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Abstract

Due to the increasing focus on achieving net-zero carbon emissions, traditional
agricultural machinery is gradually transitioning to electric systems for operation.
Effective battery and energy management is very important. It is essential to understand
battery lifespan and usage conditions in order to prolong operational time and achieve
sustainability goals. This research aims to develop a fast estimation method for evaluating
State of Health (SOH) and estimating available energy in a battery management system.
To obtain complete voltage, current and temperature data during battery charging and
discharging experiments, Arduino Nano control board was utilized along with voltage,
current and temperature sensors to create a monitoring device. The collected data was
then recorded on a memory card for data collection purposes. In response to the
agricultural environment, a fast estimation algorithm was proposed, which utilizes high-
current discharging to observe voltage drop and calculate battery internal resistance
without the need for additional measurement instruments. This method allows for the
quick assessment of the battery's SOH within a short timeframe. According to this method,
when the SOH of most battery brands is 0%, their capacity is approximately 60% of the
original capacity. The root mean square error (RMSE) for estimating SOH using the fast
estimation method and instrument measurement for internal resistance calculation is 3.0%.
On the other hand, the RMSE for estimating SOH using the Internal resistance obtained
through equivalent circuit model and instrument measurement is 3.8%. By utilizing
publicly available battery datasets, a trained model was employed to predict battery
capacity, resulting in a RMSE of 178. In cases where the capacity of older batteries
fluctuates by approximately 200mAh, the predicted results are closer to the actual

capacity. The RMSE for calculating SOH by comparing real capacity and predicted
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capacity is 5.7%. This method is particularly suitable for estimating the capacity of
heavily aged batteries by considering complete cycling conditions, thereby providing an
estimation of the battery's SOH. The objective of this research, which focuses on
estimating battery internal resistance and SOH for the development of a battery
management system, is to provide experimental experience, data, and generate more
discussions and research concepts for the development of charging and discharging

management systems in electric agricultural machinery or on-field charging stations.

Key words : Electric agricultural machinery , Internal resistance, State of Health (SOH),

State of Charge (SOC), support vector regression (SVR)
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fAEiARL S 445 (Pb) A TR ¥ = F 1 45 (PbO2)» Pl 5 Ak E 7 =7
DB AR PR F A @R LT B R o E
eay BORT Ao A T TR o AR Aot T AL R R L R R R
PO gL 8 & BT RR AR A5 AR E 2 AR § R BT P3N
(2) T iR
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BALSLEE APV RA IR LEEF M F sl e 7
PO RETEREF AT A AR RRFIRTEAED A B o R B2 A2
bost (2-2) 0 AT BT R G R T RROER A e T IER T e

BhL B ERfR Gk B o

AG=AG°+RTIn(Q) (2-2)
(3) e
3 AN Ll R R AR e A ARl T A A RPN BN ¢ IO
ERL R R FE G RS E T M T e e foat el g vh

FRRFGAR T FLARRE L REF T pd T A RET SR
ik b pTREARY A2 B nARETERS R -
4 Tt

AT AN 0 R B % 9% (Acrylonitrile butadiene styrene, ABS) #f
W F 7 e KA R g P B R 2Rkl R

* 2% > (May et al., 2018; Pavlov, 2011; Pavlov et al., 2008) -

Lid with degassing system
and reignition protection

Terminal

Positive electrode stack

Container with bottom
hold-down

Cell element

Negative electrode stack

Negative plate

N Negatives grid
Positive plate with AGM separator (AGM = absorptive glass mat)

Positive plate
Positive grid

Bl 2.2 &-p T 7# 5 (Kohler, 2009)
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223 EEREALITRE

DS AT 2 T
>R
Discharge

PbO, +Pb+2H,S0, —= — 2PhSO, +2H,0

Charge

PbO,+4H* +S0,> +2¢" —><_D0h“g‘9l PbSO,+2H,0

fie

Pb+S0,” # PbSO, +2¢

TG Fa o F A R GE A T Ak aE s R RIR AR S 2
Rt o R BARPE > PR E 1T (HSO4) #1+ ¢ B8 1 f 46 A2 & 4 fom
Fady: @ B AR - §F MEBERIBIRF o SRRk o B B R R
T s REMRLI SRS EFF REF R BRREEMNFE A AT AR
PR AR E o8 Rkl AL D F MR LR RS R M

HHTA AT R ERT R kS B AF 2 KRR BLIEAL § 0 f A

fou g

—

EE S

T
&3

BNRE AR B G AP RS FRS SHPIATE TR

i
1

3

ks B ARG R Y SRR 1 AL F 08 25
PR EEALF F TS RBRAEY FHIH o RTf =V

fban o R BT RRF RIS AL o FiEF B 40T L (May et al., 2018)

HZO—>2H++%OZ+2e'

Pb+%OZ+HZSO4 — PbSO, +H,0

13
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BRSBTS e bl e A

=
&
4
=3
N
A
|
~=ie
ih
V“iﬂ

FRTF T ¢ ik - AL o d FIAMA TR R P S b
IH BRI IE P T I SRR SRR R R A e
B4 IR AT 0 P DB E I 5 N ARAH R B AP A B e 57

BAEEE 0 MO AFE RO R 5 Gk B4 (May eral., 2018) -

225 @ A BH

v

QAT T RS HEETE AR AL TE S TERICIRR A L
TALFERY TRIRBIAFGF AN ARG BEARRERRY > F Do
18650 ~ 21700 % 26500 °
() =&

TEEAFPRIAFUE N EAR IR IRY R A A o ko H R

PHAND S P 4R (LICo0y) 7 AF EARM R T d 1 E 2

3

BEWE RRA A R Flar* g2 5y HFRSTEfov i F & U g
PRSI N EREF A RO R BRFREES S - AR
w1 > PR bk E e A4S PE Y > 4o ! LiNikCoyALO;
LiNixCoyMn, Oy & 7 421 & 5 i & et o
PO IES ZH Y AR LSRR EFT AR AEAR{IE]
ERFBRAEE L o Ay Hf R et PR AP LR R
BaEiHAH L o
fABet R E T R MRS Lo I BRI BT 4o E S e
QT > FLBRITH AL RS 5T TR LT R F MR ET S
Soc kT fER AT Y RE L RA G DT R RN M LTS AR

IF R T f2F 4w & (Solid Electrolyte Interface, SEI) » i fx ifc & Hp f8 € 2 |2ic ©
14
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B ol f2 g HAE 02 gl & ML e 1—,'%74 R R AR D) —fm:,\. Wk a3
B aAEE E RSP B TR ST L AT FRERE 2 A B
(Blomgren, 2016; Kohler, 2009; Tarascon, 2010) °

Top cover (+)  Safetyvent
Cathode lead

PTC Separator

/

Can (-)
Anode lead

Insulator
Cathode At

2.3 424 45 F(Nishi, 2001)

(2) TfER

EHEL RREFE Y > LR R RPEA A (alkyl carbonates) » 4e t BFL C f fig
(Ethylene Carbonate, EC) ~ X & 3 % fia (Propylene Carbonate, PC) ~ Bz = ¥ fig
(Dimethyl Carbonate, DMC) ~ g fi& = ¢ fig (Diethyl Carbonate, DEC) ~ & fi% ¥ ¢ fy

(Ethyl Methyl Carbonate, EMC))4 2 = & #ifi 42 (LiPFe) % % o iE 4% g il fig 8 47

PUPRAHF T A RF R DEEE M g F R A A ER
LiPFs #- * 37 % P % F e AP g A fRS LiF o PFs 0 (2 € Lok fEA A

4 HF v PF:0 » 25 BH 2 1a30F 7+ 2B P - HRmAT 2 527 & ¥ chib B »

15
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LiAsFs & 5 & |+ ~ LiClO4 & *&*F 4+ ~ LiSOsCF3 B| € 25 = # 7 R B 14273 7% » w3
EH i * (Aurbach et al., 2004; Zhang, 2006) °

323 TRRBAPP LT (ME 4 5 2019)

A mEE BECO ARCO) #AE (np) AR A K&
(25°C)

EC 88 36.4 248 1.9(40°C) 87.78

PC 102 -48.8 242 2.53 64.92
DMC 90 4.6 91 0.59 3.107
DEC 118 -74.3 126 0.75 2.80

EMC 104 -53 110 0.65 2.95

LiPFe 152 200 - - 18.50

(3) F&#ri

i - AR FE TR TG PR LFags 7 3R
olp B (7 ko B2 R en A TR R FEANCR SR Ao T 1Rk o R 4
I T 0 T 2P R T AN w2 g s A A R IVER A

40 B AR MR T > T ot E R 3en'y it (Francis et al., 2020) o

16
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«— € | I e —>
Charge I Discharge

Anode Cathod

L
e ©
@)
& 7 o o _
A Discharg o
LiCo
| | :
Non-aqueous Separator
electrolyte

Bl 2.4 423+ 7 4 p 539 (Francis et al., 2020)

22,6 233+ 1 iTRIE

BRI S BB T S HF R

[ VN

. . R Disch .
Li,, CoO,+xLi* +xe —><Ch_g LiCoO,
arge

e/ f 1

. Discharge -t -
XLICG?@XLI +Xxe +XC,

&
H
F_*
[k
p
Lo
N
"
a
F_*
o\
&
=H
)
&
S
e
hrS
oy
k
3
et
:_‘ >
g
B
R
¥
o
®w
149
)
&
H N
i)
@=h
:_‘ >

b
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2.2.7 BAER 4T 4 (LFP)ff 4

d g B R S B B TR A K A B RE S F B
B ROtz AT S R PR AT AR ERE T ERA o L B 2

AR S RIZE T 4 kR 2 i # (Viyrynen and Salminen, 2012) °
228 Bip4RB T # B

(1) =&

55

o

i

GRARYNUELARDT VPR BRSBTS ERT Bl S
HER £ HAHER T 5 2 ARMR 4o D LiFePOs » FIR AL HT + HTH > w F &
HA g iEMESpkt BER LR iRt E Y P AT R

4| (Armand et al., 2020) -
229 ¥ TR VR

L Re 2 Sicdcd 240 = AR R4 TEHEREM
%ﬁﬁ%*ﬁﬁﬁﬁfmﬁﬁﬁﬁ’ﬁﬁ#ﬁﬁwU?E%E%’Eiiﬁ%a#£§Wﬁ

fotd A

4
A
fin

Nl
1
=%
s
(\x
=
[l
—
e
S

\_
%1
?
F_&

-=p
R
n

i
‘ﬂ-
5
&
&=
e

o i A ARE o APM B BAcd 240 LR R B dRY o TR AT F ko

FRerBERY 2 AHE A BT FIL A S RESPEME T AREAF NI AL
TP RRREEE T - B2 T A AR 2 FREE L R e R

2.5 #
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4 24 &L# T # 2 %% (Viyrynen and Salminen, 2012)

R wEBAE GBS S HIRE
(Wh - kg™ (=) (V)
LCO LiCoO; 170 ~ 185 500 3.65
NCM LiCoxNigMn,0, 155 ~ 185 2000 3.7
NCA LiNixCoyAl,O, 145 ~ 165 1000 3.65
LFP LiFePOy4 100 ~ 140 4000 3.2
LMO LiMn204 90 ~ 120 500 3.8
Lead-Acid PbO; 25~35 500 2.1
19
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LCO LMO

Affordability Affordability

Energy Maturity Energy Maturity
Power Materials Powe Materlals

Safety Durability Safe Durability

Performance Performance

LFP NCA

Affordability Affordability

Energy Maturity Energy Maturity

Powe Materlals Power Materials

Durability

Safe Durability Safety

berformance
Performance Performance

NMC

Affordability

Maturity

Powe Materials

Safety Durability

Performance

B 2.5 % F & a4 2 488 # #1(Wen et al., 2012)

23 T A 3k
AR T A [0 R ST R RRIR G
231 R BT A EEA T A HE

AIHRIAS PRI AP RTEINEFERAE D AR HD oL

WL R PRRE CFRAEZE FHFRAE R EHERE < Tk k
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2.3.2 T # T £ 15 (State of Charge, SOC)

T BERRHE LAY B2 FRAPARFETRY DS LEHFL o
SRR FUEC RN R R AN Y S R AT (S AR S A b
PAUE L AR L @A R enR e FIL CLFT S R
SRR G ARRARP BT A e Y Fenk R ORI 6 M ERA & kY S a4 fandy
& (Birkl et al., 2017; Zubi et al., 2018) -
—BRAOTEREATELF U AT 0 ¥4 SOC &7 0 4r (2-3) 5o
FIAA CAENE L ERE IR R R E T R TR
R EV AT S wef T2 & PFE o TS (How e al, 2019) «

SOC = Quow -100% (2-3)

max

2.3.3 & # w5 7k i (State of Health, SOH)

AR E R T E L enf £ $T IR R hT 4 F R 4 o SOH
AR ”ﬁféﬁiﬁﬂ%l’jﬁﬂﬁﬁiﬁﬁi%ﬁ#ﬁwsm{{ug
A AN T RS F T AR 100% N A 2ATRS AR

SOH i%#:F "% 3 — 2428 » &7 &+ ™ { # (Berecibarefal., 2016) o

s Bl E

Haneral. (2014) 43 81T 47 NSBRES T4 2 LR 50 500
B4 AT T R FEPHET S LA b R R EAT UHLE G
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24.1 BigEis

beiis
=
N
a
£y
=+
£
=
-
i#
oy
|
3
o
B
a\
"
x
=H
=
-
W
)/
=3
) 4

e fﬁ}ffﬁhﬁ&fi/”\q Bad vkl FIrR BRI E TS R EEY

-r’\"—‘_l-m»l-%—'-rﬁgiﬁ

]g%‘\)ﬂx :l']'glé’ifll.b/zog ﬁé" ;‘Eﬁ%%{:@:#&-
D Mgy BAABLLJERE N B :’zsﬁll'éﬁfcg WHE-Zwmpr o E b (Ngetal
2009; Piller et al., 2001) ©

242 BT RIZ

B # T /& (Open Circuit Voltage) *~ LT /B2 »dgR s X &1 f @ &

R RE T TR F#ﬂﬁé‘a?@%)’j&{!?t“?@ﬁé BRI P FIRT R kg

LB T E T S RS T PRBREESARNET TV R B
LRRE > &M N T AT R M Aol 2.3 95T 0 W oAl Rl

o

RSB R LA BT TR o S R R ET S R S SRR
- BERRT R TR TR AR RD B RERARRT R R

=

7 & PI(Ng et al., 2009; Piller et al., 2001) °
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110

100

90

80

70

60

State of chargel %

50

40

30 T T T T T T T
11.7 11.9 121 12.3 12.5 12.7 12.9 13.1 13.3
Open circuit voltage IV

B 2.6 4of7 s BETRE T LT K2 M a(Piller eral., 2001)

243 LPRTHFEFLER

EUETS Y LB LA RT BT § FEF e BARTE T
FF ¢ @R R s o kAR E TS DT ET M AT R

BT iR B R k28T 4 14T £ (Piller et al, 2001) o

25 T4 RN BB

A

A EIEPIE G BRI ATE c ERRIE 2 240D F 2R TEAURF

ERRIR DA EERE A BEA T E & B A 5 foAIE > 45 7]- SOH 4p b eh%

CER G EE AT S A2 AT AEE S @Rl R T 3R T UEE (2
4) ;% & SOH :
_ Qmax 0,
SOH =" %x100% (2-4)

—,-E!‘j‘Qmaxf‘é-‘iﬁ!;—’i“"ﬁ’&‘,‘—"_Iq,r ',E_’Qnewﬂjﬁ‘ﬁ‘”‘%ﬁ 'E-"
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’}’:1‘:}7%;&“'57?55‘ ,ﬂH’# ﬁ,\—"? * ;i‘f“ﬁ‘”‘ﬁr%‘?ig iiﬁ;&ﬁj;u I'S"J’?J'l %gim]%ﬂ*}g

1 SOH » SOH 4% % » 4 7 7 B fotba &4~ 4ok 5453237 » 4 SOH ™ M3 - 23
B L e g e F R o ¥ kR R B R
(Xiong et al., 2018) -

Ramadanetal (2015)#% 21 % £# 2 £ % 2447 £ 2 80%FF » # SOH %3

5\)‘&

0% -

SOH =100% <=>C =C,,
SOH =0% <=>C =C,,, =0.8-C,,

HY Cp a2 #4432 CroL » ©# &2 &% (End-of-Life, EOL) 2 % & © ¥

I A (2-5) 5

C
—~--08
SOH = (—C'V0 5 —)-100% -3)

frt,
Ao
a
ETIRS
&3
=
(\
|
w
»}
|k

252 Hp R ETR

Bao et al. (2018) 4p & N FE¥ H i E s p L £ R (Direct current internal
resistance) 1 % R & 74 & %% fiw4F ¢4 (Hybrid Pulse Power Characteristic) i& 7 & i)

B UEE AP RESS R E LRSS E P EE S TR

3

PART R A E AT R AL o i B N e

EREDRE ik s @l Ehe

En

FE g Bl B » g T E R B

SHEF G T R oo
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Fengetal (2012) #% 5| &7 3 p 1L B RIHGIY 202 L 57 LB R 2 2 > B
PRI eI R AN S TR PP g P m KA A T R
M xRy  F BT BEIRNT R TS NTRE G BRE TSI
2oF AR 2 R RRITI RN F T A D RN R T
EEPTROLERFE TR AP LE 4o (2-6) FHTF
E-U

r :TR (2-6)

FATARAPECERRARG R LEFOTE U SR L EFOTE R

PR .

Ramadan et al. (2015)#F% /2§ i p T2 > N E 83 SOH» § T4 p T2

A e RIEeS B & wiE 4 &ik¥ (End of Life, EOL) o

SOH =100% <=>R =R,
SOH =0% <=>R=R., =2'R,,

St
il
S
e
IS

PRy R EAAP RIS Rpor 2 w# i EOL 2 p R o FRE v A G

2-7) 5 -
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SOH = (2——).100% 2-7)

BRI NIFFHERTE T EME EEK AP TNRE R d £ 26 %7 o

225 RARENE EEREKRP D Z BRI R

e [y EPN-13
RiG g i E S B az g
ME s g * A2
EACVRR
BB TR E FIAHE A #2TpEE R 4
MR~ Bt P o
r—‘go
TR ¥ SOC $ S IEH TR TR RS
18 R %o T BREPREA
# % mBMHEI
FHETE - R
*o ek 34
¢ o
N LRE #2 SOH 7} 4 i+ B TR TP
% o B B A o
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2.6.1 25T # 3T BEA

Jinetal (2021) #& * = FF 22T BAF] » 4oBl 2.8 #77% o d R BRR ~ T e
Bp e RCRETFAREL cUpe # R RBELTE IR & R# TRBTIE
(Ohmic resistance) ; Ri1 4= Ra % #& it & & (polarization resistor) ; C1 fv C2 5 & it 7
Fed BRITF AR AT AEE T FIE B A R RS BT LT

UZZE# 2R UL U224 BRCEIT 3 ~ e TR -

(8]}

B 2.8 = 4% d B3l Jin ef al., 2021)

2.6.2 = F P TR

Jin et al. (2021) 1R fe™% 4 # F 45 3¢ (Hybrid Pulse Power Characterizartion,

HPPC) ¥ M EEHRIIB 29 ¢ & B ~ 22 $#co
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--------- 1 100
[ G Voltage
e ™ T 1

34}
1 80

| 60
| 40
- 120 o
=
&
377 S R S — o 3
= 5
= lop ©
=4}
| =60
=Rl
1 =100
0 20 40 &0 B0 100 120
timea's

Bl 2.9 Rk FEFERFT R T IG &(Jineral., 2021)

_ (UA_UB)+(UD _UC)

TR B AR R, o (2-8)
HY Ro s #eFTIE o
B (2-9) TR SDERGURE B FPE ) A2 Rk
-t -t
U(t):UOC+U1e%1+U2e%Z (2-9)
it RILZ S8 Y SN 4T
U,(0)
R=—"7— (2-10)
I(l1-e ")
2 T -
I(l-e %2)
7, =RC, (2-12)
28
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7, =R,C, (2-13)

2o U0 fr U0) 2 A& E 3 A 82 440 BRinfrn A uldsa B RCER

TEARZ B T47 BCER%THERF -

27 BEEY

WEFVSEIchn Penlichp b & B4 SR AT Y RS LEaaond)
A Byt FEHPEHEEFEERPEF R AT B ER Y <
oz xR L B E Y (supervised learning) ~ 225 B3C 4 (unsupervised
learning) fri i* £ ¥ (reinforcement learning) e § 4L 7§ & (7 iz H FE T
PEREENEY S FE AR ﬁ@ﬁwﬁmiuwg*ﬁﬂ;mwgﬂﬁﬂw
FAEY -2 FREFTREA R o LLEBP fI¥ 7 RO ER

(Mabhesh, 2020) -

Data input Feature extraction Model building Model assessment
A AL A A
- N7 N N o ~
Explicit -
programming Input » Handcrafted model building » Output
Shallow
- Handcrafted Automated
machine Input » NG ) e » Output
learning feature engineering model building

B 2.10 ¥ EF 3 2 #3 %F H (Janiesch et al, 2021)

271 BERBBEYERTATE

g R R PR el (TRE S L R¥pE 2 - BRERART S
5 1 32 e o f}«%%@:#& FEIERGE 0 ZERET S hI FRITrE 2%
< i

‘ #icdg ¥ (Xiong et al., 2018) ©
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¥ L4 (Suieral,2021) 50 HT 4 g B2 T4 R R A 7R

e

FHET R S2FF % T E e 35 NASA Ames 7 Prognostics Center of

h
"

Excellence ~ + 2+ g # £ it T & (Oxford battery degradation database)

I

i ~ & Center for Advanced Life Cycle Engineering (CALCE) % L & fr& @ 3
B 73 % % (Sandia National Laboratories, SNL) =2 B 35 o -5k 27 74 27 90 0
FHRABR AFVRIMEASERT L TR TR R R YR

e AR It B Y B R FIER -

F_

HE g 8% 8T LHAERIS %404 27 B RMSE £ 384 307% & 1 %= 4
gf'&o r‘])é,*wﬂlllé’}” mFl‘} g:‘fr',P Pé""‘"‘ é_@_ I S E#—‘{‘Lbﬁ&’lvﬂ RMSE %

» Lk B0 s B SOH -

‘m\‘ a

% 2.6 & #3)2 RMSE (Sui efal., 2021)

i1 RMSE
FNN 0.81%
RNN 0.46%
DDRN 0.11%
SVM 0.63%
RNN(LSTM) 0.96%
SBPM 1.38%
BN 1.15%
DBN <5%
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2.7.2 & #» £ jF(Support Vector Regression, SVR) & #* 3+ T #

flr A TETRET IR TL P R A FEAEPN TN G R
SVR #- s S Bichib 4 Pl E BR 2 Fcz B0 7 0% R fafa ¥ Fenzbatii il oo

a2 B AR R e A o

N

VR 07 % % £ # (Support Vector Machine, SVM) #izt @ » 7 f 18 _SVM
HASL A SRR s ATk 0 4oB 2115 @ SVR BIELE P gL fF B
o 4oR 2.12°SVM P #-3 B B B &4 B2 SRS fE542T 6 (Hyperplane) -
SVM E & @ gpAg T 5 2 BT F AL BLeniEdE s~ > @ SVR Bl & & 4 T o 5@

etk A BLEE4E & -] (Garcia-Gonzalo et al., 2016; Xu et al., 2021) -

® class A sample

Optimal N @ [l class B sample
Hyperplane \\
W.X+b=0 N \NX]' ¢ ® ®

)
.: | “a Support Vector
O
O >
H, Hyperplane

B 2.11 SVM 5+ . Bl(Garcia-Gonzalo et al., 2016)
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>
® 2.12 SVR 7+ & B(Xu et al., 2021)
SVR it p 5
1 e
QFEWW (2-14)
Hod oty LR BN GBS R
‘yi — (wx, +b)‘ <g (2-15)

AEERACHFE S FEREC] A F AT SH W I E be A SVR2Z &
‘% S h (2-16) 3% > #72 SVR enip it B4R MR L (2-17) 3% o A L R

4e )\#Ei s ¥ ,Lt,’éfF%k "I»T";_ &?7}’,‘%&' s fﬁ#ﬁi-@iﬁ/‘[\i&ﬁ} .

SL(H0). )

{ 0 if|z|<e€
l.(2) =

|z|-€ otherwise

(2-16)
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min i +C Y1 (F(x). ) (2-17)

B2 e

BFRRALY 0§ IR AN G RILE RA RS RO KRR

AN

i\4

LA F'X‘}—'@é'—»*&sb ﬁ.gfvﬁ'sl]\ ’ SVR#Z’"‘T ”'ﬁp'},‘ﬂ *R ¥ 1__’ -
PR AT e ~ Bigs g (Slack variable) o 4B 2.13 0 @ Sifciny LR B oeniE

Boangls - B BT AFLREPN oA~ 5T H (2-17) SNy s (2-18) e

[
L

B 2.13 @& * 5 FHcfodp £ S ficz SVR (Das and Choudhury, 2020)

min. —||W|| +CZ(§,,§)

wb.&.& 2
ﬂ-fwo—m36+é
Y- f(x)<e+§
£20,620,i=12,..m

(2-18)

FI PR RMEA BPET SSVR g AARARNEFR A 0 A
PRI BARBAIE RENABATRY TS IRLT G 00 BB B A

@iged (2-19) AFSVR KARWAN P A o RETE- BHALF
_aa@%&&¢,§@m%$,,%wzw)f
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y=WTX+b (2_19)

=W () +b =Y (1) 4(x)-+b (2:20)

F AP T R AP B GO0 E B E A 0 Y A sk
(kernel function) » % 77 5% 5 (2-21) ;4> M MAEFE § - BECHP HF LTI Y -

ol B MRS S AU 0 iR R D S AR B P Sicked 2.8 6

iai Vix(X, %) +b (2-21)

% 2.7 7 I3z £ o1 3% (Yettou et al., 2021)

- H 573
Linear kernel xK(X,y)=X-y+cC
2
) lly—
Gaussian kernel K(%, ) = exp( || 2Y|| )
20
Radial basis function ” ”2
f(x)= Za y, exp(———") +b
Polynomial kernel (X, %) = (- y+¢)°

34
doi:10.6342/NTU202302466



¥z By

AFETHRNRTERFF 0/ T RECFE NF# 2 SOH 122 SOC »
RSP ERTE R TS AT B i BB ST B
12 e R FRG A4 % 0 B E 4 SOH -

ARG s BIAEEWRD > AU ETRRECEAEREE - SOH v

SOC 2z it fo B 2 ~ B TR 2 B> Z 2 % <RI AFE

_______

[ maeir |
I

[ smanpy  |—

[ragumevR) |

______________

A

SOH
SOC

Doy

BRA B

{
1
TH-CE-BE AR
1
I
I
1

7R
Ak

o ———

3.0 A4 % R

30 TR ~Fm2EREES

=H
~
)

AT RHKY 0 TR RE LT TN EFRE Ay HE
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311 AgEH s

*

A §Y enie %ﬁ&rﬁ] 3.2 %74 1 o Fr#liFEH & * Arduino nano 45 fic Arduino nano

/O shield> 3% 45 414 €2 > Atmel 7 % e ATmega328P M5 F H & 5 » 22 Arduino

Uno it 4p & » 7] H

SOl o h T B TR & REHIE AR R

SD card
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SSD 1306

ooooooooooooooo 4 R " e OLED
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Bl TRPE o R IY T AR R ERIT R I R A
TRLZEFP CEFLO0ILSVe TEARD e (3-1) 54

R
Vin =Voar "5 (3-1)

in
otal

B o Vi s A2~ DB Vo 5 TF 2T BB TRE 60V
Ry 377 A BT BFS HORIEE S R 77 RILSRr o SFAEFT S R BT R
BAMFERTEI UL FEF AEERY 2B 100kQ 1 B 1 MQ HF e
Bigde e ATH ORATRY » LEE LIMQ SFIRDTRE N 2l
hof] 3.3 #57 o HiEER Ry 5 100 kQ 0 R = 1200 kQ > &7 FE iy » T 44147

et TR G AL SV 0 @ L FH I S R L S 2 (e

Analog Input > GND
100 kQ 1 MQ 100 kQ
Bl 33 »~BEET R F
peeh s BRITRE Y OE R T1I%Z AT Vi KX B S B F L 05We

BR R EER SIS 60V 135 (3-1) 342 AR 2 LE 100kQ fr IMQ T e
TRAG G S5VArS0 Vo RIEFRH 3358 2N fomkr LR T B LA B
Trchr FER ) 0SWo FEFTIL AL (TiEAEY 2 8% > TH/F LRV L

'f’i."lii,%fi'f’i’ @{E};ggg@%%@ °
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BRITnR* ACST58-50A T g RIHCE » e B RFEF S 250 A ~ 50
AT RE R AT b A T RACR 5 40mV/ACACST58 A E R sc/k (Hall
Effect) o % Timin SRR E  FRICEB R BESLE P § 4 2 BTN HESER

RAAHE TR LS BR TR EH IR i 17 e

P-4

BHFRAPE RIS L AP E 2R

(3-2)

e Vo szl ZRILR (V)’Voﬁfi‘;'@?]%?@ﬁ 0 FF > 14 1 & Bl
Z bR BE (V) S 5 ACST58 2 & at/k » S ¢ Flig * jkiw AR 0 Bt

S=0.04V/4 > @ V E{EBE ;40T o

(Eﬂ) (3-3)
2e [ ;%%l N EEVL R 2 MELE @] FrAFE B~ RS S5V ¥ el FEF
51024 Lk b SV REF 010240 5 E R g TR

ACS758 #-7 in1l 40 mV/A en§ AT 5 55 3B > 350~ 50A ehR ¥
IREBFEFRO~SV R o e aag > FH g S HEDTINE

iR BRI * DS18B20 0 4t Hoke g Bl F B 5-55°C 3 125°C> ~# 1+ 2 %
ZiERSM o TR 1-wire ffﬂ@ﬁ;ﬁ%i’ RE- EREVBETHEISNF &
FOR TR R S TR o Lowire TR B R LI 0TS M2 B I
o H - APATT o GEERE R RE T A B Lwire KB RIE
Pt F i 64-bits BEL 0 tr il - BB RREEES BRRIE AT A5
Mg Tr S BREAMECEERRRAZE AR R RSB EE S LY L)

Al EE R Y > 4o R R -
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% Arduino SD ~+ Boie ik 5 Bcdh o 2 B 4 4% SPL 4 6 > HHE fpse s B
T FAE >R+ ¢ o Arduino SSD1306 OLED i # f2 &85 e > a1 5 & £ R
IRRE Ty wﬁgiﬁPCﬁaﬁa,;ga@wawwgﬁ@ﬁo

Arduino nano I/O shield #f *o 4 ¥ 24 4% 5 BRI B Y73 K feiv Mg gt o
RAL > Hagdorg cnggyt /0 ~ Bz 1/O %rizde I’C %ri= » & B 1/0 ‘F'Vl Hpelt §
griz o P 24 12C Kk % enfic B o %] Arduino nano 47414 2. USB #8f R T in 1

7 S0MA FFEREARIZKEEF S m BB REDC BT AR HET

3.1.2 inAREH

Arduino nano f F TR~ TR E B AR RF oty > £ ¥ # % SSDI306
OLED ¥ 5 K7 T #EHERZ TR Rz Ehesbelt? LB FF
A

RS TR ARIE AR 3.4 7T 0 A Bk 1 iR A R AT 2

2

%X € Arduino nano € A7 dn it HEt B 2 PCHER A G o
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B34 TR RIEERERIKE ALTE R
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321 F%REAL

() 7 Al in 5 f f
G P LBRETRFERE 1~60V - 1 T 0.01~10A ¥ &+ 5 5 150

We ¥ $& ik %% L—\El,/?l‘ﬁ%] 4 ’fq%ﬁﬁ'{rﬁ TV A P\?-’;’_‘/ﬁ%%]—fl ﬁ’ojﬁl’ﬁ

LCD 87 5 % » 7 UBA LR~ Lk~ 7 s GRII BT 0 2 T R A
TR EEERTS U AE LR R BETRTAE R YT R

Hoacg fe > A g A4 o
(2) T PR R

% NICIOY mf# 4 & » 415, % BRT808 » #%p FLiplid k2 RIET RFRE 0~
100V 45 % w SURH 50 0 By~ 5L L kHz 2 w0k > B M AR 5 £0.5% -

(3) £ /H ELI}E, ""}%Eg

‘_ﬂ
m\*

+ (Gwinstek) # & » A]5L 5 SPD-3606 » 3%tk B4 &8 £ 375 W 2
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TRGE ~ OTP i@E & ik ~ @ sk 2 LB/ TR -
(4) 5 # itk

SR ETH (Hioki) 274 4 385 DT4211 > 32k B DCV £ #l# F
420V~600V ~ ACV £ ip|§ [ 420 ~ 600 V ~ T f2 420 ~ 42 MQ -
S PRI mEF T
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B 3.5 PEL-3041 ¥ #2478 i T+ f £
(6) ¥ I H M TR
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(7) 1200W % /& & e 4] 35 % %
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I 10A o
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P ¢ R R > AT udpE I p e
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constant current
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Measuring
internal resistance
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RETHFFAFET L LB RLRS L RfEE 1CRT o F 2 LR
e AT o RS 05C-

BT REED > FALRIPN L jede Rk S ) LR o ] MR R
SOH: A ¥ 7+ ik 2C) =T #FH 10§ > o T BRE M - b7+ i

WEE o ICHTREFREIRLTRLTSIV, p s Barfd 2 P i b ™

RNy N o T v HAREF LT FIHP IR E R R ;«\;L";;a B %

G Y - B BT LA TS 2 N R R RS  E E 2
GOt o L RATT GO R BB 10 PR LG R BT A
T PR R (2-7) 3 E 13 22 SOH- A Ramadan et al. (2015)

BF A7 R I A4 FE2 80%PF 0 2 SOH 4 0% A AR5 ¢ » 87 (2

7) $3HE D SOH » o 91 37eh% B » 40 (3-7) 2 o

C ¥ =R (3-6)
<y
C (3-7)

SOH = (=—).100%
y

He y i3 7 * 32 8% 144782 y%P # SOH 5 0% (Ramadan et al., 2015)°
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324 g 3 iF

T AR A T RAERER* E &R LT (Constant Current-

Constant Voltage, CCCV) » |27 /R T 4883 T F B2 v g > 3% kg
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B 3.8 EiniER AT 2T 7B

AREAEY § AR AT AT L TR R ST RERL D

MEFLT BN  RE ARGESPEERRDIE - ST e R -

FEDYRIRE L F R TE R FRE T BRER NIRRT R
bim AR AR AL L AT RARELT LT A g T 2 E AT

IR B AR TR R AR BRI ERTAE e REFR R E R
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A 2 % T ARAC R 3.9 T

0.5C
constant current
charging
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oltage < end voltage
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v

constant voltage
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B] 3.9 18650 7 i “c 7 in AR

“0F 18650 T 3R P R L RE LT 2 o gANER I (C2) 222

RALELTR AIRALBL DR RRE D OV RRRILS ¥ 21
TontEL C20 iRk e e
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3.3 T RAHT 2

2 A5 ) AL a2 S % o Tho N 2z 4 4 T ok SR o WAt P
AR E U E T REAERT S 2R B R T - RS T R

BEFEAEAPEfTREZ CE R B SRR PR TG R S 2 2

330 MA TR EFERN AR %

2.6 &7 &3> W A (Jineral,2021) & * = fFE ST BIGRACIR L S
BEEBAE2 S8 RY D BERTRTU{EET A ZHN A adEm] Y

Flig T # 10§25 (75 0 B AR R oL # F R 4F R0 0 2 FIT 2 PN

FREFEE 3@t p o P2 8% a 57 1% Rzt SOH » kit

H

~2

SR - FEECT R AoR 3000 2t E g Merg A d

\\\Xr

o

-t

R,

Voc

B 3.10 - Fr # e TR

BT W ARBIg 0 1 (2-8) 1 E (2-10) SN E MH g popEAeiR o
29 REMEATFTZARINRTIHKZTRY LN R HFL (2-12) 13 E
MF R Crs 0 (277) N EHE SOH» £ 07 (3-7) N4 M H 24y (Jineral,2021;
Ramadan et al., 2015) -
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34 NBEEV S EERTAGE

B2T7 P JPIT S NN R G 1 FRBE I A B T X ik

EEFIAER TR FEEHEHR Y 2T TRV RBEA -

2721 &9 &I > T A (Zhuetal,2022)i * F FISEE Y 2 5 2L R

LW e LRI R ATHEL 130 B E 18650 42= R4 o 02

"R R

Do B REHEC RFENL AT ERAFLS f R A THE

SYRE TR AMEL Y RO B R Y ALY R L TE AT ERR

AR ERNRTAFE -

342 TH TH S 2 H R

g A AT S RERTHAEY CEFTHE AT R LRE IR

(relaxation voltage) & RIrip$t 2 T# F 2 - ¥ TR HET R 1T Tl

C

AR AR 4 ALY T R R AR N L R L BRI R

T hds
EE TS
ERE AN
S
Bt~ h

-
Wl

AR R B A e e B A 9B TR SR o T

‘.

ZFECPIEARMTR -

xS

B PR S 30 A4 ek E 30 f2 BB K LR TR

2 szt L % 8 i (variance) ~ & (skewness) ~*## & (kurtosis) ~

| EfeT 32E (mean) > 4= (3-8) I (3-13) ;% (Zhueral., 2022) -

PP IR (3-8)
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18 X—X
== (=) 3-9
nZ m (3-9)

1. x=x)
=23 22X 3 (3-10)
nizﬂ:(\/ﬂz J

Xmax = maX{Xi} (3_11)
Xmin = min{xi} (3_12)
x=13x 3-13

“h &k (3-13)

343 &»AEFe Ly SVR) FRTA 5L

Aor A e Bi R RIT ¢ F £ enAede @ 301 96 0 #3401 $ T AT
TR Fae > 272 &¢ > @ A g2 SVR #3](Garcia-Gonzalo et al., 2016;
Xuetal.,2021;Zhuetal ,2022)% £ 70 > T 41 * 324 &/ I en T 2 2k o

%’A\,’g Fll ,_‘5;\'56;')& 1L *‘,rl ﬁﬁ"—fll] °

51
doi:10.6342/NTU202302466



Raw Data

v

Feature
Extraction

v

Set SVR
Parameters

v

SVR
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SVR Forecasting Process

Bl 3.11 SVR 3" R 4%
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41 TR -T2 EREHEY

411 TR~-ZTZ2EREHZXER

TRAFTREBRTEER 2 S4Bl 4.1 w0 ﬁﬁ-”’“r’ﬁ B i?']%ﬁﬂéﬂﬁ%‘ﬁ@fl =R
i T Arduino nano shield e F o @ * 2R 7 5 FFHL 0 BREEL 4
DERB T LFHRTFTHE o Ko R B4+ Arduino nano 0§ §

ACS758 % i s il % ~ DS18B20 8 B & i#] ® ~ OLED % ¥ &1 7 $C 4 SD + #i-i. o
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RO A R R B R R AL R B MR o RN &
HAARECREYR AT RTTRRET P 2 AR R BRI
A AEFE R * o

BT A iz M R EE Y £ WA (American wire gauge, AWG) 16 % &
MEGER VAT ETV KT 10A PR T AR BRI B & AR

AWG 16 2 FaR L85 > dofe BT > PURCE % R g
412 TR-THR2EREHEERE

TRATIRZERTES AL ZREE EREFARE o % SPD-3606

ok

mRRERBERIRE R FAS BT RITIREFER - £ 41 f0E 42 4

|rml.

Bl i R BRfcT B PlERE EE
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. P Ew$§ AT R
(i wv) (7 18)
V) (A) V) V)
0.00 0.00 0.01 0.08
1.00 0.00 1.02 1.00
5.00 0.00 5.27 4.97
10.00 0.00 10.70 10.02
15.00 0.00 16.04 14.99
20.00 0.00 21.41 19.98
25.00 0.00 26.82 25.01
30.00 0.00 32.19 30.00
35.00 0.00 37.52 34.96
40.00 0.00 42.91 39.97
45.00 0.00 48.29 44.98
50.00 0.00 53.71 50.02
55.00 0.00 59.10 55.03
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242 TR BRERDE S
P - 2RI BRI
RERE S (fe %) (fe #)
(V) (A) (A) (A)
3.70 1.00 1.00 0.99
4.00 2.00 1.94 2.01
4.70 3.00 2.83 2.98
5.00 4.00 3.76 3.99
5.80 5.00 4.68 4.99
6.80 6.01 5.60 5.99
7.60 7.01 6.55 7.02

BiFMpe o v U NTETRERTRLF MR G-1) 0z (3-2)

SR TR R R R AR

V. =0.9299V, +0.0765 (3-1)

|, =1.08631, —0.0879 (3-2)

—‘E‘é ’V;;j‘”‘&;iz?ﬁ;@l’ﬁ_’ x?*‘k_l_ i@lﬁ" 9[3‘”'&‘_"&/?Jﬁ_‘(71 IE’ ’I ,—,;’}sg_]_ ﬁ_‘/rl

L
B ©°

gdo(3-1) 8 (3-2) st b RB2Z TISFA L 0.02V Tin TIEE
25 0.01A > & = 425 ki&ﬂg Bpoecd 7 BPIEE - d £ 43 7B E T R

Tl PEER o BRI ALEBRL o

FELTRERF DN EALLET AR RME A AR B T RER

ER IR LI A A A XITRERFEORL B A2 FTREES
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Z R BfrR i g TROTIEELE 017V AR 2 R B %G - TEL

FEo ST RTNESL LR T AR TRERILFEL S 52 S 0 2B

HRFLEREI 20 BFL - P REALTRAOBRIEF EHTINZ ) TE

Foad 243702 TRFAfeR IS S APM -

Vout - Vout +

b
|

Current
sensor

Voltage ‘?

sSensor _a

Vin - Vin +

Bl 42 TR TR R BARE T B
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L

%43 TRILIGRE B

T Py 2RITR ERIE
(fe i) (e i

(V) (A) V) (A)

3.70 1.00 3.57 0.99

4.00 2.00 3.86 2.01

4.70 3.00 453 2.98

5.00 4.00 4.81 3.99

5.80 5.00 5.60 4.99

6.80 6.01 6.57 5.99

7.60 7.01 7.37 7.02

Ry b adapl2 B & - AEHTRARE - 2 R T o BRI F

7

“~

WA HE R B 43577 mEERDT I

Voltage Error (V)

0.24

0.22 4

0.20 4

0.18 4

0.16 4

0.14 4

0.12

[ e BF-A 5 SR % o

T

3

Current (A)

Bl 4.3 Tind TRFL 2 M HE
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d RBFEA R AL 2 SRR T % 2 LR 2 AR Ae (33) 54

Vc,new =Vc +Verr (3'3)
V,, =al,+b (3-4)

2 ’Vc,newé‘::’(*’iﬁ—igﬁ@ Vc:;é;"“\#‘-'— ?@’Verré%éﬁléd'i%@gﬁ
Z 5@ a i 002182 b 5 0.1048 Eigd Mt jFig iz s F kil L4 B RIT

N
ine-

LAY FRITRME RARGAEFEORTFESF EF EL ik IR
5

T AR m i R A o BT %]%Fff TRArR B E 0.010 K EE T

BRAr R m ] 3 0.05 B o ik 2] ET 5 00 ke 18 P D B8 N de (3-5) Nfr (3-6) o

0, V,<0.05
V, = (3-5)
0.9299V, +0.02181, +0.1813, I, >0.05

- 0, I,<0.05 e
° " 11.08631,-0.0879, I, >0.05 (3-6)

41

T (3-5) e (3-6) FRIUCEAHTRITREFREER > E EpE

Fdok 44977 c RRTEEZ S 002V LT A 5 0.01A -
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44 - R SRRIER

TR P ERITR ERIT I

(-t 1) (2 )
V) (A) V) (A)
1.20 1.00 1.18 0.99
2.00 2.00 1.98 2.01
3.10 3.00 3.11 2.98
4.10 4.00 4.09 3.99
5.20 5.00 5.22 4.99
6.20 6.01 6.22 5.99
7.00 7.01 7.02 7.02

413 TRAFEZAL RS
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gRItCE p g 2 BRIGEL A R gD
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LR EEY b oW 440 jebe A RURALT 4 2 %D o
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Bl 44 5 ARMET» %T2ZTRY AR etk LT %72

dRBERELRT A BTG IR Ry A B B RY s P & LF L
LA R FRYGRE R M FRT AT LT TR E Ma R

PRI AT RER S S R FL R HACSTS8 T
R R E AT 6o T S0l gk 2 2 SN te g U o M-l Y RO SRS Rt S T
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BT ALY o R A B RSB ST > ¥ DSISB20 F B R R BH IR A R
BOLEEE R o3 PR AT S R R SRR 45 T o 2P 5 LG4
A BB RE36°C: m Hanlin 423 7 8 BN 40°C » L8 5 M

o BT AR BRE B EREG P
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38
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AFLF % 437 26000mAh LG18650 427 # BLE P L1t » 2 & 1

g PR REET AP F Bl 47 2B 410 2TF 0 PR BRNRT P

—=

P h- RRT IRV R R A PR A TSR T ET A LERL S R

FAEF el kR RETH e R EAF -
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2 41
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Internal Resistance (mQ)

Internal Resistance (mQ)

— Before

43 A - After
42
41 * ®
40 + L ®
39 1
38 4

T T T T

4 6 8 10

Cycle Number
B 4.8 LG 2600 2 | fr g i
— Before
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40 A L & ®
39 1 L & ®
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T T T T

4 6 8 10

Cycle Number

Bl 4.9 LG 2600 3 j fe & 1
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#2045 X TR TRIRLIT A THRLESE

AV (V) Internal Capacity (mAh)
resistance
(mQ)
LG 2600 new 0.65 39.0 2438
LG 2600 old1 0.72 41.0 2378
LG 2600 old2 0.77 48.0 2249
LG 3400 new 0.90 48.0 2976
LG 3400 old 0.94 49.0 2932
Sanyo 2600 oldl 0.74 41.0 2285
Sanyo 2600 old2 0.81 49.0 2071
Hanlin 2300 new 0.95 178.0 1342
Hanlin_2300 old 0.98 187.0 1303
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Ro (mQ) R1 (mQ) 11 (5) Ci(F)

LG 2600 new 62.0 77.0 11.91 15.47
LG 2600 old 78.0 77.0 10.94 14.24
LG 3400 new 67.0 60.0 9.70 16.22
LG 3400 old 73.0 59.0 10.21 17.24
Sanyo 2600 oldl 60.0 76.0 11.64 15.26
Sanyo 2600 old2 82.0 76.0 12.94 17.09
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