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TOM TAT

Nghién cttu dé xuat khung tich hop md hinh vat ly-dién (ECM), mang Neural vat ly
(PINN) va Neural-ODE dé€ du doan thoi gian xa con lai (Remaining Discharge Time
- RDT) cuta pin Lithium-Ion. Hudéng nghién ctru xay dung md hinh RDT theo hai
budc: (i) M6 phong dién 4p va dung leong qua mdi chu ky bang PINN-Neural-
ODE; (ii) Stt dung hoi quy Gradient Boosting trén cic déc trung ctia chu ky nham
wéc luong RDT cudi cung. Qua trinh trién khai thye nghiém trén bd dit liéu thu thap
duoc cho thay sai s6 trung binh tuyét d6i (MAE) vé RDT dat 3.2 phut, cai thién 25%
so voi mo6 hinh ECM truyén thong.

Tw khoa: M6 hinh héa pin Lithium-Ion; Thoi gian xa con lai (RDT); Physics-
Informed Neural Network (PINN); Neural Ordinary Differential Equations (Neural-
ODE); Mach tuwong duwong (ECM); Ho6i quy Gradient Boosting (XGBoost).

1. GIOI THIEU

Pin lithium-ion (Li-ion) da tr¢ thanh giai phap luwu trit ndng lwong quan trong va
chu dao trong nhiéu ting dung, tir dién thoai thong minh, may tinh xach tay cho dén 6
to dién va hé thong luu trit nang luong quy mo 16n. Vi dac diém noi bat la lvu trik nang
lwgng 16n trén moi don vi khoi lugng va thé tich, ty 1€ tw xa thap , hiéu suat chuyén doi
nang luong cao, tudi tho dai va trong lwong nhe da thic day sw pho bién ctia Li-ion, tuy
nhién cting dat ra nhiéu thach thic trong viéc quan ly va du bao hiéu nang thuec té cua
pin theo thoi gian.
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Trong hé thong quan ly pin (Battery Management System — BMS), viéc dy doan
chinh xac thoi gian xa con lai (Remaining Discharge Time — RDT) tai moi mttc do sac
(State of Charge — SOC) 1a then chdt d€ dam bao an toan, t6i wu hda quang duong hoat
dong (doi voi xe dién), dong thoi tranh hién teong qua mutc (over-discharge) lam giam
tudi tho. Tuy nhién, qua trinh xa va suy giam pin la mot hé théng phi tuyén phuc tap,
chiu tac dong boi cac hién tuong dién-hda, qua trinh khuéch tan ion, hiéu tng nhiét va
cac co ché xudng cap co hoc.

Cac huwdng tiép can pho bién gom: (i) ECM dua trén mang R-C cho suy luan
nhanh [5]; (i) m6 hinh P2D giai PDE cho d6 trung thuc cao nhung ton kém [3]; va (iii)
mo hinh hoc mdy/hoc sau khai thac tryc tiép dit liéu do, d6i khi thiéu rang budc vat ly
[1].

* Mach teong duwong (ECM): Cac m6 hinh ECM (vi du Thevenin, Randles) don
gian hoa pin thanh cac phan t dién tré va dién dung ndi ti€p hoac song song, cho phép
tinh toan nhanh nhung chi phu hop véi cac diéu kién van hanh gan nhu ly twong va
khong mo ta chinh xac sy thay doi thoi gian thuc ctia qua trinh héa-ly theo dang
Thevenin hai nhanh RC thong dung.

e M6 hinh vit ly-dién P2D: M6 hinh pseudo-2 chiéu (P2D) dua trén cac phuong
trinh Nernst-Planck va Butler—-Volmer d€ mé ta chi tiét phan tng dién-hoa tai cac cuc
va qua trinh khuéch tan ion trong chat dién phan. Mac du cho d¢ chinh xac cao, P2D doi
hoi giai hé phuong trinh vi phan riéng phan (PDE) rat ton kém tinh toan, kho ap dung
trong thoi gian thuec.

e Phwong phap dit liéu va hoc sdu: Nhiéu nghién cttu da st dung mang hoi ti€p
(RNN, LSTM), m6 hinh xac suédt (DeepAR) va mang neural vat ly (PINN) d€ hoc truc
tiép tir dix liéu do lwong. Cac mo hinh nay mang lai kha nang hoc phi tuyén manh mé,
nhung d6i khi thiéu tinh giai thich va rang budc vat 1y, dan dén két qua khong 6n dinh
khi extrapolate ngoai tap dir liéu hudn luyén.

Gan day, khai niém Physics-Informed Neural Networks (PINN) va Neural Ordinary
Differential Equations (Neural-ODE) da m¢& ra hudng ti€p can hybrid, két hgp rang budc
phuong trinh vat ly v6i tinh linh hoat ctia m6 hinh hoc sau. PINN cho phép hoc tham s&
dong thoi véi viéc bude nghiém tuan theo phuwong trinh chi phdi bang cach cong thém
hang residual ctia PDE vao ham mat mat, tir d6 can bang gitta d6 khép dit liéu va rang
budc vat ly.

Tuy nhién, viéc tich hop sau rong ca hai ky thuat trén trong bai toan dy doan
RDT cho pin Li-Ion van con nhiéu thach thtec:

e Can lya chon kién triic mang phit hop d€ can bang gitta d6 chinh xac va chi phi
tinh toan trong BMS thoi gian thuec.
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e Xt ly hiéu qua di liéu sampling khong déu, bao gom ca giai doan xa nhanh
(pulses) va giai doan xa 6n dinh.
e Két hop rang budc vat ly (dang PDE) va bai toan hoi quy cudi cing (RDT) nham
tang tinh chinh xdc va kha nang giai thich mo hinh.
Trong bai bao nay, ching t6i dé xudt mét khung tich hgp ECM +PINN + Neural-
ODE dé mo6 hinh héa dién ap va dung lwgng theo chu ky, sau d6 stt dung phuong phap
hdi quy XGBoost (mdt nén tang tang cuwong d6 ddc phd bién ho tro dao tao GPU, tinh
toan phan tan va song song hda) trén cac dac trung chudi két qua dé udc luong RDT.
Céc déng gop chinh gom:
1) Thiét k&€ kién truc Neural-ODE két hop rang budc PINN cho m6 hinh
trang thai an h(t), xt ly dong thoi dit liéu At khong déu.
2) Mo rong ECM d€ khoi tao gid tri va cung cdp diéu kién ban dau 6n
dinh cho PINN-Neural-ODE.
3) Ung dung hoi quy XGBoost trén cac dic trung thdng ké chudi h(t) va
I(1) nh3m cai thién d6 chinh x4c du doan RDT.
4) Thuc nghiém trén b di liéu public véi hon 100 t&€ bao Li-Ion, dat
MAE chi 3.2 phut, giam 25% so v6i ECM truyén thong.
BG cuc bai bao: Phéan 2 lam rd phuwong phap nén tang; Phan 3 mo ta khung dé
xuat; Phan 4 trinh bay két qua thwc nghiém va phan tich; Phan 5 két luan va hudng phat
trién twong lai.

2. MO HINH DE XUAT
Trong phan nay, trinh bay chi tiét khung moé hinh tich hop ECM, PINN va
Neural-ODE dé du doan thoi gian xa con lai (RDT) ctia pin Li-ion. M6 hinh gom ba thanh
phan chinh:
A. ECM m¢ rpng lam khoi tao
Khoi tao trang thai an bang mdt mo hinh mach twong duwong (ECM) Thevenin
hai R-C v¢i cac tham s6 duoc hiéu chinh trén d liéu sac-xa thye nghiém. Cu thé:
V(t) = Vocv(Q(t)) = 1(t) Ro = Vrc1(t) = Vrea(t), (1)
. 1 1
VRc‘(t)= —rVRci(t)+ €|(t), i=12 (2)

Tt ECM, két qua thu dwgc Qecm(t) va Vecu(f), lam diéu kién ban dau cho khoi
PINN-Neural-ODE.
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B. Khoi Neural-ODE cho trang thii dn lién tuc
Trang thai an cua hé thong dwgc dinh nghia hanh vecto va dao dong theo
Q(t)

h(t) = |Veei(t) |,
Vieo(t)

phuong trinh vi phan:

dh
== F((), I(t); 9), 3)

trong d6 I(t) la dong xa tai thoi diém ¢, va f dwoc bidu dién boi mot mang MLP hai tang
(kich thudc 128, ham kich hoat Tanh). Giai phuong trinh (3) cho mdi budc thoi gian
khong déu Ati= ti— ti-1bdng ODE-solver (vi du RK4):

h(tx) = ODESolve (f, h{tr—1). [0, Ati])

Viéc nay cho phép md hinh nam bat anh huong ctia mdi khoang thoi gian do
khong dong nhat.

C. Rang budc PINN trén di lidu va vt Iy

Dé dam bao md hinh tuan theo ca dir liéu do lwong va cac dinh luat vat ly co ban,
can b6 sung ham mat mat PINN:

L= [Worea(t) = Vons@OII” +2 ) [lat) = £ (a0, 1),
k k

Laata Lphys

trong do _ h(ty) — h(tr_1)

ni!(f;'.) ~ Atk

Hé s6 A diéu chinh muirc d6 wu tién gitra rang budc dix liéu va vat ly, duwgc chon
qua cross-validation.

D. Chi tiét kién triic mang
. Input: [Qrow(t), Vrai(t), Veea(t), I(t)] két hop véi Ak,
. Neural-ODE block: MLP véi hai 16p an, moi 16p an 128 neuron, Tanh.
. PINN loss head: Sinh /' tit sai phan hitu han va tinh Lphys.
. Output ctia khéi: h(tx) cho moi budc k.
E. Thudgt todn hudn luyén

1) Khoi tao h(to) tir ECM.
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2) Véi mdi epoch:

a) Duyét tirg chudi dit lieu {I(ty), Vops(ti)}E = o

b) Giai ODE (3) d& thu duwoc {A(t)).

) Tinh Lgqtq va Lypys-

d) Cap nhat tham s6 6 qua Adam t6i wu L.
3) Dung khi héi tu hodc hét sd epoch tdi da.
F. Dw dodn thoi gian xd con lai (RDT)

Sau khi hudn luyén, st dung chudi trang thai {h(t)} va dong I(t) dé trich xuét

dac trung thong keé:

x=[m , i ) ) ,
[Oskag( Vrea () Juin Q () mean(I(ty)), std(I(t))
dong trung binh  dd léch chuan dong

bién do diénap  dung luong nho nhét

slope(Q(tk)) ,slope(VRCl(tk)), autocorr(Q(tk)) ,skewness(Q(tk)),kurtosis(Q(tk))]

toc dd suy giam dung luong  tdc do thay d6i dién dp tu tuwong quan dung luong d6 1éch d6i xting d6 nhon phan phéi

Ap dung m6 hinh hdi quy XGBoost [2]:
RDT = g(z; ¢)

v6i ham muc tiéu t6i wu MAE. Cach ti€p can nay két hop t6t kha nang mo phong qua
trinh vat ly va dw bao cudi cung.Vdi cac ddc trung thdng ké ctia h(t) va I(t) gitp XGBoost
tan dung dir liéu dong hoc, cac thay d6i va trang théi ctia hé thong pin. Khi két hop
nhiéu ddc trung thong ké gitup tang do chinh xac cua du bao va kha nang nhan dién
trang thai bat thuwong, Mac do déng gop caa ting dac trung dwgce kiém duyét qua biéu
do6 feature importance, thong thuong cac dic trung co ban 1a vai tro nén tang, cac dac
trung quan trong gitup tang d6 nhay mo hinh.

G. Dir ligu va Thiét Idp Thic nghiém

Dt liéu dung la bd Severson et al. [4]. Trong cac chu ky sac nhanh da dwoc chen
cac gdi xung ceong do cao (vai C-rate, do rong vai chuc mili-gidy) tai SOC quanh 80%
dé wdc lugng dién tro trong; trong do gitr nguyén thiét 1ap do khi xtt ly dit liéu.

Mo hinh dwgc hudn luyén véi Adam (learning rate = 10-%), batch size = 16, t6i da
200 epoch, hé s6 can b.%mg PINN A =0.1.

Bang I. Hiéu nang dy doan rdt trén tap kiém th

Phwong phap MAE (phut) RMSE (phtt)
ECM truyén thong 4.30 5.60
Neural-ODE thuan tuy 3.80 4.90
ECM + PINN + Neural-ODE + XGBoost 3.20 4.10
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So sanh RDT thuc va du doan
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Hinh 1. So sanh RDT thyc (dwong xanh) va RDT du doan (dwong do) theo chu ky.
H. Két quda RDT
Hinh 1 minh hoa sy twong dong gitta duwong cong RDT thuc va RDT du doan trén 100
chu ky dau tién:
. Giai doan dau (chu ky 1-20): m6 hinh du doan kh4 sat RDT thuc, MAE dudi 2
phut.
. Giai doan giita (chu ky 21-60): d6 sai léch tang it nhung van duy tri MAE =~ 34
phut.
. Giai doan mudn (chu ky 61-100): RDT giam manh do suy giam dung lwong, mo
hinh gitt dugc RMSE = 4 phtt.
I. Phin tich va Thao ludn
1) Tac dong caa PINN: Viéc thém rang budc vat ly gitip n dinh qud trinh huan
luyén, giam hién tugng overfitting va ddm bao h(t) tuan theo phwong trinh vi
phan vat ly.
2) Vai tro ctia XGBoost: Hoi quy trén dic trung thong ké chudi h(t), I(t) cai thién
kha nang extrapolate cho RDT, nhét la ¢ giai doan cu6i chu ky.
3) Chi phi tinh toan: So v6i ECM, khung dé xuét tang thoi gian huan luyén = 30%
do giai ODE lién tuc, nhung van du nhanh cho cac ting dung BMS thoi gian
thuee (mdi budc ODE < 10 ms trén GPU).
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3. THAO LUAN

Khung md hinh két hop ECM, PINN va Neural-ODE cung XGBoost cho thay su
cai thién ro rét trong viéc dy doadn thoi gian xa con lai (RDT) trén bd dit liéu cong khai.
Cu thé:

. So sanh v6i ECM truyén thdng: MAE giam tir 4.30 phut xudng 3.20 phut (giam
~25%), RMSE giam tir 5.60 phut xuéng 4.10 phat. Diéu nay cho thay viéc bo sung
rang budc vat ly (PINN) va m6 ta lién tuc theo At (NeuralODE) gitip m6 hinh ndm
bat t6t hon quad trinh suy giam dién ap va dung luong.

- So sanh v6i Neural-ODE thuan tay: MAE giam tir 3.80 phut xu6ng 3.20 phut
(giam ~15.8%), RMSE giam ttt 4.90 phut xudng 4.10 phat. Két qua nay chiing to
viéc khoi tao trang théi ban dau bang ECM va trich xudt déc trung chu ky d&€ hudn
luyén XGBoost da bd sung thong tin quan trong ma Neural-ODE m{t minh chwa
Khai thac day du.

. Phan tich d9 chinh xac theo giai doan:

- Giai doan ditu chu ki (SOC cao, ngudng xa thap): sai s6 RDT thap nhat (MAE
<2 phut), mo hinh hoat dong 6n dinh.

- Giai dogn giiva chu ky (SOC trung binh): sai s6 tdng nhe (MAE = 3 phut) do hién
twong polarization va bién thién nhiét dd bat dau xuét hién ro.

- Giai doan cudi chu ky (SOC thap, dung luwong giam manh): sai s6 cao hon (MAE
~ 4-5 phut) nhung van trong pham vi chap nhan duoc, thuc t& RDT thay d6i
rat nhanh va phu thudc nhiéu vao nhiét do.

. Tac dong caa XGBoost trén dic trung chu ky: Viéc trich xuat cac ddc trung thong
ké (max/min dién ap, d¢ léch chuan dong, d¢ doc dung luong theo chu ky...) va
hudn luyén héi quy XGBoost gitip m6 hinh ¢6 kha nang extrapolate t6t hon khi
dién ap va dung lugng bién doi khong tuyén, ddc biét la ¢ cudi giai doan xa.

. D¢ 6n dinh va kha nang tong quat héa: Ham mat mat hon hop PINN budc md
hinh tuan tha dinh luat bao toan, han ché€ overfitting khi di liéu tap huan luyén
khong dai dién cho toan bo phd diéu kién. Neural-ODE cho phép xtt ly truc ti€p
cac chudi thoi gian khong déu ma khong can ndi suy qua mtkc.

. Tinh hiéu qua vé tinh toan: So v6i ECM truyén thong, chi phi huan luyén ting
khoang 30% do giai lién tuc ODE & mbi budc. Tuy nhién, khi trién khai trén GPU
hodc hé thong BMS, mdi budc ODE chi mat <10 ms, van dap ting duoc yéu cau
thoi gian thiec cho cac tng dung xe dién hoac lwu trit nang luong.

. Céac han ché hién tai: Phu thudc vao chat lwong di liéu thuc nghiém. Khi pin
xudng cdp nhanh, mé hinh c6 thé chira nam bat t&t cac bién dong phi tuyén tinh
manh hodc cac hién tuong 1ao hda bat thuong. Ngoai ra khung mo hinh két hop
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nhiéu thanh phan (ECM, PINN, Neural-ODE, XGBoost), doi hoi tai nguyén tinh
toan 16n va ky thuat trién khai phtc tap. Diéu nay co thé'la rao can khi ting dung
thuc t€ trén cac thiét bi nhiing hodc hé théng pin c6 tai nguyén han ché

4. KET LUAN

Trong bai bao da phat trién va danh gid mot khung mé hinh tich hop:

ECM (khoi tao) — PINN-Neural-ODE (mo ta lién tuc) — XGBoost (du bao RDT).

Két qua trén b d liéu cong khai cho thay:

e MAE RDT dat 3.2 phat, RMSE dat 4.1 phat, giam [an luot 25% va 27% so voi
ECM truyén thong.

e M6 hinh duy tri d6 6n dinh va kha ndng tong quat hda cao nho két hop rang
budc vat ly va trich xuét dic trung chu ky.

e Chi phi tinh todn van nam trong ngudng cho phép ddi véi tng dung thoi gian
thure, v6i mdi budc ODE giai quyét nhanh chéng trén phan cig GPU.

Cac hudng nghién ctru tiép theo bao gom:

1) T6i wu solver ODE bang cac phuong phép adaptive step (Euler bién budc,
RK45) dé giam chi phi tinh toadn nhung van dam bao chinh xac.

2) M6 rong md hinh nhiét-dién-co hoc (electro-thermal-mechanical) d€ du
doan khong chi RDT ma ca d¢ tudi nhiét va nguy co that bai co hoc trong moi truong
khic nghiét.

3) Trién khai thuc té trén BMS vdi ciu tric phan cing gidi han dé kiém chimg
kha nang dap tng thoi gian thuc va d6 bén cua mo hinh khi 4p dung trong hé thong xe

dién.
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ABSTRACTS

The study proposes an integrated framework combining a physics-electrochemical
model (ECM), Physics-Informed Neural Networks (PINN), and Neural-ODE to
predict the Remaining Discharge Time (RDT) of Lithium-Ion batteries. The research
approach builds the RDT prediction model in two steps: (i) Simulating voltage and
capacity for each cycle using PINN-Neural-ODE; (ii) Applying Gradient Boosting
regression on cycle features to estimate the final RDT. Experimental implementation
on the collected dataset shows that the mean absolute error (MAE) for RDT
prediction reaches 3.2 minutes, representing a 25% improvement over traditional
ECM models

Keywords: Lithium-Ion; RDT; Physics-Informed Neural Network (PINN); Neural
Ordinary Differential Equations (Neural-ODE); ECM; XGBoost.
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