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Abstract. The contact force control system in the pantograph-catenary system play important
role for the train electrical power supply in motion. The control system task is guaranteeing
the stable contact force while the stiffness of the catenary is time-varying. Previously
published works often assume the stiffness of the catenary is fixed to calculate the PID
parameter and then simulate the change of stiffness to check whether it is stable or not. This
method is not thorough and reliable. The paper proposes the method of analysis and design of
robust PI controller for the pantograph-catenary system regarding to the influence resulting
from the time-varying stiffness of the catenary. The method of testing the sustained stability
of the system when the stiffness of the catenary changes is rigorously argued and
mathematically proven. This method is simple and intuitive, easy to understand. The
effectiveness of the proposed method was evaluated through computer simulation using
Matlab software.

Keywords: robust control, pantograph-catenary system, PI controller, active control, robust
stability.
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Tom tit. Hé thong diéu khién tiép xtc gitra can tiép dién va day dién ludi c6 vai trd quan
trong trong dam bao chat lugng cung cap dién cho tau dudng sat khi chuyén dong. Nhiém vu
cua hé thong diéu khién 1a dam bao lyc tiép xdc gitra can va day dugc on dinh trong diéu kién
d6 cang cua can thay doi khi truot theo day. Céac cong trinh da cong bd trude ddy thudng gia
thiét d6 cang cua can 1a ¢6 dinh dé tinh toan tham s PID rdi mé phoéng thay dbi do cang dé
kiém tra c6 on dinh bén viing hay khdng. Cach 1am nay khéng triét dé, tin cay. Bai bao dua ra
phuong phap phan tich va tong hop b diéu khién PI bén viing cho hé thdng can-day khi do
clmg nay thay doi. Phuong phéap kiém tra tinh 6n dinh bén viing caa hé thdng khi do cang cua
can thay dbi duoc 1ap luan va chiing minh toan hoc chit ch&. Phuong phéap nay co tinh don
gian va truc quan, dé hiéu. Hiéu qua ctua phuong phap di dua ra dugce danh gia thong qua mo
phong trén may tinh bang phan mém Matlab.

Tur khéa: diéu khién bén viing, hé thong can-day, bo diéu khién PI, diéu khién tich cuc, on
dinh bén virng.

© 2022 Truong Dai hoc Giao théng vdn tdi

1. PAT VAN PE

Trong giao thong dién hé thong cung cap dién ludn 12 vin dé quan trong bac nhat. Thong
thuong, co hai phuong 4n cung cap dién cho tau: tir dudi dat hodc ludi dién phia trén. Trong
phuong 4n 14y dién tir luéi phia trén (hinh 1) hé théng cung cap dién c6 hai phan: can tiép
dién (Pantograph) va day (Catenary) [1-4].
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Chat lwong dién cung cap cho doan tau phy thudc vao su tiép xdc giita can va day. Su
tuong tac nay khong 6n dinh khi tau chuyén dong, dac biét véi toe do cao. Khi d6 luc tiép xdc
bi anh hudng bai su thay d6i do cing cua day treo cé tinh tuan hoan doc theo cung doan. Luc
tiép xtc khong 6n dinh dan dén chat lwong truyén dién tir ludi vao tau théng qua can bi anh
hudng, tham chi can c6 thé bi ving ra khoi day ludi, ngét tiép xic dan dién. Do vay cén thiét
ké hé thdng diéu khién c6 kha niang cha dong tao ra luc tac dong phu hop sao cho giam thleu
tac dong nhleu thay ddi do ciing day treo gilp cho giita can va day ludn co luc tiép xtc 6n

dinh mong muén.
**:‘— Cot d& S Day nhén tin

} « Puong day xich
| [t
Dav lia
ay lién lac / / \

~\ y: / Puong ray
B (990 fﬁ_/
v L a2/ 7

Hinh 1. Can (Pantograph) — day (Catenary) tiép dién.

D3 c6 kha nhiéu céc thuat toan diéu khién luc tiép xtc hé thdng can-day duoc dé ra tir cac
thuat toan PI don gian [5], diéu khién bén viing [6], thich nghi [7], back-stepping [8], m hinh
du béo [9] dén diéu khién théng minh [10-12]. Trong [13] cé4c tac gia da dua ra phuong phap
phan tich tinh bén viing cho hé théng can-day. Khi trién khai cac hé thong diéu khién trong
thuc té nhiing thuat toan don gian sir dung bd PID thuong duge wu tién do tinh tin cay va bén
viing. Tuy nhién viéc ching minh duoc vé ly thuyét tinh bén vitng caa bo diéu khién dang
PID nay trong thiét ké hé théng can-day chua duoc giai quyét. Bai bao nay dua ra 10i giai cho
hai bai toan khi sir dung bo diéu khién PI cho hé thdng can-day: thir nhat, bo PI cho trude cd
kha ning dam bao 6n dinh hé thdng diéu khién véi gidi han bat dinh nao? va tha hai, ngugc
lai, véi giéi han bat dinh cho trudc 1am thé nao chon duoc tham sé bo diéu khién PI dé he
thdng diéu khién on dinh.

2. MO HINH TOAN HQC HE THONG CAN - DAY TIEP PIEN
Hé thng can-day tiép dién co thé dugc md hinh hda voi so dd cau tric treo hai vat nhu
trén hinh 2 [1].
Trong do ky hi¢u:
m, - khdi lugng dau; m, - khdi lugng gid; x, - do chuyén dich caa dau; x, - do chuyén
dich cua gia; k, - d¢ ciing cua dau; c, - hé sé giam chan cua dau; c, - hé s6 giam chan cua gig;
K,an - 0 cling cua can; k_ - do ciing cua day; u - luc nang chu dong.

cat
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Hinh 2. M6 hinh hé thdng can — day.
Tur cac dinh luat vat ly xay dung cac phuong trinh vi phan
m, X-h+ch()(-h_ X-f)+ Ky, (%, — %) + kpan(xh —Xea) =0
=0

(1)

kpan(xcat - Xh) +k

catXcat
M X, —C, (X, — X¢ ) +C¢ X, —K, (X, —X;)=u (2)
Tu phuong trinh tha hai caa (1)

kpan (Xcat - Xh ) + kcatxcat = 01 Suy ra Xcat = kpanXh /(kpan + kcat) ' Thay Xcat
nhét cua (1) ta co:

mhxh +Cy (Xh _Xf )+ kh (Xh — X4 )+kpan (Xh _kpanxh/(kpan +kcat))
= My %, +C, (% =%, )+ Ky (%, =X )+ Ko X, (1—kpan (Kpan + kcat))

=m.X, +C, (Xh — X )+kh (Xh — X )+ kpankcat/(kpan + kcat)xh :

Tir d6 ta xac dinh duoc md hinh todn cua hé thong can — day tiép dién:

vao phuong trinh th

m, X, +C, (X, — X, ) +k. (X, =X, ) +Kkx, =0 3)
m; X“f_Ch(X'h_le)—i_Cf Xf_kh(xh_xf):u (4)

i k ankcat
VoI k —__Ppancat (5)

o kpan + kcat
Bién doi Laplace hai vé cac phuong trinh (3) va (4) ta duoc
[m,s® +¢,5+ (K, +ky) | X, ()= (Gys+K,) X (5) =0 (6)
~(C5+ky) X, () +[ M s® + (¢, +6,)s+K, | X (s)=U(s) )

Tt phuong trinh (6) rat ra
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[ m,s”+c,5+ (ky +ko) | X, (5)
(C,s+ky)

F(s)

Xf(5)=

thé vao phuong trinh (7) va d&é y rang X, (s) = ta tim duoc ham truyén dbi tugng

_F(s) k(c,s+k,)
UGs)  M(s)

P(s) (8)

trong do
M(s) = [mf s’ +(c, +¢C,)s+ kh][mhs2 +c,5+(k, + ko)] —(c,s+k,)?
=m.m,s* +[mfch +(c, +ch)mh]s3 +[mf (k, +ky)+m.k, +c.C, ]sz 9)
+[ ko (Cy +6,) +kyC; |5+ kK,
Thuec té khi tau chuyén dong, hé sé k khdng con cb dinh ma thay doi theo thoi gian

k=K, (1+ a cos(?t)j (10)

Trong d6 V- van tbc tau [m/s], L - chiéu dai cung doan [m], «- hé s thay d6i d6 cing
cua cung.

DE thay khi xuét hién hé¢ s6 o #0 thi k s& thay doi K € [K,, Ko ], VOi
k. =k (1-a), k =k 1+a) (11)
3. PHAN TiCH ON PINH BEN VUNG
Gia sir bo diéu khién P1 c6 cong thuc
C(s):Kp+% (12)
Can kiém tra hé théng diéu khién kin c6 on dinh hay khong khi k e [K,;, Ko ] -

Ham truyén hé kin

W(s) = C(s)P(s) _ k(KpS+ Ki)(c,s+ks) (13)
1+C(s)P(s) sM(s)+k(Ks+K))(c,s+ky)
Khi d6 da thire dac trung hé kin c6 dang
H(s) =sM(s) +k(K s+ K;)(c,s+k;) (14)
Pat
M(jo) =Ry (@) + jl (@) (15)

Phan tich thanh phan thir nhét cia vé trai biéu thirc da thirc dic trung (14)

938



Transport and Communications Science Journal, Vol 73, Issue 9 (12/2022), 934-942
joM(jo) = -l (0) + joR, (0) =U (@) + jV () (16)
Tuong tu, phan tich thanh phan tha hai
(IK,o+K)(jc,0+k,) = (Kik, — Kpcha)z) + J(Kic, + Kk, )o = R(@) + JT (@) 17)

Dung db thi
L(w) = x(w) + jy(®), 0<w <o,
U@ V() (18)
X(w) = R@)’ y(w) = ()
Trong do chu y
x(a))—U(w)_— ol,, N
R(w) Kik, =K c,@ 19)
V()= R

Cac budc kiém tra on dinh bén viing hé thong diéu khién kin nhu sau
- Kiém tra 6n dinh cua da thirc danh dinh (14) khi ¢ =0, k = K,

Ho(s) =sM(s) +k, (K s+ K;)(c,s +k;) (20)
- V& d6 thi L(w) (18), tim hinh vudng l6n nhat c6 ban kinh k™ noi tiép do thi L(w)

H¢ thong diéu khién s& 6n dinh bén viing véi moi K & [Ky,, Koy | » trong d6

*

I(min = I(0 _k ! kmax = I(O + k* (21)

NGi cach khac, hé théng bén vitng véi moi 0<a <o, trong d6
& =K —k,. 22)

4. TONG HQP BQ PIEU KHIEN BEN VUNG PI

_ Xét bai toan can tim b¢ diéu khién Pl sao cho hé thong diéu kin vai déi twgng (8) on dinh
bén virng khi c6 tham so6 thay doi k (10) vdi hé s6 a cho trugc. Mién o6n dinh cac tham so
K, —K; ¢0 thé dugc x4c dinh bang phuong phép phan mién D [14 ] nhu sau.

Chuyén da thie dic trung sang mién tan sb
H(jo) =] k(k,K; —c,0’K,) — ol (@) |+ j[ k(K k, + Kc,) + @R, (@) | (23)
bat H(jw) =0, tir d6 c6 h¢ phuong trinh
2
—ke,0°K, + Kk, K; = 0l , (@) 24)
kk,K  +ke K, =—Ry (@)

Giai hé phuong trinh nay:
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= = —K?(c2? +K?)

A ‘—kcha)z Kk,

kK, ke,
ol, (@) Kk,
Ak, = —R:: ) k| k[ac, 1y (@) +k,Ry, (@)] (25)
—kc.0® ol (o)
Ak, =‘ kl:h —RT: (©) =ko[c,0R (@) —k, I, (®)]
Ta duoc
K = AKD __a)ChIM (w)+ thM (o)
P - 2 2 2
A k(co® +K;) (26)
K — AK; __ olc,oRy (@) =k 1, (0)]
YA ko (clo® +k?)

Néu gid tri k cd dinh, khi e thay doi tir 0 dén oo, cac gid tri K, K; trén tao thanh duong
cong ranh gi¢i cac mién on dinh. Khi k thay doi, k €[K, Ko | » dudng cong ranh gisi nay tré
thanh ho céc dwong cong. Sir dung k¥ thuat phan mién D [14] cho phép xac dinh mién on
dinh bén virng cua hé thong.

5. MO PHONG DANH GIA

Gia sir hé thong can-day c6 cac tham sé sau [12]

m, =9,1kg;m, =17,2kg; k. =7x10*N /m;c, =123Ns/m;

k., =1535x10°N /m;k_, =8,23x10*N /m;

V =70km/h; L=80m.

Truéc tién, gia s bo diu khien PI ¢6 cac tham sé: K =0,8;K, =4. Pay 1a bo tham s6
dugc lya chon ngdu nhién bat ky trong mién on dinh bén viing tim dugc dé kiém tra. Tinh on
dinh bén virng la yéu cau co ban, dau tién can dam bao. Sau d6 méi t6i uwu hoda chat luong.

Khi do da thic ddc trung hé thng diéu khién kin (14) c6 bac bang 5. B4 thi Mikhailov
trén hinh 3 chung to hé thong on dinh voi k =Kk;.

pan

D6 thi L(w)trén hinh 4 cho thay ban kinh hinh vuéng noi tiép 16n nhat k™=6,5%10%. Tur
do d& dang xac dinh h¢ thong diéu khien véi K, =0,8 K, =4 on dinh véi moi gia tri
K & [Kpins Kpax | » trong d6

K., =k, —K"=7,8x10" —6,5x10* =1,3x10%,
Koo =K, + K" =7,8x10% +6,5%x10* =14,3x10°,

hay v&i moi O<a <o , a~0,88.
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xﬂUjD ‘ ‘ . ‘ x10*
Y(Omega)
5 g /] 8 [6510°,6510M]
=10 o~
N\ 2 / \ 1 - |
e o g 5 ,/ \-“‘ / 6 L ¢
© 5 ’/ |
2 | 0 - : |
£ o1 | 4 -2 0 2
o \ P(Omega)) 10° / 4l
5 \
10 \\\ // 1
\ //
A5 - // 2
o0 [ 0 :
: ‘ : : ; -10 -8 -6 4 2 0
0 0.5 1 1.5 2
P(Cmega)) x 10" X(Omega) x10*
Hinh 3. D6 thi Mikhailov H (jw). Hinh 4. P thi L(w) .

Tiép theo, gia sir cho truéc a=0,3. Khi d6 k, =54678, k. =101550. Cac duong
phan mién D dugc biéu dién trén hinh 5. Mién mit phang bén duéi dai cac dudng cong nay 1a
mién 6n dinh bén viing chtra cac gia tri tham sé K., K, can tim.

" — )| i fON fr=100N
29t f(t)_PI
150 f(t) Non_control | 4

I~~~

) /m/ ‘ 50
X0.8 D
Y4 B -1
0 — — | . . . t[s]
-1.5 -1 0.5 0 0.5 1 1.5 2 25 3 3.5
o 0 2 4 6 8 10
Hinh 5. Phan mién D. Hinh 6. Lyc tiép x(c.

Gia st chon K, =0,8, K, =4, gié trj lyc tiép xtic yéu cau la 100N. Trén hinh 6 két qua
mo phong cho thay hleu qua giam thiéu dao dong cua luc tiép xuc khi c6 didu khién so voéi
khong diéu khién.

6. KET LUAN

Sy thay doi khdng biét trudc cua do cang can tiép dién khi tau chuyén dong la nguyén
nhan phai thiét ké hé thong diéu khién gitp cho luc tiép xdc gitra can va day 6n dinh. Nhiéu
cdng trinh nghién ctru da c6 moi chi dua ra thuat toan diéu khién va kiém tra tinh 6n dinh
thong qua md phong, thiéu ching minh chat ché vé ly thuyét, mat khac cac phwong phap kinh
dién chi 4p dung cho céc tham sb hé thdng 1a ¢ dinh. Céc cdng trinh da cong bd trude day
thuong gia thiét k cd dinh dé tinh toan tham sé PID roi md phong thay k dé kiém tra c6 6n
dinh bén viing hay khong. Cach lam nay khdng triét dé, tin cay. Bai bao di dwa ra phuong
phap phan tich va tong hop hé thdng diéu khién bén viing sir dung bo diéu khién PI cho hé
théng can tiép dién- -day dan dién ludi cua tau dién trén duong sat. Phuong phap c6 tinh don
gian va tryc quan, d& hiéu. C6 thé mo rong phuong phap dé ra cho cac trudng hop sir dung
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nhiéu tham s6 diéu khién hon nhu PID, v.v... Phuong phap kiém tra tinh 6n dinh bén viing
cua hé thong khi k thay d6i mot cach cé lap luan, chirng minh toan hoc chat ché.
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