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Abstract: This paper presents a balance recovery and position tracking
control method for an autonomous Segway-type self-balancing robot using a
Linear Quadratic Regulator (LQR). A dynamic model of the two-wheeled self-
balancing robot is first developed. The first LQR controller is designed to move
the robot body from an initial body tilt angle to the upright equilibrium point.
After that, the second LQR controller is applied to stabilize the robot and
perform straight-line position tracking. Simulation studies are conducted to
evaluate the proposed method. The results demonstrate that the Segway robot
can successfully achieve balance recovery, maintain balance, and accurately
track the desired position with good stability and control performance.
Keywords: Two-wheeled self-balancing vehicle; LQR controller; inverted
pendulum; optimal control; underactuated system.
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DPiéu khién phuc héi can bang va bam vi tri
bang thuat toan LQR cho xe Segway tw hanh

Nguyén Lé Trung', Phé Bao Binh2*, Pham Bang Minh3, Dao Quy Thinh'
"Trwdng Dién — Dién t&, Dai hoc Bach khoa Ha Noi, s 1 Dai Cb Viét, phuwong
Bach Mai, Ha Ndi, Viét Nam

2Khoa Co khi, Trwdng Pai hoc Xay dwng Ha Nai, sb 55 Giai Phéng, phwéong
Bach Mai, Ha Ndi, Viét Nam

3Vién Hang khong Vi tru Viettel, Toa nha Viettel Hoa Lac, L6 B1-1, Khu Céng
nghé cao Hoa Lac, Ha Néi, Viét Nam

Toém tat: Bai bao trinh bay phwong phap diéu khién khoi phuc can bang va
bam vi tri cho xe Segway tw hanh s dung bd diéu khién ti wu phan hdi trang
thai LQR. Trwédc hét, md hinh déng lwc hoc cla robot hai banh tw can bang
dwoc xay dwng. Bo LQR tht nhat dwoc thiét ké nham dwa than xe tir vi tri goc
nghiéng ban d4u cta than xe dén vi tri can bang thang dirng. Sau d4, b6 LQR
the hai dwoc ap dung dé &n dinh hé va thwc hién bai toan bam vj tri chuyén
doéng thang. Cac mé phdng dwoc thwe hién dé danh gia phwong phap dé xuét.
Két qua cho thay xe Segway cé thé thwe hién thanh cong qua trinh khéi phuc
can bang, duy tri trang thai can bang va bam vi tri mong muén véi d 6n dinh
va chét lwong diéu khién tbt.

T khéa: Xe hai banh tw can bang; bo diéu khién LQR; con lac nguoc; diéu
khién tbi wu; hé thiéu co cdu chap hanh.

1. Giéi thiéu

Xe Segway, hay con goi la xe hai banh tw can
bang, 1a mét hé théng hai banh dwoc dat song
song v&i nhau va cé thé gilr thang bang dua trén
thuat toan diéu khién két hop véi cac tin hiéu do tir

cam bién géc nghiéng.

Day 1a mét hé théng phi tuyén dién hinh, thu
hat nhiéu sw quan tam trong linh vwe diéu khién tw
dong do d&c tinh khéng 6n dinh tw nhién, ciu tric
thiéu co clu chap hanh va kha nang ¢ng dung
réng rai trong cac phwong tién di chuyén ca nhan,
robot tw hanh va kiém tra hiéu qua cla céac thuat
toan diéu khién khac nhau [1]. V& mat dong luc
hoc, hé thdng nay hoat déng dwa trén nguyén ly
cla con lac nguwoc, trong do than xe phai ludn
dwoc duy tri gan vj tri thang dirng trong qua trinh

dirng yén hoac di chuyén [2]. Chi can mét sai léch
nhd cla gdc nghiéng ciing co thé lam hé thdng mét
can bang néu khéng cé bd diéu khién phu hop [3,
4]. Bén canh dd, hé théng co thé phat trién dé hoat
ddng nhw robot tw hanh. Théng qua bd diéu khién
chuyén ddng phu hop, xe hai banh tw can bang c6
thé thyc hién bam vi tri dat.

Trong qué trinh nghién ctru diéu khién xe hai
banh tw can béng, nhiéu phwong phap khac nhau
da dwoc dé xuat, bao gdbm cac bd diéu khién cb
dién nhuv PID, cac phwong phap diéu khién hién
dai nhw didu khién ti wu, didu khién thich nghi,
diéu khién trwot va cac phwong phap diéu khién
phi tuyén. Trong do, bo diéu khién PID cé wu diém
la cAu tric don gian, dé trién khai va phu hop véi
cac hé théng thwe nghiém co ban [5-7]. Tuy nhién,
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do xe hai banh tw can bang c6 dong lwc hoc phi
tuyén, cac bién trang thai twong tac chat ché véi
nhau va yéu cau dap (rng nhanh, bd diéu khién PID
thwong gép kho khan trong viéc ddm bao déng thoi
dd 6n dinh, kha ndng bam vi tri va chat lwong dap
(rng clia hé théng. Bén canh b PID, cac phwong
phap diéu khién dwa trén mang no-ron va diéu
khién me ciing da cho thay hiéu qua cao trong md
phéng va thyc nghiém [8-12]. Song, cac phwong
phap nay thwong doi hdéi qua trinh xay dwng luat
didu khién, huén luyén hoac hiéu chinh tham sé
twong ddi phtre tap, phu thudc nhiéu vao di liéu,
kinh nghiém thiét k& hodc sé lwong thi nghiém.
Diéu nay cé thé gay kho khan khi trién khai trén cac
hé théng c6 yéu cau chi phi thAp hodc st dung nén
tang vi diéu khién va&i tai nguyén tinh toan han ché.

Pé khac phuc nhitng han ché trén, cac
phwong phap diéu khién hién dai dwa trén md hinh
toan hoc ctia hé théng ngay cang dwoc quan tam.
Trong pham vi tuyén tinh héa quanh diém can
bang, bd diéu khién toan phwong tuyén tinh LQR
(Linear Quadratic Regulator) dwgc Iwa chon nhé
kha n&ng té6i wu héa ham chi phi diéu khién, gitp
hé dat dwoc sy can bang gitra tbc d6 dap rng va
mirc tiéu hao tin hiéu diéu khién [13]. Bang cach
lwa chon phu hop cac ma tran trong sé, LQR cho
phép diéu chinh mirc do wu tién gitra yéu cau 6n
dinh géc nghiéng than xe, diéu khién vi tri, van téc
chuyén déng va giéi han né luc diéu khién. Vi vay,
LQR dwoc xem la mét lwa chon phu hop cho cac
hé thdng c6 yéu cau 6n dinh cao va dap (rng nhanh
nhw xe hai banh tw can bang.

Trong bai toan diéu khién xe hai banh tw can
bang, md hinh déng lwc hoc phi tuyén thwong
duoc xay dung trwdce tién nhdm mo ta mdi quan
hé gitra chuyén dong tinh tién cla xe, géc nghiéng
than xe va mdé men tac dong Ién hai banh. Tuy
nhién, viéc thiét ké truc tiép bo diéu khién trén moé
hinh phi tuyén thwéng phirc tap. Do d6, mé hinh
hé thdng thwdng dwoc tuyén tinh héa quanh diém
lam viéc can bang thang dirng. Trén co s& md hinh
tuyén tinh thu dwoc, bd diéu khién LQR cé thé
duoc thiét ké dé dwa céc trang thai cia hé thdng
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vé gia tri mong mudn, déng théi dam bao dap tng
6n dinh va han ché dao déng.

Bén canh yéu cau gir thang bang, xe hai
banh tw can bang con cé thé dwoc mé rong cho
cac nhiém vu chuyén dong tw hanh nhw bam quy
dao. Khi d8, hé théng khéng chi can duy tri géc
nghiéng than xe gan vi tri can bang ma con phai
diéu khién chuyén dong cla xe theo tin hiéu dat.
Diéu nay lam tang dd phirc tap cla bai toan diéu
khién, b&i bd didu khién phai ddng thoi x& ly hai
muc tiéu: 6n dinh than xe va diéu khién vj tri di
chuyén. Viéc st dung LQR trong trwéng hop nay
gilp cai thién chat lwong dap ng nhd kha nang
xét ddng thdi nhiéu bién trang thai trong qua trinh
thiét ké.

Trong bai toan xe hai banh tw can bang, yéu
cau khéi phuc can bang va yéu ciu bam vi tri
thworng ¢ céac tiéu chi téi wu khac nhau. Cac trong
s6 phu hop cho qua trinh khdi phuc can bang
thworng khéng dam bao mang lai chat lwong bam
vi tri tot va nguoc lai. Dé gidi quyét bai toan trén,
nghién ciru nay dé xuét giai phap s dung hai bd
diéu khién LQR dwoc thiét ké riéng biét cho tirng
ché do hoat dong, sau do thwec hién chuyén ddi linh
hoat dwa trén trang thai ctia hé théng [14]. CAu tric
cla bai bdo dwoc sap xép nhuw sau: Phan 2 xay
dwng mé hinh dong Iwc hoc phi tuyén va thwc hién
tuyén tinh héa quanh diém can bang. Phan 3 trinh
bay chi tiét thiét ké hai bo diéu khién LQR va luat
chuyén dbi trang thai. Phan 4 dua ra cac kich ban
va két qua mdé phdéng, danh gia hiéu qua. Cudi
cung, Phan 5 la két luan va dinh hwéng phat trién.
2. M6 hinh déng lwc hoc hé thdng xe Segway
2.1. Xay dwng mé hinh

Dwé&i géc dd md hinh, xe can bang la sw két
hop cla ba vat thé bao gdm hai banh xe bén trai,
bén phai va con l&c ngwoc nhw trong Hinh 1, trong
d6 {N} 14 hé truc toa do cé dinh, {C} Ia hé truc toa
dd gén tai trung tam truc gitra hai banh xe va {B} 1a
hé truc toa dd gan tai con l&c ngwoc. Hé thdng nay
dwoc dic trung béi 2 ngd vao didu khién l1a mo
men hai banh va 3 toa dd suy réng twong ng voi
6 bién trang thai vong kin [15]. Xem xét phwong
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trinh déng Iwc hoc clia xe Segway trong tailiéu [16]
véi cac thong sé cho béi Bang 1. Bé don gian héa

P 6
{N}—>{C}—> (B}
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md hinh, anh hwéng clia ma sat nhét tai banh xe
dwoc bo qua.

b3 (I3)

Hinh 1. M6 hinh xe Segway

{mg+2myy+2J/r2}%-mgl (q;2+(92) Sg
+ (mglcg)B=(T +TR)Ir

(|2+mBI2)é+(I3-I1-mBI2)ljJ2SGCQ
+ (mglcg)x-mplgsg=-(T_ +TR)

2 2
{|3+2K+ S 90 (Ia-ly-mgl? )sg} i +
{mglx-2(13-l;-mgl?)Bcelise=(Tr-T )d2r (1)

Trong do6 cg=cos B, sg=sin B, cg= cos? 9,
s&=sin?@. Cac tham sb khac bao gdm:

T.,Tr: M6 men sinh ra tai 2 banh.

x ,8,y: Vi tri tinh tién ctia tam xe theo phwong
chuyén dong, goc nghiéng cha than xe so VOi
phwong thang dirng va géc quay hwéng clia xe
quanh tryc thang ding.

x .8, Van téc tinh tién, van téc géc nghiéng
va téc dd quay hwdng cla xe.

% ,0,(: Gia tbc tinh tién, gia tbc géc nghiéng
va gia téc géc quay huwéng cla xe.

Thuwe hién bién déi cac phwong trinh trong
mo hinh dong Iwc hoc vé dang ma tran:

M(a)4+C(q,9)q+G(q)=Bt (2)

Trong d6 M,C,B va G lan Iwot 1a ma tran
quan tinh, ma trén lyc ly tdm va Coriolis, ma tran
dau vao clia hé va véc to trong lwc. q la véc to toa
do tébng quat va T 1a véc to md men tac dong 1én
hai banh xe. Cac ma trén va véc to c6 dang nhw
sau, cac phan tlr twong (rng dwoc trinh bay trong
Phu luc A.1.

my myp 0 0 c2 C3
M=]myy my, 0 (,Cc={0 0 Co3
0 0 mg C31 C32 Cs3
X 1 Alr
q=1|8 ,B=[ 11 ]
Y -d/2r d/2r
0
= .IL] , G=\-mBIg39]
R 0

Dét U1=T|_+TR va U2=TR-T|_, phLPO’ng trinh
dong lwe hoc (1) dwoc viét lai:
M1 X+M420+C120+Cq3{=uy/r
My X+My20+Co3-Mglgse=-u;
U2d

M33{+Cg1X+C320+Ca3P=—- (3)
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Bang 1. Thong sd mé hinh xe Segway

Ky hiéu Y nghia tham sé Pon vj
d Khoang cach hai banh xe m
| Chiéu dai con lac m
r Ban kinh banh xe m
Mg Khéi lwong con lac kg
My Khéi lwgng banh xe kg
J,K MOI clia banh trén cac truc kgm?
ly,10,15 MOI cla con lac dbi véi {B} kgm?

MOI= Mass moment of inertia — M& men quan tinh khéi lwong

T d6 thu dwec phuwong trinh khéng gian
trang thai ctia hé théng:

= M12Cy5Y-M12M51gSg-MprCi26-MyyCyz P
M11M22-M21M42
m22\r+m12
1
M41Mo2-M21M12

b= M11C23P-M11MglgSg-M21C120-Ma1C P
M42M21-M22M44

m
M2t +my4

u
M42M21-M22M14

. C315<+0329+C33LP+ upd
v Ma33 2m33r

(4)

Diém can bang dwoc xem xét trong nghién
clu nay twong (ng véi trang thai than xe théng
drng trén mat phdng ngang, voi =0, 6=0 déng
thoi van téc tinh tién x va van tbc géc quay huéng
Y bang khoéng. Céc toa dd x va g khéng nhét thiét
phai bang khéng ma co6 thé nhan cac gia tri can
béng mong muébn x” va y’. Trong qua trinh xe téng
tbc hodc gidm téc dé bam gia tri dat, géc nghiéng
c6 thé khac khdng nham tao chuyén dong tinh tién.
Khi xe tién t&i vi tri dat va van téc gidm vé khong,
bé diéu khién dwa goc nghiéng tré lai lan can 8=0.
Do d6, diém can bang thang ding dwoc st dung
dé tuyén tinh héa la trang thai xac lap mong muén
cla bai toan diéu khién, trong khi cac bién thién
goéc nghiéng trong giai doan qua dé dwoc xét trén
md hinh ddng lwe hoc phi tuyén. M6 hinh phi tuyén
& phuong trinh (4) c6 thé dwoc tuyén tinh hoa
xung quanh diém can bang xac dinh v&i diéu kién

[x,4,8,8]=[0,0,0,0].

Tai diém can bang nay, st¢ dung cac xap xi
sin =0 va cos 6=1. Thyc hién tuyén tinh héa Taylor
bac nhat cho phwong trinh (4), cac thanh phan bac

hai va bac cao nhw l.]JZ, 62 va cdac tich gilra cac van
tbc dwoc lwge bd. Cubi cung thu dwoc phwong
trinh tuyén tinh héa v&i cac phan tlr tuyén tinh
dwegc trinh bay trong Phu luc A.2:

_ Moy | o
-M4omglg 5 thq2
=2 f+—T1 "~y
Mq1Mo2-M21Mq2  Mqq1Mo2-M21M12
~ m21 ~
-Mqyqmyl —=+tMyy
== ,\11,\89,\ 0+— I ——— U4
Mq2M2q-MooMqq  Mq2Moq-Mo2M14
. uxd 5)

v 2[?]33!’

C6 thé thay uy la thanh phan mé men téng
dung dé diéu khién chuyén dong tinh tién va géc
nghiéng than xe, con u, 1a thanh phan dé diéu
khién géc quay hwéng y. Véi muc tiéu khdi phuc
can bang, thanh phan diéu khién chinh 13 u,.

2.2. Kiém chirng mé hinh tuyén tinh héa

T mé hinh déng lwe hoc phi tuyén (4) va mé
hinh tuyén tinh hoéa trong phwong trinh (5), ta tién
hanh xay duwng mé phdng xe Segway. Dé danh gia
anh hwdng cla qua trinh tuyén tinh héa, mé hinh
dong lwe hoc phi tuyén va mé hinh tuyén tinh héa
dwoc md phdng song song v&i clng bd tham sb
vat ly dwoc trinh bay trong phu luc A.3, cung diéu
kién ban dau va cung tin hiéu mdé men tac dong 1én
hai banh T va Tr. Do dé, sai khac gil(ra cac dap
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(rng ctia hai md hinh trong cac kich ban du¢i day
chi xuét phat ttr phép xap xi tuyén tinh quanh diém
can bang.
2.2.1. Kich ban mé phéng 1

Thoi gian mé phéng 0.5s, xe can bang khéng
dwgc cdp md men diéu khién T, =Tgr=0, gbc
nghiéng ban dau 6=5°, vj tri va géc quay ban dau

Nguyen & nnk

x=0, p=0.

Két qua cla kich ban 1 dwoc dwa ra trong
Hinh 2. V&i géc nghiéng ban dau 1a 8=5° ta thay
goc nghiéng cua xe c6 xu hudng tang Ién. Khi géc
nghiéng I&n, cac xap xi tuyén tinh khdéng con dang,
dan dén sai sb gitPa md hinh phi tuyén va tuyén
tinh héa tang manh.

150 | ‘
M6 hinh phi tuyen
= = = M5 hinh tuyén tinh héa
100 £
=4
50
O . & 1 1 1 1 1 1 1 1 J
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5
Thoi gian (s)
(a)
0
\ Mé hinh phi tuyén
0.1 = = = M5 hinh tuyén tinh héa
. - - e
= -02r S s
— el
N ~
-0.3r *
~
0.4 s
1 1 1 1 1 1 1 1 1 N
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5
Théi gian (s)
(b)
Hinh 2. Bap &ng cla xe khi khéng cAp md men (a) Géc nghiéng xe; (b) Vi tri xe
0
T Mb hinh phi tuyén
= = = Mb hinh tuyén tinh héa
-20 -
40+
_60 1 1 1 1 1 1 1 1 1 J
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5
Théi gian (s)
(a)
0.2 ’
Mé hinh phi tuyén
0.15 - = = = M5 hinh tuyén tinh héa
_— ’ g
= o1t
0.05F+

0 0.05 0.1 0.15 0.2

0.25 0.3 0.35 0.4 0.45 0.5

Thaoi gian (s)

(b)

Hinh 3. Dap (ng cla xe khi dwoc cAp md men (a) Géc nghiéng xe; (b) Vi tri xe
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2.2.2. Kich ban mé phéng 2

Thoi gian mé phdng 0.5s, xe can bang dwoc
cdp m6 men diéu khién T =Tg=0.5Nm trong
khoang tlr 0.1s dén 0.5s, géc nghiéng ban dau
8=0°, vj tri va géc quay ban dau x=0, y=0.

Két qua cla kich ban 2 dwgc dua ra trong
Hinh 3. Ban dau xe van & vi tri can bang, khi tac
ddéng md men cung chiéu va cung dd Ién cho ca
hai banh, d6 I&n ctla vi tri xe va géc nghiéng cé xu
hwéng tang. Tuy nhién dau cla goéc nghiéng
nguoc véi dau clia mé men tac dong, géc quay cla
xe khéng thay ddi trong trwérng hop nay.

Qua céc kich badn mé phéng, cé thé thay dap
(rng cta md hinh phu hgp véi dac tinh dong lwc
hoc ky vong cla xe hai banh tw can bang. Tinh
khéng 6n dinh tw nhién va sy twong tac gitra
chuyén ddng tinh tién va goéc nghiéng dat ra yéu
cau bd didu khién phai ddm bao kha nang 4n dinh
nhanh va phéi hop ddng thdi nhiéu bién trang thai.
Do d6, trong nghién cru nay, bo diéu khién LQR
dwoc lwa chon dé gidi quyét bai toan én dinh va
bam trang thai cta hé.
3. Thiét bi bd diéu khién LQR

Dat X 1a véc to bién trang thai cta hé théng
mo t& dong lwc hoc cua hé, X, 1a diém can bang
st dung dé tuyén tinh hoéa:

X=[X1 X’ LlJa l'iJa ea G]T’ Xe=[xe 101LIJ9101010]T (6)

Khi d6 phwong trinh tuyén tinh héa quanh
diém lam viéc cuia hé théng xac dinh bdi:

OX=ASX+Bdu, du=u-U, @

Trong do6, dX=X-X, la bién |&ch trang thai. Tai
diém can bang dwoc xét, mé men diéu khién can
bang bang khong, do dé du=u. Cac ma tran va véc
to' v&i cac phan tir twong (rng dwoc trinh bay trong
Phu luc A.4 c6 dang nhu sau:

0 100 0 0
00003250
_ooo1oo|
“lo o oo o ol
lo o oo o0 1|
0 0 0 0 ag Ol
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_[0 bz 0 0 0b16Tu=[u1]
0 0 0 by 0 0] " lu

3.1. Diéu khién phan héi trang thai té6i wu LQR

B

LQR |& phwong phéap diéu khién téi wu cho
hé thdng tuyén tinh, muc tiéu ctia phwong phap
LQR la thiét ké ma tran diéu khién nhdm tdi thiéu
héa mét ham chi phi bac hai, ham nay phan anh
s can bang gitra d6 léch clia trang thai hé thdng
va dd I&n cla tin hiéu diéu khién. Bang cach nay,
LQR khéng chi giup hé théng dat dwoc trang thai
mong mudn mét cach 6n dinh ma con téi wu hiéu
suét diéu khién theo tiéu chi ndng lwong hodc do
chinh xac.

Déi v&i phwong trinh trang thai (7), ham chi
phi dwgc dinh nghia:

J= f (5XTQdX+u"Ru)dt (8)
0

Vé&i Q la ma tran ban xac dinh dwong xac
dinh mc d6 quan trong cuia cac sai léch trang thai.
R la ma tran trong sb xac dinh dwong phan anh chi
phi cho tin hiéu didu khi&n. u 1a véc to tin hiéu didu
khién.

Dé t6i thiéu ham chi phi, st dung phwong
trinh Riccati dai s, trong dé P 1a ma tran di xirng
xac dinh dwong:

PA+ATP+Q-PBR'BTP=0 9)

Ma tran P théa man (9) cho phép xac dinh
véc to diéu khién téi wu u=-R'BTPSX .

Xét tin hiéu diéu khién phan héi trang thai
u=-K&X ta xac dinh dwgc ma tran diéu khién phan
hdi trang thai t6i vu: K=R'B'P.

3.2. Thiét ké bo didu khién LQR khéi phuc can
bang

Trong muc nay, bd diéu khién LQR dwoc thiét
ké nham thwc hién nhiém vu khéi phuc can bang
cho xe Segway khi than xe cé géc nghiéng ban dau
so v&i phwong thdng ding. Bai toan khéi phuc can
bang trong nghién clru nay xét trwdng hop xe co
goéc nghiéng ban dau 6,=20°. Pay la gi&i han co
khi téi da ctia mé hinh cAu tric xe Segway thuc té
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dang dwgc nghién ciru. Mac du goc léch nay twong
déi 16n so véi diém tuyén tinh hoa, két qua mo
phdng trén mé hinh déng lwc hoc phi tuyén cho
thdy bd diéu khién LQR van c6 kha ndng dwa hé
nhanh chéng vé vung lan can cla diém can bang
thang dng.

Déi v&i bai toan khdi phuc can bang, muc tiéu
diéu khién chinh 1a dwa géc nghiéng 6 vé 0, dong
thoi han ché dao déng cua xe trong qua trinh khoi
phuc can bang. Ma tran R la ma tran don vi. Q 13
ma tran dwdng chéo dwong cé cac trong sé twong
&ng v&i 6 dwoc chon I&n nham tang kha néng dwa
than xe nhanh chong tré vé vj tri thang dirng. Cac
trong sb con lai dwoc lwa chon nham can bang
gitra yéu cau han ché chuyén dong cla xe, gidm
dao ddng qua dd va duy tri mirc tin hiéu diéu khién
phu hep. Tlr d6, ma trdn Q va ma tran K twong trng
dwoc Iwa chon nhuw sau:

Q=diag(10, 1, 50, 1, 500, 10)

<[ «, ‘ol
Vo
Ky=[-3.1623 -6.3277]
Ky=[7.0711 2.7771]

Ko=[-46.3505 -6.8267]

Sau khi géc nghiéng than robot di vao vung
lan can can bang trong mot khoadng thoi gian xac
dinh, bd diéu khién dwoc chuyén tr LQR khdi phuc
can bang sang LQR bam vi tri.

3.3. Thiét ké bd diéu khién LQR bam vi tri

pat X'=[x" ,0,y",0,0,0]" I trang thai dat. Bo
LQR bam vj tri dwoc st dung nham duy tri trang
thai can bang déng thoi diéu khién vi tri xe bam
theo x. Trén co s& cau tric diéu khién nay, bai
toan dwgc mé réong dé dong thoi danh gia kha
nang bam géc quay huéng . Khi do, luat diéu
khién bo LQR bam vj tri dwoc xac dinh béi:

lJ='Ktracke
Véi e=X-X la sai Iéch bam trang thai.

Céc trong sb cia ma tran Q khi nay dwoc lva

Nguyen & nnk

chon dé tang kha nang bam vij tri; déng thdi duy tri
goéc nghiéng than robot quanh vi tri can bang; cac
trong sb con lai dwoc hiéu chinh nham gidm dao
doéng van téc. Do mé hinh trang thai déng théi chira
géc quay hwéng y, cau tric phan héi nay ciing
dwoc mé rong dé thwe hién bam gia tri dat w’'. Ma
tran Q va ma tran Koo twong (rng dwoc dé xuét
nhwv sau:
Q=diag(500, 5, 50, 1, 500, 10)
K. 0 Ko

Kirack™= [ 0 K, O

Véi:
K,=[-22.3607 -20.4623]
K,=[7.0711 2.7771]
Ke=[-62.7658 -10.7162]

Bo diéu khién bam vij tri chi dwoc kich hoat
khi géc nghiéng than robot ndm trong vung lan can
cla diém can bang. Diéu kién chuyén ché dd co
thé dwoc biéu dién nhw sau:

|9|Sebound1 |G|Sébound (10)

Trong d6 Bpoungs Ovoung 1 NQUENg dat, dwoc
lwa chon dwa trén yéu cau an toan va mac dod 6n
dinh mong mubdn trwdc khi chuyén sang ché do
bam vi tri. D& tranh hién twong chuyén dbi do dao
dong quéa dd hoac khi hé chi di qua viing can bang
trong th&i gian ngan, diéu kién trén phai dwoc duy
tri lién tuc trong khoang th&i gian Ty g trudc khi bd
diéu khién bam vi tri dworc kich hoat.

4. M6 phéng kiém chirng

Dé danh gia hiéu qua cutia cac bd diéu khién
LQR d4 thiét k&, moé phéng dwoc thuc hién trén mod
hinh déng lwc hoc phi tuyén clia xe Segway. Cac
két qud moé phéng dwoc st dung nham kiém
chirng kha ndng khéi phuc can bang, kha nang
bam vi tri va kha nang phéi hop gitra hai bo diéu
khién trong qua trinh van hanh. Cac tham sé mé
phdéng dwoc trinh bay trong Phu luc A.

4.1. Diéu khién khéi phuc can bang

Tién hanh mé phéng diéu khién xe can bang
véi kich ban mé phéng: Géc nghiéng ban dau
80=20°, vi tri va goc quay ban dau x,=0, W,=0.
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1 (Nm)
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Nm ]

Tl

] 5 10 15
Théi gian (s)

i ]

] 5 10 15

ol _—

Théi gian (s)

Hinh 4. Két qua kich ban 1 (a) M& men banh trai xe; (b) M& men banh phai xe

Bang 2. Hiéu qua bo diéu khién trong kich ban 1

Chi tiéu danh gia Gia tri
ts goc nghiéng (£5%) (s) 1.8
Mpg6c nghiéng (%) 15.8
€55 goc nghiéng (°) <0.1
Do 1éch vi tri cwe dai (m) 0.27
M6 men banh xe cwc dai (Nm) 8.09

ts: thdi gian xac 1ap, Mp: dd quéa diéu chinh, eg: sai léch tinh

T cac két qua mé phdng Hinh 4, Hinh 5 va
Bang 2, c6 thé thay bo diéu khién LQR khéi phuc
can bang da dwa than xe tir géc nghiéng ban dau
8,=20° v& viing Ian can vi tri can bang 8 =0°.

Goéc nghiéng cua than xe giam nhanh trong
giai doan dau, sau dé xuat hién dao déng nhd
quanh vi tri can bang truwéc khi dworc triét tiéu. Diéu
nay cho thay bo diéu khién cé kha ndng 6n dinh
trang thai khéng bén tw nhién cla xe hai banh tw
can bang. Trong qué trinh nay, banh xe dich
chuyén dé dwa trong tm cla hé tré lai vang 6n
dinh. Sau khi géc nghiéng dwoc khdi phuc, vi tri xe
dan quay vé gan vi tri ban dau va khoéng xuét hién
hién twong tréi khéng kiém soat. Van tbe tinh tién
x cling gidm vé 0, cho thdy xe dat trang thai dirng
yén sau qua trinh can bang.

Céc dap (rng clia goc quay ¥ va van téc goc
quay | gan nhw bang 0 trong toan bé qua trinh mé
phdng. Diéu nay phu hop véi kich ban khéi phuc
can bang, trong dé hai banh xe dwoc diéu khién
dbi xirng va khéng tao ra mé men quay quanh truc
dirng. Nhw vay, bo diéu khién khdi phuc can bang
chu yéu tac dong lén chuyén dong tinh tién va goc
nghiéng, trong khi khéng lam phat sinh chuyén
déng quay khédng mong mudn.

Nhin chung, két qua mé phdng chirng minh
rang bo diéu khién LQR khéi phuc can bang cé kha
nang dwa xe tlr trang thai nghiéng ban dau vé trang
thai can bang 6n dinh. Hé thdng c6 dao dong quéa
d6 nhwng dao dong duworc triét tieu sau mot khoang
thoi gian ngan, cac trang thai van tc tién vé 0 va
khoéng xuat hién mat én dinh trong qué trinh khoi
phuc.
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Hinh 5. Két qua kich ban 1: (a) Géc nghiéng xe; (b) Van téc géc nghiéng xe; (c) Vi tri xe; (d) Van tc xe;
(e) Goc quay xe; (f) Van téc goc quay xe.
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Hinh 6. K&t qua kich ban 2: (a) Géc nghiéng xe; (b) Van tbéc géc nghiéng xe; (c) Vi tri xe; (d) Van tc xe;
(e) Goc quay xe; (f) Van téc goc quay xe
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4.2. Piéu khién tdng hop khéi phuc can bang va
bam vi tri

Kich ban 2 cé thoi gian mé phéng 25s, géc
nghiéng ban dau 8,=20°, vi tri va géc quay ban dau
x=0, =0. Sau 10s, vj tri dat cho xe x" tédng dén 1
theo ham quan tinh bac 1 vé&i T=1. Sau 15s géc
quay dé&t cho xe g’ tang dén 30° theo ham quan
tinh bac 1 véi T=1 nhdm danh gia kha nang diéu
khién vi tri va géc quay hwéng clia xe trong cling
mot kich ban van hanh. biéu kién chuyén déi bo
diéu khién 12 Bpoung=1°, Bboung=6°/s Va Tp,0q=0.1s.

Nguyen & nnk

Tt két qua mo phdng trong Hinh 6, Hinh 7 va
Bang 3, co thé thay bd diéu khién LQR téng hop
da dap wng dwoc yéu cau diéu khién dat ra.

Ban dau, bo diéu khién LQR khéi phuc can
bang da dwa géc nghiéng 6 nhanh chéng tién vé
viing 1an can vij tri can bang. Trong qua trinh khoi
phuc can bang, vi tri xe x c6 sy dich chuyén nhét
dinh do banh xe can di chuyén dé dwa trong tam
cta hé tré lai trang thai can bang. Sau dé vi tri xe
dan 6n dinh tré lai, cho thay hé thdng khong bi troi
khong kiém soat.

Bang 3. Hiéu qua b diéu khién trong kich ban 2

Chi tiéu danh gia Gia tri
Thoi diém chuyén bd diéu khién (s) 2.6
Omax Max khi bam vi tri (°) 6.5
€gs Vi tri (m) <0.01
Bmax. dao déng gbéc nghiéng cwre dai, egq: sai léch tinh
10
0.02 0.1
8 0.05
= 6} ’ o
= 000 0.05 ! _ _
'““_'__’- 4k 25 2.6 2.7 2.8 2.9 3 14 16 18 20
2t /
0 I_,_.--"' 1 'N T-_ 1 ]
0 5 10 15 20 25
Thei gian (s)
10

26 27 28 29 3

l';g( \H.r)
-] oo

e

1L ]
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Theoi gian (s)

(b)
Hinh 7. Két qua kich ban 2 (a) M men banh trai xe; (b) M& men banh phai xe

Trong Hinh 7, quanh théi diém chuyén ché
dd cac md men diéu khién T va Tg bién thién lién
tuc, khéng xuat hién bwéc nhay gian doan dang ké.
Két qua nay cho thay viéc chuyén dbi gitra hai bod
diéu khién khong gay ra bién thién dot ngdt dang
ké cua tin hiéu mé men trong kich ban khao sat.
Sau khi xe da dat diéu kién chuyén ché do, bo diéu

khién dwoc chuyén sang ché dd LQR bam vi tri.
Khi tin hiéu dat vi tri X' hay géc quay g thay ddi,
trang thai thuc té clia xe da bam theo tin hiéu d&t
v&i sai léch nhd. Trong qua trinh thay déi goc quay
hwéng g, hai mé men banh T, va Tg ¢6 dau nguoc
nhau, tao ra thanh phan mé men chénh léch dé
thwe hién chuyén déng quay. Pdng thi, tbng mo
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men tac dong theo phwong chuyén ddng tinh tién
xap xi bang khong, T +Tr=0. Do d6, trong giai
doan diéu khién goc quay, vi tri x va géc nghiéng 0
hau nhw khéng thay déi, trong khi y bam theo gié
tri dat va  tién vé 0 sau qua trinh qua d6. Diéu nay
cho thay bd diéu khién LQR khéng chi dam bao
kha nang khéi phuc can bang ban ddu ma con dap
(ng tét yéu ciu diéu khién vi tri va goc quay cla
xe.

5. Két luan

Trong dé tai nay, tv mé hinh phi tuyén ban
dau, hé dwoc tuyén tinh héa quanh vj tri can bang
thdng ding tlr d6 xay dwng bd diéu khién LQR
nhdm 6n dinh hé va diéu khién cac trang thai clta
xe theo yé&u cau dét ra.

Nghién ctru da xay dwng giai phap diéu khién
chuyén déi cau truc str dung hai b6 diéu khién LQR
doc lap cho hai giai doan: khéi phuc can bang va
bam vij tri ctia xe.

Két qud mé phdng cho thdy bd LQR diéu
khién vi tri xe va phdn mé rdng cho bam géc quay
huwéng cé kha nang bam theo gia tri dat véi sai léch
nhd, trong khi géc nghiéng than xe van dwoc duy
tri quanh diém can bang. Diéu nay cho thay bo diéu
khién LQR bam vi tri vAn ddm bao dwoc yéu ciu
4n dinh trong qua trinh xe di chuyén.

Han ché hién tai ctia nghién ctru |a chwa xét
dén nhiéu dong ngau nhién tr mat dwdng va gia
dinh mé hinh hoan toan chinh xac. Trong cac
nghién ctru tiép theo, bo quan sat trang thai va bd
quan sat nhiéu s& dwoc xem xét nham nang cao
kha nang wéc lwong trang thai va gidm anh huéng
cta nhiéu. Déng thoi, phwong phap dé xuéat sé
dwoc kiém chivng trén mé hinh phan cieng thuc té.
Tuyén b6 vé viéc st dung Al tao sinh

Trong qua trinh chuan bj bai bao, cac tac gia
da str dung ChatGPT nham cai thién kha nang dién
dat ngén ngilr cua ban thao. Sau khi str dung cdng
Ccu nay, cac tac gia da ra soat va chinh stra ndi dung
khi can thiét, ddng thdi chiu hoan toan trach nhiém
vé ndi dung ctia bai bdo dwoc cong bd.
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Phu luc A
A.1. Cac phan tir ciia cac ma tran trong phwong trinh (2)
M4 =mMg+2my,+2J/r?
Mq2=My1=MglCq
m22=I2+mBI2
Mag=lg+2K+(myd?)/2+(Jd?)/(2r2)-(I5-1,-mgl® )s?
C1o=-MglBsg
C13=-Mglysg
C23=(|3'|1'm8|2)¢5909
C31=Mglyisg
C32=~(13-11-mgl*)sgCy
C33=-(I5-11-mgl*)BsgCo
A.2. Cac phan tir cia cac ma tran trong phwong trinh (5)
My 1=M4q
My2=My1=mgl
Mg2=Ma2
Mas=lg+2K+(myd?)/2+(Jd?)/(2r2)
A.3. Cac tham s6 mé phéng mé hinh xe Segway

Bang 4. Tham s6 mé6 phéng méd hinh xe Segway
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Tham sb Gia tri
d (m) 0.485
I (m) 0.3
r (m) 0.1397
mg (kg) 10
my (kg) 4
g (m/s?) 9.81
J (kgm?) 651x10™
K (kgm?) 5.229x10°°
l; (kgm?) 28.128x107
I3 (kgm?) 28.07x107°
I3 (kgm?) 4.641x107°
A.4. Cac phan tir ciia cac ma tran trong phwong trinh (7)
_ -ﬁ12mBlg
dos=<=—— = =
My 1Moo-M31 M43
_ -myymglg
dg5— == = =
My2Ma1-MooMy4
Moo
b12— =~ =~ =~
My 1Moo-M31 M43
Moq -
Tt
b= %=
M42M31-MooM44
bos= d
24~ 2r’h33r
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