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Tom tat - Vi dién tich tiép xtc gilva robot va mét dét nhé, kha nang
chuyén dong da hwéng va ddi hwéng nhanh ma khéng can xoay
than, robot can béng trén qua cau phu hop véi cac khong gian lam
viéc chat hep. Robot nay vén di khong 6n dinh nén phai ludn dwoc
gi® can béng mét cach chi dong. Trong bai bao nay, hai bo diéu
khién (b6 diéu khién PID va b diéu khién LQG) dwoc so sanh, danh
gia dé lwa chon ap dung cho nguyén mau robot can bang trén qua
cau duoc thiét ké va ché tao tai Khoa Co khi, Trwéng Dai hoc Bach
khoa, Dai hoc Da N&ng. Chét lwong clia cac bd diéu khién dwoc
danh gia thong qua mé phdng véi cac didu kién hoat dong khac
nhau. Cac két qua cho thy b diéu khién LQG c6 chat lwgng tét hon
(thoi gian dap trng, thoi gian xac 1ap nhanh hon) b diéu khién PID.

Tir khéa - robot can bang trén qua cau; thiét ké diéu khién; PID;
LQG; bd loc Kalman.

1. Pat vin dé

Robot can bang trén qua cau (Ball Balancing Robot —
BBR), con goi 1a Ballbot theo tén nguyén miu dau tién
duoc nghién cuu ché tao [1]. bay la loai robot di dong
gdm mot qua cau (bong) va mot robot can bang trén dau
qua cau d6 bang cach 14i cac banh ctia n6 theo hudng thich
hop dé tranh ngd d6. Trai ngugc voi cac robot di dong
truyén thong von dya vao trong tim thap va chiéu dai co
so (wheel-base) 16n dé giit robot dimg thing, robot can
bang trén qua cau von di khong 6n dinh nén phai luén
duogc giit cAn bang mot cach chu dong [2] (tire phai luén
diéu khién cac banh). Ngoai ra, cic robot di dong bang
béanh truyén théng thuong c6 hai banh lai doc 1ap (vi du
Segway) co thé xoay quanh diém bat ky, nhung khong thé
d6i huéng di chuyén ngay lap te. Han ché nay duoc khéc
phuc béi robot can bang trén qua ciu, ching co thé thyc
hién chuyén dong da huéng nhanh ma khong can thay doi
huéng cua cac banh xe (khoéng can xoay than) [3]. Uu
diém nay gitip robot tranh va cham khi lam viéc trong cac
khong gian chat hep.

Nhiéu nguyén mau BBR da dugc thiét ké va ché tao.
Nguyén mau ddu tién dwoc phat trién vao nam 2006 tai Dai
hoc (PH) Carnegie Mellon (CMU) c¢6 kich thude tuong
duong ngudi that voi muc dich tuwong tac vdi con nguoi.
Robot nay c6 mot co ché 1ai kha phirc tap gdm 4 con lin
(roller) chu dong va mot hé thdng 14i nhim thuc hién
chuyén dong xoay theo truc doc. Nam 2008, BH Tohoku
Gakuin (TGU) di phat trién mot nguyén miu BBR khac
nho hon so véi nguyén mau cia CMU, ¢ thé thyc hién cac
chuyén dong tuong tu (bao gdm chuyén dong xoay quanh
truc doc) chi voi 3 dong co ndi voi 3 banh xe da hudng
(omni-wheel) dé 1ai qua bong [4]. PH Adelaide xay dung
mot BBR c6 hai banh xe dé 14i bong sir dung b kit LEGO
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inherently unstable , so it must always be actively balanced. In
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Mindstorms NXT va cac khéi LEGO vao nam 2009 [2].
ETH Zurich vao nam 2010 ciling phat trién nguyén mau
BBR tuong tu cua TGU. Nguyén mau Rezero cua ETH
Zurich c6 d6 bén viing dong (dynamic robustness) cao, c6
thé dat duoc toc do dén 2 m/s va goc nghiéng 20° [5]. Gan
day, c6 thém nhiéu nguyén mau BBR duoc thiét ké va ché
tao [6, 7, 8, 3].

Pé BBR c¢6 thé thuc hién cac chuyén dong phuc tap &
tde do cao, nhiéu chién luge didu khién khac nhau duogc dé
xuét: diéu khién PD [4], PID tu chinh mo [9], PID tang [5],
PID ting tich hop co cdu bu feedforward [10], ciing nhu
diéu khién mo [11], diéu khién toan phuong tuyén tinh
(Linear Quadratic Regulator - LQR) két hop véi mot khau
tich phan [2] dwoc dé xuét dé diéu khién BBR.

Tuy nhién, theo hiéu biét cia nhom tac gia thi chua
nhiéu nghién ciru d& cap dén viéc ing dung bd diéu khién
Gaussian toan phwong tuyén tinh (Linear Quadratic
Gaussian - LQG) vao diéu khién BBR. B diéu khién
LQG la mot truong hop cu thé cua LQR, trong d6 bo loc
Kalman dugc sir dung dé uée lugng trang thai cua hé
théng. Trong bai bao, bd diéu khién LQG duoc thiét ké
va danh gia hi¢u nang, thong qua mo phong, véi mot b
diéu khién c6 dién 1a PID.

2. Mb hinh hoa hé thong
2.1. Nguyén méu robot

Lay cam hing tr Rezero cia ETH Zurich, nguyén
mau BBR dugc thiét ké va ché tao tai Khoa Co khi,
Truong Pai hoc Bach khoa - Pai hoc ba Nang gom ba
béanh xe da huéng dugc truyén dong boi ba dong co DC
duoc bo tr~i léch nhau 120°. Biém dac b‘iét l1a phan than
nguyén mau c6 hinh lang tru luc gidc déu, phu hop cho
viéc ché tao 16p vo bao vé. Nhu thé hién trén Hinh 1,
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nguyén mau BBR bao gom 3 phan chinh: phan than, hé
thong dong luc va qua cau.

@) (b)

Hinh 1. Nguyén mau robot: (a) M& hinh 3D va (b) M hinh thdt

Than robot bao gdm 4 tim ngang hinh luc giac va 6 tim
phing théng ding dugc lam bang vat lidu ABS va
plexiglass dé giam khoi luong cua BBR. Cac tam nay duoc
lap rap v6i nhau boi cac chi tiét ndi duge ché tao bang cong
ngh¢ in 3D. H¢ thong dong luc dugc gan chat vao tim day.
Tam thi hai dit ngudn cung cip cho robot. Khéi do ludng
quén tinh (IMU - Inertia Measurement Unit) va mach diéu
khién trung tam dugc dat trén tAm thit ba.

Hinh 2 minh hoa cau tric hé thong diéu khién cua robot.
Dir li¢u trang thai cia robot dugc thu thap boi khéi IMU
bao gém mot cam bién MPU6050 xac dinh van tdc goc
béang gia tc ké va con quay hdi chuyén (gyroscope) va mot
cam bién HMC5883L do luong goc thong qua hudéng va do
16n cua tir truong Trai dit. Dir liéu tir hai cam bién duoc
téng hop béi mach Arduino Nano trude khi giri dén khdi
diéu khién trung tam.
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Hinh 2. Cdu triic hé thong diéu khién

Khéi diéu khién trung tdm 1a mot mach Arduino
Mega2560, nhefm dfr liél} trang thai tir IMU va tinh toan,
truyén dén khoi diéu khién dong co, cac gié’ tri dat cho moi
dong co. Mach nay ciing dam bao cdc két noi khong day dé
dicu khién va thu thap dir liéu BBR tir xa.

Hé théng dong luc robot bao gdbm ba dong co DC dan
dong ba banh xe da huéng va cac mach driver tuong tng.
Vi tri truc va dong dién cua cac dong co dugc do bang

encoder va cam bién dong. Cac thong tin nay dugc khdi
diéu khién dong co st dung dé diéu chinh téc do va
mo6-men xodn ciia mdi dong co theo phuong phap diéu ché
d6 rong xung (PWM - Pulse Width Modulation). Cac thong
sO co ban ciia nguyén mau robot dugc tom tit boi Bang 1.

Bing 1. Cic théng s6 co bdn ciia nguyén mau

Thng 56 higu | nguyen | i
Chiéu cao phf?ln than h m 0,67
Chiéu dai canh lyc gidc déu a m 0,115
Khéi luong phén than Mg kg 8,6
Khéi luong dong co mm kg 1,3
Khéi lwgng banh xe da huéng | mow kg 0,12
Khéi lugng bong ms kg 0,8
Ban kinh béng rs m 0,125
Ban kinh banh xe da hudng row m 0,05
Ti s6 truyén hop sb k - 99,5

2.2. M6 hinh toan hoc

Muc nay giéi thiéu mé hinh tuyén tinh cia BBR s&
dugc st dung dé thiét ké cac bo diéu khién & muc tiép theo.
Trong bai bao nay, phuong phap Lagrangian dugc su dung
dé xac dinh cac phuong trinh chuyén dong. Bang cach giai
phuong trinh Euler-Lagrange:

aL oL
dt (6ql) aq,  lexti (1)
Trong do:

e i=1..5Ung vdi cac thanh phan cua véc-to toa do

tdi thiéu q dwoc xac dinh boi:

q=1[% Ys Yy lpy Y, 1"
Vv6i xg VA g twong tng thé hién dich chuyén ciia qua bong
doc theo truc x va truc y, va 1, P, va 1, xac dinh huéng
cua than robot va cac banh xe da hu(’mg

e Llagrangian L(q,q) =T -V thé hién dong niang T
va thé ning V cua tit ca cac khdi cing cia robot (bong,
than robot va cac banh da hudng).

e T, thé hién cic mé-men xoén bén ngoai. BBR duoc
kich hoat boi ba banh xe da hudng va dong co. Do do, mo-
men xodn bén ngoai 1a mé-men xodn ciia cac banh xe da
hudng, duoc truyén boi mé-men xoan ciia cac dong co.

Ta nhan dugc cac phuong trinh mé ta chuyén dong cua
BBR c6 dang nhu sau:

M(q)G+C(q,4)q + G(q) = Texe (2)
Trong do6: thanh phan M(q) dai dién cho cac lec quan tinh
do gia téc, C(q, ¢) dai dién cho luc Coriolis va lyc ly tam,
G(q) dai dién cho luc hip dan va vé bén phai ,,, dai dién
cho cac md-men xoén bén ngoai [10]. Trinh tu tinh toan
chi tiét c6 thé tham khao trong [2] va [6].

Pé can bé’mg BBR, can xem xét dén dac tinh dong hoc
clia robot xung quanh vj tri thing dimg ciia né (diém can
bang khong 6n dinh).

Dinh nghia véc-to trang thai:

x=lqq]"
= [xS Vs wx Il)y wz x.S yS lpx d}y Iﬁz]T

va cac dau vao u:

©)
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Uy T1
K
Usg T3

Trong d6, ti 1a md-men xoén ciia banh xe da hudng i.

Tai diém can bang, tit ca cac bién trang thai va cac dau
vao bang 0. M6 hinh tuyén tinh héa cé thé dugc bi€u dién
bang mét dang khong gian trang thai tuyen tinh:

x =Ax + Bu
5)
y=Cx
Trong do, cac ma tran A, B dugc dinh nghia nhu sau:
0 0 0001000 0
0 0 0000100 0
0 0 0000010 0
0 0 00000O0O0 1 0
0 0 00000O0O0O 1
s B 9is
sl e Vsl ew=cey el
A=10x5l ey 05 = 0zl =iy
9P, 0P, 9y
Oxs (w=(%a) ays (W=7 0zl ewy=a)
Oxs () =% ) ays (eaw)=(%7) 0z e =)
01/12 al/’z alllz
70)65 (e u)=(x,u) 6}’5 (xu)=(x,u) 61,1:, (e u)=(x,u)d
0 0 0
0 0 0
0 0 0
0 0 0
0 0 0
LE o%s o%s
oulw=@mn Mlew=cn ™lew=w
B = |os ays a5s (6)
Sulu=@m  Mlew=En Ilew=En
Oumlaw=gw M cw=Ew 9! @w=Ew
oumlm=gw M2 cw=Ew 9! xw=Ew
awl a'/)z alpz
L (xw)=(%,7) Ou, (xu)=(x,1) Ousz (xw)=(x,w)

. \ A 04 0§ , .2 . . M
Céc thanh phan a_j- va a_j» ¢6 thé dugc xac dinh bang
14 3
cach giai cac phuong trinh nhan dugc bang dao ham cac
phuong trinh chuyén dong (2) theo cac bién trang thai va
bién dau vao:

M(q)a—q-l-aG(q) _ OText
Oxi 0% | nemy 9% lw=cem @)
_. 0§ 0t
M@, =—
U; Ui Y=

v6i g = 0 va (%, %) = (0,0) (tai vi tri can bang).

Ma trdn quan sat C thé hién mdi quan hé gilra cac gia
tri do lwong va cdc bién trang thai cua h¢ thong. Khoi IMU
do tryc tiép cac bién trang thai 1, wy, ,. Céc bién trang
théi xg,ys c6 thé duge xac dinh bang cac gia tri goc cla
banh xe da hudng (do bang encoder).

_Sau khi hoan thanh cac tinh toan dong luc hoc va thay
thé c&c gid tri thong s6 md hinh cia nguyén mau BBR
(Bang 1), ta nhan dugc cac ma tran sau:

0 0 0 0 0100 0 O
00 0 0 001000
00 0 0 000100
00 0 0 000010

a0 0 0 0 00000 1
00 0 -25100000 0
0025 0 00O0O0O0O
00103 0 000000
00 0 103 00 0 0 0 0
0 0 0 0 00000 O
-0 0 0

0 0 0
0 0 0 (8)
0 0 0
5= 0 0 0
0 —1,1741 11741
1,3556 —0,6778 —0,6778
2,1616 —1,0808 —1,0808
0 1,872 —-1,872
|—6,4787 —6,4787 —6,4787]
100 0000 00 0
010 0000GO00 O
c=001ooooooo|
000 1000000
0000 010000 o

Trong thyc t&, nhiu xuat hién trong cc cam bién trong
qué trinh do. Do d6, dé tinh dén anh hudng cta nhidu do
ludng va nhidu qué trinh, mgt md hinh khong gian trang
thai voi nhidu loan duoc sir dung:

X=Ax+Bu+w

_ 9)

y=Cx+v
Trong d6, w va v lan luot 1a nhidu qué trinh va nhidu do
lwdng. Ca hai dugc gia dinh 1a nhiéu tring va khong turong
quan véi nhau:

w~N(0,Q), v~N(0,R) (10)

Trong d6, Q va R 1a ma tran hiép phuong sai cia nhiéu qua
trinh va nhiéu do luong.

3. Thiét ké bp diéu khién
_Trong muc nay, hai bo diéu khién PID va LQG duoc dé
xuit dé can bang va diéu khién vi tri BBR.

3.1. B¢ diéu khién PID

xo_ref controller_ xSSKmrauenl controller_psiy taux2psiy psiy2xs >
ys

num(s) | o |num(s)
TJoef l Qoo e ofe,
ys_ref controller_ysSaturation2 controller_psix tany2psix psix2ys

numi(s,
~Q—> PIDE) [ Hane —»

| controller_psiz tauz2psiz

o
& g
=

iz rof L
psiz_re: Scope

Hinh 3. H¢é thdng diéu khién BBR véi bé diéu khién PID
Bo diéu khién PID (Proportional — Integral —
Derivative) 1a b di€u khién phan hoi dua trén sai 1éch gitra
diém dat mong muon va gia tri do luong cua qua trinh. Sai
léch nay dugc st dung d€ diéu chinh dau vao qua trinh dé
gia tri dau ra gan voi gia tri dat. Ham truyén cua bd dicu
khién PID nhu sau:
Hpip(s) = Kp

1+ g + Tys] (11)
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v6i K, 12 hé s6 ti 18, T; 1a hang sb thoi gian tich phan va T,
la hang s6 thoi gian vi phan. Céc thong sé nay phai dugc
lwa chon thich hop dé dam bao su 6n dinh va hiéu suit cua
hé théng [12].

H¢ thong diéu khién PID cho BBR bao gdm 5 bod dié’u
khién tuong Gmg véi 5 thanh phan cua véc-to toa do toi
thiéu (Hinh 3).

Piu vao cua hé théng la 3 gia tri mé-men 1, ‘L'y, T,
tuong (g la m6-men gia 1ap cta banh xe da huong lan luot
theo mat phang ¥z, Xz, Xy [2]. Cac ham truyén hé thong
dugc x4c dinh bang cach chuyén ddi tir md hinh khong gian
trang thai (5) theo [2]:

P=C.(s.1-A)YLB.M (12)
Trong dé: I 1a ma tran don vi 10 X 10 va M 1a ma tran
chuyén doi gitta mé-men gia 1ap 1x, Ty, T, V@ MO-men xoan
cua ba banh xe da hudng 11, 12, 3.

[2Z 0 27
[—_\/7—_@—_\/5
3 3

Nhu véy, dac tinh dong luc hoc cua BBR ¢ thé duoc
mo ta thong qua cac ham truyén sau:

3,0570

HTy—HI)y(S) = 2 10,3
3,0570

HonS) = 7103

9,1623 (14)
H‘L'Z—>‘L/}Z (S) = SZ

—0,6272s% + 3,95

Hlpy—)xs(s) = 52
0,6272s% — 3,95
Hll’x"l’s(s) = 52

Vgﬁri cac he‘lm truyén hé théng duoc >§éc Qinh o tréll cac
bd diéu khién PID tuong tng dugc thicét ké vai sy ho trg
cua cong cu Tuner cua MATLAB.

3.2. B¢ diéu khién LOG

Bo diéu khién toan phuong Gauss (Linear Quadratic
Gaussian - LQG) xem Xét cac hé thong tuyén tinh véi cac
yéu t6 ngau nhién tuan theo phan b Gaussian. Mot cach
co ban, LQG la sy két ho‘p gitra bd loc Kalman va bd diéu
khi€n toan phuong tuyen tinh (Linear Quadratic Regulator
- LQR). Trong trudong hgp nay, bo dicu khién dugc thict ke
véi véc-to khong gian trang thai duoc ude lugng boi bd loc
Kalman.

Ttr phuong trinh (9), bd diéu khién LQG duogc xac dinh

boi cac phuong trinh sau:
X =A%+ Bu+K(y—Cg) (15)
u=-Lx

Trong do, K 14 ma tran d9 loi cua b loc Kalman, L 1a ma
tran phan hoi cua by diéu khién LQR.

Tai mdi thoi diém, bo loc s& woc lugng X cla trang thai
x st dung céc gia tri do ludng va dau vao trude d6. Ma tran

d6 lgi Kalman duogc tinh bai [13]:
K =PCTR™? (16)
Trong d6, P dat dugc bing cach giai phuong trinh Riccati:
AP + PAT — PCTR™ICP+Q =0 an
Ma tran phan hoi L ciia b diéu khién LQR véi luat diéu

khién u = —L% duoc xac dinh bang phuong phap tdi thiéu
hoa phuong trinh chi tiéu chét lwong toan phuong:

J = [7(@TQ,2 + uRyu)dt (18)
voi QL VaR, lan luot mé ma tran trong ) trang thai va diéu
khién. Ma tran phan hoi L dugc tinh nhu sau [13]:

L= R;BTS (19)
Trong do6, S c6 dugc bang phuong phap giai phuong trinh
Riccati:
ATS + SA—SBR;'BTS+Q, =0 (20)

Hinh 4 mo phong hé théng diéu khién LQG cua BBR

trén Matlab/Simulink.
i

u2
u3 Control input @7
xs_ref

measurement
o ! xs ’

noise
process noise ¥ o
*u M
u ys
i -

ys_ref Precompensation Ball balancing robot
B psix
- xhat xhat_dot -
psiz_ref —— psty
LQR a|> : psiz "

Kalman gain Output

Hinh 4. Hé thong diéu khién BBR vdi bg diéu khién LQG

4. Panh gia chat lugng diéu khién

Hinh 5 va 6 thé hién cac dap ting ciia BBR theo 2 bo
diéu khién PID va LQG trong truong hop robot can bang
va truong hop tin hidu dat thay déi. Nhu thé hién trén Hinh
5, ca hai loai bo diéu khién PID va LQG déu hoat dong tdt
trong trudng hop mudn can bing robot (gi4 tri dit cia goc
nghiéng than .., 1,, bang 0).

Response of the system while balancing
T T T T T T T

0 0‘5 i 1‘5 2‘ 2‘5 3‘ 3‘5 L‘l 4‘5 5
Time [s]
Hinh 5. Pdp img ciia hé thong khi cdn bang
Trong trudng hop can diédu khién vi tri cua robot, tirc c6
su thay do6i cua tin hiéu dat, bo diéu khién LQG duoc so
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sanh véi 2 bo didu khién PID véi céc hé sb duoc didu chinh
theo c4c yéu cau chat luong khac nhau. Cy thé, mot bo diéu
khién PID duoc diéu chinh theo tiéu chi vot 16 nho (Hinh
6) va mot bo diéu khién PID theo tiéu chi diéu chinh theo
tiéu chi ¢ap wng nhanh (Hinh 7).

Response of the system with the reference

——x10G
- xPID2

05 .’ ——y,L0G
- ypiD2

ot
A

——v,L08

v, PID2

0 5 10 15 20 25 30 3 40 45 50
Time [s]

Hinh 6. Ddp ing ciia hé thong véi bg diéu khién LOG va PID
vot 16 nhd khi tin hiéu dat thay doi: (a) thay doi xs;
(b) thay doi ys va (c) thay doi Y,

Response of the system with the reference

, Irad)

0 5 10 15 20 25 30 35 40 45 50
Time [s)

Hinh 7. Ddp iimg ciia hé thong véi b diéu khién LOG va PID
ddp vmg nhanh khi tin hi¢u dat thay doi: (a) thay doi xs;
(b) thay doi ys va (c) thay doi Y,

Bing 2. So sanh chi tiéu chdt heong PID va LOG

o en £ PID it | PID dap wng
Chi tiéu chat lwgng LQG vot 16 nhanh
Thoi gian qua dd (s) 3,025 16,384 2,105
Thoi gian xac lap (s) 4,49 18,77 4,97

ISE = f e?(t)dt 2,0336 2,4749 1,7961
0
IAE = j le(t)|dt 3,4238 5,0018 2,5495
0
IATE = j te(t)dt 10,0141 | 52,3034 12,7006
0

Bang 2 so sanh cac chi tiéu chat luong cua hai b dicu

khién trong trudng hop gia tri dat xs = 1m tai thoi diém 5 S.
Co6 the thay bo di€u khién LQG c6 céc chi tiéu vé chat
lugng tot hon so véi hai bd diéu khién PID.

5. Két luan

Trong bai béo, hai k§ thuat diéu khién tuyén tinh (PID
va LQG) dugc so sanh va danh gia thong qua m6 phong
cho van dé diéu khién robot cén bang trén qua cau. Pau
tién, hé thong robot dugc diéu khién boi nim b¢ diéu khién
PID, trong d6 mdi bo PID diéu khién mot thanh phan cua
véc-to toa do toi thiéu q cia robot. Sau do, mot bo diéu
khién LQG tich hgp mét bo loc Kalman dugc xdy dung cho
robot nay. Két qua mo phong cho thay b diéu khién LQG
cho dap ng nhanh va chat Iuong t6t hon so véi PID. Do
do, bdo diéu khién LQG s& duoc xem xét ap dung trén
nguyén mau thyc té.

Loi cam on: Bai bao nay dugc tai trg bdi Truong Dai
hoc Bach khoa — Pai hoc Da Néang voi dé tai c6 ma sb
T2018-02-09.
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