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Abstract

The rotary inverted pendulum is a typical nonlinear control system widely studied in the field of automatic control, and is
commonly used to test and evaluate various control algorithms. Due to its inherent instability and strong nonlinearity, control-
ling this system presents significant challenges, requiring effective control strategies to maintain the pendulum in the upright
equilibrium position. Numerous control methods have been applied to this system, including classical algorithms such as PID,
state feedback, and Linear Quadratic Regulator (LQR), as well as modern approaches like fuzzy control and model predictive
control (MPC). This study focuses on the design, simulation, and performance comparison of two primary controllers: LQR
and fuzzy PID. The control algorithms are validated through MATLAB Simulink simulations and real-time experiments using
the Quanser QUBE-Servo 2 module. Evaluation criteria include stability, adaptability, and sensitivity to disturbances. The
results show that the LQR controller delivers high performance with minimal oscillations and a short settling time, while the
fuzzy PID controller demonstrates better adaptability to varying environmental conditions and unexpected disturbances.

Keywords: Rotary inverted pendulum; LOR; Fuzzy logic control; MATLAB Simulink; Quanser QUBE-Servo?.

sir dung dé kiém tra va danh gia cac thuat toan diéu khién khac

Bang cac ky hiéu nhau. Do dac tinh khong on diph va phi tuyén manh, viéc diéu
khién h¢ thong nay dat ra nhiéu thach thuc, doi hoi cac chién

Ky hiéu Pon vi M6 ta lwoc diéu khién hiéu qua nhim duy tri con lac & vitri can bémg
Lp m Chiéu dai thanh con lic thang du’ng Nhiéu phu’o‘ng phap diéu khién da duogc ap dung

m, kg Khéi luong thanh con l4c cho hé thong nay, bao gom cac thuat toan klnh dién nhu PID,

r m Chidu dai canh tay quay phan hdi trang thai va diéu khién téi wu tuyen tinh (LQR),

m, kg Khéi lugng canh tay quay ciing nhu cac phuong phap hién dai nhu diéu khién mo va

K, Nm/A  Hing sb momen cia dong co dl?}l kl}1en du bao md hinh. Nghién ctru nay tap ‘trung'yao V}gc

K, Vs/rad Hing sb stc dién d dng cla thict ke, mo phong va so sanh chat lugng cua hai bg diéu khién

chinh: LQR va PID m¢. Céc thuét toan diéu khién dugc kiém

v, v dD(iIélI% ;g chp cho dong co DC chlk'rlpg th(;)lng qua m}(? phong bénngA('szAB Sl(rgn{}grllak gé thuéc
A g A nghiém thoi gian thuc trén mo-dun Quanser -Servo2.
Rom f IC');‘?H G phan ung cua dong Cac ti€u chi danh gia bao gém do on dinh, kha nang thich nghi
L H Pién cm ciia rotor dong co va d6 nhay v6i nhicu. Két qua cho thay bo dieu khién LQR
bm Nms/rad Hé sb ma sat twong dl.rorng cia mang lai hiéu nang cao véi dao dong nho va thoi gian 6n dinh
T canh tay quay ngan, trong khi bd di€u khién PID m& thé hién kha nang thich
b Nms/rad Hé sb ma sit twong duong ciia nghi tot hon voi diéu kién moi truong thay doi va cac nhicu
p con lc loan khéng mong muon
0 rad Goc quay cua canh tay quay A
a rad Goc quay ctia con lic 1. Gidi thi¢u
Tir vidt tit Con lic ngugc la mot bai toan kinh dién trong linh vuc ’di;éu
khién, dai dién cho h¢ phi tuyén va luon & trang thai mat 6n
LQR Linear Quadratic Regulator dinh. Viéc nghién ctru diéu khién con lic nguoc, khong ’chi
MPC Model Predictive Control mang y nghia hoc thuat ma con img dung trong nhicu h¢ thong
PID Proportional—Integral-Derivative thyc t6 nhu robot hai chan, xe ty can bang [1][2]. Trong nhiing

nam qua, nhiéu phuong phéap diéu khién di duoc dé xuat dé
6n dinh con lic nguoc nhu bo diéu khién LQR [3], PID kinh
dién [4], diéu khién mo [5], [6], truot [7], két hop diéu khién
mo va diéu khién truot [8], va didu khién du bao (MPC) [9].
Bai béo trinh bay mé hinh toan hoc ctia hé con lic ngugc quay,

Tém tit

H¢ con lic nguoc quay la mot he théng didu khién phi tuyén
dién hinh trong nghién cuu di€u khién tu dong, thudong duoc
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tiép theo 14 qua trinh thiét ké va danh gia chat lwong cua cac
b6 diéu khién duoc dé xuat 1 bo diéu khién LQR va PID mo
bang mo phong va thue nghiém. Phuong phap LQR cho phép
thiét ké bo dicu khién tuyén tinh toi vu bang céch ti thiéu hoa
mot ham chi phi bac hai, con diéu khién PID mo ¢6 vu diém
trong xur 1y phi tuyén va dé trién khai khi mo hinh hé thong
khong hoan toan chinh xac [10][11]. Céc cong trinh trudce day
da trién khai cac thuat toan néu trén chu yéu trong moi truong
mo phong hodc trén cac mo hinh thyc nghiém ty thiét ké. Mo
hinh thuc nghiém dugc st dung trong bai bao nay 1a mo hinh
con lac ngugc quay QUBE-Servo2 cua hang Quanser, day la
mot thiét bi chuan hoa va duoc st dung rong rai trong cac
phong thi nghiém diéu khién trén toan thé gidi [12].

2. M5 hinh toan hoc ciia con lic ngwoc quay

Heé con lic nguoc quay bao gdm mot thanh daiLp ddng chat
¢6 khdi luong my, gan trén mot dau thanh nam ngang dai r,
¢6 khéi lugng 1a m,., diu con lai cia thanh gin véi truc dong
co DC dat thang dimg. Géc quay cua canh tay don trén mat
phang ngang dugc ky hiéu 13 6 , trong khi goc quay cua con
lac quanh phuong thang dimg 14 a. Toan hé duoc dit trong hé
truc Oxyz nhu Hinh 1.

Hinh 1. H¢ con lic nguoc quay.

Phuong triph dong luc hoc cho hé con lic ngugc quay dugc
xac dinh bang nguyén ly Euler-Lagrange:

L(g®),q®) = K(q®),q@®)) — P(q(®)) (1

V6i K 1a dong ning ciia hé, phu thudc vao ca vi tri g (t) va toc
d6 ¢ (t) cua hé, P 1a thé nang ctia hé va chi phu thudc vao vi
tri cua h¢. Nhu vay de xdy dyng md hinh toan hoc cho hé con
lic nguoc quay, ta can tinh thé nang P va dong niang K cua hé
va mé hinh héa cho ca dong co DC dé tinh mé men 7.

Ta co phuong trinh vi tich phan cho dong co DC theo dinh
luat Kirchoft:

dipy

m gy - Kn,0=0 2)

Vi — R — L

Gia s d6 tw cam cua dong co L, rat bé so vai dién tré R,
khi d6 ta c6 thé bd qua thanh phan dién cam, mat khac, ta lai

¢6 T = K,i,, hay i, = K— thay vao (2)
t
ta duoc:
K .
T =—(Vp — Kp6) 3)
Ry,

2.1. M hinh cho h¢ canh tay va con lic ngwgc

Trude tién ta cin xac dinh céc toa do va tbe do gbc cho hé.
bit cac hé tryc toa do 1én canh tay va con lac nhu Hinh 1
Trong tdm con lac nam & chinh gitra thanh, cach canh tay quay

~ 5 L A ~ 2z ~
mot khoang [ = 7’7, toa dd cua trong tdm con lac theo hé toa

d6 Oxyz la:

0G, = rcos(8) — lsin(a) sin(0)
0G, = rsin(0) + lsin(a) cos(6) 4)
0G, = lcos(a)

Do canh tay quay chi quay theo phuong ngang nén thé ning
cua hé chi phu thudc vao do cao cua trong tdm con l4c. Chon
mdc thé ning tai vi tri ma trong tim con lic xudng thdp nhat
(a=0,z=-I),taco:

P =m,gh = m,gl(1 — cos(a)) Q)

Pong ning ciia hé bao gdom dong nang cua canh tay don quay
va dong nang cua thanh con lic. Trong do6, chuyén dong cua
con lic bao gdm ca chuyén dong quay quanh khép ndi va
chuyén dong tinh tién do bi kéo theo quy dao tron cua canh
tay don. Do do, téng dong ning cua hé dugc tinh boi:

K=K, +K, (6)

Trong do:
K, 1a dong nang cua canh tay quay:

1 .
= EJTHZ (7)

K, la dong ning ctia con lic, bao gérq dong néng quay quanh
truc ctia chinh n6 va ddng néng tinh tién do chuyén dong cting
v6i canh tay:

1 1 .
Kp = E]pdz + Emp(TZBZ + lzdz
+120? sin?(a) + 2m,rl0d cos(a)) ®)

Véi ., I 1an lwot 14 mé men quan tinh twong dwong cua tay
quay va con lic; J, duoc tinh tir truc quay dong co dén dau
canh tay, con J, dugc tinh tir dau tay quay den tdm con lac:

1
]r = gmrrz
9)

Jp = mpl2
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Ta c6 thé viét lai du6i dang ma tran, ta dugc phuong trinh x =Ax + Bu

A A < _ (19)
dong hoc cho hé con lac ngugc quay: y=Cx+D

M, (6 &+ My[6 ] + My = Myu (10)

Tin hi¢u di€u khién u 1a dién ap dat vao dong co V},,, cac ma
tran M, M,, M5, M, duoc xac dinh boi:

M. = Jr +myr® + my,l?sin*(a)  myrl cos(a) "
r m,rl cos(a) Jp +my,l? (i
r K,
b, + myl%sin(2a) a + ; = —m,risin(a) d]
M, = 1 | (12)
| —Empl2 sin(2a) 6 b, |
[ 0
Ms = _mpglsin(a)] (13)
Kt
M, =R, (14)
L 0
Giai phuong ta thu dugc nghiém c6 dang:
q = 0] = mit (M2 9] - M5 + )
. a 9 a (15)
O day,
A = det(Ml)
= JiJp + Jrmpl? + Jymyr? + J,m,1? sin®(a) (16)
+m31*sin? (@) —mZr*1*cos*(a)
+ m,l2 —my,rl
. Jp +m, m,rl cos(a) (17)

—myrlcos(a) J, +myr? + my,l?sin®(a)
Nghiém giai tir phuong trinh vi phan (15) chinh 1a8 m6 hinh

dong hoc cho hé con lac ngugc quay.

2.2. M hinh tuyén tinh

Tir md hinh phi tuyén (15), dat bién trang thai cua hé thong
x=1[qq]" =[0abd], khids:

. q

*= [Ml_l(_MZq - M3 + M4—u) (18)
A _ fl(x'u)

2 ree) = [0

Khi hé 6n dinh quanh vi tri cao nhat coa con lic
(x =x, = [0 00]",u = uy = 0), st dung khai trién chudi
Taylor dé tuyén tinh hoa mé hinh quanh diém lam viéc.

Vi bién trang thai:

X=x—xy= [H(a—n)éd]T
Bién dduray = [0 a]” va tin hiéu didukhién t = u = V,,, ta
¢6 mo hinh khong gian trang théi tai lan can diém x = x, =
[0700]" hay £ = £, = [0 00 0] la:

Vi A, B, C, D 1anhiing ma tran tuyén tinh dugc biéu dién theo
cac cong thire sau:

0 0 1 0
4 O "1 1o o o 1 20
TSl MM T 0 Ay Ay 4y GO
1 0 Ay Az Au
0
5 o 1_]0 1)
h [M1_1M4] B;
B,
1 0 0 0] . 10
c=lp 1 o oh2=lol 22)
Trong do:
3 mg gri? _
32 — AO g
K.K
—(J, + myl?) (br + 15—7:")
Ags = A
0
Ay, = —myrlb, Y= mpgl(]r + mprz)
Ao ! AO
KK
—myrl (br + R, )
0
K, 2
A - b, +mpr2).B =m(]p +myl )
44 AO »P3 AO )
g—tmprl
B, = mAO Do = Jrlp + Jrmpl? + Jymyr?

So d6 khdi mé hinh khong gian trang thai cua hé duoc thé
hién trong Hinh 2.

A 4
=

{*)
uit) Yit)

¥
m

(+)

Hinh 2. So db khéi mé hinh khéng gian trang thai.

3. Thiét ké b diéu khién cho con lic ngwoc
quay

B diéu khién con lic dugc chia thanh hai phan giai doan 1a
giai doan tang nang luong (Swing-up) va giai doan 6n dinh
(Stablization):

- Giai doan Swing-up: Trong giai doan nay, bo diéu khién
s& tap trung lam ting nang lugng cla con lic (tong dong
nang va thé nang) dén mdc nang lugng tham chiéu bang
cach cung cép md men luc tac dong vao h¢.
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- Giai doan én dinh: Khi con lic dén gﬁn vi tri can bﬁng
(g6c nghiéng so v6i phuong thang ding < =20°), b dicu
khién Swing-up duoc chuyén sang mot bo didu khién can
béng 6n dinh nhu LQR, PID mo.

- Nguyén Iy hoat dong ciia thuat toan c6 thé mo ta qua so
db Hinh 3.

Hé con lac
NgUrgC quay

¥

Diéu khién
cdn bang

Biéu khién
Swing - up

Hinh 3. So d cdu tric diéu khién Swing-up cho hé con lic nguoc.

B didu khién Swing-up dong vai trd dua con lic tir trang thai
thip nhit 1én gan vi tri cn bang khong 6n dinh. Trong mo
phong, ngudng chuyén mach giira ché d6 Swing-up va can
bang duoc dit tai o < 20°, ddy 1a gi6i han gitp dam bao con
lic da dat du nang lugng dé chuyén sang giai doan can bang.
Trong cac nghién ciru gan day, mot hudng tiép can méi 1a sir
dung bd chuyén mach mé, trong d6 ty 18 dong g(’)p gilra
Swing-up va cin bang (LQR hodc PID md) dugc diéu chinh
muot dua trén goc o va tc do goc clia con lic. Cach nay giup
giam rung lac tai bién gioi chuyén ddi va cai thién kha ning
thich nghi véi nhidu. Pay 1a mot huéng nghién ctru mé tiém
ning co thé trién khai trong twong lai.

3.1. Thiét ké bd diéu khién Swing Up

Dé dua con ldc tir vi tri treo xudng 1én vi tri thang dimg, nhiéu
chién luge didu khién da dugc nghién ctru va ap dung. Mot
trong nhiing phuong phap pho bién 1a diéu khién nang luong,
trong d6 nang luong toan phan cia con lic duge diéu chinh
dé dat gi tri twong tmg véi trang thai can bang thing dung.
Phuong phap nay dugc trinh bay chi tiét trong nghién ctru cua
Astrom [13][14]. Trong mot nghién ctru khic, Wiklund,
Kristenson va Astrém d giéi thiéu mot chién luge mai dé dua
con lc 1én vj tri thang dimg bang cach sir dung phan hoi dé
diéu khién nang lugng cla con lac, dat gia tri tham chiéu cho
nang lugng tiém ning twong ing vai vi tri thang [15]. Ddi véi
con lic ngugc quay (rotary inverted pendulum),
Sukontanakarn va Parnichkun da phat trién mot hé théng diéu
khién t6i wu thoi gian thuc, sir dung md hinh co hoc dya trén
phuong phap Euler-Lagrange va thiét ké thuat toan diéu khién
dé tw dung va can bang con [16]. Quy wéc goc quay thanh con
lic & > 0 theo chiéu ngugc chiéu kim dong hd, méc thé ning
tai vi tri thip nhét ciia con lic (a = 0,z = —1) phwong trinh
dong luc hoc cua con lac dua trén can béng moémen lyc la:

Jpd + myglsin(a) + myul cos(a) = 0 23)

Ning luong toan phan:

1 24
E=K,+P =§]pa2+mpgl(1—cos(a)) 24

Phuong trinh(24) cho thay su bién thién cua ning luong con
lic ty 1& voi gia tdc kich thich tir canh tay, do d6 co thé didu
khién nang lugng ciia con lic dén gia tri mong mudn E,. bang
bo diéu khién ty 18 k:

u=k(E —E,)cos(a) a (25)

Trong do, k 1a tin hiéu diéu khién va c6 thé diéu chinh, gia tri
nang luong mong mudn E, duge chon tuong ing véi vi tri ma
con lac nam trong khoang |a — 7| < 20°so véi vi tri cao nhét.
Ta dinh nghia ham Lyapunov:

V=2 (E-EY 6)
Pao ham Lyapunov ta cé:
V =(E-E)E =-mylcos(a) a(E — E,)u (27)
Thay bd diéu khién (25) vao(27) thi
V = —kmyl(E — E,)? cos?(a) a* (28)

V < 0 khi cos(a) @ # 0, nhung do con lic khong thé ding
yén tai @ = +£90° nén bo diéu khién vin c6 thé dua ning
luong dat gia tri mong mudn E,. Dé nang luong thay doi
nhanh hon ta c¢6 thé st dung ham sign(cos(a) a thay cho
cos(a) a. Luat diéu khién (25) tré thanh:

u = k(E — E,)sign(cos(a) &) (29)

Tuy nhién, ham dau c6 thé 28y ra hién tuong rung (chattering)
khi tin hidu d6i ddu véi tan s cao, ta c6 thé lam giam hiéu
Ung nay voi ham bao hoa sat:

u= satumax(k(E — E,)sign(cos(a) d)) (30)

Diéu khién bao hoa gitp thay doi chdm khi sai Iéch nho va
nhanh khi sai 1égh lon Khi con lac ding yén (a'=0), can kich
thich ban dau dé bat dau di¢u khién Swing-up.

3.2. Thiét ké b diéu khién can bing cho con lic nguoc
quay

3.2.1. B¢ diéu khién téi wu LOR
LQR Ia thudt toan phéan hoi trang thai t0i wu, tim ma trin K dé
toi uu chi tiéu chat lugng J. M6 hinh hé trong khong gian trang
thai:
{J'C = Ax + Bu (31)
y=Cx+Du
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, _ .« 1T _ T _ , n k k2 37

Trong d6, x = [0 a8 d]| ,y = [0 a]",u = V,,, cac ma tran ko= b _ b 37
A, B, C, D dugc xéac dinh theo. YoaT,  aky

Chon b dieu khién phan hoi trang thai K = [ky ky ks ka], ta
¢0 luat diéu khién:

u=-—Kx (32)
Ham muc tiéu can téi uu:
1 (o]
J = Ef (xTQx + xTKTRKx)dt
0 (33)

1r® 1r®
= —f xT(Q + KTRK)xdt = —f xTSxdt
2 0 2 0

B diéu khién t6i wu duoc x4c dinh boi phuong trinh Riccati:
PBR™'BTP —PA—ATP =(Q (34)

3.2.2. B¢ diéu khién PID mo

H¢ mo cai thién do chinh xé4c diéu khién ma khong can diu

chinh tryc ticp tham so PID [17]. So do hé thong dicu khién

st dung bd PID mo thé hién trén Hinh 1.

Hé chinh dinh
mér

/

rit) B digu khién

PID
=

Hinh 4. So db b diéu khién PID mé

t i
I-H".]'“I.= 'f':]*

Boi trong

Bo diéu khién PID md 1a mot bo didu khién mo lai trong do
b6 diéu khién khong truc tiép tao ra tin hiéu diéu khién ma né
phan tich cac tinh chat cta sai 1éch dau vao va tir day dua ra
chién luoc didu khién cho bd PID. Xét tin hiéu diéu khién cua
mot b PID:

u(t) = k, <e(t) +%f e(t)dt + m(t)) 33)

4

Khi d6, dau vao ctia hé mo 1a sai 1éch e(t) va dao ham sai 1éch
é(t) va dau ra cia hé mo 1a cac thong sé P va D cua bo diéu
khién. Khi cac thong s6 P va D cua bo diéu khién dugc chinh
dinh trong khoang [kpmins kpmax ) [Kamin Kamax], dé d&
mé hoa cac dau ra, ta co thé chuén héa cac gia tri trén vé
khoang [0; 1]:

k,—k

p= 1 pmin
kp,max - kp,min (36)
kd - kd,min

d

kd,max - kd,min

Vi ky, kg 1a cac tham s6 ctia by PID. Pat a = T; /Ty, ta ¢
hé sb cho khau tich phan cuiia PID duoc tinh bang:

Gia su pham vi cia sai 1éch dau vao e va dao ham sai léch dau
vao de di dugc chuan hoa trong khoang [-1;1]. Chon ham lién
thudc 1a ham dang tam giac trimf, cac tap mo xay dung cho
dau vao c6 dang duogc biéu dién trén Hinh 5 :

LA
0 P3 P FB

®wow

NE NM NS

o ow s

.1

: 3 -
% = e hodc
¥ =de

Hinh 5. Cac ham lién thuc mo hoa gia tri dAu vao ctia hé mo

-1 =23 -3 0 13 213 1

Céc du ra p va d cta hé dwoc mo héa bang hai tdp mo S va
B lan luot dai dién cho gia tri nho va 16n cua tham so diéu
khién PD va ¢6 ham lién thudc nhu Hinh 6:

1
ps(x) = =7 In(x) )

1
pp(x) = —7In(1 —x)

F Y

ol

1

Hinh 6. Cac ham lién thudc cho dau ra hé mo

Ta dinh nghia cac ludt mo cho hé:

R;: NéuelaE; vadelaDE; thiplaP;,dlaD;vaalaA;
Trong d6, i = 1,m, cac tip md E;, DE; nhan cac gia tri ngdn
ngit NB, NM, NS, ZO, PS, PM, PB tuong tng véi cac trang
thai am, x4p xi 0 va dwong ctia cac bién dau vao. P;, D; 1a cac
tap mo dau ra theo mé hinh mo Mamdani c6 ham lién thude
nhu Hinh 7. A; 14 mot hang sé véi u 4;(a) 1a ham lién thudc
16 theo m6 hinh mo Sugeno:

i

2 3 4 5

Hinh 7. Ham lién thudc cho a.
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Bang 1. Ludt didu khién mo cho tham s6 p

DE
NB [ N\M | NS [ zo [ PS | PM [ PB

NB B B B B B B B

NM S B B B B B S

E NS S S B B B S S
70 S S S B S S S

PS S S B B B S S

PM S B B B B B S

PB B B B B B B B

Bang 2. Luét didu khién mo cho tham s6 d
DE

NB [ N\M | NS [ zo [ PS | PM [ PB

NB B B B B B B B

NM S B B B B B S

E NS S S B B B S S
Z0 S S S B S S S

PS S S B B B S S

PM S B B B B B S

PB B B B B B B B

Bing 3. Luét diéu khién mo cho tham s6 a
DE

NB [ NM [ NS [ zO [ PS [ PM | PB

NB 2 2 2 2 2 2 2

NM 3 3 2 2 2 3 3

E NS 4 3 3 2 3 3 4
Z0 5 4 3 3 3 4 5

PS 4 3 3 2 3 3 4

PM 3 3 2 2 2 3 3

PB 2 2 2 2 2 2 2

Viéc lua chon céu trac bd didu khién PID mo va xay dung cac
lut hop thanh nhu trén duoc dya trén déc diém ciia hé con lic
ngugc quay — mot hé phi tuyén, khong 6n dinh va nhay cam
voi nhleu va sai s6 mo hinh. Thay vi thiét 1ap cac thong sb
PID ¢4 dinh, PID m& cho phép linh hoat diéu chinh cac tham
s6 diéu khién dya theo sai léch ddu vao va téc do bién thién
cua no6. Cac luat mo dugce xay dung tu kinh nghiém chuyén
gia va tai liéu tham khao [6], trong d6 phan anh tryc tiép mdi
lién hé gitra trang thai hé théng va cac tham sé diéu khién
mong mudn. Chang han, khi sai 1éch 16n va thay d6i nhanh (vi
du, e va de déu 1a PB hoic NB), hé théng can phan rng manh
m&, nén gia tri cia tham s P va D phai 16n (tap mo B) dé dam
bao dap ung nhanh. Nguoc lai, khi hé théng gin diém can
bang (e va de gin ZO), can diéu chinh nhe dé tranh dao dong,
nén tham s diéu khién giam (tdp mo S).

Viéc su dung cung cAu tric luat mo cho ba tham s6 diéu khién
p, d va o duoc lya chon nhim don gian hoa thiét ké bo diéu
khién va giam d¢ phiic tap tinh toan cua hé théng Maic du
pham vi hoat dong va anh hudng cua timg tham s0 1a khac
nhau, nhung vé ban chat hanh vi phan ng mong muén cua
hé thong van dya trén moi quan hé giira sai léch va dao ham
cua sai I¢ch. Do do, viéc ap dung cung mat tép luat voi ngir
nghia diéu khién tuong dwong van dam bao hiéu qua kiém
soat hé trong cac diéu kién thay doi.

Qua hé mo chinh dinh tham s, ta thu dugc cac tham sb p,d,a
1a cac gia tri dugc chudn hoa cua cac théng s6 b diéu khién
PID. Tt @6 ta tinh dugc cac tham s6 cho bo PID la:

kp = (kp,max - kp,min)p + kp,min

kq = (kd,max - kd,min)d + kd,min 39
k2
k; = P
aky

Hé con lic nguoc quay c6 mé hinh phi tuyén phirc tap va nhay
cam v6i nhidu, gdy khé khin trong viéc xac dinh chinh xic
tham s PID. Viéc bd sung bo dicu khién mo gitip chinh dinh
tham s6 d& dang hon bang cich xac dinh khoang gié tri thay
vi tim thong s6 cu thé. Hé mo can déng thoi chinh dinh cho
hai bo PID, dén dén s6 lurong ludt mo 16n, 1am giam hiéu sudt
tinh toan. Dé tbi uu, ta str dung hai hé mo riéng biét cho goc
canh tay va goc con lac, giam dang ké s6 ménh dé can xir ly
(Hinh 8). Céch tiép can nay gilip giam tai tinh toan ma van
dam bao chat luong diéu khién.

Bd diéu khién
goc tay quay
*

kpT. ki1 kdT

Y

u  |Hécon l&c
Hé miy NQUgc
N quay -
g, | kp2 ki2 kd2 o

vy

Bo didu khién

o £
A T;{_) goc con lac

Hinh 8. So db b6 chinh dinh m¢ cho hai bd diéu khién.

Dé diéu khién ddng thoi ca vi tri ctia canh tay va goc 1éch cua
con lic, thuong thiét ké hai bo diéu khién riéng biét. Bo didu
khién vi tri canh tay (ARM) dé diéu chinh vi tri cua canh tay,
con bo diéu khién goc con lic (PEN) dé Diéu chinh goc léch
ctia con lic dé gitr n6 & vi tri thing dung. Tuy nhién, do chi c6
mot tin hiéu didu khién chung (mé-men xodn dau vao cho
dong co), hai tin hidu diéu khién tir cac bo diéu khién nay phai
duoc két hop thanh mét tin hiéu duy nhét. Thuc té cho théy,
khi cdp mot mo-men xodn dé canh tay quay theo mot hudng,
con lic c6 xu huéng nga vé phia nguoc lai. Didu nay cho thdy
hai tin hiéu diéu khién c6 anh hudng trai nguoc nhau trén cliing
mot hé quy chiéu. Do do, trong thiét ké diéu khién, tin hiéu
diéu khién tong hop duoc xac dinh bang cach trir tin hiéu diéu
khién ctia con lic khoi tin hiéu diéu khién cua canh tay[11]:
u(t)= upen(t)- uarm(t)

Biéu thirc ndy dam bao ring tac dong cua hai bo didu khién
duoc két hgp mot cach hop ly d€ diéu khién hiéu qua toan bo
hé thong.

4. Két qua khao sit va thao luin
4.1. Két qua mé phéng
4.1.1. B¢ diéu khién Swing-up

Theo (30), ta c6 bo diéu khién Swing-up cho con lic:

u= satumax(ke(E — E,)sign(cos(a) d))
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V6i k, 1 tham s6 can chinh dinh cta bo diéu khién, ta chon
nang luong tham chiéu E, = 2m,gl = 0.0304(J) 1a ning
lugng cua con lac tai vi tri cao nhéat (a =m), gidi han
umax = 6 (m/sz) 1a gia tbc tdi da ma dong co cung cip &
dién ap £10V. ‘

Hinh 9 biéu dién so d6 khdi thuc hién bo diéu khién Swing -
up trong Simulink

=)
- =
=L =

Hinh 9. So db bd diéu khién Swing-up trong Simulink

Tai du ra w(V) cia bdo Swing-up duoc cong thém tin hiéu tir
mdt khoi “Impulse” ¢6 nhiém vu tao mot xung dién ap ban
dau dé khdi tao cac gia tri trang thai khac 0 cho by Swing-up.

4.1.2. B§ diéu khién LOR

Thay céc thong sé cia mo-dun Quanser, ta dugc phuong trinh
trang thai cua hé:

x =Ax + Bu
0 0 1 0 6 0
_ |0 0 0 1 al . 0 u
0 149.28 —-12.03 —-0.49||6 49.73
0 26161 -11.89 -—-0.86]la 49.15

B diéu khién t6i wvu LQR ciia hé c6 dang:

u=-K(—x)
Trong d6 K = R™'B” P, P 1a nghiém cua phuong trinh dai s6
Riccati.

Dé tinh K ta c6 thé st dung ham lqr duogc tich hop sin trong
Matlab. Chon cac ma tran cho ham chi phi la:

Q:

S o oo
o O - o
O = OO

Ta c6 bo dicu khién:

K =1qr(A,B,Q,R) = [-2.45 39.24 —-1.82 3.47]
B dicu khién LQR dat chat lugng t6t, gitp hé thong nhanh
chong dat trang thai can bang véi thoi gian qué d6 ngén va it
dao d@ong (Hinh 10). Tuy nhién, LQR hoat dong dua trén mo
hinh tuyén tinh hoa, vi vay khi hé théng c6 bién dong hoac phi
tuyén manh hon, chét lugng cé thé giam.

Viée sir dung ma tran Q co trong ) tuong ng vdi sai 1éch
goc canh tay cao, chat luong di€u khién cua canh tay it dao
dong quanh di€ém cén bang hon.

Pap (rng goc canh tay khi diing cac bd digu khign

Bigu khign mor
= = =Pieu khién LOR
.
B
=
cC
LI
el
L)
150
. 10 . 20
Thiri gian (giay)
(a) Goc canh tay
Pap (mg goc con lac nguwe khi ding cac bd digu khign
200
150 r- Bigu khign mir
100 = = =Digy khien LOR
5]
i
= |
o
N
&
l.\.\ “
150

]

2 4 6 8 W0 12 14 6 1B 20

Thot gian (giay)

(b) Goéc con lic

Hinh 10. D4p img hé kin mé phong ciia b diéu khién LQR va PID md
4.1.3. B¢ diéu khién PID mo

Bo diéu khién PID md 1a mot bo diédu khién mo lai trong do
hé mo khong truc tiép tao ra tin hiéu diéu khién ma phéan tich
cac dic tinh cta sai 1éch diu vao dé dua ra chién luge diéu
chinh cac tham s ctia bo PID. Trong Matlab, ta c6 thé xay
dung hé mo bang coéng cu Fuzzy Logic Control Toolbox va
trién khai né trén Simulink dugc biéu dién & Hinh 11.
Ta xac dinh cac pham vi cho cac tham s6 kp o Kpas Kaoi Kaa
bang phuong phap thuc nghiém véi:

kpo € [0; 1.5]; ko € [30 40]; kyp € [0.5; 3]s kg € [2; 4]
Pham vi cho ddu vao cho sai léch géc con lic la
[—20 *——; 20 % —

180 180 ,

dong khi goéc con lac nho hon 20 d6 so voi phuong thang ding
hudng 1én. Pham vi cua goc canh tay dugc chon la [—m; ).
Chon cac gia tri dat cho hé la: [6, a,] = [0 0]
Bo diéu khién PID md c6 thé can bang con lic tai vi tri thing
dung hwuownsg 1én trén. So sanh véi bo diéu khién LQR, ta
thdy dic tinh diéu chinh mo khong c6 dao dong tai gan vi tri
0, cua canh tay, tuy nhién h¢ co6 thoi gian xac 1ap cho canh
tay quay dai hon so véi khi dung bo diéu khién truyén thong.

] do b6 didu khién cin bing chi hoat
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Hinh 11. M6 hinh b chinh dinh m¢ trén Matlab Simulink.

PID mo ¢6 kha ning thich nghi tot hon véi cac thay doi cua
hé théng nho vao viée ty dong diéu chinh tham sé PID theo
tinh trang thyc té. Tuy nhién, thoi gian qua do dai hon va do
qué diu chinh cao hon so v6i LQR (Hinh 10.). Bo diéu khién
PID m¢ phtt hgp hon trong méi truong cé su thay d6i tham sé
hé thong hodc nhidu khong xac dinh.

4.2. Thuc nghiém trén mo-dun Quanser QUBE-Servo2

Thyc nghiém dwoc thyc hién de kiém chimg két qua mo
phong trong moi trudng thuc té voi cac yéu to nhu ma sat,

nhidu cam bién va tré tin hiéu diéu khién. B diéu khién LQR
cho thiy dép mg nhanh, it dao dong va duy tri trang thai can
bang hiéu qua, dic biét 1 trong méi trudng it nhiéu (Hinh 12).
Tuy nhién, bo PID mo thé hién kha ning thich nghi t5t hon
v6i sy thay doi cua hé théng, nhung thoi gian 6n dinh lau hon
va c6 dao dong trong giai doan qua d6 (Hinh 13). Mot yéu to
quan trong can xem x¢t la kha nang trién khai trén phan clng
nhiing. LQR sir dung phan hdi trang thai tuyén tinh, ¢ thé
tinh toan nhanh va phit hop voi hé thong thoi gian thyc. Trong
khi d6, PID chinh dinh md yéu cdu nhiéu phép toan logic mo,
¢6 thé 1am tang thoi gian xir 1y trén cac hé thong co tai nguyén
han ché.

Céc tham sd chuén hoa cho dao ham sai 1éch ctia dau vao duge
do tir toc do quay tdi da ctia canh tay va con lac, thé hién trong
Hinh 14. Viéc thay doi cac thong sé chuan héa ciing lam anh
huong dén chét lugng diéu khién cua hé thong: Néu xac dinh
pham vi cho c4c tham sé kpo; Kpas kao; kaqo khong chira gia
tri tbi wru cho bo diéu khién PID, dap tng ctia hé co thé khong
t6t (con lac va canh tay bi dao dong). Van con hién tuong rung
tai qué trinh qua do cua hé khi con l4c tién gﬁn t&i vi tri can
béng do tham s6 b m¢ chua duge chon du tot.

So voi m6 phong, thoi gian qua d§ dai hon va dao dong tang
1én. Piéu nay co thé do tré tinh toan cua thuat toan mo hodc
nhiéu trong hé théng thuc té. Mic dii ¢6 dao dong nho, b diéu
khién nay van thé hién kha nang thich nghi t6t hon véi su thay
d6i cua hé thong. Két qua hoan toan gidng vai tai lidu [6][8].

Khac v6i cac nghién ctru [6](8]] chi dimg lai ¢ m6 phong trén
MATLAB Simulink, bai bao nay d trién khai truc tlep trén
mo-dun phin cimg QUBE-Servo2. Nhé dé, cac yéu t6 nhu tré
diéu khién, nhiéu cam bién va ma sat co hoc da duogc dua vao
phan tich, cho két qua thyc té sat hon v6i diéu kién van hanh
that. Diéu nay minh chimg cho kha ning ap dung cua bo diéu
khién vao méi trudng thuc té, nang cao gia tri img dung cua
nghién ctru.

Gac canh tay (da}

10 15

Thai gian (giay)

(5 =

(a) Goc canh tay

Goc con |ac (do)

53]

10 15

Thaoi gian (gidy)

(b) Goc con lic

Hinh 12. Pap tng thuc nghlem cta con lc véi bo didu khién LQR.

100

5]
=]

]

Goc canh tay (da)

1]

10 15
Thiri gian (giay)
(a) Goc canh tay

=]
C

Gac con lac (da)

=il

Cffset=0

Hinh 13.

10 15

(b) Goéc con lic

n

%]
-

Dap tmg thyc nghiém ctia con lic véi bd didu khién PID mo.
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Hinh 14. Téc d6 goc ciia canh tay va con lic.
5. Kétluian

Nghién ctru nay da thyc hién thiét ké va so sanh hai b diéu
khién LQR va PID mo cho hé con lic nguoc quay. Két qua
nghién ciru cho thdy bo diéu khién LQR ¢ uu diém veé thoi
gian dap tng nhanh, it dao dong va chiu nhiéu tdt, gitp hé
thdng nhanh chong dat trang thai can bang. Trong khi d6, bo
PID mo thé hién kha nang thich nghi tét hon véi sy thay dbi
thong sb, nhung thoi gian on dinh lau hon va ¢6 d6 qué diéu
chinh cao hon. Mgt hudng nghién ctru quan trong trong tuong
lai 12 phat trién cac phwong phap diéu khién két hop, ching
han nhu tich hop LQR véi diéu khién thich nghi hodc thuat
toan toi ru hoa nhim nang cao hiéu suit tong thé. Ngoai ra,
viéc nghién ciru cac thuat toan giam bat do phirc tap tinh toan
clia bo didu khién mo s& gitip cai thién kha ning trién khai
trén hé thong thoi gian thyc.
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