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ABSTRACT

With the growing demand for Lithium-ion (Li-ion) batteries in personal
electronic devices and energy storage systems, modeling their operational
behavior has become essential for optimizing design and improving control
strategies. Among various cathode materials, Lithium Nickel Manganese
Cobalt Oxide (LiNiMnCoO: — NMC) is particularly noteworthy due to its
high energy density, long cycle life, and adaptability under diverse
operating conditions. This study develops a simulation model for the
charge/discharge processes of Li-ion batteries employing NMC cathodes,
using a system of partial differential equations (PDEs) to describe
electrochemical kinetics, mass conservation, and charge conservation. The
finite element method is implemented in MATLAB to solve the PDEs and
analyze the spatial distribution of electric potential, current density, and ion
concentration. Simulations are conducted at charge/discharge rates of 1C,
2C, and 10C. These C-rates represent typical real-world usage conditions:
1C corresponds to standard operation aimed at maximizing battery
lifespan, 2C represents moderate load scenarios, and 10C simulates high-
load conditions suitable for high-power applications such as electric
vehicles. The simulation results provide a theoretical foundation for
optimizing battery design and control, as well as a valuable reference for
students and research scholars.
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TOM TAT

Trude nhu cdu ngay cang gia tang cua pin Lithium-ion (Li-ion) trong cac
thiét bi dién tr ca nhan va hé théng luu trit nang luwong, viéc mo hinh hoa
hanh vi van hanh cta pin trd nén thiét yéu nham phuc vu thiét ké tdi wu va
diéu khién hiéu qud. Trong s6 cac vat liéu cathode, Lithium Nickel
Manganese Cobalt Oxide (LiNiMnCoO: — NMC) dugc chti y nho mat do
nang luong cao, tudi tho chu ky dai va kha ning thich tmg v6i nhidu didu
kién vén hanh. Nghién ctru nay xdy dung moé hinh mé phong qua trinh
sac/xa pin Li-ion sir dung cathode NMC bang hé phwong trinh vi phan timg
phan (PDEs), mo ta chi tiét dong hoc dién hoa, bao toan khi luong va dién
tich. Phuong phap phan tir hitu han dwoc trién khai trén Matlab dé tinh toan
va khao sat sy phan bb dién thé, mat d6 dong va ndng do ion. M6 phong
duoc thuc hién tai cac toe d0 sac/xa 1C, 2C va 10C. Cac tbe do nay dai
dién cho cac ché d6 van hanh thyc té: 1C phan anh diéu kién tiéu chuan
glup t6i uu tudi tho pin; 2C 1a mirc tai trung b1nh trong khi 10C biéu thi
diéu kién tai cao, phu hop véi cac ung dung yéu cau cong sudt 16n nhu xe
dién. Két qua md phong cung cép nén tang co so 1y thuyét cho viée tdi uu
hoéa thiét ké va kiém soat pin, hoac tai li€u tham khao cho sinh vién, hoc
vién nghién cuu.

JTE, Volume 20, Issue 04(V), 11/2025


mailto:jte@hcmute.edu.vn
https://orcid.org/0000-0003-1572-4266
https://orcid.org/0000-0002-2682-1427
https://orcid.org/0009-0002-4479-3359
https://orcid.org/0009-0000-2177-3561
https://orcid.org/0009-0001-8866-3663
https://orcid.org/0000-0003-1572-4266
https://orcid.org/0000-0002-2682-1427
https://orcid.org/0009-0002-4479-3359
https://orcid.org/0009-0000-2177-3561
https://orcid.org/0009-0001-8866-3663

JT E TAP CHi KHOA HQC GIAO DUC KY THUAT
Truong Dai hoc Su pham K thuat Thanh phd H6 Chi Minh

HCMIUTE Website: https:/jte.edu.vn
ISSN: 1859-1272 Email: jte@hcmute.edu.vn

Doi: https://doi.org/10.54644/jte.2025.1849

Copyright © JTE. This is an open access article distributed under the terms and conditions of the Creative Commons Attribution-NonCommercial 4.0
International License which permits unrestricted use, distribution, and reproduction in any medium for non-commercial purpose, provided the original work is
properly cited.

1. Giéi thi¢u

Pin Lithium-ion (Li-ion) la mot loai pin pho bién, dugc (g dung rong réi trong cac thiét bi dién t
nhu dién thoai di dong, laptop, xe dién va nhiéu san pham céng nghi¢p khac. Vi ciu tric gdom cuc
duong 1am tir hop chat lithium va cuc 4m thuong la graphite, pin Li-ion noi bat nho mat do nang lugng
cao, trong luong nhe va kha niang duy tri hidu suat 6n dinh qua nhiéu chu ky sac xa. Nhan thay duoc
tiém nang to 16n cua pin Lithium-ion, nhém nghién ctru da tién hanh nghién ctru va md hinh héa pin
Lithium-ion NMC théng qua viéc st dung mé hinh dién hoa mét chiéu bang céach sir dung cac phuong
trinh vi phan ting phan gém hai phuong trinh bao toan khdi lugng va hai phuong trinh bao toan dién
tich & dién cuc, chat dién phan duoc giai bang phuong phap roi rac hda. Mot phuong trinh dong hoc va
mot phuong trinh xac dinh trang thai sac SOC cung vai dién &p mach ngoai. Toan bo quy trinh tinh toan
duoc thyc hién trén phan mém Matlab/Simulink.

Tinh hinh nghién ciru trén thé giéi:

Pin Lithium-ion (Li-ion) 1a tréi tim cua xe dién, v6i 16p ngan cach, chat dién phan va dién cuc quyét
dinh hiéu suét, an toan va tudi tho, dugc cac nha nghién ctru qudc té toi uu hoa thong qua mo hinh hoa
s, vat liéu tién tién va cong nghé mai. Yifu Li, Zhongchao Tan va Wei Zhang [1] phat trién mé hinh s6
cho pin LiFePO4 38120, cho thiy do day 16p ngin cach ting tir 5 pm 1én 100 pm lam gidm mat d6 ning
luong tir 148,8 Wh/kg xubng 110,6 Wh/kg, giam dién ap 6n dinh 0,02V, dung luong x4 tir 11,1 Ah
xuéng 6,3 Ah, nhung giam nhiét d¢ pin, tdng an toan; do xép td1 wu 80% cai thién truyén khéi, hé trg
sac nhanh, va do dan nhiét tang tir 0,3 W m™* K" 1én 1,0 W m™ K™' gidm nhiét d6 pin 0,4 K, gidm nguy
co qua nhiét. Dhrupad Parikh, Jeffrey Allen va Robert Kee [2] so sanh 16p ngan cach Celgard 2325 va
Celgard 2500, chimg minh Celgard 2500 c6 dién tr¢ thip hon (2,23 Q/cm?) va thim uét dién phan tot
hon, cai thién dung luong 57% & 2C va 47% & 3C, ly twdng cho sac nhanh. Sebastian Klick, Martin
Schulze va Hans Miiller [3] chi ra pin v6i luong chat dién phan thip (2,1 mL, hé s 1ap ddy 0,9) suy
giam dung lugng 60-85% sau 4 tuan, so v6i chi 10% & 3,5 mL, do kho can dién phan tang tr6 khang
ion. Rahifa Ranom, Ahmad Zaki va Siti Noor [4] st dung phuong phap duong thang (MOL) cho pin
LiFePO4, cho thiy d6 khuéch tan ion Lithium 6 x 10-'" m?/s ting hiéu suat phong dién 30%, nong do
ion ban d4u tir 800 mol/m? 1én 1200 mol/m? ting higu sut 14%, kéo dai thoi gian str dung. Chris Manzie,
Changfu Zou va Dragan Nesic [5] phat trién mé hinh hat don tir 17 phuong trinh dao ham riéng, dat sai
s6 RMS dudi 1% & 0,5C, nhung can do phan giai cao hon & 10C, phu hop sac nhanh c6ng cong. Ao Li,
Wei Wang va Cheng Wang [6] str dung phén tich phan ttr hiru han va dong luc hoc phén tir, di doan vén
chuyén ion va an toan 16p ngin cach, ngin doan mach trong tai nan. D.Miranda, Carlos Costa va Susana
Lanceros-Mendez [7] t6i wu 16p ngin cach véi do xp trén 50% va day 1-32 pm, dam bao do bén co
hoc.

Tinh hinh nghién ctru ¢ Viét Nam:

Viét Nam dang ndi 1én nhu mot thi truong xe dién tiém nang, vdi sy phat trién cua cac hang nhu
VinFast va nhu cau ning luong ti tao hd tro sac xe. Vi birc xa mit troi cao (4-5 KWh/m?/ngay) va
1.600 —2.700 gi® ning/nam, pin Li-ion ¢ thé tich hop vao cac tram sac sir dung dién mit troi, giam phu
thudc vao luoi dién. Tuy vay viéc nghién ciru ¢ Viét Nam con kha nhiéu han ché nhung dang dugc déy
manh nhit. Nghién ctru cia d& tai “Nghién ciru, mé hinh héa va mé phong pin Lithium-ion sir dung cho
6 t6 dién bang phan mém Matlab/Simulink” [8] tap trung vao viéc nghién ctru mé hinh dién hoa mot
chiéu két hop v6i phan mém Matlab/Simulink dé mo phong qué trinh sac va x4 pin. Giai bang phuong
phap thé tich hitu han dé phén tich va so sanh céc thong s6 nhu dién ap, dién thé tai tung toa dd vi tri
trong pin va ndéng do theo thoi gian va téc d6 sac/xa. “Nghién citu mo hinh nhiét dong hoc cua pin
Lithium-Ion 18650 bang phwong phap S0 (1 COMSOL Multiphysics) ™ [9] nghién ctru mo hinh nhiét- dién
hoa cua Pin Lithium - ion bang phuong phap sO. Su thay d6i ctia dong dién va nhiét ciia pin dugc nghién
clru trén vAn dé nhiét sinh ra trong té bao pin va tan nhiét ra mdi trudng trong didu kién cac chu ky
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sac/xa khac nhau.Tir co s& cac nghién ciu trude, cling véi nhu cau sir dung pin, téi uu pin trén cac 6 to
dién hién nay. T4c gia tién hanh tinh toan, mé phong pin Lithium-ion dé nghién cau: Méi lién hé gita
dién ap lam viéc va trang théai sac (SOC) va do xa (DOD) & céc tée do sac/xa khac nhau. So sénh sy
khéc nhau cua gia tri dién ap lam viéc khi thay ddi cac théng sé vat 1y (46 day dién cuc,...) & cac toe do
sac/xa khac nhau. So sanh, nhan biét sy thay ddi cac gia tri dién thé trén dién cuc, dién thé trong chat
dién phan trén mién toa do pin ¢ tc d6 xa, sac 1C & cac budc thoi gian khac nhau. So sanh, nhan biét
su thay ddi nong do ion Lithium trong chét dién phan va trén mién toa do hat & cac budc thoi gian khac
nhau véi tée do xa, sac 1C.

2. M0 hinh dién héa mét chiéu
2.1. Co s Iy thuyét
Quy wéc cu trac chung ciia mot cell pin Lithium ion:

Ln Ls Lp

mang

cuc am .
cach

cuc duong

x=0 x=L
Hinh 1. Gian d6 cdu tao mét vién pin Lithium

Hinh 1 minh hoa c4u triic co ban ctia mot cell pin Lithium - ion bao gdm ba mién: Dién cuc duong,
mang cach dién va cuc am, ca ba mién nay déu dugc nhiing hoan toan trong chét dién phén tao diéu kién
cho ion Lithium di chuyén. Trong qua trinh hoat ddng sac va xa, ion Lithium mang dién tich duong
dugc khuéch tan tir dién cuc méi trudng chit dién phan va qua mang cach dién rdi di chuyén toi dién
cuc con lai va khuéch tan vao dién cuc. Mang cach dién thuong c6 do xp cao dong vai tro 1a mot 16p
cach dién ngin can cac hat electron di qua va budc cac hat electron mang dién tich 4m phai di chuyén
qua mach ngoai. [10], [11]

M®& hinh dién héa phu thudc vao néng dd cua ion Lithium trén bé mit cua hat hinh cu. Vi thé viéc
thu dugc ndng do ion Lithium trén bé mit hat vo ciing quan trong. [12]

Cs(x,t) =Cs(x,7,0) (D
Phuong trinh bao toan khéi lwong & chit dién phan:
0 a 1—ty .
o (eCo) =5 DT VC )+ (2)

Phuong trinh 2 duoc giai cho toan bd mién cua pin voi didu kién bién bang 0 tai hai diém tiép xtc
v6i bo thu dong( tirc tai x=0 va x=L) [12]. Hé sb truyén, thé tich pha dién phan, hé¢ s6 khuéch tan higu
qué dugce coi 1a khong doi trén ca dién cuc am, dién cuc duong va mang phéan cach, tuy nhién gia tri ciia
hé sb truyén s& khac nhau tai mdi mién.

Hé s6 khuéch tan hiéu qua dugc tinh nhu sau:

DT =¢,v D, ®)
Diéu kién bién cho phurong trinh bao toan khéi lugng & chat dién phan:
oce|  _oc| _
o lyeo 0w lpey =0 4

Phuong trinh bao toan dién tich ¢ dién cuc:
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7x (Cers Vs) =Ji (5)

D dén dién hiéu dung trong dién cyc (S/m) g5 dugce coi 1a khong déi trén hai mién dién cyc nhung
c6 the co cac gia tri khac nhau ¢ moi dién cyc. Phuong trinh 5 chi &p dung tinh toan cho di€n cyc am va
dién cuc duong.

Diéu kién bién:

eff 99s

a
=g, eff %
ox

—0_
x=0 * 0x

(6)

x=L A

99s
dx

_ o
x=0 O0x

=0 (7)

x=Lp+Lg

Phuong trinh bao toan dién tich & chat dién phan:
9 (gerr 2 O (f,eff O =,
ax (k ax §0e) * ax (kd ax (lnCe) = Jui (8)

Phuong trinh 8 dugc 4p dung cho toan b mién tinh toan trong chét dién phan
Cong thuc tinh hé s khuéch tan hiéu qua:

2RTKEeSf alnf
k;ff == (t+ = 1 (1 + al:ce) ©)

Cong thirc tinh d6 dan ion hiéu qua:

Kkeff =ke,¥ (10)

1.4
k=158 — 4C, eXp<0.85 (=) ) (11)

Diéu kién bién: tai hai bo thu dong, khong ham chira chét dién phan nén ta c6 diéu kién bién nhu sau:

0pe

9% — 99c
ax

x=0 0x

=0 (12)

x=L

Phuong trinh dong hoc Butler-Volmer

acF
RT

)n] (13)

Mat d6 dong trao ddi i duoc tinh dua trén néng d6 ion Lithium trong chét dién phéan va sy chénh
1&ch gitta nong d¢ ion Lithium toi da véi nong d6 ion Lithium trén bé mat cua dién cuc [13]

iO = kO Ceaa( Cs,max - Cs,surface ) aaCs,surfaceac (14)

Qua thé dugc tinh dua trén su chénh 1éch gitta dién thé & dién cuc, dién thé & chat dién phan va dién
the can bang. [13]

ot =i [exp () g —exp (-

N=¢s-@e-U (15)
bién thé can b:lfmg dugc danh gia nhu 1a mot ham s6 cla néng d6 pha rin & bé mat hat. Dién thé can
bang la dién thé ctia vat liéu ran tai mot vi tri X cu thé khi khong cé dong dién chay bén trong pin
bién thé can bé“mg o dién cyc am:

Uy = 80029 + 5.0647x - 12.576x°5 - 22222

+ (2.1765e - 5)x*>
(16)
- 0.46016exp(15(0.06 - x)) - 0.55364exp(-2.4326(x-0.92)

Dién the can bang ¢ dién cuc duong:
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U, = 85.681y° - 357.7y° + 613.89* - 555.65y> + 281.06y* - 77.648y

(17)
- 0.30987exp(5.657y1% ) + 13.1983

Hé sd x vay trong hai phuong trinh 16 Va 17 1a céc hé s6 can bang héa hoc, 14 ti s6 cia ndng do ion
Lithium bé mit voi ndng d6 ion Lithium tdi da trong dién cuc. [12]

CS,E— CS,€+
X =— —_5er
Cs,max y Cs,max ( 1 8)
Trang thai sac 1a mot tham sb phu thudc vao thoi gian, co6 nhiéu phuong phap toan hoc khac nhau dé
tinh toan tham so0 nay, va mot phuong phéap thong dung la tinh ndng d6 Lithium trung binh ¢ pha ran va
cac hé s0 can bang hoa hoc x va y dua trén trang thai sac 0% va trang thai sac 100%.

Csavg) ,
SO0C(t) = w (19)

X100% ~ X0%
Nong d6 ion Lithium trung binh trong pha ran C s,avg €O thé tinh bang cach 1ay tich phan nong do
Lithium trong pha ran trén th¢ tich chia cho thé tich cia pha ran.
Do x4 cua pin dugc tinh theo cong thuc:

DOD(t) = 1 -SOC(t) (20)
bién ap lam viéc cua pin dugce tinh theo cong thie: [12], [13], [14]

V) =05 (LY - 95 (0.0) --L (D) 1)

Trong phuong trinh 21 R¢ 14 dién tr tiép xuc gitra dién cuc va bo thu dong trén mot don vi dién tich
bé mit.

2.2. Phwong phap gidi

Trong mod hinh nay ta str dung phuong phap thé tich hiru han (Finite Volume Method - FVM) dé 101
rac hoa cac phuong trinh vi phan ting phan. Phuong phép nay dung dé chi ra sy thay ddi cac thong sb
tinh toan gitra cac mién tinh toan dé rat ra dic tinh dong hoc cua ion Lithium hay sy phén bb céc gia tri
6 thé thay d61 nhu dién thé trén dién cyec,...1a nhu thé nao [12].

Viéc danh s6 cac diém ludi va cac mit cta cac mién con duoc thuc hién sao cho viéc danh sb cac
mit dugc thuce hién trude viée danh sb cac diém luéi. O day, hé toa do Descartes dugc su dung dé giai
céc phuong trinh vi phan timg phan. Phan bén trai cia mién tinh toan 1a dién cuc 4m c6 do day Ly, phan
& gitta ciia mién tinh toan 13 vach ngin c6 do day Ls va phan bén phai cua mién tinh toan 1a dién cuc
duong co d6 day L.

Céc phuong trinh bao toan khdi lwong, phwong trinh bao toan dién tich s& c6 dang co ban Ia:

d ao
L (k29) 4520 (22)
dx dx
N Thé tich diéu khién
oy
1 1 ] ] ] 1 1 1 [} 1 1 1 1 ] L} 1
AN T N /Bé mity
d q \ AX
f Cob T N / \  E—
U I h U U U d d U g I 1 | | | | | h
1IN ol &3 o o
R PN N O AR N U IS ' N O (N R o B i e ST © B
Pl P P P M BV BV B P B BV P P P [ 1 Tw 1 P E 1 1
Dl Pl e el il el i Pl el el el P Pl P P P N P P H ' ' '
] / ) ) l [l I
p " " . / II w e
Ln - Ls o Lp g Diém tinh toan
Hinh 2. H¢ toa d¢ Dercartes [15] Hinh 3. Xdc dinh cac diém ludi trén tumg mién con [16]

JTE, Volume 20, Issue 04(V), 11/2025 5


mailto:jte@hcmute.edu.vn

JT E TAP CHi KHOA HQC GIAO DUC KY THUAT
Truong Dai hoc Su pham K thuat Thanh phd H6 Chi Minh
HCMUTE Website: https:/jte.edu.vn

ISSN: 1859-1272 Email: jte@hcmute.edu.vn

Ta giai phuong trinh trén bang cach dua vé dang hé phuong trinh ba duong chéo

ap@p =bg@r + cwbw +d (23)
Trong do:
ke | kw . _ke . —kw
AP = 5r + Sy bg oxg W T, d = 526 (24)

Thuat todn Thomas con dugc goi 1a thudt todn ma trdn ba duong chéo (TDMA) [12]. N6 1a mot dang
don gian cua phép khtr Gauss dé giai hé phuwong trinh ba duong chéo. Hé phuong trinh ba duong chéo
1a h¢ phuong trinh c6 cac hé s6 khac khong chi xuat hién trén dudng chéo chinh va hai dudng chéo phu
lién keé. Quaé trinh giai thuat toan ma tran ba duong chéo duoc tién hanh theo hai buge: kht tién (forward
sub) va thé 1ui (con goi 1a khtr 1ui) (backward sub).

Pat:
a; =ap, b; =bg; ¢ =cy, d;i=d (25)
Tur hé phuong trinh ba duong chéo, suy ra:
a;®; =biBiyq + ¢i0i1 + d; (26)
Tai diém ludi bién ta c6:
€1 =Cwa)=0 Va by =bgm)y =0 27)

Puong chéo chinh a = [a4, a,, as,...a, ]
Puong chéo trén b = /by, by, b3,....b,, ]
Puong chéo dudi c = [cq, ¢z, C3,...Cn/
Ma tran ba dudng chéo:

a; by O 0 .. 0
[c a, b, 0 . 0 }

| 0 c3 az by . 0 |
|00 0 o an bu

0 0 O 0 Cn an

Str dyng phuong phap khir Gauss dé dwa ma tran vé dang tam giac trén va tam giac dudi ta thu duoc
hai hé s6 tam thoi Piva Q;

Béng phép khir tién, ta thu duoc hai phuong trinh ¢6 dang:

Biog = Pi_1@; + Qi4

(28)
Oi = Pifi1 +0Q;
Thay thé @,_, vao hé phwong trinh ba dwong chéo & trén, ta dwoc:
__ b . CiQi-1+d;
0i = a; = CiPi—q Divs # a; = ¢iPi—q (29)
So sanh véi cong thirc tinh @;, ta c6 dwoc hai hé s6 tam thoi Pva Q.
b;
Pi = a; = ¢iPi—q (30)
_ CiQi—1t+d;
Qi = a; = C¢iPi—q G
Véii=2,3,...,n
6
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Tai diém ludi i = n ching ta c6 diéu kién a,(n) = 0 nghia 1a b, = 0, hé phuong trinh ba dudng chéo
tré thanh

anDp = Cn@p-1 + dyp (32)

Trong qua trinh thuc hién phép khtr tién, ta thu dugc cong thirc tinh @;, 4p dung cong thirc nay cho
diémi=n-1

Pp1 =Pr_10n +Qn_v (33)
Thay (33) vao phuong trinh (32), so sanh vgi cong thirc Q;suy ra:
Qn = On (34)

ﬂKé't hop cong thic (33) va cong thire tinh Qn, tinh toan duge bién s6 @ bang phép thé i, tai cac
ditmtri=n-1déni=1
Pn = Cn
Q; =P®n +0Q; (3%5)
Thanh phan ngudn (Source term - S) thudng duoc coi 1a mot ham phi tuyén ddi voi bién phu thude

. Vi vy qua trinh tuyén tinh hoa thanh phan ngudn S dugc dua ra va ap dung cho cic phuong trinh bao
toan g¢s, pe va Ce.

Dbi voi ba phuong trinh vi phan c6 chira ba bién di noi trén, ta tuyén tinh héa thanh phan ngudn S
bang cach st dung phuong trinh:

S= S48, @y (36)
Trong d6, Sp 12 dao ham cuia S ddi vai bién phu thudc ¢p, bién nay co thé 13 s, ge hodc Ce
3. Két qua va ban luan

Khi tao théng 56 dau vao

| Thiét 13p cac didm ludi

| Tinh dién thé cin bing (U) ‘
T
I Tinhmit 4§ dang chuyén dai ( ji; ) | I

v

Tinh dién thé & dién cye @;

Phuong trinh )
| || rdi rac

Gidi phoong tinh |
badwimg chéo

i R0 o

Tinh toin qua thé (1) |

oot dan dip Suo g

Buire thisi gan liép theo

[
BUNG I | Phuongminh
p — [ r0i rac
Tinh dién thé & chit dién phin o,
Tinh néng 66 ion Lithium & chat p .
dign phin C, Gidi phoong trinh | _
Yol badud " <
SAI

_ Kémmhim

{m\ml
L | TendimmBmvicteosoc |
L : J

"

Xudt két qui ]

Hinh 4. Lieu do thudt toan mé phong
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Budre 1: Khdi tao thong s6 dau vao

Dé thuc hién mo phong, ta tién hanh thyuc hién nhép chuong trinh code trong’ph'?ln mém Matlab (tham
khdo thém ¢ phan “Tuyén bo dir liéu san ¢6”) cung voi cac thong so6, hang s6 ban déu dugc khoi tao,
cac thong so va hang so nay nhap tir Bang 2 (Bang S2, Supporting Information).

Bude 2: Thiét lap cac diém ludi

Ttr cac cong thirc vi phén timg phan di duoc roi rac hoa theo phuwong phap FVM, ta tién hanh thiét
1ap cac hé so a, b, ¢, d ciia hé phuong trinh ba duong cheo cua phuong trinh bao toan dién tich cua dién
cuc trén tu’ng mlen pin va xay dung cong thirc x¢t tinh hoi tu dé 1ay két qua chinh xéac nhét theo cong
thirc tinh sai s, v6i sai s6 nho hon 10,

Budre 3: Thiét 13p cong thirc tinh gia tri dién cuc can béng U, dién 4p lam vi€c (cell voltage), trang thai
sac/xa (SOC/DOD)

Budére 4: Thiét 1ap phuong phap tinh TDMA 4p dung cho céc cong thirc bao toan trén va cong thirc tinh
hoi tu.

Budic 5: Sau khi di trinh bay chuong trinh MATLAB, ta tién hanh chay chuong trinh, sau khi tién hanh
chay ta thu dugc dién ap lam viéc twong ing vdi d6 sac SOC 6 tirng budc thoi gian

Budre 6: Liy gia tri ¢s dé biéu thi gia trj dién thé trén 2 mién dién cuc & mdi budc thoi gian nhat dinh

Dé thu duoc cac gia tri nhu @e hay Ce trén mdi mdc thoi gian nhét dinh, ta tién hanh thay doi thoi
gian m6 phong (time) cua pin ing voi mdi mbc thoi gian md phong va thay doi che do sac/xa. Véi moi
két qua chay dugc trén ting moc thoi gian chi dinh, ta s& la‘y dir liéu @, Ce tir ctra s6 Workspace. Tir d6
ta luu lai cac két qua @, Ce ing voi tung toa do mién pin bang phan mém Excel. Sau d6 ta s& xay dung
duoc do6 thi bang cach nhap dir li€u Excel bang Matlab.

Pin Qéu dugc sac ¢ trang thai sac tir 0% dén 100% (ttc pin day) trong vong 3.600 gidy. Dya vio cac
thong so cua pin Lithium NMC duge d€ cép ¢ Béang 2 (Bang S2, Supporting Information), dir ligu ve
dién ap lam vi€c cua pin dugc the hién 16 ¢ Hinh 5 (Hinh S5, Supporting Information) véi toc d6 sac
1C. O Hinh 5 (Hinh S5, Supporting Information), ta nhan thay rang, tai thoi diém bat dau sac (tirc 0%
pin), dién ap lam viéc ciia mau pin NMC bat dau ¢ muc dién ap 3,3913V. 0] cac budc thoi gian tiep
theo, ta d¢ dang nhén ra dai dién 4p lam viéc cua pin Lithium NMC tang dan déu so voi gid tri dién ap
lam viéc ¢ cac budc thoi gian trudc d6. Khi dir lidu dién ap cia mau pin NMC tang dan cho dén khi pin
dugc sac ddy 100% tai thoi diém 3.600 gidy. Khi d6, dién ap 1am viéc cta pin NMC dat gié tri 3,902V.

Tuong tu véi Hinh 6 (Hinh S6, Supporting Information) va Hinh 7 (Hinh S7, Supporting
Inforrrlation), dai gia tri dién 4p lam viéc tinh tir luc bat dau sac cho dén khi pin dugc sac day (SO,C:1)
ciia mau pin NMC nay déu luén cao hon dai gia tri dién ap lam viéc ¢ toc do sac 1C.Ngoai ra, toc do
sac cang cao, thoi gian sac cang ngan

Ngugc lai voi mo phong qua trinh sac, moi m6 phong qua trinh xa ¢ cac :[60 d6 xa khac nhau séNdién
ra tu lie pin day (DOD = 0) cho dén khi pin hoan toan can (DOD = 1). Tat ca md phong déu dién ra
trong vong 3.600 gidy. Va moi dir liéu dau ra déu phu thudc vao cac thong s6 dugce dé cap ¢ Bang 2
(Bang S2, Supporting Information).

Trong Hinh 8 (Hinh S8, Supporting Information), tai thoi diém ban dau t =0, d6 xa DOD = 0, miu
pin NMC c6 gia tri dién ap lam viée la 3,8791V. O céc budce thoi gian tiép theo, d9 xa tang tang dén,
gia tri dién ap lam viéc cling giam dan theo thoi gian. Khi pin dugc xa cho dén khi pin can hoan toan ¢
muc DOD = 1, dién ap lam viéc cua pin Lithium NMC dung lai & gia tri 3,4171V, két thic qua trinh mo
phong trong 3. 600 gidy. Tuong tu voi Hinh 9 (Hmh S9, Supporting Information) va Hinh 10 (Hinh S10,
Supportlng Informatlon) dai gia tri dién ap lam viéc ciia mau pin NMC tir luc bét ddu xa cho dén khi
DOD =1 déu ludn thap hon cac dai gia tri dién ap lam viéc & tdc do xa 1C.

Tién hanh thay d6i thong s6 vat ly ctia pin NMC, cu thé 1a d6 day dién cuc, ky hiéu 1a L. Vi vdy, ta
thu duge dir liéu dién 4p lam vige cia pin NMC dugc bi€u thi trong Hinh 11a, 11b,11c (Hinh S11,
Supporting Information) bang nhiing thay d6i nhu sau [4]:

Ln= 73,7 um; Ls= 20 pm; Lp=54,5 um
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Trong truong hop md phong ¢ toc do sac 1C, két qua dau ra co sy khéc biét dang ké vé dién ap lam
viéc cua mau pin Lithium NMC da dugc thay d6i thong sé L. Tai thoi diém khi trang thai sac SOC =
0,4 cho dén khi pin duoc sac day, dién ap lam viéc ciia mau pin dugc thay doi thong sé co gia tri cao
hon rat nhiéu va tang rat nhanh ¢ nhimg budc thoi gian tiém can cudi. Cu thé, khi pin sac dugc 90% tro
di, dwong d6 thi & Hinh 11 (Hinh S11, Supporting Information)a hau nhu biéu dién theo huéng gan nhu
thang dung. Khi pin sac day hoan toan, mau pin nay c6 gia tri dién &p lam viéc & muc 4,299V,

Tuong ty nhu két qua da duge mo phong & toe do sac 1C, dai d6 thi ctia mau pin Lithium NMC co
thay d01 L & téc d6 sac 2C theo nhu Hinh 11b (Hinh S11, Supporting Information) c6 gidng nhau nhat
dinh v& hinh dang dd thi. Tuy nhién, vi pin dang dwoc mé phong & tdc d6 sac cao hon nén dai gié tri
dién ap lam viéc ctia pin Lithium NMC c6 sy thay d6i L s& c6 gia tri cao hon so v&i gia tri twong tng &
tdc do sac 1C khoang vai miliVolt ing v6i mdi budc thoi gian. Va thoi gian thuc hién moé phong két
thdc sau 1.800 gidy.

O toc do sac 10C, du téc do sac 16n hon rat nhiéu so véi cac toe do sac 1C, 2C nhung hinh dang dd
thi van c6 sy twong dong véi dit liéu di dugc trinh bay & Hinh 11a, 11b (Hinh S11, Supporting
Information). Toan bo chu trinh x4 chi dién ra trong vong 360 gidy va dién ap lam viéc cua pin Lithium
NMC c6 thay doi L dat dwoc gid tri 1on nhat & budc thoi gian cudi ciing khi pin duoc sac diy 100%,
khoang 4,3448V.

Hinh 12 (Hinh S12, Supporting Information) m6 ta sy phén b dién thé ¢ hai dién cyc 4m va duong
theo toa d6 mot chleu X ing voi tbc do sac 1C. Tai mbi mbc thoi gian cu thé, dién thé do dugc & hai
mién dién cuc gan nhu dong déu nhau, sy ddng nhit trong sy phan b dién cuc nay c6 thé dén tir thong
s6 d6 dan dién cua hai dién cuc. Tuy nhién, do dan dién cta hai dién cuc la hﬁng sb khong ddi, hoan
toan khac nhau va c6 su chénh 1éch 16n vé gia tri cia do dan dién trén dién cuc. Tai dién cuc am, gia tri
ctia d6 dan dién 1a 100 S/m, cao hon dang ké so v&i d6 dan dién 20 S/m cua dién cuc duong duge dé
cap 0 Bang 2 (Bang S2, Supporting Information). Ngoai ra, dit liéu dau ra trong mé phong su phén bd
dién the o mlen dién cuc 4m chi co6 sy giam nhe theo thoi gian sac va hau nhu 6n dinh vé gia tri dién thé
trén tat ca mdi budc thoi gian. Con lai, & dién cuc duong, img véi mdi bude thoi gian nhét dinh, s& ¢o
mirc gi4 tri dién thé nhat dinh va c6 su ting 1én dang ké theo thoi gian sac.

Nguoc lai so vi cac két qua da duoc md phong & Hinh 12 (Hinh S12, Supporting Information), dit
lidu dau ra trong mo phong su phan b dién thé & mién dién cuc 4m chi co sy ting nhe theo thdi gian xa
va hau nhu 6n dinh vé gia tri dién thé trén tat ca mdi budc thoi gian, sy dao dong nhéd nay duogc trinh
bay rd & Hinh 13 (Hinh S13, Supporting Information). Con lai, ¢ dién cuc duong, ing v&i mdi bude
thoi gian nhét dinh, s& c6 muc gia trj dién thé nhét dinh va c6 su giam xudng rd rét theo thoi gian xa.

Hinh 14 (Hinh S14, Supporting Information) va Hinh 15 (Hinh S15, Supporting Information) m6 ta
dién thé trong chat dién phan trong diéu kién sac 1C. O nhimg budc thoi gian dau tién cho dén nhimg
bude thoi gian cudi cung, gia tri cua dai dién thé trén toan mién chat dién phan chi c6 su thay d6i nho
(vai miliVolt). Va img v6i moi bude thoi gian duge md phong nhu trén Hinh 14 (Hlnh S14, Supporting
Information), gia tri dién thé nay co the duogc coi nhu dong nhét trén toan mién pin néu xét theo toa do
X, nguyén nhan dan dén sy phan bd gan nhu dong nhat nay c6 thé dén tir sy anh hudng ciia thong sb do
dan truyén ion (ionic electrical conductivity), dugc dé cap & Bang 2 (Bang S2, Supporting Information).

Tuy nhién, & mdi budc thoi gian khac nhau, van c6 su chénh léch nho vé gia tri dién thé & toa do
mién cuc duong so voi ¢ toa do mién cuc 4m. Gia tri dién thé trong chét dién phéan ¢ mién toa do cuc
duong s€ ludn cao hon gia tri dién thé twong ung & mién toa do cuc Am. Su thay ddi nhé nay dugc thé
hién rd & Hinh 15 (Hinh S15, Supporting Information).

Tuong ty nhu ket qua md phong & toe do sac 1C, tir nhimg budc thoi gian dau tién cho dén nhiing
bude thoi gian cudi cung, gia tri cua dai dién thé trén toan mién chat dién phan chi c6 su thay d6i nho
(vai miliVolt). Va img v6i moi bude thoi gian duge md phong nhur trén Hinh 16 (Hlnh S16, Supporting
Information), gié tri dién thé nay c6 the duogc coi nhu dong nhét trén toan mién pin néu xét theo toa do
X, nguyén nhan dan dén sy phan bd gan nhu dong nhat nay cling co thé dén tir sy anh huong cua théng
s6 do dan truyén ion (ionic electrical conductivity), thong s6 nay dugc dé cap 0 Bang 2 (Bang S2,
Supporting Information). O mdi budc thoi gian khac nhau, van c6 sy chénh léch rit nho vé gia tri dién
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thé & toa do mién cuc duong so voi 6 toa d mién cuc am. Gia tri dién thé trong chét dién phan & mién
toa d6 cuc duong sé luon thép hon gia tri dién thé tuong ung & mién toa d6 cuc am. Su thay d6i nho
khong dang ké nay dugc thé hién rd & Hinh 17 (Hinh S17, Supporting Information).

Tai thoi diém ban dau, khi pin dang ¢ trang théi sac SOC = 0. Néng d6 ion Lithium ban dau trong
dién phan 1a 1.200 mol/md. Khi pin duoc sac siu hon, néng d6 ion Lithium trén toan mién pin trong chét
dién phén s& dat gia tri cao hon theo ting budc thdi gian sac cho dén khi pin duoc sac day. Trong qua
trinh mo6 phong sy phan bd néng d6 ion Lithium trong toan mién pin NMC, sy phan bd néng do ion,
tinh tir dién cuc 4m théng qua vach ngin cho dén dién cuc dwong, c6 thé coi nhu 1a dong nhat trén toan
b dong thoi gian xét theo toa do X (Hinh 18 (Hinh S18, Supporting Information)). Trong qué trinh sac,
gia tri ndng d¢ ion Lithium ¢ mién dién cuc am s& ludn thap hon gia tri nong do ion ban dau vi vi tri
dién cuc am la noi ma cac ion Lithium duoc hap thu vao dién cuc am. Cung luc do, nguogc lai & vi tri
dién cuc duong, gia tri néng dd ion Lithium s€ dat gia tri cao hon rit nhiéu so véi & vi tri néng do ion
Lithium can bﬁng vi day la noi ma cac ion Lithium s€ khuéch tan tir dién cuc duong di ra chét dién phan
dé di dén dién cuc am.

Tuong ty nhu qua trinh md phong sy phan bd ndng d6 ion Lithium trong toan mién pin NMC ¢ diéu
kién sac 1C, sy phan bd néng d9 ion, tinh tir dién cyc am thong qua vach ngén cho dén dién cuc duong,
¢6 thé coi nhu 1 ddng nhat trén toan bo dong thoi gian xét theo toa d6 x (Hinh 19 (Hinh S19, Supporting
Information)). Trong qua trinh xa, gia tri nong d6 ion Lithium ¢ mién dién cuc 4m s& lu6n cao hon gia
tri nong d6 ion Lithium ban dau vi vj tri dién cuc 4m 14 noi ma cac ion Lithium s& khuéch tan tir dién
cuc 4m di ra chat dién phan dé dén dién cuc duong. Cung luc do, ngugc lai ¢ vi tri dién cuc duong, gid
tri ndong do ion Lithium trong dién phan s& dat gia tri thdp hon rat nhiéu so v6i & vi tri ndng do ion
Lithium can béng vi day 1a noi ma céc ion Lithium s€ dugc hép thu vao dién cuc duong.

4. Két luan

Céc két qua mo phong va biéu d6 duogce trinh bay trong nghién ciru nay duoc thuc hién théng qua
phén mém Matlab. Cu thé, cac dai luong nhu dién thé tai cac dién cuc, dién thé trong chit dién phan va
ndng do ion Lithium trong chét dién phan dugc tinh toan bang cach giai cac phuong trinh mo phong
theo khong gian va thoi gian trong sudt qua trinh sac va xa cua pin. Ngoai ra, tic gia cling cung cap cac
phan tich so sanh dién 4p lam viéc cta pin tmg vdi cac tbe do sac/xa khac nhau. Tuy nhién, mé hinh
trong nghién ctru hién tai chi xem xét hoat dong cua pin Lithium trong diéu kién Iy tuong va gisi han
trong mét huong tiép can nhat dinh. Do do, trong cac nghién ctru tlep theo, viéc tich hop thém cac yéu
td anh hudng dén hiéu suét hoat dong thuc té cua pin nhu ap suét, nhiét do va dién trd trong vao mo
hinh Matlab la can thiét nhdm nang cao dg chinh xdc va kha nang ing dung ciia md phong trong didu
kién thuc té. Tac gia ky vong ring nghién ctru nay s€ dong gop tich cuc vao viée Xay dung co so 1y
thuyét cho linh vuc ning luong tai tao, ddng thoi mé ra tiém ning Gng dung trong viéc phat trién cac
mo hinh mé phong pin Lithium cho phuong tién giao thong dién trong tuong lai.

Loi cam on

Bai bao nay thu¢c nganh Cong ngh¢ ky thuat 6 t6 — Khoa Co khi dong luc - Truong Dai hoc Su pham
Ky thuat Thanh Phé H6 Chi Minh.
Xung dot lgi ich

Céc tac gia tuyén bd khong co bat ki xung dot loi ich nao trong bai bao nay.
Tuyén bé dir liéu sin c6

Dir liéu ho tro (Supporting Information) cho cac kham pha ctia nghién ctu nay co tai link bén dudi,
céc dir ligu khac khi doc gia yéu cau mot cach hop ly ciing s& duoc tac gia lién hé cung cap.

https://drive.google.com/drive/folders/AIBONQwyHIe G8PDKBINxhryBX2jAlwUMb?usp=drive |
ink
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