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ABSTRACT: This study proposes an optimization strategy for the over-current protection (OCP) parameters of a lithium iron
phosphate (LiFePO,, LFP) battery system used in electric golf carts operating under high motor-load conditions. Real-world hill-

climbing tests were conducted under four clearly defined payload/passenger conditions to analyze the transient discharge-current
pro-file, voltage sag, and cell-temperature response. The maximum discharge current reached -238.2 A under the 200 kg cargo-
payload and one-passenger condition, and the current interval exceeding 150 A lasted up to 27 s. The maximum instantaneous power

was 11.05 kW. Thermal analysis showed that the cell-temperature rise was within 2°C and the maximum measured cell temperature
was 22.3°C. Linear regression of voltage and current yielded R? = 0.9368 and dV/dl = 0.0126 Q, which was used as the DC internal-

resistance estimate. Based on these quantitative results and the cell specification limit of 300 A continuous discharge, the OCP
threshold was reviewed from 250 A to 280 A to improve driving continuity while remaining below the allowable continuous-discharge
current. EIS-based SOH estimation and the AlI-BMS variable protection logic are presented as an extension framework for reflecting

temperature and aging effects in future OCP-setting decisions.
KEYWORDS: LiFePO, battery, Battery management system (BMS), Over-current protection (OCP), Dynamic load condition, Hill-

climbing operation, Parameter optimization, Electrochemical impedance spectroscopy (EIS)
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3 8 ke ZuovieE 9 oA
5 & QA (LiFePO,, ©]st LFP) Hf
E2] o] Sti= qictk LFP HiEd= @4 AT A
g SHoA Aol oy, HAR T, 1FF A
AoA= &7 FAdRF S A
Sk 74e 9 wdo] BAIO] WA % ek G2 Buse)
Ho ARG A B8 ofyzt AR &3 A&7 &
7 agste] Agd Fart ok
=4 9 A} @Y e A= FAF A PolA EF
et Qe Aol 24etE A9 Bk old RE=
DA w2 EFE a5k, HiE P "ol 150 A o]
of TR Rep} WBHOE <d 4 ek BMse] P
& X S (over-current protection, ©]5} OCP) YAX|7} AA| &
3 RotEoh EAY A AATE Aol FAASH, A &4
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21 LFP HIE[2|S) O U 18 W

LFP ¥+ @34 A 2571 w1 A4 ®Eo] o &
3} o] Yot 1g W Al E Al Qg A F
SH(Voltage Sag)2} = A(Joule Heat) ¥AJo] Ao JFS v
Zo [3].

2.2 BMS I®{ E3(OCP) HAHUES

BMSE HE A E= & AAE B AFE AARE 2Y
Hiysty [1,2], A" FA dAAUiminE L7 AZE

H

4 IS BRI T4 AR BEE 4 Ak o

Agkol s Eom A U HRE BE olg7

sk wWebd ocP A 74, 4% W3 A%, 1A%
79 2% 45 A Beistel A sjolok g,

2.3 F7|sker YoHA EEE, CPE 2E

HiE 2o Wi AeiE FdstA Xdstr] s EIS7F AR
Heh [5,6]. AA HiE Y AT EA4LAdS WIsh] {6l
ATMAIE A A5 HA) QA (constant phase element, CPE)E
gt 7R BES FHE3dt (5] dEEA Ze ot
22 =94 mengE g dEnt

RI(QY AF): AY 2 45 AT

R2 (A5 A A%): BB AW 98 A [6,7]

n (59 A%): YolHAE HEQ uigle] B9 LS L
gl Ao BelE geg W [5.7)

3.1 CHAL HHE{2] AJAE! L XIZFAIQF

2 A3o] AREE AJAHL 48 V 150 Ahg LFP HjE|2] Zo
2, 15S1P £%9] LP33200207 Al(Chuzhou LishenyS A3}
ATk [11]. 35 Ao FAAL ) A& Wd A/ 20C
(300 A), 60z o] HA =M AHFE 3.0 C (450 A)o|t}. A
A AFE 46 kW AC HHZF F2HE 5015 AE 28
AR&-5H T

Table 1. Summary of hill climb test results under various load

conditions

Wil 9: 48 V 150 Ah (15S1P F4))
AE: o A< H5E 300 A, A HEA 450 A (60 5).
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Cell model LP33200207-150Ah / LFP
Nominal voltage 48V
Nominal capacity 150 Ah
Connection structure 1P15S

Charge current (A) 75 A/0.5 C /Standard
(52.5V) 150 A/1 C/Maximum
Discharge current (A) 75 A/0.5 C /Standard
45V) 150 A/1 C/Maximum
Energy 7.2 kWh

Cycle performance

>3000 cycles

Size (W*D*H mm) 800 x 280 x 250
Weight (Kg) 50~60 kg
Communication function CAN/RS485/RS232

Application

Golf Cart/ AGV

Table 2. Summary of hill climb test results under various load

conditions

A A% A

ol A% AF LU,

712 2E 45kwh AF (6.31H)

32 N8 = Y Ho|H &5

S

192 A4 skt §5 AYS XUTt 4717 Ko 2740
TRt AA sk AF AAT] F71et 3kE st
= 9ulstH, g5 Q¥ A Be SSAE TR
) 2AL ou]gith. B =oALk 19l 242 °F 100 kg,
2745 °F 200 kg A steo &2 7Pt wt
Z+ 2742 (D) 0kg AA+191, @ 0kg AA+221, 3) 200 kg
HA+121, (@) 200 kg ZAf+2Q10.2 FEETH

= AE2 Y AF, 5Y AR, ¢ AF A8 24
oA st} Hol 2AE AF-HY2E SEHS HIE
T UEF ol AFL 1] &4 FATEY BARRA
£99%]9] 0, g|o]E| 'SBT Pack MonitorS AF8-5}o] 1 Hz
MEY &2 £t 34 52 9 A%, § AR,
A Ha 2%, HA A A4 E AIRE o] Hlo]E o[t}
2 Aol A& HiE Y] AAFZ 48 V 150 Ahg LFP H{E
2] Wo|m, 15S1P F+3%9] LP33200207 Al(Chuzhou Lishen)&
gA5kA T [11]. s A9 2 AYL 32 voli, F2A
A} Ho A% 9 AR 2.0 C (300 A), 60s o|j2] HA Hf
A HAEL 3.0C 450 Aol MOl £ oA = 7.2 kWho|H,
CAN/RS485 EAIS Eg] AAI7F 238 flolHE £4T £
=S FA5H

mNj:
oft

o
[

[\8)
N

3.3 HOoIH %2 % 84 &4

S 7709 1 He AL doleelA w3 AR, 150 A Z3}
AEAZE ZA A A 9 A 2= *?é't—% AESIHAT
HHE 39 AT ERE FEL Hal(mean), EEHX}

(SD) ¥ HEZQAKSE=SDAmZ Adlal, T error
bare EEHAKSD)E 7IELE2 AR Table 39] —,—7\]
E i FY fgolgoeH, ¥ dAsemt ¥

S
Fg;zj . 3,400(L)x 1,425(::;1,700@) (mm) LS ZhS. URE T T 27} wo|ei
FRE= 5~25 km/h
<+ 25~30 km/h Table 3. Hill-climb test results under four load conditions. P0/P200
A 1,000(L)x800(W)*250(H) (mm) denote payload mass, and 1p/2p denote passenger condition
AEE 700-800 kg (M= = @125 Payload Peak | Duration | Minimum
HASF 400 kg Condition mass l:zis’;rtli: current above | cell voltage
T84 48V (71£3) (kg) (A) | 150A () V)
TE E AC4.6 kW PO_1p 0 1 228.4 14 3.1
i 2] 2l ERI4HE 48 V 150 Ah PO_2p 0 2 230.5 15 3.092
A7 (AS/EF) WS- AEZHA = 7MHFA P200 1p 200 1 238.2 27 3.084
ASBAAEFE) Disc Type FAtHE#H 0|3 P200 2p | 200 2 236.7 25 3.083
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Table 4. Summary of hill climb test results under various load

conditions
Load
condition Peak current Time > 150A Min Cell V
0kg 1p 2284 14 3.1
0kg 2p 230.5 15 3.092
200 kg 1p 238.2 27 3.084
200 kg 2p 236.7 25 3.083
2L ASZE O AT =Tmax — Tinitial2 A2JslgioH, AU
A5 A9 299 7171 dvidi= DC WHRAY F4¢e=

ARESHATE @9l A vV, AF A, A kW, ol|A] kWh,

2% °C, A7t s,

4 D} U 7Et

4.1 Hol

Fig. 12 4714 §ot 2704 5% 33
Aok wsks Hojgrh Hat
o7 FEIIPoH, 7+ 2A9 WA AF, 150 A 23} A&HA

= =
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Fig. 1. Dynamic current/voltage profiles under four payload/

passenger load conditions. Error bars should indicate SD when

repeated-run data are plotted

0 kg ZA+10 2AA W3 AFE 2284 A, 150 A 23}
TR 14 52 SHEAT 0 kg AA29] 2= 13
AF7F -230.5 A, 150 A 23} 2|&A|70] 152 LrERtT
200kg AA+1Q] 2ANA ) ¥2 AF{= -2382A,150A
23} RS} AEAZHS 27 s ZH ) 200 kg ZA+29]1
ZANAME T3 HAF 236.7 A, 150 A 23 A&AIZE 25 57F
UeRgth b 2 A EelolMe HA 3 200 kg £
AolA TAR A&A7ko] 271619, 71& 250 A OCP A
AU o w3 A7 Al AR of= 11.8 AZ A
|t

S
=
=

42 FQ Lot Y UL NI £

Fig. 29] M9 m2upal 24 A3, Ao £33 11.05 kWE
AEE AT

Ad-AF A9 3 23, 28As R*=09368, 71e7I
dVv/dI=0.0126 Q= AF=EHAH. ols Al FA AR F
Zholl e A At Ash Ao YEES Qv
3, ©7] 5% 2404 DC WEAY F4% 37 A%
 TEHA A 8]

43 G oy U 2

Fig. 304 &RI=|50], 200 kg A4 A2 5@
A & FSHADZ 2°C o2 FAHA. 1 2E=
23°CE 2AEgon, B AY RAALE &5 Akso|

OCP QA 4% Bere) AT 8102 gAY,

Instantaneous Power Consumption during Hill Climb (200kg Payload)

10

Power (kW)
o

>

0 25 50 75 100 125 150 175
Time (s)

Fig. 2. Instantaneous power profile under the maximum-load

condition (Case 4). Maximum power was 11.05 kW
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Cell Temperature Rise Comparison during Hill Climb

—— DeltaT: Okg_1p
—— DeltaT: Okg_2p

—— DeltaT: 200kg_ip
—— DeltaT: 200kg_2p

Temperature Change (*C)
°
3
a

o 50 100 150 200
Time (s)

Max Temperature Rise AT (°C)
o ©
o

o

0.0 -

200kg_1p

200kg_2p Okg_1p Okg_2p
Test Conditions

Fig. 3. Comparison of cell temperature rise (AT) under load
conditions. Statistical error bars should indicate SD when
repeated-run data are plotted (n=3); maximum measured cell

temperature was 22.3°C

44 IOIM 7|8 AmHA mM2f0|E =&

EIS Hlo]EE m:}o]# Q] scipy.optimize Bpo]EHHE &89
o Ay HygozHN RI,R2 E nghe 3231

R2 (A5t AL A% S Ao Fa AY 75 Yoz 4]
st}

n (B9 A% A3 AM9L vehhe, 186 v 5
ol W3t o RE B9l HA5 AW EdYd WHIE wdst
= AEz ggsit

import numpy as np

import pandas as pd

from scipy.optimize import curve_fit
import matplotlib.pyplot as plt

# 1. CPE D% WG~ =g &k Ho|
#Z=RL+R2/ (1+R2xQ* (j%w)?n)
def cpe_model(w, rl, r2, g, n):
# Z4a HUE A A2 FR2E L0 B
jw_n = (1 * w)**n
z=11+12/ (1+712%q%* jw.n)
return np.hstack([z.real, z.imag])

10l

P

#2. olole =8 (Al CIOIE] €= 2 df ALE)

# df = pd.read_csv('eis.csv')

#w=2%np.pi* df['hz']

# z_data = np.hstack([df['re'], -df['im']]) # im0{l OrO|L1Z O

def fit_eis_cpe(w, re, im):
# 4 dolg Zg (A2 + 552)

y_data = np.hstack([re, im])

# =02t 4% [R1, R2, Q, n]

initial_guess = [min(re), max(re)-min(re), le-3, 0.8]

# U12S 43 (n2 6zt 1 Atol)

bounds = ([8, @, 6, 6.5], [np.inf, np.inf, np.inf, 1.8])

popt, pcov = curve_fit(cpe_model, w, y_data, p@=initial_guess, bounds=bounds)
return popt # [rl, r2, q, n] Z2} Bt&t

#3. A8 G AIAE 2E (FIF 2 Al E8)
# rl, r2, q, n = fit_eis_cpe(w_data, re_data, im_data)
# print(f"%=&E 2t0|E: Rl={rl:.4f}, R2={r2:.4f}, Q={q:.4e}, n={n:.3f}")

5 EIS 7|8t SOH A} U 73S
BMS H5 11a|E ot

5.1 2 ¢20IA ISt EIS 7]8t LS
m2in|E| &l

2 HoAe 5% AlY Axel FESto, EIS 7]8F SOH &
o &8 7Hss Wi metulE] o4 AdE gt
EIS £412 Nyquist plot?t 57132 wg& S Aot Ag
AFR.) © CPE A|(n)o] HstE &Rlsh= d & o] ).
7|4 ZEH R n2 AA =EO OoCP YA A
Ay A4et Ax e, §% 25 kot AHE 9
Fgt 7P Hs guEEe 9 HEE &8 hett &
B muleE A Agi
(1) &= Ao B2 R, 7h 2= #s} vige] Wi o
AL EAO HXEe JFS B4 2, 2271 45°C
olA 25°CE HolE4F Nyquist plot®] F504 Y
el 2Ao] Frkete Aol deRdTh ol SUHEE
Hdo] Mol A Ag(Ry)0] A4 F7HHE oJu]st
o [8], A2 AN BY HF Haph o E At 7
S AT S ASS A9ttt
) k3t o] w2 R. F7h 27] AE(BOL) thH] 80%
SOH ZZo|4= Nyquist plot®] ¥l Z7Fo] Zrjs=
o] Yebgth ole kst AYPEHA AW §hS A
o] Z7keta, S0 BAoA B3 2 EF THsAgol
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(3) CPE TulE| n Za: e} B 25 £ Hs}o] w2t
Nyquist plote] MHLS. o] 442191 HHglol ] Molt 3 3
el (depressed semicircle)E BY 4 QU

o] #A2 CPE(constant phase element)®] A|4* T}2H0|E] n

40 JAHEN [57]. n g2 A5 AW E4Id E= HF

$ BES BRUES Ushit AR 4T 4 slov

oo mE A= w4 Wosht 2= 23 Wspt dskE 4

¢ n g BA e 4 9k

Yeloby, B AT EIS 4 B ST WY A
e R wsk 27N Rt S 0 gho] FAdkE 3

Folut.
o AT} AA} 5% Hlo|ERRE £ET 280 A OCP A4
Yats FREE BR s|Kolm, I ujee) g s 7t
¥ OCP 4TeE 47 A L5 wst BY WHE B8 5
et

4 EolE: D ALY4E WY H7 37 - Ast A
A% R: 37 (@) 80% SOH Z7A0IA uHl ohtf 2 =Y A
3 — A" BFUY 27k @ Y 2xolH BOL o] 0%
SOHS] n g 7h4: — SEI 493+ 15 43} vy,

Reconstructed Nyquist Plot and Equivalent-Circuit Fitting
(for thesis insertion; replace with raw EIS data when available)

= 45°C/BOL(fit) == 45°C/80% SOH (fit)

® 45°C/BOL(EIS) A 45°C/80% SOH (EIS)
—— 25°C/BOL(fit) == 25°C/80% SOH (fit)
® 25°C/BOL(EIS) @ 25°C/80% SOH

0.020

0.015

-Z" (Q)

0.010

0.005

0.000

z(Q)

Fig. 4. Nyquist plots and equivalent-circuit fitting results under

temperature and aging conditions

52 g% Hg 7St AI-BMS 21| L

kA

2 Ho] AI-BMS TRE B AoA 24| AZH A

Sk ohuieh, A% 5 clolelet EIS 7% v et
Fgslol BT FAT 5 A B Luels Aol
&t F2= AlA dolH, EIS EAF ¥ &3 Fot JHE
202 dlo} safe current limit, risk score, SOC EZ ], SOH

BN HEste ez P 4]

B AT S mﬁ

5.2.1 €3 H|O|g S8t & (Sensor, EIS, Context)

22 (Inputs} &2} (Outputs)

HHE| (Preprocessing) Al 2 (Al Inference)

%) ( ( \ =38 ocP YAl
A 3y negsE (Rdaptive OCP}
§ T s (A1 Mos! Inference) / o o @
- EEM 2! R
Y A (Call AV) ’; ‘Eisﬂ!c 5
- AR urrent}
(o | « HEE (Risk)
SoC B4
Sy L - sonsg o -
ES Festures) (50C Correction)
©R1(98 g i Ei //
s awxm |/
+ 0 (GPE X il L
e oH/EE W EY
- Al T o Locging)
© 8 4E (Speed) -_—
« 3} (Load) T

+ WAk isiope)

—b S COIE] 5B nputFlom) i SH2] 55 (Praprocassing Flon) e $E U &

frference 8 DUpuL iow) === TS B (Fosaback Loop]

Fig. 5. Adaptive OCP control structure based on EIS features and
driving data

Aot &1]E52 AlA H|o]E(Sensor Inputs), EIS EXTHEIS
Features), =% %7 A X (Driving Context)S FA|o] &85}
= otk AN A4 HlolEl: WA AHlE, BIS S
S WR AR 9 o) AHE, o AHAEL 3R Mo
H% K54S wag.
ANZ B AN dolEg B weee] A 53
ARCASE AR, £5)E A%l Tole 4 9l
DI 55 SIGR R Q B T UYL
L& AZvozs welsl] oste st A
2 §]—A} EA 9 g3} Al S AgHos xﬂ%s&n} u}
24 SOH 4 2 OCP B# 29| Aty w4z g8l
4 A [6,7].
2% AUAE: A £, G5 5, AR o8, B2 B4
59 £ ARE wE] ArbE Rel WHE o33
o S8 FHolE o Fug son nE JAA
o A|QANTHe ko] ofd AH Jl W A %

9l

e H‘I

5.2.2 HIO|g HMX|2] HAH|(Preprocessing)

AAG EIS &4 ZAu2HE d2 YA flojE+ ko2&

EFAL ] W 271%0] Aolstol Al 2ol HH
Ssivlo] 2448 4 9ok

FzRE PAE AAEE Al 2Ho]

SJat 4xjolc [12].

Filtering: 4] t]o]&|o] 3}

oz A Aze] BAL

< gH|

of Zokd 1Fut ko|= 5 AIH

A
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Fig 6. AI-BMS 5= ¢let tiEI2| CI0]E| TA12] 3 B4Z] tlo[E] 4] xt

smize

@
’““‘ ey B = Ty
DA) (HAOIE 3 i)
;

ol
A Db 2-Scone)
-

Prrlhen = [/t

e A HOJE 45 192 ol et

ECIETRELERTY

HES WNE B Ol 3 e B 2 2 I ‘Hﬂ Ak
A vt ot o ann | ol G225
s

B A el % AR

Fig. 6. Battery data preprocessing and exploratory data analysis
process for AI-BMS training

Normalizing: 2] FoJE|9] AAAS SAFo=2N 54 5
Ago] o s Ao AEjAQl QS wR| X
Crkiss

Windowing: A|AE BiE|2] Hlo]HE 4 AZF 77te2 &
gstol, o] 3] AF-A-2Lk Wt o]} o] % A
Hsks A s ¢ =S ot

5.2.3 L= &8 7|4t
Logic)

At Fx= g AHgko] ofYzgt Safe Current Limit, Risk
Score, SOC Correction, SOH Estimation?] 4712 £3-& FA|
o] AFESIEE HAAT 4= Ut} Safe Current Limits @A 2
L, SOH % &3 F31E 135l 5§ 7k AR/ AE
AASHH, FF 7PAY OCP Yae|&o] 34 Eegor &
g}

Risk Scorer= H{E|Z] A3} e, FoF g & 2= XS
Tt HRA=E Fslohe &8gkolt). SOC Correction
A% A4 wpalold WAek R4 ox A W 2 )
U A2 24517 9%t &8 o|H, SOH EstimationZ EIS &
ek Bgolo] Ast Al 2ok oIt [6-5]

BMS 7|5 F8¥(Multi-Output

53 SOC/SOH 2%

Aol A= HiE =9
7} ArEl(State of Health, SOH)S
A4F 715k soC =dat R
9 Hgatolr
SOC+= A% & XK Coulomb Counting)”7|5t AFEHIA A4S o] &

slof thaw} Zol AtEt [4].

37 Alej(State of Charge, SOC)2}
FAol 24517] 919 A
& 714k SOH 83 nd

[o :(ﬂl ri FI-E

Inputs SOC State Equation } Qutput Equation
10K), VIK), T(K), 3 nlkiae —* ) It
Ral), n(k) SOC(k +1) = SOC(K) — e ‘ V(k) = OCV(SOC, T) - I{K)Ry — V,(k)

|

SOH Indicators Fusion Estimator
Capacity Fade EKF / UKF
+ +
R2 Growth ML Correction

O Inputs 1 50C State Equation Output Equation 1 50H Indicators 3 Fusion Estimator

ik 1 HE() SOCIKH K AIZO| £ MECH VK ¢ B RN SOH = S0 100 4y EKF ¢ UKF 718t 4/t 23
Vil - Bk V) 7 EBad GEVISOC,T) AR B HEN) +

Tiki - RE(C) k) - AR08 Ry ¢ HE(RY) AP SOty = R 5oL, 5L i s) ML 718 9%} 53

Rafl: S HEAWO)  Ar: 4EY AR Vi) 1 #3 HeHV)
Al B ACPE) G, © 3 BH(AR) s(m @ S0H,, +{1— a)SOHy

SOHyy = Crow / Crapa X 100 SOHy = Ro, o, ¢ By e 100 SOHp 50, = @+SOH,y, -~ (1 a}-SOHp

Fig. 7. SOC/SOH fusion estimation model based on internal

battery parameters

nl(k)At

S0C(k +1) =SocC(k) —

o714,

SOC(k) : k A9 34 AJH

7 : 2% J-E(Coulombic efficiency)
I(k) : HiE=] A7

Ar: W= A7F

Cn: 37 £ (rated capacity)

EE] HAAYGe S8l J)E B olgdld
the3h o] mEYstsic
V(k) = 0CV(S0C,T) — I(k)Ry — V,, (k)

o714,

OCV(SOC,T): SOC @ 2% 7]ut 7fJubAey
Ro: 28] AT
Vp(k) : =4 U (polarization voltage)

H A0l ] el

w
o
jan)
rr
oo
O offt
oy
B
o
)
—{u:
=
o\
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