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Tom tit

Bai bdo ndy trinh bay ky thugt backstepping diéu khién hé con
lde nguwoc quay can bdng & Vi tri thang ditng huéng Ién - diém cdn
bang khéng on dinh. Két ‘qud mo phong va thuc nghlem trén bg diéu
khién swing-up va cdn bang - va dép img ciia hé thong cho thdy hiéu
qud ciia phirong phdp nay. Ca hai phirong phdp swing-up duoc dé
xudt trong bai viét ndy la phirong phdp Furuta va liy thira vi tri
thanh con lic.

Abstract

This paper presents the backstepping technique to control the
equilibrium rotary inverted pendulum system in a vertical upward
position - with an unstable balance point. Simulative and
experimental results on the swing up and balance controller - and
the system's response illustrate the effectiveness of this method. The
two swing-up methods which are recommended in this article are the
Furuta method and the power of the pendulum bar position.

1. GIOI THIEU

Hé con lic nguoc quay (rotary
inverted pendulum - RIP) la dai dién
dién hinh nhat cho hé thong under-
actuated. Do md hinh c6 tinh phi tuyén
va tinh don gian trong céu trac co hoc,
moé hinh nay rat phd bién trong nghién
ciru va gido duc ky thuat. Hé thdng c6
hai bac ty do ma tai d6 momen xoin

dugc &p dung. Hé thdng nay c6 hai bac
ty do, mot lién két duoc gin theo
phuong ngang va mot lién két khac duoc
gan vao no theo phuong thang dung dai
dién cho con lic. Cac thuat toan diéu
khién khac nhau duoc nhiéu nha nghién
ctu ap dung, tir b diéu khién PID co
dién, bo diéu khién LQR [1, 2] dén bo
diéu khién logic md nang cao [3], mang
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no-ron, thuat toan di truyén (GA) [4], tdi
vu hoa biy dan (PSO) [ 4], phuong phap
t6i wu hoa dan kién (ACO) [4], truot [5],
backstepping [6, 7, 8]. Tuy nhién, céac
phuong phap backstepping nay chi dugc
ap dung trén md hinh trong mé phong va
tin hiéu dau vao 1a momen cia dong co.
Gia thiét nay 1am cho thi nghiém khéng
phu hop véi md phong. Do do, trong
nghién cou nay, mot bo diéu khién
backstepping c6 thé dwoc sir dung ca
trong md phong va thi nghiém dé trién
khai kién thtrc theo huéng nay.

Bo6 diéu khién backstepping lan dau
tién dugc Qiéi thiéu boi Petar V.
Kokotovic vao nam 1990. Backstepping
la mot ky thuat phi tuyén dya trén ly
thuyét Lyapunov chi 4p dung cho hé
théng phan hdi chat ché [9]. Giai thuat
nay dugc st dung trong hé théng con dau
tien dé thiét ké mot diéu khién bién ao
cho hé théng con tiép theo va thiét ké
duoc thuc hién trong hé théng con tiép
theo dé thiét ké mot diéu khién bién ao
khac cho dén khi dong luc caa hé thdng
con chira bién dau vao diéu khién.
Phuong phap nay duoc 4p dung dé can
bang hé RIP va dap (g cua hé théng c6
hiéu qua.

Trong bai nay, nhom tac gia sé thiét
ké mot bo diéu khién backstepping dé
can bang RIP. Va luat diéu khién nay s&
duoc ap dung trén mo hinh thuc dé déanh
gia két qua mé phong. Bo diéu khién
Swing-up sé€ duogc trinh bay trong bai bao
nay la phuong phép Furuta va liiy thura vi
tri thanh con Iac.

2. NOI DUNG
2.1. M6 hinh hé thong

Cau tric caa hé RIP duoc thé hién
trong Hinh 1. CAu tao hé thong bao gom
2 thanh. Lién két dau tién la thanh con

lic va lién két thir hai 1a thanh canh tay.
G6c cua thanh con lic va thanh canh tay
lan luot 12 a va . Céc théng sb cia mo
hinh dugc hién thi trong Bang 2.

Lp:Jp my

Hinh 1. Hé con ldc ngirge quay
Tong dong nang cua hé:

1o 1, )
K:E\]rﬂ +§Jpa +

L2B% +

+=m L +
27 +%Lp2(ﬂ2—ﬂzcosza)

1 -
3 L.L,m,Bacosa
Trong d6, thdng sé hé théng duoc
giai thich ¢ Bang 2 ¢ phan dudi.
Téng thé nang cia hé:

V=mgL, (1-cosa) (2)
Phuong trinh Lagrangian:
L=K-V 3)

Phuong trinh dong hoc cua hé khi ap
dung phuong phap Euler-Lagrange:

ofoL) oL :
55w

ot op

6(8LJ oL . %)
—| —|-—=-B,a

ot\ oa ou

Giai phuong trinh (4) va (5), phuong
trinh dong hoc cua hé con lac nguoc
quay c0 dang nhu sau [10]:
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0, 1o 1y o 5 1 y (6)
(mer+Zmpr—Zmprcos a+J, ﬁ—EmprLrCOSa.a+

+%mpL2p sinacosa.fa +%mprLr sina.d’=7-B,f

1 . 1 } (7)
—EmprLrCOSa.ﬂ-l-(Jp+ZmpL2pj0(+
1 2 | L asing = —B 4
—Zmp , cosasina.fB —Emp ,gsina=-Ba
Tuy nhién, dé thuan tién cho viéc Theo [10], phuong phap nhin dang

diéu chinh dong co ciing nhu ép dung bd  tham s6 duoc &p dung trong mo hinh nay.
dieu khién vao mé hinh thyc, nhom tac  Céc thdng so nay dugc liét ké trong Bang 1:

gia bién doi tin hiéu diéu khién tur Bing 1. Théng sé déng co
momen cua dong co DC sang dién ap L (H) 0.1756
cap cho dong co servo DC theo cong K"t: (V] (rad / sec)) 0’0531
thec(®): Rm (Q) 11,7356
r=—k,f—k,B+ke ®) 7 (N.m) 0,0014
Trong do: I (kg.m?) 0,0195
K, K, Cm ((N.m/(rad/sec)) 3,7757e-05
k.= R—; k,=C,+ R Kyiky =1, Két hop phuong trinh (6), (7), (8) ta
m m c6 phuong trinh dong nang cia hé con

lac ngugc quay nhu sau:

D(, B).(é, B)+Cla,a, B, )., B) +G(ax, B) =V )

Trong do:

1
2 2
m,L, +Zmpr

—%mprLr cosa —%mpr2 cos’ «

D(a, B) =
+J, +Kk,
1 1
(Jp+zmpr2] —EmprLr cosa
i 1., N
1 . ] —mpr sinacosa |
o EmprLrsma a \2

Cla,a,p,p) = +B, +k,

B, —%mprZCOSaSinaBZ
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0

k,e
Gla. f) = —%mprgsin(a) ’V:|: o) ]

Sau khi ap dung phuong phap nhén dang, cac théng sb cua dong co duoc trinh
bay trong Bang 1. Théng s6 hé thong dugc trinh bay trong Bang 2.

Bing 2. Thong sé hé thong

Thiety Thong sb M0 ta Pon vi Gia tri

1 m, Khéi lwong con lac kg 0,027

2 L, Chiéu dai con lic ngugc m 0,328

3 J, Momen quén tinh con lic kg.m 0,0046617

4 L, Chiéu dai canh tay m 0,205

5 J, Momen quén tinh canh tay kg.m 0,0019

6 g Gia tdc trong truong m/s? 9,81

7 B, Hé s6 ma sat canh tay NA 0,0017

8 B, Hé sé ma sét con lic NA ~0

Tuyén tinh hoa hé théng vé dang Trong do: 8y =%; a,, % .

phuong trinh trang thai, tac gia gia dinh .<.3x1 %,
rang sina~a«a, sinf~p, cosa=1, 0i odi op aﬁ

Ac dinh céc bié i A= AT AT 8, =
cos 3 =1. Ta xac dinh cac bién trang thai 2 X, 24 ox, 4 X, 42 ox,

nhu sau: . . .
: - op 0y, _0d 0
X =X =a; X =%, = a43:6_,)f)4; a44:5_X4;b2_£;b4:a_§
LI T 3 4
=D xox]uy=po %] Tu (6), (7), 8), (9), 2 bién & , 3

Phuong trinh trang thai cua hé co

dugc tim va sau d6 thay thé vao phuong
dang nhu sau:

trinh (11) dé tinh toan ma tran A, B trong

X = Ax+Be;y =Cx (10) (12) (Tai diém can bing, ta xem
0 1 0 0 0 a,a, B, 3,e=0)
(11)
| 8n 8y Ay Ay ‘B= b, 0 1 0 0 0
0 0 0 1| |0 | 471570 01066 0 06303 14698 | (12)
a41 a42 a43 a44 b4 0 0 L L 0
141057 -0,0325 0 -0,8279 1,9306

2.2. B diéu khién

-4-



Tap chi Khoa hoc, Truong Pai hoc Tién Giang

S6 10/2021

2.2.1. B¢ diéu khién swing-up

biéu khién swing-up 1a bo diéu
khién dua con lac tir vi tri thang dung
huéng xudng sang vi tri thang
dunghudng 1én dé c6 thé &p dung tiép
giai thuat diéu khién can bang. Trong bai
bao nay, cac tac gia dé xuat hai phuong
phap dé lic con I4c tir vi tri thang dung
huéng xudng dén diém huéng Ién theo
phuong thang dung. Sy hét I1én con lic
c6 thé dat dwoc bang cach sir dung
phuong phap nang luong. Tai vi tri
huéng 18n, mot bo didu khién khéac s&
duoc 4p dung dé can bang con lc.
Swing-up bang diéu khién ning luong la
phuong phéap c6 dién trong khi phuong
phap thtr hai xac dinh dau vao diéu khién
bang lity thira vi tri con lc.
Swing-up bing phwong phap niing
lwong [11

Swing-up con lic tir vj tri di xudng
dén vi tri di 1én, diéu khién ning luong
dugc st dung dé thuc hién ning luong
dé 1am cho con lic dén vi tri thang dang
di 1én. Chuyén dong cua canh tay phu
thuoc vao vi tri va van tdc caa con lic.
Niang luong chuian héa sau do co thé
duoc viét nhu sau:

E = ml?a?/2 + mgl cos(«) (13)
Thanh con lic 1 dao dong tir vi tri
hudng xuong dén vi tri hudng 1én, vi vay
nang luong caa hé la —mgl téi mgl. Do
d6, ning lugng du kién cua hé thong 1a
E, =mgl (14)
MAéi quan hé cua tin hiéu diéu khién
e va nang lvong dugc trinh bay nhu (15)
E = mglec cos(ct) (15)
~ Nang lugng cua RIP du:qg tang 1én
néu eacos(a)>0. Do do, dé lam cho
con lic dao dong theo phuong thing

dung hudng 1én, dau vao didu khién e s&
duoc chon sao cho (E-E,)* giam,

(16)
17)

e=—¢,, SIN((E — E,)a cos(x))
. _{ € IT(E-E,)acosa<0
~Crnax

if (E-E,)acosa>0
Swing-up bing phwong phap liiy thira
vi tri thanh con lic [12]

Y tudng chinh caa phuong phap nay
1a ning luong cung cap cho hé phu thudc
vao vi tri con lic. Theo quan diém cua
ham s6 mii, khi con l4c tir vi tri huéng
xudng sang vi tri thang dang hudng 1én,
nang luong tai diém hudng l1én 1a thap
nhat. Nguoc lai, & diém di xubng, ning
lwong 1a cao nhat. Luat diéu khién duoc
mo ta trong (18)

e=k, |a"|sgn(ecos(cr)) (18)

Trong do: k, xac dinh tdc d6 con lac
dén vang lan can cua trang thai can bang
khong bén; nla hang so.

Diém manh cia phuong phap nay 1a
khong can tinh toan trudc nhu truong
hop lac swing-up bang phuong phap
nang luong, ¢ vi tri thang dting can biét
nang luong cua con lac.

2.2.2. Diéu khién cin bang
Diéu  khién bﬁng phwong  phap
backstepping tuyén tinh

Budéc 1: Trude hét, bién diéu khién
moi duge dinh nghia la
z, =% —KX (19)

Trong d6 k, duogc thiét ké 1a hang
s6 khong d6i. Do d6, dao ham cua z,
duoc tinh la

2, =% —KX =X, — kX, (20)
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Ching ta can tim luat diéu khién dé
hoi tu z, vé khdng. Ta coi la mot bién
diéu khién 40. Mot ham Lyapunov xac
dinh duong dugc chon nhu sau:

V,=27%/2>0 (21)

Theo tiéu chi Lyapunov, mot chuac
nang 6n dinh phu hop nén duoc chon dé
tim ra gié tri mong muon cua dau Vao ao
dé hé thong con dau tién thoa man:

V,=-¢z° <0 (22)

Tur (A.3) trong phu luc A, ta c6 ham
on dinh nhu sau:

22 = (a‘lel + a22x2 + a‘23x3 + a24X4 + b2e) + Clzl -

o, =kx,—¢z (23)
Trong d6 ¢, dugc thiét ké Ia hang sé

duong
Buwérc 2: Bién sai so trong ung duoc
xac dinh la

Z,=%X—a, (24)
bao ham cua z, dugc tinh la
2, =%, +¢2 —kX, (25)

Thay thé phuong trinh (10) vao
phuong trinh (24), ta co:

K, (1% + 8%, + 845X, + 84X, +D,ehg)

Thay thé phuong trinh (19) vao phuong trinh (25), ta co:

2, =(ay —kay, )X +(a, —ka, +¢,) X, +(ay
+( @y, —ka, —ck,)x, +(b,—kpb,)e

Ta dit:
dlz(aZl_kiaM); d, :(a22_k1a42+cl); d
d, =(a, —ka, —ck,); ds =(b,—kpb,)

Vay, phuong trinh (26) c6 thé dugc
viét lai nhu sau:
2, =d,x +d,X, +dx, +d,x, +dge (29)

Phan tich tinh 6n dinh caa hé théng,
ta co:

V2=(zf+222)/2 (30)

Tu phuong trinh (19), (20) ta co6:

—ka ) X, + (27)

= (azs - k1a43) : (28)

Thay thé (31) vao (32), ta co:
vz = Zl(
Dé V, xac dinh 4m, phuong trinh

2,-C2)+2,2,=—C7 +2,(2,+2,)

z, dugc xac dinh nhu sau:

2,=—2,—C,Z, (24)
Trong d6 c, dugc thiét ké 1a hang sb xéac
dinh duong

Thay thé (19), (24) va (29) vao (34),
ta c6 luat diéu khién nhu sau:

(35)

2,=12,-Cz, (31)
Pao ham (30):
V, =22 +12,7, (32)
(=% + KXy ) =€, [ X, +¢y (% — kX, ) — kX, |- Zd
e=
d,
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Trong d6 c,,c,,k, dugc lya bang
phuong phap thur sai va gia tri duoc lya
chon trong Bang 3:

Bing 3. Thong sé diéu khién cia
gidi thudt backstepping

G C, K,

98,8100 95,6400 0,0200

Swing-up dung dé dua con lic tir vi
tri ban dau thang dimg huéng xubng 7
dén vi tri can bang, mot bo diéu khién
khac dung dé 6n dinh con lic. Trong
nghién cau nay, ky thuat backstepping
dugc ap dung dé 6n dinh con lic.

Thanh con lic swing-up bang
phuong phap Furuta dugc trinh bay trong
(17). Theo phuong phép nay, ching ta
nhan ra rang canh tay quay theo huéng

Mot phuong phap khac 1a iy thua
vi tri con lic. T (18), ching ta nhan
thdy rang vi tri di 1én cua con lic duoc
dat =0, dong luc cua dao dong duoc
xac dinh bai moét 1oy thira thich hop cua
vi tri ", do d6 & vi tri gan nhu huéng
lén, lién két con lic dwoc cung cép it
nang luong hon.
2.3. Mé phong va thuc nghiém
2.3.1. Két qud mé phong

Diéu khién én dinh dp dung phwong
phap backstepping tuyén tinh

Tinh 6n dinh caa RIP duoc thé hién
tir Hinh 2. dén Hinh 5. Céc théng sé cho
mo phong nay theo Bang 1, Bang 2 va
Bang 3. C4c gi4 tri ban dau cua hé théng
duoc chon la:

ng khi e = a theo huaong am khi T
duong e=e,, vatheohudnga x=[0,1 0 -0,1 O] (37)
e=-€,, -
0.2
Goc Iéch thanh con lac (rad)
0.15 - =
0.1 =
0.05 | =
) -
0.05 - s
-0.1 s
0.15 - s
-0.2 L .
o 1 2 3 4 5 6 7 8 9 10
Time (s)
Hinh 2. Géc thanh con lac (rad)
1
‘ Van téc géc thanh con lac (rad/s)
o
-1 _
2 —
3 F -
4 F .
5 F -
6 | .
o 1 2 3 4 5 6 7 8 9 10

Time (s)

Hinh 3. Vin toc géc thanh canh tay (rad/s)

-7-
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T T T T

Goc léch thanh canh tay (rad)

Hinh 4. Gdc thanh canh tay (rad)

Van téc géc thanh canh tay (rad/s)

L L
3 4

L
5

L L 1
6 7 8 10

Time (s)

Hinh 5. Vin téc géc thanh canh tay (rad/s)

Theo Hinh 2, theo luat diéu khién
(35), bo dieu khién cé thé can bang con
lac tai diém oOn dinh. Diéu khién
backstepping tuyén tinh c6 thé gir con
lac ¢ vi tri thang dung. Do d6, bd dieu
khién backstepping c6 thé dat dugc cac
muc tiéu diéu khién cua ching ta trong
pham vi vung can bang mot cach nhanh
choéng.

Theo Hinh 4, theo luat diéu khién
(35), tin hiéu dau ra la séng sin vi bo
diéu khién backstepping dam bao z,
trong (19) hoi tu vé khéng. Ham z, 1a su
két hop cta x,,X,. Sau d6, n6 khong dam
bao x,,%, chuyén vé khong. Do do, cac

bién nay van cd thé dao dong. Tuy nhién,
do tinh 6n dinh cta z,, cac bién nay co
xu huéng khong 6n dinh.

Swing-up va én dinh bing phwong
phap backstepping

Céc gia tri ban dau duoc xac dinh
nhu sau:

[2(0),&(0)] =[=,0]
So do khoi va két qua md phong sir
dung két hop bd dieu khién swing-up vai

diéu khién backstepping duoc thé hién tir
Hinh 6 dén Hinh 8.

(37)
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Hinh 6. Chuwong trinh mé phong sir dung bé diéu khién swing-up va on dinh
bang phwong phap backstepping

%\

R

Géc léch thanh con lc (rad)
= = = Goc léch thanh canh tay (rad)

A 6 v 4N o 2 v e o »
g

N R i
AN ’ >
.
~ ’ ~ il
So--7 S e -
I I I L

\
0 1 2 3 4

Time (s)

Hinh 7. Két qua mé phong bé diéu khién swing-up bang phwong phdp ndng
lwong va on dinh su dung phuwong phdp backstepping

‘
-
v N

Goc lech thanh con I4c (rad)
— — —Goc lgch thanh canh tay (rad) | |

N
\
I\

t
I
|
|
|
|
|
]
I
I
‘i N -
\
h
\

A b M LA o o N e
T T

L L L
o] 1 2 3 4

Time (s)

Hinh 8. Két quda mé phong bé diéu khién swing-up bang phwong phdp liy thira
vi tri thanh con ldc va on dinh sw dung phwong phap backstepping

Sy déap ng cua hé thong khi &p dung
swing-up bang phuong phap ning luong
va giai thuat backstepping. Nhu chung ta
thay trong Hinh 7. cho thay rang thoi gian
chuyén tiép cua hé théng sir dung diéu
khién budc Ui chi 1a 3,6 gidy. Pap tng

ngo ra caa hé théng khi ap dung swing-
up bang liiy thtra vi tri thanh con lac va
diéu khién backstepping. Trong Hinh 8,
ching ta thay rang thoi gian chuyén tiép
cia hé théng sir dung diéu khién
backstepping chi la 2,95 giay.

-9-
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2.3.2. Két qua thuc nghiém
M6 hinh thuc cua hé théng duoc
trinh bay trong Hinh 9.
Céc thanh phan bao gom:
(1) Thanh con lAc;
(2) Thanh cénh tay;
(3) Encoder thanh con lic;
(4) Bong co dc;
(5) Encoder thanh cénh tay;
(6) Vi xtr ly STM42F407 Discovery;
(7) Cau H;
(8) UART CP2102;
(9) Nguon 24VDC-10A

STM32F407VG Discovery

CiuH
Di liéu

Dién dp
cung cap
cho cau H

//////

Ngudn 24VDC-10A

Hinh 10. Cdu triic ciia todn mé hinh

-10-
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On dinh dp dung phwong phdp backstepping

Goc I6ch thanh con I&c (rad) |

L L L L L L L
o 500 1000 1500 2000 2500 3000 3500 4000
Time (ms)

Hinh 11. Géc thanh con ldic (rad)

1.5 T T T T ‘

Van téc géc thanh con l&c (rad/s)

L L L L L L L
o 500 1000 1500 2000 2500 3000 3500 4000

Time (ms)
Hinh 12. Vin toc goc thanh con lac (rad/s)
0.5 | ! . T
[ Goc lech thanh canh tay (rad) |
04 -

L L L L L L L
500 1000 1500 2000 2500 3000 3500 4000

—0.40
Time (ms)
Hinh 13. Goc thanh canh tay(rad)
4 T T T
‘ Van téc goc thanh canh tay (rad/s)
3 i
2

| 1 L | I | |
(o) 500 1000 1500 2000 2500 3000 3500 4000
Time (ms)

Hinh 14. Vin toc géc thanh canh tay (rad/s)

Theo két qua thuc nghiém, xung tuyén tinh c6 thé giir thanh con lic ¢ vi
quanh diém can bang cua hé¢ con lac tri thang dimg huéng Ién. Theo Hinh 13,
nguoc quay, b dieu khién backstepping tin hiéu dau ra cua goc canh tay trong
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thuc nghiém (trong Hinh 13) c6 két qua
gidng nhu tin hiéu dau ra cua géc canh
tay trong mo6 phong. Trong ca mo phong
va thuc nghiém, cénh tay hé con lic
nguoC quay tudn theo ham sin do giai
thich trong Phan 4.1. Trong thi nghiém,
ctr sau 2.5s, bién d6 géc cua thanh canh
tay theo mot ham sin c¢6 bién d6 0.3 rad
va hoat dong trong khoang thoi gian
khong xac dinh. N6 khong thé hoi tu vé
0 do viéc chon z1 trong (19). Bay 1a mét
nhugc diém coa phuong phap
backstepping ddi véi hé théng SIMO.

Tuy nhién, lra chon ham z1 tét hon c6
thé cho két qua tt hon.

Swing-up va én dinh sir dung phwong
phap backstepping

Trong Hinh 16, nhu ching ta thay,
khi chuyén tir trang thai swing-up hat 1én
sang thing bang. Bing cach st dung
phuong phdp liy thira vi tri con lic dé hat
thanh con lic va diéu khién backstepping
dé con lic can bang, thoi gian chuyén tiép
la gan 660 mili gidy, trong khi sir dung
phuong phap nang lugng, thoi gian
chuyén tiép 1a 1000 mili gidy.

Géc lech thanh con Iac (rad) |

X: 1058 —
Y:0.01571

4
3
2
1
o
1
2
3
4

=

Diém bn dinh

- L L L L
o 200 400 600 800

1
1000

1 L L L
1200 1400 1600 1800 2000

Time (ms)
Hinh 15. Thuc nghiém swing up bang phwong phap nang lwong va on dinh bang
phuwong phap backstepping

Goc 1ech thanh con l&c (rad) |

X: 970 —
Y: -0.009425

Ab oM Ao s N e o

e

Pidm &n dinh 4

L L L L
1200 1400 1600 1800 2000

Hinh 16. Thuc nghiém SWing-up bang phwong phap lily thiva vi tri thanh con ldc
va 6n dinh bang phwong phdp backstepping

_ Theo két qua thuc nghigm, dau vao
dicu khien tr su ket hop cua dicu khién
swing-up va dicu khicn can bang c6 thé
gitr va on dinh lién két con lac tir diém
can bang 6ndinh x=[z 0 0 0]" dén
diém can bang khoéng dinh
x=[0 0 0 0].

on

3. KET LUAN

Vén d& dugc dat ra trong nghién cau
la Swing-up hé RIP két hop véi diéu
khién 6n dinh con lic bang ky thuat
backstepping di duoc phan tich. Bo diéu
khién duoc thiét ké cd thé giir cho hé
théng ¢ ving khoéng on dinh. Hai
phuong phap Swing-up duge dé xuat co
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thé &p dung va thir nghiém trén thiét lap
phong thi nghiém thuc té. Phuong phap
dau tién la diéu khién truyén thng dua
trén nang luong cua hé théng, phuong
phép thtr hai dya trén ham liy thira doi
V6i Vi tri con lic dé danh gia nang luong
duoc cung cap cho hé théng. Sau khi so
sanh gitra diéu khién ning luong va liy
thra vi tri con lic, nhu chung ta thay,
phuong phap thi nhat 12 t6t hon vi c6
thoi gian x&c lap nhanh hon (khoang
450s ¢ hinh 15 so véi 600s ¢ hinh 16).
Ca md phong va két qua thuc nghiém
hau hét déu giong nhau. Nghién ctu
trong tuong lai 1a thiét ké diéu khién
backstepping phi tuyén cho mé hinh nay.
PHU LUC

Dao ham phuong trinh (21):
V, =22, <V, =7,(X, —kX,) (A1)

Ta chon ham phy dé dam bao (22).
Sau d6, bang céch cin bang phuong
trinh, ta c6 nhu sau:
Zl(XZ _k1X4) :_Clzlz =% _k1X4 =07 (A.2)

Mot ham 6n dinh pha hop da dugc
chon dé tim ra gia tri mong muén cua
dau vao ao cho hé thdng con dau tién.
Chung ta can chon ham 6n dinh (23):

a, =X, =KX, —¢z, (A.3)
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