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TOM TAT

Bai bdo trinh bay mét phuong phap mé phdng mdi cho bai todn qua do dién tu trén dudng day
truyén tai co tén hao, dua trén viéc két hop ky thuat sai phan hiu han mién thai gian véi ham ban
kinh co s& (RBF-FDTD). Phuong phép nay khac phuc han ché ctia FDTD truyén théng vén dua trén
khai trién chudi Taylor, bang céch st dung cac ham RBF dé xay dung toan tl sai phan linh hoat va
c6 do6 chinh xac cao hon. Mot gidi thuat mdi duge dé xuat nham lua chon tham sé hinh dang toi
uu clia RBF, gitip can bang gitra dé chinh xac, 6n dinh s6 va hiéu qua tinh toan. Thuat toan dua trén
viéc cuyc tiéu hoa sai s6 cuc bd théng qua ma tran trong s6 va khai trién Taylor, cho phép xac dinh
gié tri tham s hinh dang ma khéng céan 16 gidi chinh xéc dé tham chiéu. Phuong phap RBF-FDTD
dugc kiém ching qua nhiéu mo hinh duding day véi cac diéu kién tai khac nhau, bao gom téi thuan
trg, tai RC song song, tai RL va tai RLC song song. Két qua mod phong cho thdy phuong phap téi
hién chinh xac dang séng qué do, bam sat nghiém tham khao vé bién do, thai diém phan xa va dac
tinh cong hudng, déng thai duy tr tinh 6n dinh sé trong diéu kién c6 tén hao. So vdi FDTD truyén
théng, RBF-FDTD thé hién uu thé 16 rét trong moé phdng cac mé hinh khéng déng nhat hodc chia
phan t& phan bé, noi yéu cau do chinh xac cao trong xap xi dao ham. Nhiing két qua dat dugc
khdng dinh tiém nang clia RBF-FDTD nhu mét cong cu manh mé va hiéu qua cho phan tich qué
d6 trong hé thong dién, dong thai ma ra kha nang tng dung cho cac cdu tric phic tap hon nhu
mang truyén tai nhiéu nhanh, hé théng néi dat va cac hién tugng qua do do sét.

Tu khoa: Qua do dién, dudng day truyén tai tdn hao, phuong phép sai phan hiru han mién thoi
gian (FDTD), phuong phéap RBF-FDTD, ham ban kinh co s& (RBF)

GIGI THIEU

Céc dang song quéa d6 cua dong dién va dién ap xuét hién trén duong day truyén tai trén
khéng do cac hién tuong nhu sét danh, sy ¢d ngan mach hay thao tac dong cat'#. Nhiing séng
quéa do nay lan truyén doc theo dudng day va tac dong dén cac thiét bi dién duoc ndi vao hé
thdng, bao gom may bién ap, may phat dién, may cit va dan tu bd. Tly thuc vao thoi gian
ton tai va bién d6 dinh, chung c6 thé gay hu hong nghiém trong cho cach dién, thiét bi, dong
thoi lam gian doan viéc cung cép dién. Vi vay, mot trong nhiing nhiém vu quan trong ciia cong
tac van hanh duong day truyén tai trén khong va thiét ké cach dién kinh té 12 mé phong chinh
Xac céc dang soéng qua do nay.

Trong nhitng nim gan ddy, nhidu phuong phap sb tién tién® da dwoc phat trién va tng dung
rong rai dé giai cac phuong trinh vi phan riéng phan (PDE) va phuong trinh vi phan thuong
(ODE) trong nhiéu linh vuc khoa hoc — ki thuat. DI vai cac bai toan qua do dién tir, cac
phuong trinh thuong duoc giai truc tiép bang nhitng k§ thuat roi rac hda mién thoi gian phd
bién nhu phwong phap sai phan hitu han trong mién thoi gian (FDTD)®’, phuong phap phan
tir hiru han mién thoi gian (FETD)89, phuong phap duong thing (MoL)%!, phwong phap
truyén duong (TLM)*2 hay bién ddi wavelet!315, Cac phuwong phap nay di chimg minh dugc
tinh 6n dinh, hiéu qua va do chinh xéac cao trong viéc tim nghiém sb cua cac PDE phu thudc

thoi gian.

Trich dan bai bao nay: Quang V D, Binh N X, Nam N N, Td V P. AP DUNG PHUGNG PHAP RBF-FDTD CHO
VIEC PHAN TICH MO HINH QUA PO PUGNG DAY TRUYEN TAI TGN HAO. VNUHCM J. Eng. Technol.
2026; 9(3): 3198-3215.
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Trong sb d6, FDTD dugc xem 1a mot trong nhitng phuong phap don gian nhat vé mat toan
hoc, nho kha ning xap xi dao ham theo thoi gian va khong gian trong ciing mot budc tinh.
Phuong phap nay cho phép giai PDE thong qua cac so do ma tran hoac quy trinh lap, va do d6
dugc tng dung rong réi trong mo phong dién tir. Nguoc lai, phwong phap MoL xir Iy PDE theo
hai giai doan: (i) xap xi dao ham khdng gian bang cac biéu thirc dai s (twong tw phuong phap
sai phan hitu han) dé chuyén PDE thanh hé ODE ban roi rac theo bién thai gian, va (ii) giai hé
ODE nay hing phép tich phén theo thoi gian.

Khac voi hai phuong phép trén, FETD dugc xay dung dya trén nguyén ly phan tir hitu han,
trong d6 nghiém dugc mo ta bai cac ham xap xi cuc b trén tirng phan tir, mang lai tinh linh
hoat cao trong mé hinh héa hinh hoc phuc tap.

Trong khi d6, TLM tiép can bai toan tir goc nhin vat ly: thay vi xap xi nghiém toan hoc,
phuong phap mé phong hién tugng dién tir bang mot mang dién twong dwong gom cac phan tir
tap trung, cho phép md phong hiéu qua qué trinh lan truyén tin hiéu trong cac ciu trac dién
phuc tap.

Gan day, wavelet ndi 1én nhu mot cdng cu manh trong giai cac bai toan vi phan, nho kha
nang biéu di&n tin hiéu cuc bo va hiéu qua tinh toan cao. Phuong phép nay da duoc wng dung
trong phan tich quéa do dién tir, hién tuong bién va cac thiét bi ban dan?3,

Bén canh d6, cac phuong phap khong ludi (meshless), dac biét 1a phuong phap ham ban
kinh co s¢ (RBF — Radial Basis Function) da tré thanh mot huéng nghién ciru nang dong trong
thap ky qua‘®?’. C4c phuong phap nay thuong mang lai do chinh xé4c cao hon so véi cac k¥
thuat s6 ¢o dién, nhor @6 thu hat duoc sy quan thm ngay cang Ién trong cong dong nghién ciu
PDE.

Mot sb mé rong dang chii ¥ 1a phuong phép vi phan binh phwong két hop ham ban kinh co
s¢ (RBF-DQ - Radial Basis Function - Differential Quadrature)?' va phwong phap vi phan hitu
han két hgp ham béan kinh co s (RBF-FD - Radial Basis Function - Finite Difference)2-%5 da
duoc &p dung cho cac bai toan 1-D va 2-D. Tuy nhién, viéc tng dung cac bién thé RBF nay
cho céc bai toan phu thugc thoi gian, dac biét trong phan tich qua do dién, van con han ché.

Trong nghién ciru ndy, ching toi phat trién phuong phap RBF-FDTD, trong d6 cac dao ham
bac nhat va bac hai theo thoi gian va khong gian dugc Xap xi bang cac ham RBF dang MQ, 1Q,
IMQ va GA. Phuong phép duoc xay dung dua trén co s& ly thuyét phuong phép vi phan hitu
han da binh phuong (MQ-FD - Multiquadric Finite Difference) trong mién khong gian duoc
trinh bay trong?, va dugc ap dung dé md phong dang song qua do trén mach dién, dudng day
truyén tai va phan phéi dién ap cao trong mién thoi gian®.

Mot yéu té then chét trong viéc &p dung RBF l1a lwa chon tham sé hinh dang (shape
parameter), yéu té anh huong truc tiép dén do chinh xac va tinh 6n dinh s ciia nghiém. Cho
dén nay, viéc xac dinh gia tri t6i uvu ctia tham sé nay van l1a mot van d& ma. Nham nang cao do
chinh xéc tinh toan, nghién ciru nay ap dung thuat toan chon tham sé hinh dang téi vu dugc dé
Xuét boi Victor Bayona va cong su?’, dua trén viéc cuc tiéu héa sai s6 xap xi trong phuong
phap RBF-FDTD.
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TONG QUAN VE PHUONG PHAP RBF-FDTD

Phuong phap RBF-FDTD

Phuong phap RBF—FDTD (Radial Basis Function — Finite Difference Time Domain) 1a mét
sur két hop gitta phwong phap sai phan hitu han trong mién thoi gian (FDTD) truyén thong va ham
ban kinh co s (RBF). Do xuét phat tir nguyén 1y khong ludi (mesh-free) — mot hudng tiép can
mdi ¢6 tiém ning tao ra bude tién 16n trong tinh toan s hién dai — phuong phap RBF sé hitu
nhiéu vu diém ndi bat nhu: d6 chinh xac cao, thoi gian tinh toan ngan do ma tran trong s6 c6 dang
san va doc 1ap v6i qua trinh tinh toan, cting v&i cdu tric ma tran don gian, d& quan 1y va cé thé
linh hoat didu chinh tiy theo timg bai toan cu thé. Nhd nhitng dic tinh d6, RBF ngay cang dugc
quan tdm va ung dung rong rii trong viéc xap xi dao ham va giai cac phuong trinh vi phan riéng

phéan (PDEs).

Phuong phap RBF-FDTD duoc dé xuit boi chiing toi trong?® yéu cau phai tim 2 hé sb
hinh dang t8i uu ¢, cho mién khong gian va ¢ cho mién thdi gian. Hai hé s nay duogc tim bang
phuong phap xap xi, sao cho sai sé gitta két qua dién ap cam g vé6i 16 giai chinh xac 14 nho
nhit. Piéu nay din dén yéu cau phai c6 10i giai chinh xac 1am tham chiéu, dong thoi thoi gian va
tai nguyén tinh toan can thiét dé tim dong thoi hai hé s hinh dang t6i wu 1a rat 16n. Do dé, trong
bai bao nay, chiing t6i dé xuat mot cach tiép can méi cho phuong phap RBF-FDTD: chi sir dung
ham RBF dé xap xi cac dao ham khong gian, dong thoi dua ra mot giai thuat xac dinh hé s6 hinh

dang cy.

Trién khai phwong trinh trén cho so dd ba diém cach déu x; — Ax, x;, va x; + Ax trong
khong gian 1 chiéu nhu trén Hinh 1, tng quét céc biéu thirc gan ding RBF ctia dao ham bac mot

va bac hai dugc viét nhu sau:

O &) O
(1) i(3) (2)
Six=Ax) Sixy) Sflxit+Ax)

Hinh 1. M6 hinh 3 diém cho x4p xi sai phan [Ngudn: Nhom tac gia].

Ham £ (x) c6 vi phan cap k tai nit x; dugc tinh theo cac ham RBF nhu sau:

d*f c
T () = ) wyBF () w1 =12, N @
i=1

Trong d6 N 1a téng s6 diém ludi, f(x;) 1a gié tri cua ham £ tai diém ludi x; va
w;,;®1a cc hé sb trong sé gan véi dao ham bac m tai diém x; va duoc tinh bang cach

sir dung noi suy RBF. Trién khai c6ng thirc trén cho so dd ba diém cach déu N = 3 cua
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x; — Ax, x;,x; + Ax trong mién 1-D, viét dwoc biéu thirc tong quat cia xip xi RBF-FD
ctia dao ham cap mot va cap hai nhu sau:

Pao ham cap 1:

£ = wif G = Ax) + wi F () + wiV fGx; + Ax) )
Pao ham cap 2:
G~ wiP f (g = Ax) + wiP () + wi? f (x; + Ax) 3)
Hai phuong trinh tuyén tinh (2) va (3) c6 thé dugc viét lai dudi dang ma tran sau:
A =Py 4)
va
B = ¥w® (5)

Véi A la 1 vector [3 x 1] chtra cac phan tir £/ (|| —x]-||2), va B ciing 1a 1 vector [3 X 1]
chira céc phan tur cua £ (|| —xj||2). Ma tran h¢ théng ¥ [3 x 3] chtra cac trong s ciaw; ; =

f (||xl- - x; ||2) Do d6, cac hé s trong sb chua biét trong (4) va (5) s& duoc tinh toan theo cong

thure:

w® =i (6)
va

w® = yp-1g 7

C6 thé nhan thy rang bang cach st dung cac ham GA, MQ, IQ va IMQ, nhu dugc trinh
bay trong Bang 1 cho ham & (|| —xj||2), ta s& tim cac h¢ s chua biét cua (WG4, w@64),
(WM, M) (1 (DIQ, 1y @)I1Q) (y(1IMQ, 1, @MQ) Phin tinh toén tham khao cho ham GA

dugc trinh bay tiép sau ddy, cac dang ham MQ, IQ va IMQ duoc tinh toan tuong tu.

Bang 1: Cac dang ham RBF [28]

Kiéu ham RBF Biéu thuc
. 0)*
GA (Gaussians) e cZ
1
IMQ (Inverse Multiquadrics) \/W
1
1Q (Inverse Quadrics) (D)2 + c2

MQ (Multiquadrics) J)?2 +¢2

A: khoang cach tir ndt x; dén diém Ian can x;, c: hé sé hinh dang tdi wu.
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Vi cong thirc ham GA duoc trinh bay trong Bang 1, dao ham bac nhét va bac hai d6i véi bién x

duoc trinh bay nhu sau:

—2r -r*
f'(xi)=c—2€ , (8)
2 (2r? -2
[ () =c_2<c_2_ 1)6 . 9
Thé (8) vao (2), va (9) vao (3), tap trung tai ba diém x; — Ax, x;, Va x; + Ax, ta thu dugc hai
hé phuong trinh tuyén tinh dugc trinh bay dudi dang ma tran sau:
_ 2
I[—ZAx . ?;‘ ] [ ) —Ax —4Ax (1)GA
C2
| o = Wit (10)
2Ax L;CZJ —4Ax2 _Ax (1)GA
c? € e c* e iz
va
2 <2Ax2 ) —Ax?
— —1)e c2 2
2 2 —-Ax —4Ax
- _ —Ax —Ax (2)GA
2 Tle c? 1 e c? | W2 a1
2 —Ax2 —4Ax? —Ax? (2)6A
ENCS I P s R N
c?\ c? |
Ta c6 thé viét lai phuong trinh (10) va (11) nhu sau
Aga = lPGAW(l)GA (12)
va
Bgoa = lPc;AW(Z)GA (13)
Céc hé s6 trong s6 chua biét trong phwong trinh (12) va (13) s& duoc tinh theo cong thuc:
w64 = pip (14)
W(Z)GA = lPG_AlBGA (15)

Ap dung cac quy trinh tinh toan trén tuwongty cho cac ham MQ, 1Q va IMQ, ta c6 thé tim thay

cac hé sb trong s chua biét ciia (w MM, w@MQ) (DI 1y A1) vy (wDIMQ y,@DIMQ),

Sau khi di tinh duoc cac trong sb wi(k), ta tinh x4p xi dao ham riéng bac 1 va bac 2 cua V (x, t)

theo x tai diém (xl-, tj) nhu sau:

ov .

ax W31)(Ax Cx)( a — Vi) (16)
%V _ o @ j @ j
PPl = w;” (Ax, c,)V;] i — Wi (Ax, ¢ VL + wy,” (Ax, ¢V, (17)
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Tuong tu ta x4p xi dao ham riéng bac 1 va bac 2 cua I(x, t) theo x tai diém (x;, t;) nhu sau:

3)| j /
=W )ty - 1) (a8)
021 2) j (2) J (@) J
> =W (Ax, c )iy — W™ (Ax, c)Ii_y + w,” (A%, ¢) ] (19)

dx
Thuat toan tim hé sé hinh dang téi uu ¢
Trong trudng hop c6 két qua chinh xac dé tham chiéu, phuong phap tim hé s6 hinh dang téi uu
¢ thuong dugc sir dung 12 xap xi gid tri ¢ sao cho sai s6 1a nho nhat?®:
IE(c) o = mincl|E(c)lo = ming|lu — u(c)|le (20)
véi u 1 161 giai chinh xé&c va u(c) Ia 1oi giai RBF.
Tuy nhién, trong céc bai toan thuc té, gié tri ¢ khong thé tinh dwoc tir cdng thic trén vi khong
c6 két qua chinh xac dé tham chiéu. Do d6, [27] da dé xuat mot phuong phap khac dé xap xi
gi4 tri ¢ nhu sau:
IE(c)leo = minc||P~1(c)e()lloo (21)
v6i P(c) lama tran thua NX x NX c6 cac phan tir 1 céc trong s w va e(c) = w'RBF —
W' FDTD la sai sb cuc bo.
Ma tran trong sé P(c)

Tong quat, phuong trinh dudng day duong day dai cé ton hao dugc trinh bay nhu sau:

al(x,t) al(x,t)
— =G(x, t)V(x,t) + C(x,t)
aV(x,t) av(x,t)
— =R(x,t)V(x,t) + L(x,t)
dx at
Khai trién phuong trinh trén, ta thu dwoc duoc:
aV(x,t)dx G(x,t) dl(x,t) 1
- = — 2
ox Ot + C(x,t) Vo ox C(x,t) (23)
Két hop véi phuong trinh (17), ta co:
; CJAx G(x,t) ; : al(x,t) 1
Oy oyl Y22 o _ oyl Y= _
W3 (Vi+1 Vl—l) At + ZC(X, t) i+1 Vz—l) Ox C(x, t) (24)

Tir d6, ma tran trong sb P 12 ma tran chira cac tham sb cua V theo phwong trinh (24) va s& ¢6

dang dugc trinh bay nhu sau:
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[ Ax, 6D 0 0 0 0 0
At ' 2C(x,t)
w3(1) G(x,t) 0 w3(1) G(x,t) 0 0 0
At 2C(x,t) At ' 2C(x,t)
b
w, G(x,t)
0 At 2C(x,t) 0 0 0 0
: o H
Wy G(x,t)
0 0 0 0 At Jr2C(x,t) 0
0 0 0 w3(1) G(x,t) 0 w3(1) G(x,t)
At 2C(x,t) At 2C(x,t)
@
w. G(x,t)
0 0 0 0 -3 0
At 2C(x,0)

Sai sé cucbd €(c)

Khai trién Taylor ciia ham £ (x) tai diém x, c6 dao ham lién tuc theo x:

1
f@x) = f(xo) + f/(xo)(x — x0) + Ef”(xo)(x —x0)* + =+ Rpy1(§) (25)
V6i Ry (8) lasb du
Gid sir ham V., c6 dao ham lién tuc theo x, t dén cép 4, ta co:
v 1,9 1 8%
V(xir1, ) =V(x; + Ax, ;) = V(x;, t;) + Ax oo+ S Ax? oo+ S A o + Ri(§) (26)
w 1 0%V 1 o3V
V(xi_l, tj) = V(xi - Ax, tj) = V(xi, tj) - AXa + zsz W - EAXS ﬁ + R4(f) (27)
Khi d6, WRBF két hop vai cong thic (17) s& duoc tinh la:

U gpr = ngl) [V(x; + Ax) — V(x; — Ax)]

V& (x; VO (x;
= 2w (V' (x)Ax + %Aﬁ + %Axs (28)
Vauw'FDTD =V'(x;).
T do, sai s6 €(c) duoce xéac dinh nhu sau
€(c) = u'rpr — U'pprp
V& (x; VO (x
= 2w |V (x)Ax + 3f D axd + 5$ D pxs| - V'(x,) (29)

AP DUNG PHUONG PHAP RBF-FDTD TiNH DIEN AP QUA Do TREN DUONG
DAY
Phuong phap RBF-FDTD cho phucong trinh dudng day truyén tai

Xap xi sai phan cho hé phuong trinh duong day dai tén hao (22), ta thu duoc

( I;+1/2 _ 15—1/2 et Cth+1/2 _ th—l/z
Ax * At (30)
t+1/2 t+1/2 It+1/2 —It
Vi — W — _Rtty2z _ x+1/2 x+1/2
Ax - X+1/2 At

L4y trung binh céc gia tri theo thoi gian:
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1£+1/2 _ 1;_1/2 _ th+1/2 n V;ct_l/z . V;ct+1/2 _ th—l/z
Ax 2 At (31)

t+1/2 t+1/2 t+1/2 gt
L Vx:1/ — v —_R Lt + Ly 3 le+1/2 —Lvape

Ax 2 At

Hé phuong trinh (31) dugc viét lai nhu sau:

_— g t t
At~ 2|17z _ 1 L1z = l-ape
G Ax

2

( c

t+1/2 At

S N

{ ft t (32)
= t+1/2 t-1/2

|1t+1 _ |At It _ 1 Veri — W

h R Ax
2

x+1/2 L
Piéu kién bién

Trong phan nay, chdng tdi s& tinh toan diéu kién bién theo cac dang md hinh tai R, va ngudn

V. Ry chinh xac bac hai cho duong truyén nhu trén Hinh 2.
I

v, —>> v,
Y .
L LAx |
) §Rg CAx CAx :
TT > T
[}
Hinh 2. M6 hinh tai va ngudn chinh xé&c bac hai cho dwong truyén cé do dai hiru han 22

Ap dung dinh luat Kirchhoff cho Hinh 2. tai nt 1, ta c6

Vif _p CAx oV V_f

+__
1
R, 2 ot 'R,

I

N-1
Vo —>
YN
| LAx
x CAx

! .
L :Iiz

Vy

Ry

h:l,q?i
)

o

Ax

pi/? +Vt—1/2 Ilt Vt+1/2+Vt—1/2 sz _I_Vt—1/2
_ 1 1

g g 1 1 1
= + + 33
2R,Ax Ax 24t 2R,Ax (33)
Sap xép lai, ta dwoc:
CAx 1 thy -2
pEr2 _ Rq 20t 2 pEz _ 1 R.It — Vo "tV (34)
1 o Chx 1[1 o Chx ||t 2
9 20t 2 9 20t 2
Tuong tu cho phia cubi duong day (phu tai):
R CAx 1 1
L2At 2|t~
K= taxi|% Y- chx 1| Rl (35)
Rioae +2 Rizae +2

Két hop véi cac hé sé ham RBF
Trong céc truong hop hé sb R va G cua duong day bang 0, do d6, phuong trinh dwdng day rat

gon thanh:
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1 1 -1

t+E _ t_i _ x+§ X 2
Ve P=1 2oL (36)

1 1

t+1 t VHE -V, 2

+ — x X
Ix% Ix% At TAx (37)

Pat k, = wiV, véi wiP1a he sé cua cac ham GA, MQ, IQ hoac IMQ, khi d6 phuong trinh bién

dbi thanh
t gt
wb et LTl
ot=V, t -2 ——= (38)
X
yr oyt
t+1 _ gt x — x
Ix% = Ix% 2At —ka (39)
KET QUA MO PHONG

Truong hop 1

M6 phong cho mé hinh mach don gian nhu Hinh 3., v6i cac théng s6 nhu sau:

e (=100pF/m; L= 250nH/m; d = 10m;

1
* Pp=E=2X 108m/s; v(t) = 2u(t)

o Z,=500;Z, =500 (Vidu1l)vaZ, = 100Q; Z, = 20Q (Vi du 2)

d

(5]

Hinh 3: M6 hinh dudng day ton hao vai tai thuan tro R2.

Két qua tinh toan dién 4p dau va cudi duong day cho Truong hop 1 nhu trén Hinh 3.
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Uniform 50 Q Tx Line (Lossless)

Error of RBF functions p .
17 2V Unit Step Excitation,t _ =2ns
Z =50 Q,Z =5 Q
g L
1.2
1
08
06 —o— Source End (V)
a
E —o— Load End (V)
04
02 [
0 ~
10720 -02
10! 102 100 0 210° 410 ° 610° 810 ° 1107 1210 71410 7
Shape paremeter Cp seconds
Voltage at terminal - RBF line GA; C = 6.801400e+01 Voltage at terminal - RBF line IMQ; Cl =8.335900e+01
12 1.2
1 1
08 0.8
06 06
a 8
5 K]
> >
04 04
0.2 0.2
0 (]
‘Source End (V) Source End (V)
Load End (V) Load End (V)
-02 -0.2
0 02 04 086 08 1 12 14 1] 02 0.4 0.6 0.8 1 12 14
seconds 107 seconds <107
Voltage at terminal - RBF line 1Q; C‘ =9.622900e+01 Voltage at terminal - RBF line MQ; C: = 4.811500e+01
12 1.2
1 1
08 08}
06 06}
a a
3 k]
> >
04 0.4 4
02 0.2
0 0 (e
Source End (V) — Saurce End (V)
= Load End (V) ———Load End (V)
02 -02
0 0.2 04 0.6 0.8 1 12 14 0 02 0.4 0.8 08 1 1.2 14
seconds 107 seconds 107

(e) ()

Hinh 4: Két qua dién ap tai dau va cudi duong ddy, Z, = 50Q; Z, = 50Q: (a) Sai s
cua cac ham RBF [Ngudn: Nhém téc gia]; (b) Két qua tham khao trong?®; Két qua tir 1oi
giai RBF-FDTD mé phong bing MATLAB véi (c) Ham GA, (d) Ham IMQ, (e) Ham
1Q, (f) Ham MQ [Nguon: Nhom téc gia].
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Lot Error of RBF functions . 50 Q Uniio_rm Trans_mission I__ine
7.30172 ] Excited by 2 V Unit Step with 2 ns Rist Time
—oGa Z_ =100 ,Z =20 Q Magic Time Step)
7.30171 ma o7 } t
—ma | H H
7.3017 06 o sourcemnary e
730169 05 —— LoadEnd(v) ]
# 7.30168
= 04
)
g" 7.30167 1 ] 1
w s 03 )
= 730166 [\ >
02
7.30165
7.30184 o1
730163 S 0
N
01
10’ 107 ] 110 7 2107 310 7 110 7 510 7
Shape paremeter ¢ seconds
Voltage at terminal - RBF line GA; EI = 2.035000e+01 Voltage at terminal - RBF line IMQ; Cx = 2.485000e+01
07 - - - - - ' ' - . 07
08 06
05 05
0.4 04
2 a
3 03 L] 5 03 ]
> =
02 02
0.1 0.1
0 Source End (V) 0 Souree End (V)
Load End (V) Load End (V)
01 . . . . . " . n " 01
0 05 1 15 2 25 3 35 4 45 5 (1] 05 1 15 2 25 3 35 4 45 5
seconds 107 seconds 107
Voltage at terminal - RBF line 1Q; C_ = 2.872000e+01 Voltage at terminal - RBF line MQ; C, = 1.441000e+01
0.7 07
0.6 1 06
0.5 1 05
0.4 1 0.4
2 I ) I
T 03 J G 03 ]
> >
0.2 1 02
0.1 1 0.1
o Source End (V)] | 0 —— Source End (V)
— Load End (V) Load End (V)
0.1 01
0.5 1 1.5 2 25 3 3.5 4 4.5 5 0 0.5 1 15 2 25 3 35 4 45 5
seconds <107 seconds 107

Hinh 5: Két qua dién ap tai dau va cudi duong day, Z, = 100Q; Z, = 20Q: (a) Sai sb
cua cac ham RBF [Ngudn: Nhém téc gia]; (b) Két qua tham khao trong?®; Két qua tir 1oi
giai RBF-FDTD mé phong bing MATLAB véi (c) Ham GA, (d) Ham IMQ, (e) Ham
1Q, (f) Ham MQ [Nguon: Nhém téc gia].
Tir két qua tinh toan cho thay, phuong phap RBF-FDTD méi va phuong phap tim hé sé hinh
dang téi wu ¢ dé xuat 4p dung tét cho mé hinh bai todn mach dién don gian. Két qua dién &p
dau va cudi duong day bam séat két qua chup lai th?® véi hé sb hinh dang téi wu ¢ duoc tinh toén
X4p xi sao cho gi4 tri sai s6 RBF & nho nhét, nhu thé hién trong Hinh 4.a va Hinh 5.a.

Trudng hop 2

M phong cho mé hinh duong day vai tai 1a mach RC song song nhu Hinh 6., véi cac thdng
s6 nhu sau:

e (C=100pF/m; L= 250nH/m; d = 0.5m;

1
° UPZ\/ﬁ:ZXlOSm/S;
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e Z,=500; 7, =50Q; C, = 0.1pF
n'? y } J_

(1)) R__C

| I

=1 z=d

Hinh 6: M6 hinh duong day tén hao véi tai RC%.

Két qua tinh toan dién &p cho mé hinh mach dién RC song song:

0.6

0.6 T — t=2.5ns
—e—25ns 05] === t=2.5ns(CL=0)
05 —e— 40625 ns / \
—
04 0.4
» 03 —/—) \ 0.3
2
: [
02 / \ 0.2
01 _/ 0.1
-
0
0.0
-0
0 01 02 03 04 05 01
Source End X (m) Load End 0.0 0.1 0.2 0.3 0.4 0.5 0.6

x (m)
Hinh 7: Két qua dién &p ciaa mach RC song song: (a) két qua tham khao trong?®; (b) Két
qua tir 1oi giai RBF-FDTD md phong bang MATLAB [Ngudn: Nhém tac gia].
Vi mach RC song song, két qua cho thiy phurong phap RBF-FDTD mé phong rat tot mo
hinh mach RC song song, khi dudng cong dién ap thu duoc bam sat véi két qua tham khao &
ca phan bé theo vi tri va gié tri dinh dién ap.
Trudng hop 3

M6 phong cho md hinh tai cam ¢ng, vai cac thong s6 nhu sau:
e (C=100pF/m; L= 250uH/m (Z, =50Q); d = 0.1m;
e Z,=100; L, =10nH; R; =50Q; Ax = 0.0001m ; At = Ax/v = 5ps
7 .
it (=)

I |
z=0 z=d

Hinh 8: M& hinh duong day ton hao vai tai RL%.
Két qua tinh toan bang phwong phap RBF-FDTD cho dién &p tai tai cam Gmg nhu trén Hinh 9.
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——1=0.5ns —t=1ns
06 ; : _ (o) J—
T -=-t=0.5ns (L =0) . , -l =1ns (L =0)
0.5 Lo ; 04N . - i
0.4 ‘ :
Lo3] -1
Soz e =
01 = B
0 - ]
016 SR R R 06 Lol peocdics o T
o] 0.02 0.04 0.06 0.08 0.1 0 0.02 0.04 0.06 0.08 0.1
x (m) x (m)
(@)
06 Voltage profile att = 0.5 ns o6
— g
= i=05ms - tmlnsiL=g)
—=-t=05n(L =0}
o8 04
04
02
03 5
§ %
02 2
a2
a1
o0 04
0.1 "
ane et 0% ) 006 o.08 010 000 00 004 008 00z 010
)
(b)

Hinh 9: Két qua dién &p cua dwong day truyén tai khong dong nhat véi tai RL: (a) két
qua tham khao trong®; (b) Két qua tir 101 giai RBF-FDTD mé phong bang MATLAB
[Nguon: Nhém tac gia.
Tuong tu, két qua mé phong cho thdy phuong phap RBF-FDTD téi hién chinh xac dap tng
dién &p — dong cua mach tai RL, v&i dang song bam sét két qua tham khao. Biéu nay khiang
dinh kha ning mé phong tét cac phan tir cam thuan va dic tinh qua d6 cua phuong phap.
Truong hop 4
Cudbi ctng 1a md phong cho mé hinh duong day truyén tai tén hao véi tai 1a mach RLC song
song nhu Hinh 10, véi c&c thdng s6 nhu sau:

e (C=100pF/m; L= 250nH/m; d = 0.5m;

8
o Yp=g==2x7 2, =500
o Giastr1diénap ngudn v(c) = e~Et)*/th ¢ = 0.159ns, t,, = 5t
e Tai:R, =100Q; L, = 25.33nH ; C, = 1.0pF

e Buéc nhay: At = -2
Ax

Rif

N
vit) ()

N
=~
=
e
(@)
LAAA
—
L

x=0 x=d

Hinh 10: M6 hinh dudng day truyén tai khong dong nhét vai tai RLC song song?®
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Két qua tinh toan dién ap cho mé hinh mach dién RLC song song:

06

0.5

0.4

Dian sp (V)

0o 210° 410" 6107 8107 110%1.2 10%.4 10° -02
t (s)

Thai gian (ns)
(@) (b)
Hinh 11: Két qua dién ap ciia mach RLC song song: (a) két qua tham khao trong?®; (b)
Két qua tir 1o giai RBF-FDTD md phong bang MATLAB [Nguén: Nhom tac gia].

Vé6i mach RLC, két qua tir RBF-FDTD thé hién su tring khop rd rét voi cac phuwong phap
trude, dic biét ¢ tn s6 cong hudng va dap tng qua do. Didu ndy ching minh phwong
phap du @6 chinh xac dé md phong cac mach cé tinh dao dong phuc tap. Sy tring khép
vé hinh dang va xu huéng bién thién theo thoi gian ching té phuong phap nay dam bao
d6 chinh xéc cao, ddng thoi co tiém ning thay thé hodc bd sung hiéu qua cho cac phuong

phap truyén thong trong phan tich mach phan bé.
KET LUAN

Trong nghién cuu nay, mot phuong phap maéi la RBF-FDTD dugc &p dung cho viéc giai
phuong trinh truyén song duong day truyén tai c6 ton hao. Nghién nay d dat dwoc nhitng
diém méi nhu sau:
> CA&c xap xi sai phan trong phuwong phap FDTD truyén théng da duogc thay thé
bang cac xap xi ham RBF.
> Mot giai thuat dé xac dinh gia tri t5i vu cua thong sé hinh dang da duoc trinh
bay. Giai thuat nay gidp cho viéc lua chon chinh xac thdng s6 tdi wu va ham
RBF cho viéc tinh toan dé dat duoc 1o giai c6 d6 chinh xac cao nhét.
Do cac két qua tham chiéu khong cung cap gié tri s6 cu thé, ma chi thé hién dudi dang do
thi dang séng.
Vi Iy do d6, nghién ciru chi c6 thé so sanh két qua theo dang song, danh gia mirc d6 tring
khép gitra nghiém RBF-FDTD va nghiém tham chiéu théng qua hinh dang, bién do va
thoi diém xuit hién cac dic trung qua do. Cach tiép can nay van dam bao danh gia duoc
hiéu qua cua phuong phap, dac biét trong bdi canh bai toan khdng c6 1oi giai giai tich
hoic dit lieu sé chi tiét.
Tuy nhién, c4c phat hién cia nghién cttu vin cung cip mot co sé ly thuyét vé phuong

phép s6 va kha niang 4p dung phuong phap RBE-FDTD cho céc bai toan qua do c6 cau
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trac phuc tap hon, va cac bai toan qua do thuc té trong hé thong dién nhu qua d¢ duong

day va mang truyén tai, qua do trén hé théng ndi dat, qua d6 do anh huong cua sét,...
DANH MUC TU VIET TAT

FDTD: Finite-Difference Time-Domain

FETD: Finite-Element Time-Domain Method

GA: Gaussians

IMQ: Inverse Multiquadrics

1Q: Inverse Quadrics

MoL: Method of Lines

MQ: Multiquadrics

MQ-FD: Multiquadric Finite Difference

ODE: Ordinary Differential Equation

PDE: Partial Differential Equation

RBF: Radial Basis Function

RBF-DQ: Radial Basis Function - Differential Quadrature

RBF-FD: Radial Basis Function - Finite Difference

RBF-FDTD: Radial Basis Function-based Finite-Difference Time-Domain

TLM: Transmission Line Matrix Method
LGOI CAM ON
Nghién ctru dugc tai trg boi Dai hoc Quéc gia Thanh phé H6 Chi Minh (PHQG-HCM) trong
khudn kho Dé tai ma s: B2024-20-26.
CAM KET XUNG POT LOIiCH
Céc tac gia xin cam két rang khong ton tai bat ky xung dot loi ich nao lién quan dén nghién
ctru, qua trinh thuce hién, két qua thu dugc hodc viéc cong bd bai bao nay. T4t ca cac ngudn tai
trg, néu co, déu da dugc néu rd trong phan Loi cam on va khong anh hudng dén noi dung khoa
hoc, phuong phép nghién ctru hay két luan cua bai bao. CAc tac gia hoan toan chiu trach nhiém
vé noi dung va tinh trung thuc cua toan bo két qua duoc trinh bay.

DONG GOP CUA TACGIA

e Vii Pirc Quang: Xay dung mé hinh toan hoc va thyc hién mé phong sé.

e Nguyén Xuan Binh: Xu ly dit liéu va danh gia két qua so sanh véi cac phuong
phép tham chiéu.

e Nguyén Nhat Nam: Phan tich ly thuyét, xdy dung phan md ta phuong phap va hd
tro hoan thién cac biéu thac RBF-FD.

e Vii Phan T1: Dé xuét y twong nghién ciru, phat trién thuat toan RBF-FDTD, Diéu
phéi nghién ctu, ra soat hoc thuat, chinh sira ban thao va hoan thién bai bao dé gui
dang.

T4t ca cac tac gia déu doc, dong gop ¥ kién va thdng nhét vai phién ban cubi cing cua bai bao.
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Application of the RBF-FDTD Method for the Electrical Transient
Analysis of Lossy Transmission Line Models

Vu Duc Quang, Nguyen Xuan Binh, Nguyen Nhat Nam, Vu Phan Tu”

ABSTRACT

This paper presents a new simulation approach for electromagnetic transient analysis on lossy

transmission lines, based on combining the Radial Basis Function-based Finite-Difference Time-
Use your smartphone to scan this Domain (RBF-FDTD). The proposed method overcomes limitations of the traditional FDTD scheme,
QR code and download this article which relies on Taylor-series-based finite-difference operators, by employing RBFs to construct

more flexible and accurate numerical approximations. A new algorithm is introduced to determine
the optimal RBF shape parameter, enabling a balanced trade-off between accuracy, numerical sta-
bility, and computational efficiency. The algorithm minimizes local approximation error through
the use of a weight matrix and Taylor expansion, allowing the optimal parameter to be identified
without requiring an exact reference solution. The RBF-FDTD method is validated through multiple
transmission-line models under different loading conditions, including resistive, parallel RC, RL, and
parallel RLC terminations. Simulation results demonstrate that the method accurately reproduces
transient waveforms, closely matching reference solutions in terms of amplitude, reflection tim-
ing, and resonant characteristics, while maintaining numerical stability in the presence of losses.
Compared with the conventional FDTD method, RBF-FDTD shows clear advantages in modeling
nonuniform or distributed-parameter structures where high accuracy in spatial derivative approx-
imation is required. These findings confirm the potential of RBF-FDTD as a powerful and efficient
tool for transient analysis in power systems, and highlight its applicability to more complex con-
figurations such as branched transmission networks, grounding systems, and lightning-induced
transients.

Key words: Electrical transients, lossy transmission line, FDTD, RBF-FDTD, RBF
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