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Abstract: The Rotary Inverted Pendulum System (RIPS) is a familiar
underactuated robot arm system, has a simple mechanical structure, and is
applied to test and evaluate solutions. control engineering in the field of control
engineering. Most previous studies have designed and stably controlled the
RIPS system with DC servo motors. However, in this study, the author builds a
RIPS system with a three-phase motor (TPM) and stabilizes the system with a
controller combining LQR and a sliding mode observer. - SMO). This research
was conducted using Matlab/Simulink software. Simulation results are
presented in detail in this paper to demonstrate controllability when using
three-phase motors for the RIPS system.

Keywords: Rotary inverted pendulum, sliding mode observer, three-phase
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Tém tat: Hé thdng con lac nguoc quay (Rotary Inverted Pendulum System -
RIPS) l1a mét hé canh tay robot thiéu dan dong (underactuated system) quen
thudc, c6 clu tric co khi don gidn, va dwoc (ring dung dé kiém nghiém, danh
gia cac giai thuat diéu khién trong linh vuc ky thuat diéu khién. Hau hét cac
nghién ciru trwdc day déu thiét ké va diéu khién 6n dinh hé RIPS véi dong co
DC servo. Tuy nhién, trong nghién clru nay, tac gid xay dwng hé théng RIPS
v&i dong co ba pha va diéu khién 6n dinh hé thdng bang bd diéu khién (BDK)
két hop gitra LQR, BDK truot (Sliding Mode Control - SMC) va bd quan sat
trwot (Sliding Mode Observer - SMO). Nghién clru nay dwoc thwe hién bang
phan mém Matlab/Simulink. Két quéa md phdng dwoc trinh bay chi tiét trong
bai bao nay d& minh chirng kha nang diéu khién dwoc khi str dung dong co ba
pha cho hé thdng RIPS.

Tir khéa: Con lac ngwoc quay, bd quan sat truot, ddng co ba pha, LQR, diéu
khién can bang.

1. Gi&i thiéu

dong co DC bang déng co ba pha dé diéu khién

Hé théng RIPS dwoc ra ddi vao nam 1992,
gop phan to Ién vao qua trinh nghién ciru, kiém
nghiém va danh gia cac BDK trong linh vuwc diéu
khién tw ddong. M6 hinh nay ciing gép phan vao
phan vao viéc tao dong Iwc nghién ctru, tao co hoi
cho cac sinh vién ngang diéu khién tw dong hiéu
vé qua trinh diéu khién, cach thirc hoat dong va
cach thao tac véi vi diéu khién trong phong thi
nghiém. Mét sb nghién clru rng dung hé théng
RIPS dé danh gia chat lwong bo diéu khién cé thé
ké dén nhu diéu khién théng minh cho hé RIPS [1],
[2], [3], [4]; diéu khién lai d& cai thién chét lwong
BDK [5], [6], [7]. Tuy nhién, hau hét cac nghién ciru
duwoc tham khao trudc dé déu nghién cliru va danh
gia BPK dbi voi hé théng RIPS duoc xay dung
bang déng co DC. Rét it cac nghién clru thay thé

cac hé théng canh tay robot thiéu dan dong. Mot
sb nghién ctru cé str dung dong co ba pha cho hé
thdng robot thiéu dan dong cé thé k& dén nhw [8].
Trong cong nghiép, hau hét cac canh tay robot
duoc thiét ké truyén ddong bang cac dong co ba
pha. Loi ich ctia déng co ba pha bao gdm hiéu suat
cao, c6 tudi tho cao, yéu cau vé bao tri it hon so
voi cac loai dong co khac va kha nang tiét kiém
nang lwong tét. Chinh vi vay, viéc trién khai nghién
ctru (rng dung ddng co ba pha cho hé théng canh
tay robot thiéu dan ddéng nhw RIPS 1a can thiét.
Ngoai ra, nghién ctru con hwéng téi cac doéi twong
sinh vién nganh diéu khién nham giup céc sinh vién
c6 cai nhin toan dién trong viéc nghién ctru tng
dung thiét bi cong nghiép va phat trién giai thuat
diéu khién trong viéc phat trién cac hé thdng canh
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tay robot.

Trong nghién ctru nay, y twéng chinh la phat
trién hé théng RIPS st dung ddng ba pha. Muc tiéu
chinh cla nghién ctru nay la diéu khién can bang
hé con lac ngwoc tai vi tri thang dirng hwéng 1én.
Cac BDBK duwgc dung trong nghién cru nay bao
gdm BDK trwot, bd quan sat trwot va bd diéu khién
LQR. BEK trwot va bé quan sat trvgc duwgce xay
dwng dé diéu khién dong co ba pha. Ngoai ra, bo
quan sat trwot dwoc dung dé quan sat cac gia tri
tlr thong va dong dién pha a va pha b cta déng co
ba pha. BPK LQR c6 nhiém vu chinh la gir can
bang thanh con I&c cla hé tai vi tri thdng ding
hwéng 1én. Hai BPK va bé quan sat dwgc nhém
tac gia dé xuat sé& két hop v&i nhau tré thanh bd
diéu khién két hop trong qua trinh diéu khién hé
théng RIPS v&i déng co ba pha.

Bai bao nay c6 cAu trdc nhw sau: phan 1 gi6i
thiéu khai quat vé hé RIPS, lwoc st tai liéu va gidi
thiéu muc tiéu nghién ctu, trong phan 2 cla bai
viét, hé phwong trinh dong lwc hoc clia hé théng
RIPS va dong co ba pha dwoc trinh bay dé l1am tién
dé cho viéc xay dwng BDK. Phan 3 cla bai bao
trinh bay chi tiét vé& phwong phap trwot, bé quan
sat trwot va LQR dé diéu khién dbi twong RIPS.
Trong phan 4, két qua nghién clru dwoc trinh bay.
Cudi cung, cac két luan ciing nhw nghién ciu
twong lai dwoc trinh bay va dé xuét trong phan 5
cla bai viét.

Lwong & nnk
2. M6 hinh toan hoc cua hé théng

9\__.;) \ Pendulum
) o Arm
’ -———-‘\\ motor
Torqueg—:

Hinh 1. M6 hinh phan tich hé théng RIPS
Phwong trinh ddng lwc hoc cia hé théng
RIPS dwgc mo ta trong phwong trinh (1) va (2) nhw
sau [9]:
(m,12 sin(8,)> + m,IZ + mI2 +1, +J)6,
-m,l|, cos(6,)d, + m,IZ sin(6,)cos(6,)6,0, (1)
+m,l.l, sin(8,)é? =z, — b6,
—m, ||, cos(6,)d, +(m,lZ +1,)4,
—m, |2 sin(6,) cos(6,)6; (2)
-m,gl, sin(8,) = -b,é,
Bién d6i phwong trinh (1) va (2) thanh hé nhw

Sau.
él =f, +9un (3)
éz =f, + 07 (4)

Trong do f,, 0,4, f,,, 9,, dwoc trinh bay sau
day [9]:

sin(26,)13m,6,0. . : : . o1
—(%— l,(sin(8,) —sin(6,)*)I3m267 — 1, sin(6,)IZm26? -5 sin(26,)12m? +
L1, sin(26,)12m,6,6, + byiZm, 6, +1,11,m, sin(6,)é2 + byl 6,)0, +1,b,, (%)
f +525|n( 2)2m212+ 12m2 1+212m25|n( 2)2+ 212m2cos( 2)2+211
L + 12m2 —12m2 cos(6,)? + 1212m2 +1,12m, + 1 12m, + LIZm,, + 1L12m, —1,12m, cos(6,)? +I212m;m, —1212m? cos(6, )
m, |2 +1
O L mZ —1mZ cos(6, )2 + 1212m? + 11Zm, + 1,12 L2, +12m, —12 60,) +1717 1212m? cos(6,)? ©)
iy +;my —1,m, cos( 2) +lhhmy +hLm +hlm, +1LL5m, +1,1,m, - zszCOS( 2) +ll,mm, —l1,m, cos( 2)
. o h _ - .
(b,6, —glm, sin(8,) —12m. &2 cos(8,)sin(4,) + [,I,m, cos(6,)(m, cos(8,)sin(6,)l,6,6, +1,1,m, sin(6,)é, +bl6*1))
272 27772 2 277271 2 2 2 2 2 o} 2
£ I, +1;m, + m,l° +m,l; sin(6,) 7)
22 2|12 2
L +1?2m. — |1|2m2 COS(@Z)
2 1772 2 2 2 oi 2
I+ m, + m,l° +m,l; sin(g,)
g lI,m, cos(6,) 8)
22 2 2 —1212m7 cos(6, )’

= 42 4,12 2 212,42 2 2 2 2 2
LI, +1;m; —15m; cos(6,)” + I 1,m; +LI'm +LlI'm +1L1I'm, +LIZm, —1,1;m, cos(b,)” +;

2
|2 m1m2
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Céc ki hiéu cta hé théng va y nghia cua
ching dwoc trinh bay 1an lwot trong Bang 1. Gi tri
cla cac tham sé trong Bang 1 dwoc lya chon theo
kinh nghiém cua tac gia.

Bang 1. Tham sb hé RIPS

Tr;?)m Mb ta Gia tri
my Khoi lwgng con lac (kg) 0.5
1, Chiéu dai con lac (m) 0.3
l, Quan tinh con l&c (kgm) 0.06
1, Chiéu dai canh tay (m) 0.4
l, Quan tinh canh tay (kgm) 0.1066

g Gia tbc trong trwong (m/s?) 9.81
b, Ma sat canh tay (N m s/rad) 0.01
Ma sat thanh con lac (N m

b 0.001
2 s/rad)

J Quan tinh déng co’ (kgm) 2.52e-5

7, Mé-men xoan (Nm) NA

Lwong & nnk

thdng sb trong phwong trinh (9) dwoc rat gon va
giai thich trong phwong trinh (11):
2
- M lK = M [
LL, ol L,
R R M? 1
Y=t A= ——, (10)
oLy, olLL ol
pM L
:—,T :—r
T TR
Cac ki hiéu ctia dong co ba pha va y nghia
clia ching dwoc trinh bay lan lwot trong Bang 2.
Gia tri cha cac tham sb trong Bang 2 dwoc lua
chon theo kinh nghiém cta tac gia.

o=1

r

Bang 2. Tham sb dong co ba pha

M& hinh toan hoc ddng co ba pha dwgc mb
td nhw sau [10], [11], [12]:

i'a =—7yi, +_|5(pa + pKé(pb +au,

r

i'b =—7i, +T5§0b - pK9¢a +au,

r

M 1 ©)
b, = — 1, — =, — poy,
¢a T a T a b

r r

. M. 1 .
Py =T—r'b —T—r(pb + pop,

Trong do6 i,,i,,¢,,¢, twong rng dong dién
pha a va pha b trong hé toa d6 «f , va tir théng ab

trong hé toa do «f . Ngoai ra, ta con c6 mét sb

r

r

A _Mr 1
q)a Tr : Tr
A _M.A 1.
Dy T

r r

Théng sé M6 ta Gia tri
M Cam &rng twong hé (H) 0.5
L, Hé sé tw cam rotor 0.3
L Hé s6 tw cam stator 0.06
R, Pién tro stator 0.4
R, Dién tr& rotor 0.1066
p Sé cap cuc 2

3. Thiét ké bo diéu khién
3.1. Thiét ké bo quan sat cho dong co ba pha
[13]

Trong phan nay, hé phwong trinh bd quan sat
dwoc xay dwng nham muc dich quan sat cac bién
trang thai tlr thdng va dong dién, bang cach dwa
vao phwong trinh (9) va (10), dworc tac gia trinh bay
trong hé phwong trinh (11) c6 dang nhwv sau:

T hé phwong trinh (11), tac gia thwc hién
tinh toan va thu dwgc hé phwong trinh (12) c6
dang:

Y Tﬁ(;;a + pK &g, +au, +Ssign(S,)

il = —yi, + ?@b — pK8§, + au, +8,sign(S,)

(11)

I, — _@a - pééb + '9llsign(sl) + 31zsign(82)

Iy — T_(ob + pé(ba +3,,8Ign(S,) + &,,sign(S,)
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r r

Ta thyc hién dinh nghia mat trwot cho bd
quan sat nhuv sau:

S, =i, fa i
S, =i, — f i,

Ta tiép tuc dinh nghia ham Lyapunov cho hai
mat trwot trong phwong trinh (13) theo phuong
trinh (14):

(13)

V=i, +1gl,

- gllsign(sl) -

I S . S YT
& . A ~ K . -
=1y —lp =7 +.r_(0b — pKOp,
L. _ A _MI“ =y _p0'~
q)a ¢a (/)a -I-r a -I-r (/)a wb
g My 1o e

Py =P — (Pb T T — Dy —

Lwong & nnk

—65sign(S,)

-~ 5,sign(s,)

&,819n(S;)

'9215ign(51) - gzzsign(sz)

V=%Sf+%822 (14)
Dao ham ham Lyapunov trong phwong trinh
(14), ta thu dwgrc phwong trinh (15):

V=SS, +S,S, (15)

Tiép theo, ta tiép tuc phan tich V dé tim luat
quan sat clia cung clia bé quan sat, ta dwoc:

o V=i [—7/i~a + _I_Egb‘a + pKbg, +au, - 5lsign(81)j

~ ~ K.
+ly _7'b+.|T€0b

r

o V=—yi? {Tﬁﬁbﬁ + pKégbb]i; —

52“],\

~ K . )=
_7/|b2 +[T—¢b — ng%}b —
Dé V<0 thi:
51 > 5é")a + pKa(/Bb
< (17)
52 > _éb - pKe@a
TI’
Tw day ta co:
K - .
|(pa|max +PK O] 5], > Pt pK 6@,
,; (18)
|(0b|max +pK |9max |¢a max T (bb - pKH(ba

Néu d,va &, dwgc chon théa diéu kién bén

trén, ta co:

~ pKép, +au, — 5zsign(Sz)J

(16)

a

S, -0

V<0 = =
S,—0

(19)

Tw day, dwa vao hai phuwong trinh |~a va ﬂj
trong hé phwong trinh (12), ta cé6:
LS
a~ 7 T

r

gba + pKé@b _5lsign(81)

~ K. -
b ="l +-|T¢b_pK9(Pa

r

~ 5,sign(s,)
K . - .
0= T_(Da + pKop, - 5,5ign(S,)

K. - .
0= .IT(Pb — pKop, — 6,5ign(S,)
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. K . pKéo. phwong trinh vi phan con lai ctia hé phwong trinh
SigN(Sy) = — @ +—— %,
é‘lTr é‘l
K pKé
sign(S y +——
an(S,) = o1 Pt

Thay két qua tir hé phwong trinh (20) vao hai

(12) 1a ¢, va ¢, , ta dwoc: (21)

pé {%
Dy ™

(20)

-0
thi: (22
0 (22)

. M=~ 1. .
¢a_T Ia__l__¢a_p9¢b

r r

-39 ,sign(S,) - 4,,sign(S,)

~ 1. .
b :-I-_Ib_-l-_(pb+p0¢a

r r

- gzlsign(sl) - 3225ign(82)

o=

pK o

@, =

T

r

K
0 +—
- Py, — £5T

S
pK @

K
fob] -9, (E

K

Gyt ——

pK o
%

pKé

3

r

T

r

1.
— =@, + po@
T P + P0G, -

@b :(pé—

K
+
[5T

S

9,pK6

o, 5,

%,

9K
ST,

1_%+w]¢a+(_pg_

9,,pK &
51

0,1,

1 9,K 9,pKé

S,

?, 9, y F——
bj [JI
G,K | .
12 J(Db

o),

%,

i)

1 % glszeJ% +(_p9._
52

>
[

2sz9 K\ (1 9K 9,,pKé p
2 51Tr ’

_i _ LQI;K + w — _53
Tr 51Tr 52
_pl- 9,pKE  9,K 0
51 52Tr
= .
po— 22PRO_ %K _
5, 5T,
_1_ %K 8Pk
L Tr §2Tr 51 !

Giai hé phwong trinh (22) ta thu dwoc hé
phwong trinh (23) c6 dang nhw sau:

_-6,(T2p%6% - 5T, +1)
T K(Tp% +1)

-T265,5,p0
K(T?p%0° +1)

-T265,5,p0
K(T?p*0* +1)

12 —

21 —

-5, (T?p*60* - 5,T, +1)
K(T?p%6” +1)

(23)

22 =

Thay thé hé phwong trinh (23) vao hé
phwong trinh (21), ta thu dwoc:

{ci)a -
¢b =

V6i 8, >0, vas, > 0thi {gfa ]
@, =0

- 63 gba

: (24)
—0,,
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3.2. Thiét ké SMC cho dong co ba pha
Mat trewot dwoe dinh nghia nhw sau:
Ss :ﬂ(ib¢a _iawb)_TL (25)
Binh phwong tir thdng téng, ta thu dwoc
phuwong trinh (26):

¢=9:+9; (26)
Pao ham phwong trinh (26), ta co6:
¢ = ¢a¢a + ¢b¢b
. M. 1 .
SNES —i_ —=—¢@ —po
¢ goa (Tr a Tr ¢a p quJ (27)

+@, [Mib _i% + péﬁ”aj
T T,

r

Mat trwot th tw dwoc dinh nghia nhw
phuwong trinh (28):

Si=9—dy +k, (¢ —¢y) (28)
Trong d6 ¢, va ¢, 1a tlr théng mong mudn va dao

ham cua ti thdng mong muén.

Lwong & nnk

Dé c6 dwoc luat diéu khién cudi cung, ta can dao
ham S,va S,, sau d6 dat ham mong mudn cua
chung nhw sau:

S, =-Asign(S

s = A 9 (S;) (29)

S, =-4,s59n(S,)

Dé luat diéu khién cudi ciing gon gang, ta dat
lai phwong trinh dong dién trong hé phwong trinh
(9) nhw sau:

i, =F, +au,
. (30)
I, =F +au,
. K :
F, =-7i, +T—goa + pKog,,
Trong dé Kr
F, =—7i, +_I_—gob - pKOp,

T phwong trinh (29), ta rat dwoc luat diéu
khién trwot cudi cung cho ddng co ba pha nhw hé
phwong trinh (31) dwoc trinh bay sau day:

_ _MTL(Db + ,qua(ﬁ' +Tr gpaé‘d - FaMlu¢ - Mia;u(gpagba + gobgbb ) - Mibﬂ(¢a¢b - ¢b¢a ) +Tr k2¢alu (¢ - &d )

u
a Maug (31)
U = MT|_¢a + ﬂ@bé +T, (Pb(b.d - FbM,u¢ + Mia,u((pa(bb - ¢b¢a ) - Miblu (¢a¢a + wb(/')b ) +T, kz(pb/u (¢ - ¢.d )
b =
Mapg

Ap dung luat diéu khién & hé phwong trinh
(31), ta duoc:
S, = u(ives —1a) —To
= u(ipp, —i.0,) =T,
Va
54 :¢_¢d +k2(¢_¢d)

(32)

©¢_¢d:_k2(¢_¢d):¢=¢d (33)

Vi ¢, va ¢, khdng do tryc tiép dwoc tir cdm

bién. Do d6, ta phai duing @, va ¢, tr b wéclwong
(11). Qua d6, ta suy lai luat diéu khién méi tr hé
phwong trinh (31) nhw sau & hé phwong trinh (34):

_MT.Léb + ﬂ¢a¢ +Tr ¢a¢;i - IfaMlué - Mialu(gbaéa + gbbg;b ) - Mlblu (éag;b - gﬁbéa ) +Tr k2¢a/u (¢ - ¢d )

u = .
2 M«
| . ) Mad o . (34)
MTL(ba + ﬂ(/3b¢ +T, ¢b¢d -FEMug + Mia/u(éagbb - (bb¢a ) - Mlbﬂ(¢a¢a + ¢b¢b ) +T, kz(bb,u(¢ — @y )
u = .
’ Mag
Trong do A o S M, 1-
9 ¢=@i + @0 p=— (1.0, +i,@, ) —=¢.
- . K. 3~ Tr Tr
Fa:_y|a+_¢a+pK6¢b! . .
T, 3.3. Thiet ke BDK LQR cho hé RIPS
£ =i, +£¢b — pKéi,, | Mb hinh tuyén tinh c6 dang nhu sau:
T X = AX + Bu (35)

22
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Trong dé
N N T
x=[6, 6, 6, 6,],
x=[6 6 6, 6],
u=r,
Cac ma tran A, B duoc tinh nhw sau:

(06, 06, 06, o6, ]
a6, 6, 6, 96,
o6, o0, 00, 20,
A= 0 00 00 00, (36)
26, 06, 06, 06,
o6, 26, 06, o0,
o0, o6, 06, o6,
G0, 26, 20, 2,
06, |
ou
o0,
a| W
6,
ou
00,
L ou
Luat diéu khién LQR c6 dang nhu sau:
U =—Kgx (37)

Néu ta thay (37) vao T, trong (34) thi ta tinh
dwoc dién ap cap trén u, va u,twong rng trong
hé toa d0 af .

4. Két qua kiém nghiém trén mé phéng
4.1. Chuwong trinh mé phéng

Trong phan nay, nhém tac gia trinh bay vé
chwong trinh mé phédng ma nhom thwe hién cho
nghién ctru nay. SMC, SMO, LQR va RIPS v&i
déng co ba pha dwgc xay dwng cho nghién ctru
nay dwoec trinh bay chi tiét trong Hinh 2.

4.2. Két qua mé phéng

Vi bd thong sb tir Bang 1 va Bang 2, tac gia
chon ma tran trong sé ctia BPK LQR nhuw sau:
0 00O

o O O B
o O
o +—» O

0
0
1
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R=1
Ta st dung ham Igr(A,B,Q,R) ctia Matlab dé
tinh toan ra ma tran hdi tiép nhw sau:

Ke =[-1 —1.772 32.3456 8.456]

lgr

Tiép theo d6, ta thuc hién chon cac théng sb

sau:
8, =500,8, =500,8, = 2000,5, = 2000,
A =20,4, =10,
k, =10
pat ¢, =1.

CAc gia tri ban dau dwoc thiét 1ap dé phuc vu
cho viéc md phéng nhw sau:

O, i =—0.3;
0, i =0;
Hzim =0.2
6y iy =0;

Py e =0.3
Py it = 0.1

T Hinh 4, ¢, va ¢, dwoc bd quan sat bam
chinh xac dén ¢, va ¢, , sau d6 ca ¢,va ¢, duwoc
s dung dé tinh toan ngd ra u,va u, nhw & hinh 3.
Dé,p (rng ngd ra cla hé thdng trong H‘|’nh 3, cho
thay kha nang can bang cta hé con lac nguworc.
Ngoaira, ¢, =1 cling duwoc thé hién qua viéc quan
sat g, va ¢, , ta thay dwoc ¢, ~0 va ¢, ~1. Dién
ap cép trong qua trinh hoat dong dwoc trinh bay
trong Hinh 5.

5. Két luan

Trong bai bao nay, tac gia da trinh bay
phwong phap thiét ké bdé quan sat va BEK cua
dong co 3 pha. Ngoai ra, bd diéu khién cho RIPS
ciing dwoc trinh bay dé kiém chirng BPK va bd
quan sat ctia ddong co' 3 pha. Két qua cho thay s
hiéu qua ctia cac bd diéu khién va quan sat dwoc
trinh bay trong bai bao nay khi RIPS dwgc cén
bang tai diém can bang c6 gia tri 1a 0, va cac bién
trang thai khong thé do dwgc. Nhung trong nghién
clu nay, cac bién trang thai ciing duoc wéc luwong
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chinh x&c. Nghién ctu trong twong lai ciia nhém la ~ pha dé kiém ching va so sanh cac két qua thyc
xay dwng mé hinh phan cirng RIPS véi ddng co ba nghiém so v&i mé phdng.
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B sl ]
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bt o i
" phia I
ua o
=y, A o pat o
phib SNC output scope
E_‘“' I
T
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(e ]
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[la >——s B
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[T johia - ita22_do
E_"Nb m
] iphi_d Wl [ e
ﬂ et d . tetat_dot
phi_2d0t 8 4 w;:
2 S st > '..
E—Uml st b
lotat1 1] oia2 o
T ..mm phib
RIPS Output States
totaz2

Sliding Mode Control

K'u 2 »(la]
LOR £ M va T _-J

Hinh 2. Chwong trinh mé phdng diéu khién RIPS bang BDK dé xuét
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L&i cam on
Nhom tac gia xin gti I&i cdm on chan thanh
dén TS Nguyén Van Bong Hai, gidng vién B6 mon

Ty dong diéu khién, Khoa bién — bién t&, Trwong

Pai hoc Sw pham Ky thuat TPHCM da hé tro nhém

trong nghién ctru nay.
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