMC,
NCA, and LFP respectively.

Keywords: Li-ion battery, Battery modeling, Simscape.

L. Introduction

The Lithium-lon bateries (Li-ion) are popular due to
their higher specific power, specific energy, voltage, and
long-life cycle ¢ d 10 | rechargeable
batteries.  Therefore, Li-ion is widely used in modern
devices, such as smartwatches, smartphones, and laptops,
including electric vehicles (EVs). In such applications, it
is necessary to consider the safety and reliability of the Li-
ion control and management system. Currently, Li-ion
control and management systems designing requires data
on the behavior of Li-ion batteries to compose an
algorithm and calculation, which can be done via
experimental and modeling studies of Li-ion batteries,

In the state‘of model development, many researchers
aim to create models o predict the stage of charge (SOC),
stage of health (SOH), and Li-ion température with the
most accuracy and ease of use. The literature review found
that the developed models are often in the form of
mathematical equations. Hinz [6] presented results using a
mathematical model of Li-ion. The results showed that the
precise model compounded equations with high-order
differential equations resulting from the components in the
model. The dynamic behavior of Li-ion was shown to be
as close to reality as possible, with the third-order
differential equations was the most accurate of the studies.
Madani, Schaltz and Knudsen Kar [10] p d the use
of an electrical equivalent circuit model (EEC) to study the
performance of Lithium Titanate Oxide (LTO) batteries.

The mathematical model required a  second-order
differential equation. An experiment required defining the
effect of SOC, current, and temperature on the parameter
in the equation. Campagna, et al. [3] presented the
comparison results of EEC model with three different
mathematical equations. The results showed that the model
with the highest power equation in the study was the model
with the most accuracy in predicting the behavior of Li-
ion, which was the second-order differential equation,
Eltoumi, et al. [4] used a quadratic mathematical model to
study Lision behavior using experiments to determine
parameters in the equation prior to use, Compared to
models that did not consider Li-ion internal parameters, the
results showed that the use of power equations had better
predictive performance in both continued discharge and
dynumic discharge models. Precision of EEC is dependent
on the order of mathematical model. In addition to using
mathematical models to predict the dynamic behavior of
Li-ion, the results can also be analyzed in terms of the heat
generated in batteries which is a critical factor in Li-ion
design. Working with the thermal model will provide a
precise mathematical model that can effectively predict
thermal behavior, as presented by Alhanouti, et al. [1].
Using a high-order mathematical model is complicated to
quantify the parameters within an equation and is followed
by more complex methods to obtain a valid model, as
presented by Barcellons and Piegari [2]. Past research
implies that Lidion behavior can be swdied by
mathematical modeling and  programming using the
previously mentioned equatons.  However, accurate
mathematical models are olien complex and questioning
10 use of equations, As agesult, studies with such a model
often require numerous tesources and result in costs.
Simscape is one of the robust programs for physical
simulation, enabling the rapid creation of models of
physical  systems  within  the MATLAB  Simulink
environment, as presented by MathWorks Inc. [8].
Milanowski and Pilat [9] presented modeling of robot leg
motion in MATLAB Simscape. The developed model was
able to predict the motion accurately and was able to
shorten the modeling time by solving mathematic
equations. Enocksson [5] modeled a vehicle powertrain in
MATLAB Simscape. The simulation results are reliable
and can be put into practice. It can also reduce
programming time with complex mathematical models.
Martinez and Zamora [7] modelled a photovoltaic (PV)
energy storage system working with an  alkaline
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electrolyzer cell for solar power generation. The results
showed that the MATLAB Simscape model provided
satisfactory predictive results and could be used to analyze
system performance in other scenarios. In contrast, it
implifi problem-solving of mathematical models.
Simscape has been used to model mechanical, electrical,
and thermal-fluid systems, as the results are authentic and
trustworthy.  Accordingly, developing a model from a
mathematical equation to a Simscape model is essential for
forthcoming analyses.

This paper develops an EEC in Simscape. The model
can predict the Li-ion's dynamic behavior with calculated
terminal voltage (Viu) and SOC values under a defined
discharge pattern. Also, accurate and uncomplicated to
use. The experiment combined with the least squares
method was used to determine the parameter value in EEC.

2. Battery model using simscape

This research uses EEC based on the Thevenin-based
2-RC networks maodel, as referred o [3][6)[10] ta
construct in Simscape.  As shown in Fig 1, the model
consists of the DC source voltage representing the Li-ion's
open-circuit voltage (OCV), the series resistance R, and
parallel circuit Ry C; showing short-term  transient
behavior, and the parallel circuit Ry Cy showing long-term
transient behavior, as referred to [4]. All the variables
mentioned will react to changes in the SOC, The SOC is
calculated based on the usable change remaining in the Li-
ion's capacity, which is determined from the charge and
discharge experiment. The R, Ry, €, Ry, and C; can be
estimated using the least square method for SOC. Finally,
an EEC model can evaluate Vi, and SOC.

—e— —=—
] R1 ( L:Z B
o e

c1 c2 '

ocv
Vb
b
Fig. 1. Thevenin-based 2-RC networks model [10]
2.1 Mathematic model

The mathematical model used 1o create the model for
this study is a remarkably accurate and steadfast model, as
referred to [L]2]4}- It possesses an equation for
estimating Vy, representing the Li-ion voltage at different
times and the SOC depicting the amount of tharge present
in the Li-ion to the maximum capacity of the Li-ion. In
determining the Vi and SOC values, it is necessary 1o
calculate the voltage drop across one resistance and 2 R-C
networks, as detailed in Fig, 1. and the following equation.

V,=0CV-V, -V,-V, )

[ 1,
Soc, = soc, -

Vo = LR sc (3)

m_ L Y @
d’ Cl,SOr RI.I(‘('CIJO('
av, LV, (5)
dl C:..‘(l RZJMC]JLX‘

Where SOC,,, SOC, represent the state of charge at the
initial and at that time, respectively. The Q and Iy is the Li-
ion capacity and current flow through the Li-ion, and the
Vi, represent the R.'s voltage, Vi and V; is the voltage
across the 1" RC network and 2™ RC network,
respectively. The Risoc, Cisoc, Risoc, Casoc, and Rasoc
are the function of SOC.

2.2 EEC model in Simscape

Investigation of the Li-ion completed with the EEC
model according to equations 1 to 5 commences with
evaluating the SOC, by taking Q and SOCs into equation
2, where the input variable is the Iy to gather current from
start to time and to know how vastly changes in the amount
of electric charge occurred. Finally, the SOC, obtain from
the EEC model. The SOC calculation equation constructed
in the Simscape model is shown in Fig. 2. With the Iy is
positive when discharged and negative when charged,

= N
SN

Q)

Fig. 2. SOC estimation model in Simscape

A pivotal component of the EEC model is the RC
network. They are building a model of the resistor and
capacitor available in the Simscape library, following the
same characteristics as equations 4 and 5 in EEC model,
This allows the model 1o show the dynamic behavior of Li-
ion. The RC network model implemented in Simscape is
shown in Fig. 3. The calculation starts with the OCV and
Iy a8 the input, then the model estimates the voltage drop
across the RC network and takes that value into the next
calculation, Modeling in this pathway is simplified and
dramatically reduces the time spent on model constructs,

" L]

i

»S

I o

Fig. 3. RC-network in Simscape
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Another component that drives the EEC model to be
fully functional is the OCV. The OCV is the DC voltage
source within the Li-ion as mentioned above, so in the
modeling of the OCV the DC voltage source model
available in the Simscape library can be employed. The
OCV model can be created in this paper, as shown in Fig.
4

D

oCv-i1

Anode1

Fig. 4. OCV in Simscape

From the Simscape model developed from equations 3,
4 and 5, the variable values OCV, Rosoc Cisoe, R 1500,
Casoc and Rysoc were varied when the SOC changed. This
variable value was obtained from the experiment and used
in the Simscape model, Therefore, for the model to use the
variables, a lookup table was used as the variable's value
setting device for all resistors and capacitors in_ the
Simscape model. The model has to output variables when
the SOC i assigned. Then the model takes the relevant
computations, They are shown in Fig. 5.

=0

wg =f f =)

Fig. 5. The Constance variable in Simscape

3. Experimental

In testing, Lithium Nickel Manganese Cobalt Oxide
cell (NMC), Lithium Nickel Cobalt Aluminum Oxide cell
(NCA), and Lithium Iron Phosphate cell (LFP) batteries
were used, the details of which are shown in Table 1. The
discharge test. was conducted with Chroma model 17020
Regenerative Battery Test System, The voltage and current
values were recorded every | sec, including Li-ion surface
temperature by National Instruments NI 9211 data
acquisition (DAQ) interface with LabVIEW 2015,

Table 1. Li-ion technical specification

NMC NCA LFP
Specification ORB217C INR21700 IFR3270
ik 50 -S0E 0G65
Cell
chaeadiis 21700 21700 32650
Nominal
voltage (V) 36 36 32
Maximum
voltage (V) 42 42 3.65
Discharge
cut-off 25 25 2
voltage (V)
Cell weight
86 69 150
(2)

3.1 Li-ion capacity

The capacity test to determine the amount of charge Q
that can be discharged or usable, where Q depends on the
value of 1. In this article, discharge current I is set at 1C-
rate, which is 5 A for NMC and NCA, and LFP 1, was 6.5
A. Li-ion was prepared with the CC-CV charge protocol at
maximum voltage and allowed to rest for 2 h, then
discharged with I, until the voltage decreased to the lowest
value. During that time, the voltage and amount of electric
charge were recorded. Results indicate the behavior of
voltage and charge as shown in Fig. 6, It is also found that
the Q-values of NMC, NCA, and LFP are equal to 4,743.7
mAh, 4,742.5 mAh, and 5,987.1 mAh, respectively,

2 ©OaMC
—NCA
n -
g L e
H bl
i
"
L] 1m0 1 A A Ao abm
Charge (mAN)

Fig. 6. Voltage and discharge capacity

3.2 The EEC parameter

The EEC parameters are constant varables in
equations 3, 4, and 5, consisting of R, soc, Cisoc, R 1s0c,
Casoe and Risoc that change according o SOC values
previously mentioned. The pulse discharge testing is
established to defing ‘the value of EEC parameters,
Initially, the li-ion s prepared at the same maximum
voltage as the previous experiment and then discharged
with the same current I as the experiment in the past. The
discharge time was set so that the SOC was reduced by
10%, for NMC equal 10 342 s, 348 s for NCA and 332 5
for LFP, then rest for 40 min and repeated until the 0%
SOC. The results were calculated for all 5 variables at all
SOC by the least square method which show in Tables 2-
4. In addition, this result indicates the relationship between
OCV and SOC as shown in Fig. 7. Finally, the results of
this experiment and the computational results can be
generated as a looking table in the simscape model of those
variables.
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Table 2. Parameter of each SOC for NCA Table 4. Parameter of each SOC for LFP
Soc R1 R2 SOC  Rs Rl R2
® RO @ @ 90 OO « @ @ @ O 2O
100 00232 00122 00032 32540 97207 100 002 0007 0002 69695 2494
2 9 4 5 180 91 21 60
90 0.0225 00128 0.0085 26695. 2308.1 90 001 0006 0006 604460 1761,
| 1 | 61 0 863 65 29 ] 20
80 00225 00231 00133 38202. 16355 80 001 0016 0006 51496.0 1403
9 7 8 25 6 920 60 92 9 27
70 00235 00086 00129 62089. 20748 70 002 0008 0007 104386, 1297,
3 0 6 18 1 035 29 57 90 51
60 00238 00104 00106 20971. 22710 60 002 0008 0007 103645, 1635.
8 2 5 56 0 15 06 57 91 04
50 00236 00155 00146 21987. 22235 50 002 0008 0007 54476.0 1789,
5 9 3 89 0 31 89 42 7 33
40 00243 00208 00131 16858. 18182 40 002 0015 0008 448438 1995,
5 5 9 84 0 317 9 75 2 58
30 00244 00116 00114 10079, 1993.6 30 002 0016 0009 424909 1617
5 7 4 24 0 535 68 90 1 3
20  0.0257 0.0095 00245 64033, 22737 20 002 0013 0012 135253 1020,
8 5 5 9% 5 549 85 72 I 12
10 00293 00470 0.1150 12628 19400, 10 002 0016 0005 181899 5459,
7 5 0 3 06 465 75 58 34
Table 3. Parameter of each SOC for NMC 4. Model validation and dynamic behavior
Validation of models constructed  with  Simscape
S0C R Rl R2 ® C2P assembles model trustworthiness and ensures usability. In
(%) () () (£2) = expansion, this section presents the dynamic behavior of
100 003 00057 00113 35737, 22520 randomized discharge experiments in comparison with the
896 8 7 10 2 results of simulations generated with Simscape, as well as
9 003 00163 0.0087° 21719, 17484 the behavior of the Li-ion surface temperatures shown in
636 2 4 81 ! the experiments,
80 003 00284 00134 32108, 17556
&2 .0 . 03 $ 4.1 Model validation
» (.;'?; ().l):)74 O‘O‘I AU 6023994‘ 25‘;"7 'ﬂdnl pnpll:r invelsligulcx llhc m;’ukl‘:d vu{lidily :Z
¥ comparing the voltage values  obtain rom
60 003 001060001 1684, 2821 experimentin Section 3.2 with the results of the Simscape
SO 003 00164 00127 16264, 26853 SRR - COpaEIC: pete. tactirgs: (e adl
586 1 6 88 6 was able to predict the Li-ion voltage as shown in Fig. 8.
40 003 00196 00110 14266, 1805.0 Comidcnng these data, it was found that the NMC had the
550 6 8 51 0 RMS enor is 9704 mV and the maximum voltage
30 003 00098 00115 13697, 21327 difference is 1378.88 mV. For NCA the RMS error is
590 4 2 35 0 36.30 mV and the maximum yoltage difference is 238.52
20 003 00123 00202 52160, 19293 mV. The LFP has a RMS emor is 54.05 mV and a
682 1 9 78 0 maximum voltage difference of 649.55 mV. This shows
10 004704733 00478 12975, 760.26 that the EEC developed 4n Simscape is accurate in pulse
148 5 6 24 discharge. Fig. 9 shaws the Li-ion surface temperature,
pointed-out When the Li-ion temperature rises throughout
the discharge and decteases when the discharge is stopped.
L] " » Ry “ . - n - - "
SOC (%)
Fig. 7. OCV and SOC
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Moreover, the temperature change at low SOC has a higher
rate of temperature change at high SOC. Including, Li-ion
has a different rate of temperature change which type of
electrode, with an applied current in 1C-rate with NCA
having the highest rate of change is 0.022 °C/s, followed
by NMC is 0.027 °C/s and LFP is 0.020 °C/s , respectively.
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Fig. 10, Vb experimental and Vb simulation for
DDRp

4.2 Dynamic discharge with random profile

In this section, discharge testing is a functional test of
a model constructed with Simscape 1o offer the mastery to
predict the result of a model on a definite operating
situation. In the experiment, we fixed Iy for a discharge is
1C-rate, und the duration of the discharge time and rest
time was randomized, known as Dynamic Discharge with
Random profile (DDRp), as shown in Fig. 10. But we do
not predict Vs, for 20%S0C to 0%SOC period because the
non-linear zone of battery. Considering that data, the Vi,
fetched from the Simscape model was always close to the
experimental results, with RMS error values is 9.26 mV,
15.03 mV and 16,16 mV for the NMC, NCA and LFP
respectively,  Additionally, the  maximum  voltage
difference is 47.53 mV for NMC, 69.59 mV for NCA and
97.35 mV for LFP. That proved the Simscape model uhlc
(o simulate Li-ion completely agreeably in an unf
discharge mode. Furthermore, the temperature of the
battery is raising during discharge, It is found that the
average rite of temperature increase of NMC is 0.009607
/s and NCA is 0.007584 °C/s and LFP is equal to
0.004303 “C/s. It is shown that during the use of unformed
discharge NMC, there will be the highest increase in
temperature, followed by NCA and LFP in sequence.
Therefore, in the use of batteries, it is necessary (0 measure
and monitor values to prevent the temperature from
exceeding the safe range for each battery type.
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5. Conclusions

The article aims to develop an equivalent circuit model
of a Lithium-ion battery into a computer model for use
within MATLAB Simscape. The Simscape model can
predict the dynamic behavior of Lithium-ion batteries with
great agreement, in case of pulse discharge the RMS error
is 97.14 mV, 36.30 mV and 54.05 mV for Lithium Nickel
Manganese Cobalt Oxide cell, Lithium Nickel Cobalt
Aluminum Oxide cell, and Lithium Iron Phosphate
respectively, and dynamic discharge with random profile
the RMS error is 9.26 mV, 15.03 mV and 16.16 mV for
Lithium Nickel Manganese Cobalt Oxide cell, Lithium
Nickel Cobalt Aluminum Oxide cell, and Lithium Iron
Phosphate respectively. This model is uncomplicated to
construct and straightforward to operate and can also be
applied to other chemical-based batteries. In obtainment,
the study found that the battery temperature increases with
discharge, and those lithium-ion batteries with different
chemical-based exhibit different temperature behaviors.
This information can refer to another analysis for
designing the battery casing and cooling system to be
suitable and safe for battery usage.
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