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Abstract. A contact force control system in the pantograph-catenary system play important
role for the train electrical power supply in motion. The task of the control system is to ensure
that the contact force between the electric contact rod and the line is stable in the condition
that the stiffness of the electric contact rod is changed when sliding along the line. The paper
presents a new control method based on the improved fuzzy Takagi-Sugeno model. The
proposed method has several advantages: first, the stability of the control system can be
assessed; second, the ability to suppress oscillations, follow the set value of the contact force
very well and thirdly, ensure a stable control quality when there is an uncertain change in the
system parameters. The effectiveness of the proposed method was evaluated using Matlab
software. The simulation results show that the stability of the system is confirmed, and the
control efficiency has been improved.

Keywords: pantograph-catenary system, Pl controller, Moradi-Zirkohi-Lin (MZL) algorithm,
TS fuzzy controller.
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Tom tat. Hé thong dieu khién tiép xtc giira cn tiép dién va dy dién lui c6 vai tro quan
trong trong dam bao chat lwong cung Cap dién cho tau duong sat khi Chuyen dong. Nhiém vu
cua hé théng dleu khién 1a dam bao lyuc tiép xUc gitta can va ddy duoc 6n dinh trong diéu kién
d6 cang cua can thay doi khi truot theo dy. Bai bao dua ra phuong phap diéu khién méi dua
trén mo hinh Takagi-Sugeno mo cai tién. Phuong phap dé ra c6 mot s6 wu diém: thir nhét,
danh gia dugc tinh 6n dinh cua hé thong diéu khién; thir hai, kha ning dap tit dao dong, bam
theo gia tri dat caa luc tiép xdc rat tot va tha ba, dam bao chat lugng diéu khién bén viing khi
c6 su thay doi bat dinh trong cac tham sb hé théng. Hiéu qua caa phuong phép da duoc danh
gia thdng qua mo phong trén may tinh bang phan mém Matlab. Két qua mé phong cho thiy
tinh 6n dinh cua hé théng duoc khang dinh, dong thoi hiéu qua diéu khién da dugc nang cao.

Tir khoa: hé thdng can-day, bo diéu khién PI, thuat toan MZL, bo diéu khién mo TS.

© 2023 Truong Dai hoc Giao théng vdn tdi

1. PAT VAN DE

Hé thong cung cép dién déng vai tro quan trong cho tau dién. C6 hai phuong an tiép dién:
trén cao va dudi mat duong. Uu diém cua hé thong lay dién trén cao [1] la an toan do phén tir
mang dién dat ¢ trén cao, dung dién ap cao nén dong tai nho, t6n that duong day thap khoang
cach giita cac tram dién do do co thé 16n hon, c6 nghia 1a sb lugng tram dién can thiét it hon.

N Hé théng Cap dle;r] trep cao bao gom ba bo phan: bo phan cot va xa QO, bo phan treolday
dan dién va b phan can lay dién trén noc toa xe (hinh 1), trong d6 van d¢ k¥ thuat cha yéu la
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bo phan treo day tiép xuc va co ciu can lay dién va tuong tac gitra ching. Day dan dién
duong duoc hé thdng cot xa d& va day cing treo bén trén tim dudng sit & do cao nhat dinh.
Thanh truot cua can iy dién ap vao mit dudi day dan dién, khi tau chay, thanh truot s& doc
theo duong day dé duy tri tiép xuc dién. Hé thdng trén cao tbi thiéu phai bao gdm céc bo phan
sau day: co cau cach dién, ddy cang chiu chiu lyc, (day treo d& day dan dién, cac bo cing day
tu dong, cac bo chuyen tlep gitra hai duong day lién k&, cac bo phan giao Cat hai duong day.
Can lay dién bao gom co céu khung c6 diéu khién nang ha va thanh truot gan trén khung. Bé
mit trén cua thanh truot 1dm bang graphit dé liy dién, trong tu nhu chdi than. Tiép xUc giira
day dan dién va cn lay dién on dinh, ké ca khi tau chay toc do cao. Dé c6 sy tiép xuc tot giira
day dan trén cao va can liy dién doi hoi su 6n dinh Vé vi tri twong quan va ap luc gitra day
dan dién va thanh truot cua can lay dién. Do anh huong cua gio, su mét on dinh caa ban than
hé thong treo ddy va do dao dong cua doan tau, tbc d6 doan tau cang cao thi hé théng cang
mét on dinh 1am cho viéc Cap dién khong tron tru, lién tuc, gay hau qua xau cho hoat dong cua
doan tau. Mit khéc, luc tiép xuc qua cao co thé dan dén mai mon qua mirc va day day tiép xuc
Ién cao. Do vay lyc tiép xuc can phai duoc duy tri & mac cé dinh mot cach lién tuc [2-4].

I Puéng day xich
Day lién lac

Piém tLep xuc
N F

E Duo’nzlay

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

N2

Do ¢6 tim quan trong nhu vay nén bai toan diéu khien lyc tiép x(c giira can lay dién va
day dan dién (goi tat 1a he thong can-ddy) da thu hat dugc nhiéu sy chi y trong nghién cuu vé
hé thong can-day nay. Mot so cac ky thuat diéu khién khac nhau da dugc dé ra trong [5-14].
Mdi phuong phap dé ra déu c¢6 wu, nhuge diém riéng. Cac phuong phap diéu khién kinh dién,
duoc str dung nhu PI [7], PID [14] hay phan hoi trang thai [6, 10, 11] don gidn, nhung déu bo
qua tinh bién thién cua do cang cua can trong thiét ké hé thong diéu khién, chi sir dung gia tri
trung binh dé tinh toan. Thuat toan diéu khién thich nghi [13] c6 tinh dén su thay d6i tham s,
tuy nhién vai ban chat phuong phéap, doi hoi md hinh hé théng phai chinh xac. Cac thuat toan
bén viing [5,8] chua dé cap truc tiép dén thong tin dai bién thién do cing caa can (bat dinh
tham s6). Ung dung logic mo trong diéu khién hé théng can-day 1a mot huéng di duoc quan
tam, voi md hinh mo dang 1 don gian trong [9], [12]. Pé ma rong kha nang xu 1y bat dinh
trong thyc té cua logic mo, cac nha nghién ciru tir kha 1au da dua ra khai niém hé thdng logic
mo& dang 2, trong d6 cac ham thugc cling mang tinh bat dinh (trong dang 1 13 xac dinh).
Nhung khi dua vao ép dung thuc té, hé thng logic mo dang 2 thuong gap tré ngai khong nho,
d6 1a chi phi tinh toan réat Ién do phai st dung thuat toan lap. Dé giai quyét van dé nay, méi
day, cac tac gia Moradi-Zirkohi-Lin trong [15] da dua ra thuat todn mai, khéng lap, mang tén
MZL. Thuét toan ¢ uu diém giam khéi lugng tinh toan va dam bao do chinh xac ma khong
can tinh trong tam caa hé logic mo ‘dang 2 bang sang loc trong luong. Trong [1] cac tac gia da
su dung thuat toan nay xay dung cau trac hiéu chinh thich nghi hé mo khi d6i twong can — day
c6 bat dinh phac tap. Két qua mo phong trong [1] cho thay wu diém vuot troi cia phuong
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phép nay so véi mot sé cac thuat toan tinh toan mo khac vé khéi lugng tinh toan va chi tiéu
nén dao dong. Tuy nhién véi ban chét 1a hé thong diéu khién thich nghi hiéu chinh cac ham
thugc, cau trac hé théng va hoat dong rat phuc tap. Noi chung, chua c6 phuong phap diéu
khién nao xir Iy truc tiép bat dinh dang khoang cua d¢ cang can trong thiét ké hé thong, ngoai
ra riéng cac phuong phap diéu khlen mo dd néu c6 chung nhugc diém l1a khong c6 duoc
chting minh toan hoc chit ché vé 6n dinh hé thong Trong [16] cac tac gid da dua ra phuong
phap danh gia tinh bén ving cua hé thong diéu khién lyc tiép xic can-day nay.

Trong bai bao nay dé xuat thuat toan diéu khién méi dua trén mo hinh mo Takagi-Sugeno
(T-S) cai tien dua lai hi¢u qud cao trong nén dao dong cua luc ticp xtc, dong thoi co tinh on
dinh duoc khang dinh va tinh bén virng vai cac kha nang tham so hé thong thay doi.

2. MO HINH TOAN HOC HE THONG CAN — DAY TIEP PIEN

Hé théng can-day tiép dién cé thé duoc mé hinh hda véi so dd cau tric treo hai vat nhu

trén hinh 2.
/| %

Xh

]

T
Nk
mf
T % Cy J X
Hinh 2. M hinh hé théng can — day.
Trong do ky hiéu:

m, - khéi lwong dau; m, - khdi lugng gid; x. - do chuyén dich cua dau
- d6 chuyén dich cua gia; k- o ciing cta dau; ¢, - hé s giam chan caa dau

¢, - hé s6 giam chan cua gia; k., - d0 cing cia can; k., - do cing cua day

u - lyc nng cha dong

Tur cac dinh luat vat ly xay dung cac phuong trinh vi phan

m, X, +C, (X, — X, ) +kK, (X =X ) + Ky (X =X ) =0 1)

kpan (Xcat Xh)+kcat cat =0

my X“f_ch(x.h_xlf)-i_cf Xf—kh(xh—Xf)Zu (2)
hay

M, X+ Cy (X, — X, ) +K, (%, =X, ) +KgX, =0 (3)
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m; )("_Ch()('_x'f)+cf Xf_kh(xh_xf):u (4)
‘s kpankcat
V6i K, = e (5)
kpan + kcat

Bién doi Laplace hai vé cac phuong trinh trén ta duoc
[ M,s® +¢,5+ (K, +ky) | X, ()= (G5 +K, ) X (5) =0 (6)
~(C5+ky) X, () +[ M s® + (¢, +6,)s+K, | X, () =U(s) )
Tur phuong trinh (6) rit ra
[m,s® +¢,5+ (K, +ky) | X, (5)
(Chs+ kh)
F(s)
k

X(s)=

thé vao phuong trinh (7) va dé y rang X, (s) = ta tim duoc ham truyén déi tuong

F(s) k(chs+ ki)
U@s)  M(s)

P(s)= (8)

trong do
M(s) = m;s® +(c; +¢,)s+k, |[ms® +c,5+ (K, +K,) |- (C,5+k,)°
=mm,s* +[ m,c, + (¢, +¢,)m, |s*+[ m, (k, +k;)+mk, +c.c, [s° (9)
[ Ko (Cr +¢,) + Ky [s+kik,
Thuec té khi tau chuyén dong, hé sé k khdng con cb dinh ma thay doi theo thoi gian
k=k, (1+acos(2ﬁTVt)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 thiy khi xuat hién hé¢ s6 o #0 thi k s& thay ddi K € [K,, Ko |, VOi

Knin =Ko(1=2) ) K =Ko (1+2) (11)
3. THUAT TOAN PIEU KHIEN DUA TREN MO HINH MO T-S CAI TIEN

Trong sé cac md hinh mo, mé hinh Takagi-Sugeno [17] la thong dung nhét, dugc sir dung
nhiéu trong diéu khién. C4 nhiéu so do cau tric diéu khién sir dung mé hinh mo T-S, trong d6
phuong phap thiét ké bo bu song song (Parallel Distributed Compensation - PDC) [18] ¢6
nhiéu vu diém. Khi d6 bo diéu khién m& c6 chung céc luat mo va tdp mo nhu mé hinh ddi
tuong. Bo diéu khién tuyén tinh dugc thiét ké cho tung ddi twong tuyén tinh dé dam bao 6n
dinh va chat lugng hé thdng kin tuyén tinh cuc bo. Sau d6 bo diéu khién phi tuyén cudi cing
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la két hop mo tir cac tin hiéu diéu khién theo ting luat riéng. Nhugc diém ciia phuong phap 1a
dé chiing minh tinh 6n dinh hé thong kin can céng cu toan hoc rat phec tap. Trong [19] co
dua ra y tuong tach hé qua luat diéu khién thanh hai phan: tir s6 va mau sé riéng dé lam don
gian phuong trinh dic trung hé kin. Y tudng nay duoc thir nghiém vai hé roi rac trong [19] va
phét trién cho hé lién tuc trong [20]. O day tiép tuc trién khai cho bai toan diéu khién lyc tiép
xUc can-day.

Dau tién, khoang [k, K. ] duoc chia lamr khoang con chéng 1an nhau, tir d6 xay dung

r + 2 ham thudc dang tam giac cho ting khoang con d6 nhu trén hinh 4. V&i moi khoang thir i
chon mét gia trj tiéu biéu k; va bién mo M, c6 ham thudc z tuong tng. Ngoai ra, bé sung

thém hai gia tri gioi han toan khoang K., K., -
Tiép theo, dinh nghia tng véi mdi khoang thir i doi tuong dugc m ta bing c6 ham

truyén cuc bo

F(s) _ki(c,s+ky)

TERTO i=1..,r+2 (12)

()=

trong do

M (s) = mm,s* +[mc, +(c, +6,)m, |s*+[ m; (k, +ko) +mk, +c,c)]s’
+[ ko (Cy +6,) +kyCy |5k,
Néu dinh nghia
Ci— kiCh Ci _ kikh di_mfch+(cf+ch)mh

(T (A I
m, My m, My m, My

(13)

I_[mf(kh+k0)+mhkh+chcf] | ko(cf+ch)+khcf

kK
2= ’d1: , Ay =—2

mhmf mhmf ’ mhmf .
Thi ham truyén cuc bo (12) c6 dang

IDi(s’):l:(S): 7 qi 30183_28 i i
U(s) s"+d;s°+d,s"+d;s+d,
hay dudi dang phuong trinh vi phan sau
FOM)=—d @) —di f @) —di £ (t)—d f () +cu’(t) +ciu (t) (15)
Gia sir cac bo diéu khién cuc bo co ciu tric P1 thdng dung vai ham truyén (16)
C ()= U(s) Ki _Kps+K|

=KL +—L=—P" L j=1..,r+2 16
E(s) S S (16)
hay dudi dang phuong trinh vi phan
Gu' (1) +cu (1) =—Kpe! f (1) = (Kpcy +Kiey ) (1) = Kiep f () +Kjcyf, . (17)
Céc tham s bo diéu khién P1 c6 thé dugc xac dinh tir cac phuong phap tong hop PID

truyén théng. ’ ’
Str dung m6 hinh T-S mo cai tien [19] luat mo IF-THEN thir i mo ta doi tugng co dang

Luét md hinh d6i twong R: i=1..r+2

(14)
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IF k(t)is M, THEN f®@t)=—d,f @ t)—d,f@(t)—d,f (t)—dif (t)+cju’(t)+ciu'(t) (18)
trong d6 R, 1a luat suy dién mo thtr i, r+2 1asb luat suy dién, M, ,i €Q, 1a cac tap mo.
Tiy theo tién dé cua moi lugt mo T-S cho déi twgng ky thuat thiét ké PDC dua ra luat diéu

khlen twong ung vei chinh tién dé d6. Tuy nhién & day hai hé qua cho mdi luat dugc thiét lap:
ttr s6 va mau sb cua tin hiéu diéu khién [20].

Luat diéu khién RI i=1..r+2
IF k(t) is M, THEN
numu'(t) =—Kicl f (1) - (Kich + Kic)) f (t) - K{cy f (t) +Kjc, f, —cu’(t)

: . 19
denu (t) =c, 19)
trong d6 numu'(t) la tarsé cia u'(t), denu'(t) 1a mau sb cua u'(t).
Ham truyén hé théng kin cé dang:
s +Zh (K)dis* +Zh (K)dis? +Zh (K)(d! +Kic)s? +
(20)

PR K] + Kk +Kie)s+ Y h (K)Kch =0
i=1 i=1
trong d6 h (k) 1a ham thudc chuan héa. Luru ¥ 14 cac ham thugc chuan hoa thoa méan tinh tong
15i sau

r+2

O<h(k)<li=L1..r+2, > h(k)=1. (21)
Vé trai phuong trinh (20) hay dal thire ddc trung hé théng thuc chat 1a da giac cac da thic:
H(s):rf:hi(z)Hi(s), 0<h(2)<li=1..r+2, rf:hl(z)=1. (22)

trong do - -
H.(s)=s°+dis* +d;s® +(d] + Kic})s® +(dj + Kicy + K{c))s + Ky (23)

Do d6, dé phan tich on dinh hé théng c6 thé sir dung cac tiéu chuan 6n dinh bén viing
[19], cu thé hoa trong [20].
Pinh Iy [20]. Hé kin mos (18-19) én dinh khi va chi khi:

- Céc da thac H,(s), i=1,...,r+26ndinh

Tht ca (r+1)2(r+2)

dd thi z;(w) = H 1, j=1,...,r+2, i< jkhoéng cat ban truc
thuc am.
4. MO PHONG PANH GIA

Gia sir hé thong can-day c6 cac tham sé sau [1]:
m, =9,1kg;m, =17,2kg;k, =7x10°N /m;c, =130Ns/m;c, =30Ns/m;
Ko =1, 535x10°N /m;k_ =8,23x10°N /m;

? Tpan
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V =70km/h; L=80m;«=0,3.
Khi d6 dé dang tim duoc cac gioi han k . =54678, k__ =101550.
Xét hé théng Qiéu khién kin véi déi tuong (8) va bo diéu khién mo (19). Bé so sanh chat
luong dieu khién trong bai bao stir dung chi s6 hiéu qua nén dao dong (Vibration Suppression
Efficiency - VSE) [1]:

1~ P

VSE [ [ JlOO% , (24)

0
voi @ 1a bién d dao dong ¢ trang thai xac lap, @, =2« f,(t) la bién do dao dong ¢ trang thai
xéc lap khi khong co diéu khién.

Truéc tién, khoang [K,,, K. ]duoc chia thanh 6 khoang con (r = 6) chong lan véi cac
ham thugc tam giac nhu trén hinh 3.

nlnt noints- 181

Membership function plots

input variable "k(t)"

Hinh 3. Cac ham lién thudc tam giac.
Véi mdi khoang con c6 thé thiét ké bo didu khién PI cuc bo, chang han véi cac tham sé
sau:

Ki=KZ=K3=Ki=K3=KS=01
K!=4,968 K2 =4,241; K} =3,7; K} =3,281;K’® =2,947; K’ = 2,675,

Sau d6 hai diéu kién trong dinh ly & trén duoc kiém tra qua viéc dung 6 d6 thi Mikhailov
H; (jo) (hinh 4) va 15 d6 thi z;(jew) trén hinh 5.

Két qua md phong luc tiép xtc trén hinh 6 cho thay chi sé VSE =97,68%.
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x10'! 0.2
1
Hi/Hj
05 / = 015
R, 4
0 /
- T 01t
%-0.5 H g,’
5 S
g r O 005
A5
ok
2t 4');;
-25 : : : : . -0.05 : : : :
-0.5 0 0.5 1 1.5 2 25 0.8 0.85 0.9 0.95 1 1.05
P(Omega) x10"" P(Omega)
Hinh 4. Cac d6 thi Mikhailov. Hinh 5. Céc d6 thi z; (jw).
fr, t(t) lNJ f(t) TS-PI. - 130_f f | [ [ [
200, ' fr=100N 1
f(t)_Non_control |4 120H
15011 T T 1
J\l\ /\ 110
AT O N
50 80
80
O -
t
: : : . [5] 700 ——.—-¥--; i ‘ i i
0 2 4 6 8 10 2 3 4 5 6 7 8 9

Hinh 6. Chat luong diéu chinh lc tiép x(c.
So sanh véi thuat toan maéi tét nhat MZL trong [1] c6 VSE =83,59% ta thay chét luong
diéu chinh lyc tiép xuc cua thuat toan T-S mo cai tién dé ra tot hon nhiéu, hau nhu dao dong
bi triét tiéu sau 1,7s.

Bay gio kiém tra tinh bén viing caa hé théng khi c6 mot sé tham sé thay d6i. Truong hop

tha nhat, khi van téc tau chay V

T T £
fr. 1) [N] fr, ) [N] ' '
200 4 200F |
f()_TS-PL. :(??gsr;m.
fr=100N f;l-) Non_control
f(t)_Non_control anpha=0.3; V=70; L=40 T
1501 4 150 il
dll /N \/\\/\ ol ﬂ\/ﬂ\/\\/\\/
i F
2 I ' /\ 1 50 101 .
1004 T T
100.2 | T 100 T
100
99.8 T T
of o ot 99 4
4.2 4.4 4.6 52 53 54 55 56 57
1 1 L L L - ! [S} | | | | | | | | | t [S}
0 1 2 3 4 5 6 7 8 9 10 0 1 2 3 4 5 6 7 8 9 10

Hinh 7. Lyc tiép xdc khi V=70, L=60.
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T T T T T T T T T & f( ) I[N} | I I T T T T T T
fr. f{t , 1(t
il {t) [N] PR i 2000 f(1)_TS-PI.
fr=100N fr=100N
f(t) Non_control anpha=0.3; V=60; L=60 f(t)_Non_control

anpha=0.3; V=60; L=80
1501 150H

| A aNEa
s /|" AN

i | | | |100.8

1 ‘ 2 1006

1004

100.2

100 100
99.8

4.8

6.4 6.5 t[s]
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Hinh 11. Lyc tiép xdc khi V=60, L=40.

Céc két qua md phong duoc tong hop trén bang 1 cho thy chi s6 VSE cua thuat toan T-S
mo cai tién cao va it thay doi (bén viing) hon so vai thuat toan MZL [1].

Bang 1. Két qua do nén dao dong khi V va L thay ddi.

Céc tham s6 a 0,3
a,V,L Y% 60 70
L 40 60 80 40 60 80

MZL[1] VSE (%) | 78,93 82,31 84,85 75,95 81,22 83,59

TS-PI VSE (%) | 97,35 98,36 97,74 96,58 98,25 97,68
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Xét truong hop thi hai, khi cac hé s6 giam chan cua thanh trugtc, va coa gia c, thay doi

tr 80% dén 120% gia tri danh dinh da néu. Cac két qua md phong duoc trinh bay trén céc
hinh 12 dén hinh 15.

200HrA(£) [N] i 1) TSPI. i o B fr=100N
fr=100N [ " ]

anpha=0.3; V=T0; L=80; ch=136; cf=36 ft) Non_control

anpha=0.3; V=70; L=80; ch=104; ct=24
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Hinh 12,V =70, L =80,c, +20%,c, +20%.  Hinh13.V =70, =80,c, —20%,c, —20%.
O | — T T T 1 T T ] T T T T T T
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Hinh 14. V =70,L =40,c, +20%,c, +20%.  Hinh15.V =70, L =40,c, —20%,c, —20%.

Bang 2. Kiém tra chét lugng bén viing.
VSE (2=0,3V =70;L=80) | VSE(a=0,3V =70;L = 40)
Hé s6 giam chan +20% 98,0967% 96,8567%

Cp, Cy TSPE 500 97,5241% 96,2175%

~ Bang 2 tong hop su thay doi chét lugng h¢ thong khi cac hé s6 giam chan thay doi +20%.
Két qua cho thay chi so nén dao dong thay doi rat it, chirng to thuat toan dé ra co tinh bén
viing.

6. KET LUAN

Bai bao dua ra mot thuat toan méi dua trén md hinh mo T-S cai tién dé diéu khién luc
tlep xuc cua hé théng can-day cung cap dién cho doan tau. Muyc dich diéu khlen la sao cho luc
tiép xuc bam theo gi4 tri yeu cau du co su thay dbi c6 tinh tuan hoan cua hé s6 cting cua can.
Thuat toan dé ra ¢ mot s6 wu diém: tha nhat, danh gia duoc tinh 6n dinh cua hé thdng diéu
khién; thir hai, kha nang dap tit dao dong, bam theo gia tri dat cua luc tiép xdc rat tét va thir
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ba, dam bao chat lugng diéu khién bén viing khi c6 su thay doi bat dinh trong cac tham s hé
thong. Trong twong lai, thuat toan s€ duoc cai dat, kiem nghiém trén mé hinh vat ly.
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