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1. Gi6i thiéu

Heé con lic nguoc quay (rotary inverted pendulum - RIP) la mot nén tang thr nghiém n6i tleng dé
danh gia cac giai thuat diéu khién khic nhau. Hé nay di duoc tmg dung rat nhiéu trong cudc song
chang han nhu diéu khién cac phuong tién trong linh vuc hang khong vii tru, ngudi may, xe hai banh
can bang.

Céu tao co khi ciia RIP bao gom hai thanh phan 1a thanh canh tay va thanh con lic. Thanh canh tay
ctia hé dugc két néi v6i dong co DC voi myc tiéu cén béng thanh con lic ¢ vi tri thing dimg hudng
Ién. Cac thong s6 trong cdu tao co khi cua hé thong con lic ngugc quay duoc trinh bay trong Hinh 1,
trong d6 cac thong sd 1an luot 1 khdi lwong thanh con lic, chiéu dai thanh con lic, momen quan tinh
thanh con lac, goc thanh con lic va goc thanh canh tay. M6 hinh thyc s& dugc trinh bay trong phan 4.2
ctia bai viét nay.

Diéu khién hoi tiép 1a mot cach tiép can dé thiét ké bo diéu khién phi tuyén, d c6 rat nhidu nghién
ctru vé van dé nay [1, 2, 3]. Y tudng cdt 16i ciia by diéu khién hoi tiép nay 1a bién ddi dai s6 hé thong
phi tuyén thanh tuyén tinh (toan bd hodc mot phan). Tir d6, bo didu khién tuyén tinh c6 thé dugc ting
dung trén hé théng. Theo tai lidu [4], tac gia da nghién ciru xay dung bo diéu khién hoi tiép tuyén tinh
hoa vao ra bam quy dao nhung dap img ngd ra hé thong khi bam quy dao kem. Trong tai liéu [3], tac
gia da thuc hién phan tich bo diéu khién hoi tiép tuyén tinh héa vao ra va kiém chimg trén hé
Pendubot. Tac gid da thyc hién lya chon hai tin hiéu ngd ra lan luot 1a phu thudc vao gbc 1éch thanh
con lic va phu thudc ca goc 1éch thanh con lic va thanh canh tay. Muc dich nhim so sanh dép tmg ngd
ra ctia hé thong Pendubot.

B& cuc bai bdo gdbm 5 phan. Phan 1 gidi thiéu vé& hé RIP va bd diéu khién tuyén tinh héa vao ra.
Phan 2, tac gia thuc hién phan tich mé hinh, phuong trinh dong luc hoc, cic thong s6 hé thong. Trong
phan 3, tac gia trinh bay phuong phép xay dung bo diéu khién tuyén tinh hoa vao ra cho h¢ RIP. Két
qua md phong va thuc nghiém dugc trinh bay trong phan 4. Cudi cing, trong phan 5, tac gia tong két,
két luan vé giai thuat da dugc xdy dung va kiém nghiém trong mé phong va trén thyc té.

2. M6 hinh hé thong [5]

Nhu da trinh bay trong Phén 1, cau trac h¢ RIP dugc thé hién ¢ Hinh 1. Hé thong bao gom 2 thanh.
Thanh thir nhat dugc goi 1a thanh con lac va thanh thir hai dugc goi 1a thanh canh tay. Géc cua thanh
con lac va thanh canh tay lan luot la @ va £ . Thong so cua hé thong duoc liét ké trong Bang 2.

Hinh 1. Céu triic vét Iy hé con lic nguwoc quay
Téng dong niang cua hé:
1. ., 1. . @)
ZE‘JrﬁZ +5Jpa2
L LZ,H'2+£L 2(,32—,820052 ) L im [ cos
Pl 4P a o PP athsa
Tong thé ning cua hé:
V =mygL,(1-cosa) (2)
Phuong trinh Lagrangian c¢6 dang:
L=K-V (3)
Theo phuong phap Euler-Lagrange, phuong trinh dong Iuc hoc cia hé thong (4) va (5):
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Béng mot sb tinh toan cho (4) va (5), h& phuong trinh dong luc hoc cua hé con lac ngugc quay co
dang nhu tai liéu [5]:

6
mpo+1mpL2p+ 1 ©
4 p-=mLL cosad+=mLsinacosa.fa +
1o o 2 2
——m, L, cos” o +J,
4
1 I_ I_ - 22 B 2
+Emp Lsinaa®=r-Bf
)

1 . 1 1 . .
—EmprLr cosa.ﬂ+(Jp +ZmpL2de—ZmpL2p cosasina.f’ +

1 .
—Emprg sina=-B,a
_Tuy nhién, dé phu hop va dé dang hi¢u chinh cho dong co cling nhu d§ dang ép dung thudt todn
di€u khién 1én mo hinh thyc. Tin hi€u di€u khién dugc nhom tac gid quy doi tr dang momem vé dién
ap. Phuong trinh (8) mo ta tin hiéu momen theo dién ap.
T=—k3B—kZB+ ke 8)

Trong d6 K, zé;k2 :Cm+% Koi ks =3,

m m

Theo tai liéu [5] va [6], cac thong s6 dong co duge nhom tic gia nhan dang. Cac thong sé nay dugc
trinh bay trong Bang 1:

Bing 1. Théng so6 dong co

L (H) 0.1756
Kp (V / (rad / sec)) 0.0531
Ki(Nm/A) 0.0014
R () 11.7356
[T (N.m) 0.0014
Jm (kg.m?) 0.0195
Cm ((N.m/ (rad / sec)) 3.7757e-05
Két hop cac phuong trinh (6), (7), (8), chung ta c6 phuong trinh tong dong ning ctia h¢ la:
D(a, B).(d, p)+Cla,a, B, p).(a, B) + G (e, f) =V ©)
_ ) - _ i
Myl + Mol 1 ). (Emprzsinacosajd
. ) EmprLrsma a \2
Trong do6 ()= —EmprLr cosa —ZmprZ cos’ @ |;C(a,d, B, f) = +B +k,
Hitk B, A L 2cosasinaf’
1 1 477
(J”+Zmpr2j —EmprLrCOSa - -
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cwn-| 1 L]
@ p)= —%mprgsin(a) o

Céc thong sb hé thong duoc liét ké va mo ta trong Bang 2:

Bing 2. Théng s6 hé thong

No Thong so Mo ta ) Pon vi Gia tri

1 m, Khoi lugng con lac kg 0.027

2 |_p Do dai con lac m 0.328

3 J ] Momem quén tinh thanh con lic kg.m 0.0046617
4 L, Do dai canh tay m 0.205

5 J. Momem quan tinh thanh canh tay kg.m 0.0019

6 g Gia tdc trong truong m/s? 9.81

7 B, Ma sat thanh canh tay NA 0.0017

8 B Ma sat thanh con lac NA =0

p

Dé bién doi phuong trinh dong lyc hoc vé dang phuong trinh trang thai, nhom tac gia gia dinh
sina~a,sinf~pf, cosa=1, cos=1.

Céac bién trang thai dugc xac dinh nhu sau:

Xlza;XZZd;XSZﬂ;X4:B;X=[X1 X, X X4]T;y:[X1 X3]T

Heé thdng duoc mb ta bang phuong trinh trang thai c6 dang nhu sau:

X = Ax+ Be;y =Cx (10)
0 1 0 © 0 (11)
A — a21 a22 a23 a24 . B — b2
0 0 0 1| 0
a, 8, 4, Ay b4
, dd odt 0 dé op ap Gl i 06
Trongdd 8y =—;8,=——18y=—;8,=—;d=-—; dp=——; 8=—; =", b=—;
X X, O, X, X, X, 8 ox, oe
b, =P
oe

Tur phuong trinh (6), (7), (8), (9), bién & , £ duge tim thdy va sau dé dugc thay thé thanh (11) dé
tinh toan ma tran A, B nhu (12) (Tai vi tri cAn bing, ching ta xem bién «, ¢, f3, ,6' ,€ bing 0).

0 1 0 0 0 (12)
N 471570 -0.1086 0 -0.6303. p_ 1.4698
|0 o 1 1 0
141057 -0.0325 0 -0.8279 1.9306

Véi ma tran tuyén tinh, ta théy ma tran diéu khién M«=[B AB A’B A®B] c6 rank=4, tirc hé diéu
khién duoc.

3. Piéu khién cin bing
3.1.Phwong phdp héi tiép tuyén tinh héa vio ra cho hé thong phi tuyén

Xét d6i tugng diéu khién:
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H {x = f(X)+g(X)u (13)
y =h(x)

Trong d6: X, f(X),g(x) lacéac vectornx 1
h(x) 1a mot ham vé hudng cua vector x
Xac dinh luat diéu khién u=a(X)+ B(X)Vv va phép bién doi trang thai &=T(X) sao cho hé
thong méi H’ tuyén tinh
o l2= Az +Bv (14)
- { y=Cz

Dinh nghia: Dao ham Lie theo phuong f(x) ctia ham v6 hudong h(x) 18 mdt vé hudng, ki hi¢u
L, h(x) duoc dinh nghia nhu sau:

oh 15
Lih() ==21(9) (15)

Pao ham Lie dugc dinh nghia mot cach dé quy nhu sau:

A(L" h(x)) (16)
X

L. h(x) = f(x)voi L% h(x) = h(x)

Ta cling co:

oLy h(¥)) o (17)

L L,h(x) = (x)

Theo luat diéu khién hdi tiép tuyén tinh hoa ta co:
y=L,h(x)+L,h(x) (18)
Néu L, h(x)=0->y=L, h(x)-> =L h(x)+L, L,h(x)
NéuL,L, h(x)=0- §=L% h(x) > ¥ =L h(x)+ L, h(x)u
Néu L L* h(x)=0— ¥ =L h(x)

Dinh nghia: Hé thong H c6 bac twong ddi 1a p néu va chi néu hai diéu kién sau duoc thoa man:

L,h(x) = L L, h(x) = L, L% h(x) =... (19)
=L L* P h(x) =0
L,L® h(x) =0

Néu (18) thoa man, ta co:
y® =L h(x)+L, L"? h(x)u
Luét diéu khién tuyén tinh hoa hé théng duoc xac dinh bai:
u=(L,L'"? h(x))"[v— L h(x)] (20)

3.2. Ung dung vao hé RIP

Céc phan tich vé hé RIP duoc trinh bay trong Phan 2 cua bai viét. Tir d0, ta can xac dinh diéu khién
h¢ vé vi tri can bang. Vay 2 bien tac gia quan tdm la bién X, va X,. RIP la mot h¢ SIMO (mdt vao
nhiéu ra), mat kha‘ic phwong phap tuyén tinh”héa yéu ap dung cho hé c6 sb dau vao bang sb dau ra.
Chinh vi vay, ta can chon Iya ham y 1a ham t6 hop cac bién ngd ra. Chon ngd ra y = h(X) la mot ham
chi theo X, X, tirc theo goc léch thanh canh tay va géc 1éch thanh con lac. Theo tai liéu [3], so @6 khéi
nhu Hinh 2. md ta bién ddi tuyén tinh hoa vao ra thanh dang Byrnes-Isidori.
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- ) “ - V= :',: }_.ly-ll b :,v
¥ 'Y A Il -1 N RE— PR
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Hinh 2. Bé diéu khién tuyén tinh héa vao ra

Trong phuwong phap nay, quan hé vi phan tuyén tinh dugc tao ra giita bién ngd ra y va mot bién
ngd vao mdi, V. Pao ham phuong trinh ngo ra, ta co6

oh oh (21)
—x=—"Ff(X)+g(x)u
= 2100+ 900
=L h(x)+ L,h(x)u
Luét diéu khién c6 thé duoc xac dinh nhu sau:
LoV L* h(x) (22)
Lg L3f h(x)
Voi v=-Kz
Trong do:
- K 1a mdt ma trdn dwong can dugc Iya chon: K = [K1 K, K, K 4] v6in 1 s6 bac cua hé
thong.
h(x)
i bid . [ ] Lh(x)
- zlabientrangthdi:z=|z, 2, 7, Z,|; 1=
1 2 3 4 L2f h(X)
L3f h(x)

Cacgiatri L,h, ’.h, L’.h, L' h, L, L. h duogc tinh toan trong phan Phy luc A. Nhém tac gia
thue hién chon lya Y = X, . Nhu da phan tich, hé con lac ngugc quay la hé bac 4. Vi vay, gia tri n=4.

Cac gia tri trong ma tran duong K dugc nhom tac gia lya chon bang giai thuat di truyén (GA). Thong
s0 cac gid tri sau khi dugc tim kiém bang GA dugc trinh bay trong Bang 3.

Bing 3. Thong sé diéu khién hé thon
K, K, K, K,

7.7891 61.9113 59.9704 7.9275

4. M6 phéng va thuc nghiém
4.1. Két qui mé phong
On dinh bing phwong phap tuyén tinh héa vao ra

On dinh h¢ RIP dugc trinh bay tir Hinh 3. dén Hinh 6. Thong s6 dé thyc hién mo phong dugc nhom
tac gia liét ké trong Bang 1., Bang 2. va Bang 3. Cac gia tri ban dau cua RIP dugc lya chon lan luot:

x=[003 0 0 ofF (23)
x=[0 001 0 o0]F (24)
x=[0 0 003 0] (25)
x=[0 0 o0 o0.01F (26)
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Hinh 3. Géc thanh con ldc lan lwot véi cdc gid tri ban dau tir (23) dén (26) (rad)
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Hinh 4. Vin téc géc thanh con lac véi cc gid tri ban dau tir (23) dén (26) (rad/s)

0.5

T

T

T T T q3-ex1

- =q3-ex2 H

. e
EN o o
T T

Goc lech thanh canh tay (rad)
&n
T

-2.5

1

1 1

1 1 1 1 1 1

0

100

200 300

400 500 600 700 800 900 1000
Thoi gian (ms)

Hinh 5. G6c thanh canh tay vdi cdc gid tri ban dau tir (23) dén (26) (rad)
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Hinh 6. Vin toc géc thanh canh tay véi cdc gid tri ban dau tir (23) dén (26) (rad/s)
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Két qua md phong dugc trinh bay tir Hinh 3 dén Hinh 6 vai 4 bo gia tri ban dau dwoc nhém tac gia
liet ké tir (23) dén (26). Khi &p dung luat diéu khién nhu phuong trinh (22) va bg thong sé diéu khién
tim dugc thdng qua giai thuat di truyén GA, két qua tir Hinh 3 dén Hinh 6 cho ching ta thay rang voi
bo gié tri ban dau (23) dén (26), bo didu khién co kha nang giir can bang thanh con lac tai vi tri 6n dinh
va duy tri thanh canh tay quanh diém can bang. Bo diéu khién hoi tiép tuyén tinh héa vao ra duoc tac
gia d& xuat cd thé diéu khién thanh con lic cua hé giir ¢ vi tri thang dung huéng Ién. Chinh vi vy, Véi
bo diéu khién nay cho phép hé co thé dat duoc muc tiéu diéu khién trong pham vi viing can bang mot
cach nhanh chéng.

Theo Hinh 5 mé ta dap ¢ng ngd ra thanh canh tay tiém can vé gié tri 0.12 rad va duy tri tai vi tri do.
Vi ngd ra ma nhom tac gia lya chon tai Muc 3.2, trong phuong trinh ndy ngd ra chi tap trung vao
bién géc léch thanh con lic, nén dap tng ngd ra thanh canh tay duy tri tai vi tri g6c léch 0.12 rad, chwa
c6 kha nang vé vi tri goc léch bang 0.

4.2. Két qua thye nghiém
M6 hinh thwc hé thang con lic ngwoc quay

M6 hinh thyuc hé théng con lic ngugce quay duoc trinh bay trong Hinh 7 va so d6 dién cua hé thong
duoc trinh bay trong Hinh 8.

12)\ )

CJ o 4
Hinh 7. M hinh thuc hé con ldc nguroc quay Hinh 8. So do két néi phan dién

Thanh phan hé:
1. Thanh con lic
Thanh céanh tay
Encoder thanh con lic
bong co DC
Encoder thanh canh tay
STM32F407 Discovery
CauH
UART CP2102
9. Nguon xung 24VDC-10A
Piéu khién 6n dinh ap dung phwong phap tuyén tinh héa vao ra
Két qua thyc nghiém dugc nhom tac gia trinh bay tir Hinh 9 dén Hinh 12.
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Hinh 9. Géc thanh con ldc (rad) Hinh 10. Vdn téc goc thanh con ldc (rad/s)
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Theo két qua thuc té duoc trinh bay tir Hinh 9 dén Hinh 12, bo diéu khién hdi tiép tuyén tinh hoa
vao ra co thé giir thanh thir nhat cua hé quanh ving can bang tai vi tri thang dtimg huéng Ién. Theo
Hinh 11, dap ung ngd ra cia goc léch thanh canh tay dao dong va khong thé vé 0 nhu két qua mo
phong duoc trinh bay & Hinh 5 va Hinh 6. Dap ung thanh canh tay khong thé vé 0 vi su lya chon
phuong trinh y = X, nhu di trinh bay & Phan 3.2 Pay c6 thé duoc xem la mot khuyét diém caa bo
diéu khién hdi tiép tuyén tinh hoa vao ra cho céac hé théng SIMO. Tuy nhién, dap tng ngd ra caa hé
thdng c6 thé duoc cai thién bang céch chon lya phuong trinh ngd ra y va téi wu dé Matlab c6 thé tinh
toan phuong trinh diéu khién.

5. Két luin

Nhu di dé cap & dau bai vé xay dung bo didu khién hdi tiép tuyén tinh hoa cho hé RIP, nhom tac
gia da xdy dung thanh céng phuong phap diéu khién cho hé con lic va duy tri thanh con lic cua hé
quanh ving cin bang & tri thing ding hudng 1én. Tuy nhién, d4p tmg ngd ra thanh canh tay hé thong
chua c6 két qua dap tmg tot do tac gia chon Iyra ham h(x). Chinh vi vay, viéc lya chon ham h(x) s&
gitip cai thién dap ing ngd ra thanh canh tay va thanh con lic. Pay duoc xem 1a mot hudng phat trién
cho dé tai nay.

, ‘ 7 PHU LUC A

Mot s0 tinh toan cho bd di¢u khién: )

h=x oy [oLh ah o aLh A
Tl X X OX,

f=[x, f, x, f,] Lsh:'aLth o2h a%h oL%h "y
ol X, o,

g=[0 g, 0 g,T b olh ah alh ah "y

X, OX, 0%, OX,

L.h= oh o oh ﬂ*f L L.h=
oX, OX, OX; OX, ’

olh alh olh olh
OX, 0%, OX,
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