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This article presents a method to design a backstepping P1 sliding mode
control based on exponential reaching law (BPISMC-ERL) for
two_tank interacting system. The proposed controller is designed to
ensure that the actual liquid level position follows the desired position
in a finite time and to reduce the high frequency oscillation (so called
chattering phenomena) around the sliding surface. This is the major
drawback of classical sliding mode control. The performance of the
designed controller is verified in simulation and compared with sliding
mode control using conditional integrators, intelligent controller,
Fuzzy-Optimized model reference adaptive control based on Lyapunov
ruless and Fuzzy-PID  controller.  Simulation  results in
MATLAB/Simulink show that the proposed controller is more effective
with the rise time achieves 0.0771(s), the percent overshoot is 0(%), the
steady state error converges to zero, the settling time is 0.1409(s) and
the chattering is eliminated.
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Bdn kép

Diéu khién truot PI backstepping
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Luat tiép can sé mii
MATLAB/Simulink

Bai bao nay trinh bay phuwong phap thiét ké bo diéu khién truot PI
backstepping dua vao luat tiép can s6 mii cho ung dung diéu khién hé
théng bdn kép. Bo diéu khién dé xuit duoc thiét ké dé dam bao vi tri
muc chat long thyc té bam theo vi tri mong mubn trong thai gian hitu
han va giam hién tugng dao dong tan sb cao (con goi 1a hién twong
chattering) quanh mat truot. Pay 1a nhuoc diém chinh cua b diéu khién
truot truyén thong. Hiéu qua cua bo diéu khién thiét ké duoc kiém
chimg trong md phong va so sanh vai diéu khién truot sir dung diéu
kién tich phan, diéu khién thong minh, diéu khién thich nghi mé hinh
tham chiéu téi wu mo dya vao cac ludt Lyapunov va diéu khién PID mo.
Cac két qua mo phong véi MATLAB/Simulink cho thay riang phuong
phap dé xuat hiéu qua voi thoi gian tang dat 0,0771(s), d6 qua diéu
chinh 1 0(%), triét tiéu sai sd xac 1ap, thoi gian xac lap 1a 0,1409(s) va
giam dang ké hién twong chattering.
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1. Gigi thigu

Diéu khién muc chat long trong hé thong bon kép 1a mot trong cac bai toan quan trong trong
quy trinh c6ng nghi¢p. Cac ung dung cong nghi¢p cua diéu khién muc chét long bao gom ché
bién thyuc pham xtr Iy nuéc thai, hé thdng loc nude, nha may dién hat nhan, thiét bi phan phdi va
b sung chat 16ng tu dong [1], nha may loc dau, cong nghiép gidy [2], cong nghé sinh hoc, dugc
pham [3]. P4y 1a hé théng da duoc nhiéu nha khoa hoc quan tim nghién ciru va cong bd, dién
hinh nhu: trong [1] d4 str dung bo diéu khién truot véi diéu Kién tich phan, bo diéu khién thong
minh duoc dé xuat trong [2], trong [3] str dung bo diéu khién thich nghi mo hinh tham chiéu tdi
wu mo dya vao luat MIT (Massachusetts Institute of Technology) va Lyapunov, bd diéu khién
PID mo dugc dé xuat trong [4], trong [5] thuc hién bo diéu khién PID st dung phuong phap
Ziegler-Nichols va quy tich Routh, diéu khién truot bac hai dwoc thuc hién trong [6], trong [7] sir
dung bo diéu khién truot.

Phuong phap backstepping dua trén 1y thuyét on dinh Lyapunov [8] va thuong duoc st dung
nhu mét phan cua thiét ké diéu khién [9]. Hé thdng bac cao ban dau trong dwong véi mot sé hé
thng con. Tinh 6n dinh Lyapunov dugc dam bao khi chon bién trang thai thich hop nhu 13 bién
diéu khién 4o cua hé théng con [8] — [10]. Biéu khién truot (Sliding Mode Control - SMC) 1a mot
trong céc phuong phap diéu khién hi¢u qua hé thdng véi wu diém 1a tinh 6n dinh bén viing ngay
ca khi hé thdng nhidu hozc thong s6 clia m6 hinh thay ddi theo thoi gian [11]. Tuy nhién, nhugc
diém chinh cta bo diéu khién truot 1a hién tuong dao dong tan s6 cao (con goi 14 hién twong
chattering) quanh mit truot. Hién tugng chattering do su khong hoan hao va cham tré thoi gian
trong chuyén mach, do thiét bi truyén dong hang s thoi gian nho, cac mach cong suét dé bi qua
nhiét dan dén hu hong [12].

Nghién ciru nay dé xuit két hop bo diéu khién trugt voi mit trugt PI va phuong phap
backstepping dua vao luat tiép can sé mi dé diéu khién bam vi tri muc chit long cua hé thong
bon kép va giam hién tuong chattering quanh mat truot. Bo diéu khién dé xuit duoc su dung dé
két hop uu diém cua phuong phdp backstepping la tim mot md hinh diéu khién 6n dinh va cua
diéu khién truot 1a sy 6n dinh bén vitng voi nhiéu va cac tham s6 mo hinh thay d6i. Mt truot Pl
va luat tiép can sb mii dugc st dung dé giam hién twong chattering quanh mit truot.

Bai bao nay duoc t6 chic gom 4 phan: phuong phap thiét ké bo diéu khién truot PI
backstepping dua vao luat tiép can s mii cho hé théng duoc trinh bay trong phan 2, phan 3 trinh
bay cac két qua mo phong véi MATLAB/Simulink va danh gi4, két luan 1a phan 4.

2. Thiét ké b diéu khién truet Pl backstepping dwa vao luit tiép can sé mii
2.1. M6 hinh todn hoc ciia hé thong
Mo hinh h¢ théng bon kép duge trinh bay nhu Hinh 1 [2] — [4].

h R h, &
T ‘
v o L
4,
— —
p ; |
- . (j:
Bon 1 Bon 2

Hinh 1. M6 hinh hé thong bon kép [2] — [4]
Trong Hinh 1, cdu tric lién két 1a su bd tri ndi tiép 2 bdn chira chét long. Dau tién, chit long
chay vao bon 1, sau d6 qua bon 2. Pau ra caa moi bon co luc can dong chay do cac van chi phoi.
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Chiéu cao cua muc chat long 1a hy (cm) trong bon 1 va h, (cm) trong bon 2. Luu lugng chét long
vao bon 1 1a g, (cm*min), luu lwong dong chay ra tir bon 1 1a g, (cm®min) va tir bon 2 1a g,
(cm®min). Dién tich cta bon 1 1a A; (cm?) va bon 2 1a A, (cm?). Ry va R; 1a luc can dong chay cia
chat 1ong (s/m?) ra khoi bon 1 va bdn 2.

Biéu dién khong gian trang thai cua hé thng nhu (1), (2) va (3) [2]:

Xl(t) =% (t) (1)
X, (t)=—%x1(t)—%x2 (t)+2u()+d (1) @
y(t)=x(t) 3)

V6i hang sb thoi gian ciia bon 1 1a T, = AR, va hang s6 thoi gian caa bon 2 13 T, = AR,,
a=R,;b=TT,;c=T,+T,+AR,, h,(t)=x(t)=y(t) 1a vi tri mtc chét long cta bon 2 — dau ra,
d(t) bao ham nhidu ngoai va céc yéu té bat dinh khac, d(t)<D. Muc tiéu trong nghién ctru nay
1a diéu khién 6n dinh muc chat long trong bon 2.

2.2. Diéu khién truet P backstepping duwa vao ludt tiép can sé mii

So d6 cAu tric bd diéu khién truet PI backstepping dua vao lujt tiép can s6 mii (BPISMC-
ERL) cho h¢ thong dugc trinh bay nhu Hinh 2.

Veei(1) e(t) Diéu khién trwot PI | u(f) ) ¥(t)
backstepping dua vao Heé thong
+ luat tieép can sO mu

Hinh 2. Cdu triic bp BPISMC-ERL
Céc budc thiét ké bo diéu khién BPISMC-ERL duoc thuc hién nhu sau [13]:
Bu’o'crl )
Sai s0 bam cua hé thong dugc dinh nghia nhu (4):
e(t):y(t)_yref (t)le(t)_yref (t) (4)
Trong do y(t) 1a mrc chat long thuc té, yrer(t) 1a vi tr mac chat long mong mudn trong bon 2.
Lay dao ham 2 vé (4), ta duoc (5):

e(t)le(t)_yref (t):XZ(t)_yref (t) (5)
Ham Lyapunov dugc dinh nghia nhu (6):
1.
Vl(t)ZEe (t) (6)

Pao ham cua (6), ta duoc (7):
V,

L(t)=e(t)e(t)=e(t)(x,(t) V. (1)) )

Dé V, (t)<0, tachon x, (t)=s(t)—e(t)-(A+ ZQ)E(t)—azj.e(T)dT-F Y. (t), nghia la:

0

s(t)=x,(t)— V. (t)+é(t)+(ﬂ+2a)e(t)+a2_£e(r)dr @®)

_ 2é(t)+(ﬁ,+2a)e(t)+a2j;e(r)dr s, (t)+s, (1)

Trong d6 & >0,4>0, s(t) 1a mat truot v6i mat truot ty 1¢ S (t) va mat truot vi phan s, (t)
nhur (9) va (10) [14];
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s, (t) = [—+;tj (t) (9)
s, (1) = [—+aj £ (1) &.(t) = j (r)dr (10)
Thé (8) vao (7), ta duoc (11):
Vl=%[e(t)s(t)—(ﬂ+2a)e2(t)—azlez(r)drj (11)
Néu s(t)=0 thi V,(t)<0. Do a6, Budc 2 s& duoc thuc hién.
Buoc 2
Ham Lyapunov dugc dinh nghia nhu (12):
Vz(t):Vl(t)+%sz(t) (12)
Vig(t)=x%,(t)— ¥, (t)+&(t)+(1+2x)e(t)+a’e(t)
Nén ta co6 (13):
V, () =V, (1) +s(t)s(t) (13)

—[(}t+2a)ez(t)+a2j'e2(r)drj+
1 c a
— =% (t)==x, (t)+—u(t)+d(t)
+s(t) P b
Ve (t)+é’(t)+5e(t)+(/1+2a)é(t)+a2e(t)
Bé V, (1) <0, bo diéu khién truot P backstepping dua vao ludt tiép can s6 mil (Ugpsye_en, (1))
duoc thiét ké nhu (14):
1 c y Ny ,
(t) b Bxl(t)Jerz(t)wLym ()—€(t)—(2+2x)e(t)—a’e(t)—-
t)=—
a —cs(t)—%e(t)—nsign(s(t))—zcs(t)

Trong dé ¢>0, >0, x>0.Luc nay ta cé (15):

V, (t)=V,(t)+s(t)s(t)
—((/1+ 2a )€’ (t)+a2_!e2 (r)er+ s(t)(—cs(t)—nsign(s(t))—xs(t)—d (1))

- (1+2a)€ (t)—az.:[ez (£)dz —cs? (t) - xs? (t)—s(t)d (t)— |5 (1) <O

Do do, e(t)—0 khi t > .

Luat dleu khién (14) dam bao vi tri muc Chat long thyc té cua bon 2 hoi tu vé mic chat long
mong mudn trong thoi gian hitu han véi sai s6 xac 1ap tién vé 0 va khic phyc hién twong dao

dong tan s6 cao (con goi 1a chattering) quanh mat trugt S(t) .

u (14)

BPISMC—-ERL

(15)

3. Két qua mé phéng va danh gia

So d6 mo phong bo diéu khién dé xuit véi MATLAB/Simulink duoc trinh bay nhu Hinh 3.
Céc thong sb cua hé thdng bon kép nhu sau: A, = A, = 0,0145(m?); R, = 1478,57(sec/m?) va R, =
642,86(sec/m?). Céc thong sd cuia bo diéu khién BPISMC_ERL dugc trinh bay nhu sau: 5 = 20; 4
=2,5; = 50; ¢ = 25 va x = 45.
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—|—> BPISMC ERL » TWO TANK g
Input -0\0- +_ 9 > - -
™ 1 J
\ J Ar g

Hinh 3. So d6 mé phéng bé diéu khién dé xuat véi MATLAB/Simulink
Két qua déap Ung va sai s6 cua bo diéu khién BPISMC-ERL véi dau vao Yret = 55(Mm) ap dung
cho hé thong bon kép duoc trinh bay nhu Hinh 4. Vi tri mac chat 16ng thuc té cua hé thong bam
theo mirc chat 1ong mong mudn véi sai sé xac 1ap hoi tu vé 0, thoi gian ting dat 0,0771(s), thoi
gian xéc 1ap 1a 0,1409(s) va do qua diéu chinh 1a 0(%).

DPép tng bd didu khién BPISMC-ERL véi diu vao 55(mm) ;‘(;n hi¢u di¢u khién b$ diéu khién BPISMC-ERL véi du vao 55(mm)
60 - ; . T w T
Bl
£ 40
= 15
o
8 20 |
3 -==yd =
——y-BPISMC-ERL E 10
0 I | £
0 0.5 1 1.5 2 £
R
60 Sai s6 bd diéu khién BPISMC-ERL v6i diu vao 55(mm) »§ s
: . ; £
2
g
£ 40
g 0
52 /o
m
0 C L 1 L _5 L 1 1
0 0.5 1 15 2 0 0.5 1 1.5 2
Thoi gian(s) Thoi gian(s)
Hinh 4. Dap ung va sai s6 cuia b BPISMC-ERL Hinh 5. Tin hiéu diéu khién cua b BPISMC-ERL
Vi dau vao Yy = 55(mm) Vi dau vao Yy = 55(mm)

Bang 1. Cdc hiéu suat sai sé cua bg diéu khién BPISMC-ERL

B4 didu khién Higu suit sai s6
) AAD MSE RMSE MPE MAPE MRE
BPISMC-ERL 5.4401e-08 5.9544e-12  2.4402e-06  -9.8910e-10 9.8910e-10 9.8910e-08

Béang 2. Cdc chi tiéu cia b diéu khién BPISMC-ERL

Piéu khién trugt Piéu khién Diéu khién thich nghi mé hinh

Cic clhl t:]eu chat Bpég\ﬂc_ str dung diéu kién théng minh tham chiéu tdi wu mo dya vao mel[Z
weng tich phén [1] [2] cac ludt Lyapunov [3] o [4]
Thoi gian xac 14p (s) 0,1409 330 30 5,8708 4,2
Thai gian ting (S) 0,0771 87,184 - 3,0678 1,3
Sai s6 xac 1ap (mm) 0 - - -8,1561e-6 0
P qua diéu chinh (%) 0 0,6 4 0 20,2

Bang 1 trinh bay cac hiéu suat khac nhau cia bd diéu khién dé xuit [15]. Cac chi tiéu chat luong
cua bo didu khién BPISMC-ERL dugc trinh bay nhu Bang 2 va duoc so sanh véi diéu khién truot
sir dung diéu kién tich phan [1], diéu khién thong minh [2], diéu khién thich nghi mé hinh tham
chiéu t6i wu mo dua vao cac luat Lyapunov [3] va diéu khién PID mo [4]. Cac thong s6 & Bang 2
cho thiy hiéu qua cua bo diéu khién BPISMC-ERL s0 Vi cac phuong phap di thyc hién trong [1]
— [4]. Diéu nay thé hién sy phu hop ctia phuong phap dé xuat ap dung cho hé thong.

Hinh 5 trinh bay tin hiéu diéu khién cua bo diéu khién BPISMC-ERL véi dau vao Yy = 55
(mm). Hién tuong chattering cua tin hiéu diéu khién trong Hinh 5 giam dang ké so véi truong hop
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st dung ham signum (Hinh 6). Nhu vdy, bo diéu khién BPISMC-ERL da khic phuc higu qua
hién tugng chattering quanh mat truot so vei b dicu khién trugt backstepping (BSMC) dya vao
luat tiep can toc do hang (ham signum).

Tin hiéu digu khi&n b BSMC ham signum véi dau vao 55(mm) Dip tig b dicu khien BPISMC-ERL véi dau vao sine
0 50+ 1
E)
25 ¢ £
g0 1
20 H &
15 a = myd
= 50 - | ] | y-BPISMC-ERL
£ 10t
£ 0 2 4 6 8 10
E °r Sai 6 by didu khién BPISMC-ERL véi ddu vao sine
= ol 04 ‘ : ‘ :
o
c
< =03 ]
8 5T g
210 ;éi 0.2 g
=]
15+ < 0.1 :
15 2 L
_20 L L L 1 0 L 1 L 1
0 0.5 1 1.5 2 0 2 4 6 8 10
Thai gian (s) Thoi gian(s)
Hinh 6. Tin hiéu diéu khién cua bé BSMC ham Hinh 7. Pdp g va sai so cua bg BPISMC-ERL vai
signum véi dau vao Yy = 55(mm) dau vao hinh sine

Dap tng va sai s6 Vi ddu vao hinh sine va xung vudng bo diéu khién BPISMC-ERL dugc
trinh bay nhu Hinh 7 va 8, tuong ng. Quan sat cac tin hi¢u trén Hinh 7 va 8 ta thdy rang vi tri
muc chat long thuc té van h0| tu vé muc chat 1ong mong muén trong thoi gian hitu han véi sai sb
xéc 14p tién vé 0. Pidu nay mot 1an nira khiang dinh tinh hop 1y ctia bo didu khién dé xuét.

Céc déap ing véi dau VAo Yrer = 55(Mm), xung vudng va hinh sine cua by BPISMC-ERL duoc
khao sat khi hang sb thoi gian cua bdn 1 (T,) ting 20% va cua bon 2 (T,) tang 30% duoc trinh
bay nhu Hinh 9 va 10, twong ing. Quan sat cac dap ung trén Hinh 9 va 10 ta thay rang vi tri muc
chat long thuc té van hoi tu vé muc chit 1ong mong mubn trong thoi gian hitu han véi sai s xac
lap tién vé 0.

Dip tng b didu khién BPISMC-ERL véi diu vao xung vudng Dap irng bj diéu kh'e“ BPISMC- ERL khi T1 ting 20% v6i yref=55(mm)
‘ : : ‘ T o =
-_—myd g 30
g 100 y-BPISMC-ERL | ~§ - =yd
ped 8 -BPISMC-ERL
'8 <} L L y
5 50 | B 0 0.5 1 15 2
-2 Pip tng b diéu khién BPISMC-ERL khi T1 ting 20% véi xung vudng
0 . . . . E 100 = =yd
0 2 4 6 8 10 :‘g’ y-BPISMC-ERL
. R . . 50
Sai 50 b dieu khiéen BPISMC-ERL véi dau vao xung vuéng &
: ‘ , , @ 0 :
50 i 0 2 4 6 8 10
e Dip tng b ditu khién BPISMC-ERL khi T1 ting 20% véi sine
g, E SOF ‘ T
g { £
3 g 0 JE—
=50 - 3 y-BPISMC-ERL
350t i ;
: : . 0 2 4 6 8 10
0 2 4 6 8 10 Thoi gian(s)
Thoi gian(s) ‘
\ . N ST Hinh 9. Pdp ung Voi dau vao Y= 55(mm
Hinh 8. Ddp vng va sai sé6 cua bg BPISMC-ERL p ung Yref (mmy,

xung vuéng va hinh sine cua bg BPISMC-ERL
khi T, tang 20%
Hinh 11 trinh bay cac dap tng véi ddu vao Yyer = 55(mm), xung vudng va hinh sine cua bo
BPISMC-ERL khi nhiéu ngoai (nhiéu trang - gia sir nhiu cam bién) voéi cong suat 0,005(w) tac
dong vao dau ra cua hé thong. Quan sat cac dap tmg trén Hinh 11 ta thay rang cac dap ung vi tri

Va1 dau vao xung vuong
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thuc té van bam theo vi tri mong mudn trong thai gian hitu han. Két qua nay da chimg minh tinh
bén viing cua bg dicu khién de xuat trong diéu khién bam vi tri h¢ thong bon kép.

Dip irng by diéu khién BPISMC-ERL khi T2 tiing 30% véi yref=55(mm) DAp tng b diéu khién BPISMC-ERL véi yref=55(mm) khi ¢6 nhiéu
— LI — T T T

) o =
£ 50 é 50
5 = = 2 y-BPISMC-ERL
< y-BPISMC-ERL &
=0 : : & ‘ | == -y
DA Ol'rn b didu k(l).isén BPISMC EllzL khi T2 tin 1530/ v6i xun vu26n 0 05 ! 13 2
= P (ng 9 T . g 4 ° g J Pap ing bo diéu khién BPISMC-ERL véi xung vudng khi co nhiéu
£ 100 = =y E T : : - -
= y-BPISMC-ERL £ 100 - y-BPISMC-ERL
< 50 g s == -yd
8 T 50
a o ‘ ‘ ‘ ‘ £
0 2 4 6 8 10 a0 . : ‘ .
Pip ting by didu khién BPISMC-ERL khi T2 ting 30% véi sine 0 2 4 6 8 10
E S0F ! ' E| Pap rng by dieu khien BPISMC-ERL véi sine khi c6 nhieu
£ = enl ‘ ; ‘ .
. = PN
8 - SMC g o0
& 50t i ; ; y-BPISMC-ERL z y-BPISMC-ERL
0 2 4 6 8 10 & S0t : h L= ==y
Thoi gian(s) 0 2 4 6 8 10

Thoi gian(s)
Hinh 11. Pdp g Vi ddu vao Yrer = 55(mm),
xung vuéng va hinh sine cua bg BPISMC-ERL
khi co nhieu
Qua cac két qua dugc trinh bay & Hinh 4, 5 va tir Hinh 7 dén 11, c{ac chi tiéu chat luwgng dugc
trinh bay ¢ Bang 3 va cac hiéu suat & Bang 4 cho thay bo diéu khién BPISMC-ERL duoc lua
chon trong nghién ctru da diéu khién bam tot mirc chat l1ong cta hé thong bon kép, loai bé hién
twgng chattering quanh mat trurgt va bén vitng vai su tac dong caa nhiéu ¢ dau ra.

Hinh 10. Pdp 1g Véi dau vao yres= 55(mm),
xung vuong va hinh sine cua bg BPISMC-ERL
khi T, tang 30%

4. Két luan

Bai bao da trinh bay phuong phép thiét ké bo khién truot Pl backstepping dua vao luat tiép
can s6 mil cho hé thong bon kép. Bo didu khién dé xuat duoc thiét ké da diéu khién vi tri muc
chat long thuc té bam theo vi tri mong mudn trong thoi gian hitu han véi sai s6 xac 1ap tién vé 0.
Mt truot PI va luat tiép can sé mii duoc sir dung di giam dang ké hién twong chattering quanh
mat truot so voi luat tiép can téc do hang (ham signum). Cac két qua mo phong voi
MATLAB/Simulink cho thay rang b diéu khién BPISMC-ERL hiéu qua hon diéu khién truot sir
dung diéu kién tich phan, diéu khién thong minh, diéu khién thich nghi m6 hinh tham chiéu tdi
wu mo dua vao cac ludt Lyapunov va diéu khién PID mo. Céac dap wng véi cac dau vao khac nhau
trong trudng hop hang sé thoi gian cua bon 1 va 2 thay d6i va nhidu ngoai tic dong vao dau ra
cia hé théng ciing duoc nghién ciru khao sat di cho thay sy phu hop va tinh bén viing cua
phwong phap dé xuat ap dung cho hé thdng bon kép. Trong thoi gian t6i, nghién ctru & tién hanh
sir dung mang no-ron nhan tao udc lugng cac bién trang thai cua hé thong hoic sir dung giai thuat
di truyén dé xac dinh cac gia tri thong s6 cua bo diéu khién BPISMC-ERL va thuc nghiém trén
mo hinh ¢ng dung thyc té.
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