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Tém tit - Giai thudt diéu khién swing-up déi v&i hé con lic nguge
quay (viét tat 1a RIP) 1a mét trong nhiing chu dé trong tam va c6
nhiéu nghién ctru trong linh vuce 1y thuyét diéu khién ty dong.
Nhiém vu cia b didu khlen (viét tit 1a BDK) swing-up la dua
con ldc tir vi tri ban ddu v& vi tri can bang mong muén. Trong
nghién ctru nay, nhom tac gia s€ dua trén nghién ctru trude 4o la
BDK swing up nang luong (viét tit 1a EBM), sau do phat trién
BDK két hop v6i giai thudt hdi quy tuyén tinh héa cuc bd (PFL)
tao ra mot BDK moi (viét tit 1a CPFL-EBM) loai b6 han ché tur
BDK cii. Trong qua trinh thyc hién nghién ctru, nhém tac gia da
trinh bay mdé hinh héa toan hoc cho hé RIP ciing nhu 1a phéan tich
va trién khai hai BDK swing-up 1én déi trong RIP véi sy hd tro
ciia cong cu MATLAB/Simulink. Két qua mé phéng va thuc
nghiém cho thdy CPFL-EBM hoat dong t6t hon EBM & nhiéu
khia canh va giai quyét duoc diém yéu cua BDK nay.

Tir khéa - BDK swing-up; Phuong phép hdi quy t,uyé'n tinh hoa
cuc bo; Phuong phéap nang lugng; Phuong phap ket hop hoi quy
tuyén tinh héa cuc bg; Con lac ngugc quay.

1. Giéi thi¢u

K§ thuat diéu khién swing-up dwoc dua ra vao nim
1976 boi nha nghién ctru Mori va cong sy [1] nham thiét
ké so do diéu khién swing-up cho hé thong khong 6n dinh.
Muc dich ciia BDK swing-up cho hé thong con lic ngugc
quay (viét tat 1a RIP) 1a dua con lac tir vi tri 6n dinh bén
vimg huéng xudng 1én vi tri 6n dinh khong bén viing
huéng 1én. Hién nay da c6 nhiéu giai thuat didu khién
swing-up dugc nghién ctru va dé& xuét cho cac hé théng
under-actuated. Tac gia Pierallini va cic cong su da trinh
bay mot nghién ctru vé viée tng dung giai thuat didu khién
hoc vong lap dé thiét ké BDK swing-up cho hé théng [2].
Tiép theo d0, tac gia Homburger di thiét ké BDK swing-
up cho hé RIP thong qua thuét toan diéu khién dy dodn mo
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Abstract - A swing-up control algorithm for a rotating inverted
pendulum system (abbreviated as RIP) is a prominent subject of
extensive research in automatic control theory. The primary
objective of the swing-up controller is to transition the pendulum
from its initial position to the desired equilibrium. In this study,
the authors build upon prior research on the energy swing-up
controller (EBM) and subsequently devise a new controller,
CPFL-EBM, by integrating a Partial Feedback Linearization
(PFL) method. This new controller is developed to address
limitations observed in the EBM. The authors have conducted
mathematical modeling of the RIP system and analyzed and
implemented both swing-up controllers on the RIP system using
the MATLAB/Simulink tool. Simulation and experimental
results demonstrate that CPFL-EBM outperforms EBM in various
aspects, effectively overcoming weaknesses inherent in the latter.

Key words - Swing-up controller; Partial Feedback Linearization;
Energy Based Method; Combined Partial Feedback Linearization -
Energy Based Method; Rotary inverted pendulum.

hinh [3]. Sau d6, nhiéu tac gia ciing da dé xuat va thyc hién
cac y tuong diéu khién swing-up nhu 1a thiét ké BDK
swing-up bang cach két hop giai thuat Q- Learning va giai
thuat PID [4], ing dung Lyapunov dé t6i wu BDK mo cho
hé con lic nguoc (Vlet tat IP) [5], thiét ké BDK swing-up
cho hé théng con lic nguoc trén xe bang cach sir dung
phuong phap Monte Carlo [6], swing-up bang cach chuyén
tiép nang lugng két hop mang than kinh nhén tao cho hé
RIP [7], st dung phuwong phép téi uu nang lugng dé thiét
ké BDK swing-up cho h¢ IP [8], swing-up cho hé¢ thong
Pendubot bang giai thuat diéu khién fuzzy PI+PFD [9].
Diéu khién swing-up cho h¢ under-actuated bing EBM
dugce gidi thi€u boi tac gia Furuta vao nam 1996 [10].
Trong cong trinh nghién ctru d6, nhom tac gia da st dung
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hé RIP dé lam ddi twong nghién ctru cho giai thuat swing-
up dua vao phuong phap EBM. BDK nay dugc thiét ké tir
viéc tinh toan thé nang cua con l4c tai vi tri can bé“mg hudng
lén va luat diéu khién dugc thanh lap théng qua ham
Lyapunov [11]. VA ciing trong nghién ciru nay, nhdm tac
gia ciing da thyc hién so sanh hai BDK gom EBM va
phuong phap hoéi quy tuyén tinh héa cuc bo (PFL) [11]
[12]. Trong qua trinh nghién ctru, nhom tac gia nhan thy
rang BDK EBM dit trong tim vao diéu khién vi tri thanh
con lic ma khong quan tdm dén vi tri thanh canh tay ctia hé
RIP. Diédu nay sinh ra hai van dé ma nhom tac gia quan tim,
bao gobm: Mot 1a néu khong két hgp BDK cén bang thi vi
tri goc canh tay s& di vé vo cling, gdy hu hai mo hinh; Hai
1a khi két hgp BDK cén bang, goc canh tay s& dao dong véi
bién do 16n theo sy hat 1én qua lai lién tyc theo hoat dong
cua con lac lam cho viéc swing-up tir vi tri thang dung
hudng xubng 1én vi tri can bang mat nhidu thoi gian va t6n
hao ning lugng. Chinh vi vy, nhém tac gia dé xuat phuong
phap CPFL-EBM. Hai giai thuat swing-up két hop voi BDK
can bé“lng LQR cho ddi tugng RIP dugc thuc hién cd md
phéng va md hinh thyc nghiém.

2. Co s6' Iy thuyét
2.1. H¢ théng RIP
Heé thdng RIP duoc trinh bay & Hinh 1.

L 0

Pendulum

Arm

i

. v\DC motor
k»

Torque

Hinh 1. M6 hinh RIP
Bdng 1. Théng sé hé thong

Théng sé Y nghia Giatri
mz Khéi lwong con lic (kg) 0.5
I2 Chiéu dai con l4c (m) 0.2
I2 Mo-men quén tinh con lic (kgm) le-4
1 Chiéu dai canh tay quay (m) 0.3
I1 Mo-men quan tinh canh tay (kgm) le-4
g Gia t¢ trong trudng (m/s?) 9.81
b1 Ma sét canh tay quay (N m s/rad) 0.1
b> Ma st con 1ic (N m s/rad) le-3
7, Mo-men dau vao hé théng (Nm) NA

Phuong trinh Euler-Lagrange voi hai bién 6,6, duogc
trinh bay nhu sau [13]:
(m, 12 sin(6,)* +myl? +mIZ +1,)8, —m, L1, cos(6,)d,

1
+m,)2 sin(6,) cos(6,)6,6, + m, L1, sin(6,)8? =z, —b6, M

—m,l1, cos(6,)8, + (m,12 +1,)6, @)
—m,|Z sin(8,) cos(6,)6? —m,gl, sin(8,) = —b,0,

Tur phuong trinh vi phén (1) va (2), nhom tac gia trinh
bay lai theo dang h¢ phuong trinh trang thai h¢ thong.
{'91 =fu+oun (a) ©)
0,=1,+09,7 (b)

Trong do, cac phan thanh cua hé phuong trinh trang thai
duoc thé hién trong phan Phu luc tir A1 dén A4 cta bai bao.

Phuong trinh nang lugng cta hé théng duoc tinh toan
nhu sau:

1 .
= E(mzlz2 + |2)922 + nglz COS(@Z) (4)

Thong qua mot s6 bude tinh toan, ta thu duoc phuong
trinh dao ham cta E; c6 dang nhu phuong trinh (5). Phan
tinh dé ra dugc phuong trinh (5) dugc trinh bay trong phan
Phu luc AS.

E, =m,l1, cos(6,)6,6, ©)
+m,I2sin(8,) cos(8,)8,67 —,6?
2.2. Thiét ké BDK EBM

BDK swing-up EBM theo ham Lyapunov, két qua thu
duoc nhu sau:

1 2
V=2 -E) (6)

Trong do, Eg =Ep 6,=0 = mygly
0 =0
Sau d6, dao ham phuong trinh (6), thu dugc két qua 1a:
V =(E, - E,)E,m,lLl,
= (E, - E,)c0s(6,)6,6, —b, (E, — E,)0? @)
+m, 12 (E, - E,)sin(8,) cos(6,)6,6?
Pé V <0, nhém tac gia lwa chon ham muc tiéu v, la

mo-men xo3n cua dong co dugc tao ra tur tac dong caa dong
co DC servo 1én canh tay quay cua hé thong nhu sau:

_ —1,sin(6,)6?

Il

_k*Sign(COS(gz)éz)(Ez - Eo) (8)

e

Tur h¢ phuong trinh (3) va (8), nhom téc gid tinh toén ra
mo-men xodn ciia hé théng c6 két qua nhu sau:

—f,+V,
T1_energy — 191— =
11
“Lsi 2 . )
g+ 2SN@)E sgign(cos(d,)0,)(E, ~ E,)

l,

Ou
Trong d6 hé sé k dugc lya chon k > bzéf

Theo phuong trinh (10) thi 7, .. s& ludn lam cho ham
Lyapunov &m
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V =-m,(E, ~ E;)’k|c0s(8,)6; | b, (E, ~E))d; (10
=V <0
2.3. Thiét ké BDK CPFL-EBM

Ham trang thai cia BDK swing-up dua theo phuong
phap PFL duoc lya chon nhu sau:

h:(EZ—EO)+%Hf (11)
Dao ham phuong trinh (11), két qua thu dugc 1a:
h=E, +6,6, =m,l, cos(8,),6, (12)

+m, |2 sin(6,) cos(6,)6,67 —b,67 + 6,6,

Dé cac phuong trinh (11) va (12) dat duoc trang thai on
dinh va céc tin hiéu diéu khién co6 thé vé tién vé 0. Nhom
tac gid lua chon ham muc tiéu nhu sau:

e o 1 mue R
UG YNy ST

ye—h . (13)
m,l,1, cos(6,)6,

Twr 6, nhom tac gia tinh toan va thu dugc phuong trinh
mo ta mo-men theo phuong phap PFL nhu sau:
—f,+v
T1_linearization =
_linearization gll
1, sin(6,)6;

1

+b,62 — 6,6, —kh (14)

—f,+
a

gll
Trong d6, a = m,l,1, cos(8,)é,

Sau khi da thanh 1ap phuong trinh mo-men xoén, mot
van dé dugc dat ra 1a khi trang thai hoat dong cua hé thong
dugc hinh thanh tir phuong trinh (12) cang gan 0 thi mo-
men xodn tr phuong trinh (14) dugce tao ra cang lon. Bé
giai quyét van d€ nay, nhom tac gia da s dung phuong
trinh (15) dé chuyén doi.

a=myll,cos(6,), <k
Véi k
xoén cuc dai cua dong co tao ra, dé diéu khién hé théng.
Chon k.., Nam trong khoang gioi han tr (& —1) véie
1a mot s6 nho tuy y.

Luat diéu khién cudi cung nhu sau:

Néu m,L 1, cos(8,)6, <Ky thi,

(15)

bound

woung 1@ hang s6 duogc tinh toan va suy ra tir mo-men

bound

T17 energy
1, sin(6,)6?
+ —e W e7 =
Il

—k*sign(cos(6,)6,)(E, —E,) (16)

- f11

9u
Néu khong thi,

Tl_ linearization —
- b 2
-1, sin(6,)6;

1

. . 1
+b2622 _‘9101 _k1((Ez - E0)+5912) (17)

—f,+
[24

Ou

3. Két qua va nhan xét
3.1. Két qui mé phong
3.1.1. Piéu khién swing-up bang EBM

Trong phan nay, nhom tac gia trinh bay dap ing ngd ra
ctia hé thdng khi ap dung EBM. Theo Hinh 2, dap tng tin
hiéu ngd ra gdm dap Gmg goc canh tay quay rad, dap ung
con goc con lic rad. EBM duoc trién khai 1én hé thdng véi
tham sb k = 25. Trong khoang thoi gian tir khi bat dau didu
khién, gc ctia con lac di chuyén tir vi tri can bang 6n dinh
hudng xudng dén diém can bang huéng 1én mong mubn va
dao dong véi bién d6 ti da sau khoang 10s dau tién. Ciing
v6i d6, nhom tac gia nhan thdy rang d4p tmg ciia goc canh
tay trong truong hop nay 1a hoan toan khong 6n dinh. Sau
15s tir khi bat diu chuong trinh, canh tay c¢6 xu huéng di
chuyén dén v6 cting khi khong c6 BDK cén bang tac dong.
bay dugc xem la nhugc diém khi sir dung EBM.

J.

Hinh 2. Bdp img hé thong khi sir dung EBM™

ENERGY BASED METHOD

“MWM"

Time

*Luwu y Hinh 2: Géc canh tay 91 duge scale 11 16 1:10 goc thuc 1é.

3.1.2. Piéu khién swing-up bang CPFL-EBM

Pé thyc hién qua trinh mé phong hé RIP véi BDK
swing-up CPFL-EBM, nhom tac gia khai bao cac thong so
diéu khién nhu sau: k = 25;k, =55;k,,,, =0,2

Hinh 3. Pdp itng hé thong khi sik dung CPFL-EBM**
**Luu y Hinh 3: Goc canh tay (91 dwoc scale ti 16 1:10 goc thuc té.

Tu Hinh 3, tac gid nhan thy ré“lng phuong phép dé xuét
CPFL-EBM da khic phuc dugc nhugce diém cia EBM.
Béng chimg 1a CPFL-EBM gitp kiém soat vi tri goc quay
clia canh tay v6i bién do 16n nhét [-1,4; 1,8] rad. Sau 15s,
canh tay dao dong voi bién d6 nho [-0,5; 0,5] rad. CPFL-
EBM gitp cho cénh tay khong c6 xu hudng vé vo ciing.
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Cung vé6i d6, goc 1éch con lac khi di chuyén tir diém hudng
xudng dén diém can bang hudng 1én va dao dong voi bién
d6 tbi da sau khoang thoi gian 25s. Qua d6, CPFL-EBM ¢6
thé kiém soat t6t vi tri goc canh tay va con lic dung nhu
muc dich cua tac gia dé xuat.

3.1.3. So sanh hai phirong phap swing-up

ENERGY BASED METHOD vs PFL COMBINED ENERGY BASED METHOD
. ' c .

2

5|
4k
3
2

a

Penduim argle (a)

0 ES ED a0 50
Time

*kk

Hinh 4. So sanh ngé ra theo hai phwong phdap swing-up
***Luu ¥ Hinh 4: Goc canh tay @, dugec scale i 1¢ 1:10 gbc thuc té,

Thdéng qua Hinh 4, goc cia canh tay don khi s dung
EBM c6 xu hudng di chuyen ra vo cung. Trong khi do,
CPFL-EBM d3 giai quyét dugce van dé nay, goc canh tay
dao dong v6i bién d nho. Tuy nhién, goc con lic khi st
dung CPFL-EBM mat 30s d€ gitip con lac 1én vi tri can
bang huéng 1én. Trong khi d6, chi can mat 10s thi con lac
¢6 theé di chuyén 1én vi tri can bang hudng 1én bang EBM.
3.2. Két qud thwe nghiém
3.2.1. He théng thyc nghiém

Hinh 5. Phan ciing hé RIP

Céc thanh phan trong Hinh 5:

1. Thanh canh tay quay ciia hé théng.
2. Servo Nisca NF5475 motor véi encoder 600ppr.
3. Ngudn cung cip cho hé théng.

>

Vi xtr li LAUNCHXL-F28379D.

Kit CP2102 USB 2.0 to TTL UART.
Encoder 600ppr dimg dé doc tin hiéu tir con lic.
Thanh con lic.

H-BRIDGE-IR2184.

5
6
7
8. bién tro kéo 1én.
9.
2. Phuong phap EBM

3.
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h n =
m = ;o
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o &
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&
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Time
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o

Hinh 6. Pdp tmg thiec té thanh canh tay khi sir dung EBM va on
dinh bang LQR

Géc lach thanh con Iac (rad)

1000
Time

1500 2000

Hinh 7. Ddp ing thuc 1 thanh con lic khi sir dung EBM va
on dinh bang LQR

10

Dién ap (V)
o

1000 1200 1400 1600 1800 2000
Time

Hinh 8. Pi¢n dp cdp khi sir dung EBM va 6n dinh bang LOR

Két qua dugc trinh bay tir Hinh 6 dén Hinh 8. Nhém tac
gia thyc hién diéu khién swing-up EBM véi BDK can bang
LQR dé kiém chiing cung nhu tranh gay ra thiét hai vé phan
ctmg. Trong 300ms dau tién, goc canh tay di chuyén mot
goc rét 16n so vai vi tri ban dau. Khoang thoi gian nay BDK
SWIng up tac dong giap cho con lic thing dung 1én vi tri
cén bang mong muon. Sau khi da dua con lic thing ding
lén vi tri mong muén, BDK can bing LQR s& co trach
nhiém giup cho con lic duy tri trang thai 6n dinh quanh
diém lam viéc. Tuy nhién, canh tay van dao dong véi mot
bién do nam trong [-0,4; 0,1] rad. Pay 1a han ché cia BDK
swing-up EBM va c6 thé gay ra cac thiét hai. Déi véi tin
hiéu dién ap, trong khi hé thong swing-up thi dong co s&
cung cap dién ap voi gia tri t6i da khoang 8 V dé giup cho
con lic co thé ty dong di chuyén 1én vi tri cdn bang hudng
1én thong qua canh tay. Sau 300ms dong co s€ duy tri dién
ap khoang nhat dinh [-4; 4] V dé gitp giit can bang con lic

oo
0 200 400 600 800
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tai vi tri mong mudn. Video minh chimg diéu khién swing-
up bang EBM va cin bang ap dung LQR xem tai dia chi:
https://youtu.be/JrSLAvxgzdY. Mot luu y vé video minh
ching la nhom tac gia thyc hién thu hinh trong mot lan thi
nghiém khac vé6i 1an thi nghiém thu thap dir liéu dé vé cac
dd thi tir Hinh 6 dén Hinh 8.
3.2.3. Phuong phap CPFL-EBM

Két qua dugc trinh bay ¢ tir Hinh 9 dén Hinh 11. C6 thé
thiy rang, CPFL-EBM dia khic phuc nhugc diém cua
EBM. CPFL-EBM d4 gitp kiém soat vi tri goc canh tay véi
ving lam viéc nam trong [-0,3; 0,4] rad. Sau khi BDK
swing-up da dua con lic thing ding hudng 1én, tiép dén
BDK can bang LQR s& tiép tuc tac dong vao hé théng gitup
cho con lic duy tri trang thai 6n dinh quanh diém lam viéc.
Khi nay, canh tay dao déng vai bién do [-0,3; 0,1] rad. Dbi
véi tin hiéu dién ap, dong co s& cung cap dién ap véi gia tri
t6i da 10 V dé gitip cho con lic ¢6 thé tw dong di chuyén
1én vi tri cAn bang hudng 1én théng qua canh tay. Tiép sau
khoang thoi gian 500ms dong co s& duy tri dién ap voi bién
d6[-3,8; 3,8] V dé giir can bang con lic. Video minh chimg
diéu khién swing-up bang CPFL-EBM va can bang bang
LQOR xem tai dia chi sau: https://youtu.be/QIO7kONCcJJE.
Mot luu ¥ vé video minh chimg 14 nhém tac gia thuc hién
thu hinh trong mét 1an thi nghiém khéac véi 1an thi nghiém
thu thap dit liéu dé v& cac do thi tir Hinh 9 d&én Hinh 11.

0.6
T
£ 04
S
£ o2
=
&
3 ]
=
w -0.2
=
=
5 -0.4
8-
g -0.6
-0.8
500 1000 1500 2000
Time

Hinh 9. Pdp img thiee té thanh canh tay khi sir dung
CPFL-EBM va 6n dinh bang LOR

&

Goc léch thanh con lac (rad)
[T

b b

'
(L]

-6
1000 2000

Time

o 500 1500

Hinh 10. Pdp img thuc té thanh con ldc khi sir dung
CPFL-EBM va 6n dinh bang LQR

Dién ap (V)

Julf\ I |

-10

o 500 1000 2000

Time

1500

Hinh 11. Di¢n dp cap khi sir dung CPFL-EBM va
on dinh bang LOR

3.2.4. So sanh hai phwong phap swing-up

Trong phan nay, nhom tac gia thyc hién so sanh dap
Ung ngo ra hé thong RIP voi giai thuét swing-up EBM va
CPFL-EBM va di€u khién can bang ing dung phuong phap
LQR. Két qua so sanh duogc trinh bay trong Hinh 12 va 13.

EBM
— = = CPFL-EBM

T = 2
N & = u o O

R
(4]

Gac éch thanh canh tay (rad)

'
2]

1500 2000

o

500 1000
Time

Hinh 12. So sanh ddp iing thanh canh tay trén thuc nghiém khi
su dung hai phwong phap swing-up

EBM
— — —CPFL-EBM |

g

Goc [ech thanh con lac (rad)
b A o a

L)

' '
o (1]

1000
Time

1500 2000

[=]
[44]
(=
(=]

Hinh 13. So sdnh dép iing thanh con ldc trén thuc nghiém khi
su dung hai phwong phdp swing-up

Khi s dung EBM, canh tay c6 xu huéng dao dong
manh va di ra v6 cing néu khong c6 BDK LQR gitp 6n
dinh tré lai. Con khi st dung CPFL-EBM, BDK gilp giup
kiém soat tuong dbi tot vi tri goc quay cla canh tay khong
con hién tugng dao dong manh luc ban ddu ma thay vao do
canh tay quay s€ dao dong trong vung lam viéc voi bién do
tuong d6i nho [-0,3; 0,4] rad. Khi sir dung BDK swing-up
dya vao nang lugng s& gitp con lic mau di chuyén 1én vi
tri can bang nhanh chéng hon so véi khi st dung CPFL-
EBM cu thé 1a sau khoang 300ms so v&i 500ms. Sau khi
6n dinh duoc con lac quanh vi tri can béng mong mudn,
canh tay hoat dong khoang bién do nhé hon dé duy tri sy
6n dinh con lac. Cy thé 14 khi sir dung EBM goc canh tay
s& hoat dong [-0,4; 0,1] rad. Con di v6i CPFL-EBM, g6c
canh tay s€ hoat dong [-0,3; -0,1] rad.

4. Két luin

Nhom tac gia di dé xuat hai giai thuat swing-up gom
c6 BDK swing-up EBM va CPFL-EBM. Ca hai giai thuat
déu duoc trién khai cho d6i tuong diéu khién trén ca mod
phong va thyc nghiém. Két qua cho thay rang, khi sir dung
EBM thi canh tay quay c6 xu huéng dao dong manh va
tién ra vo cung. Nho vao CPFL-EBM thi van dé nay da
dugc giai quyét, canh tay khong con dao dong manh ma
thay vao d6 dao dong on dinh trong khoang bién d6 nho
nhat dinh. P4i véi dép tng con lic c6 thé thiy ring, EBM
gitip cho d4p tng con lic nhanh hon so véi khi ap dung
CPFL-EBM. Qua d6 c6 thé thiy riang, nhom tac gia da dé
xudt va kiém nghiém thanh céng phuwong phap swing-up
cai tién tir EBM trén hé RIP trong ca mé phong va thuc
nghiém. Trong tuong lai nhém dy dinh phat trién BDK


https://youtu.be/Jr5LAvxqzdY
https://youtu.be/QIO7kONcJJE
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swing-up CPFL-EBM cho hé thong con lic ngugc quay
song song [14], [15].

Loi cdm on: Nhom tac gia xin cam on cac ban Luong
Trung Nam, Nguyén Hang Ri, Nguyén Tran Nhét Phi (sinh
vién Truong Pai hoc Su pham K¥ thuat Tp. HCM) di hd
trg thuc hién stra chita phan cimg dé nghién ctru nay duoc
hoan thién.
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