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Tém tat:

Bai viét xdy dung mé hinh phi tuyén theo phwong doc cho robot tir can bang hai banh tich hop Paired CMG
quay nguoc chiéu. Mé hinh mé ta s lién két gitta chuyén dong tinh tién, géc nghiéng than, mémen bdanh xe
va mémen CMG. Cdu triic diéu khién lai dwoc dé xudt, trong dé banh xe tao mémen duy tri va trao doi dong
liwong véi mat dat, con Paired CMG xit Iy dép vimg qud do nhanh. 8 phép thir trén mé hinh Paired CMG mét
truc déu dat. Véi goc nghiéng ban dau 2°, hé tré vé mién +0,5° sau 1,07s. Xung lyc 10 N kéo dai 0,2s tai do
cao I m gdy goc léch cuc dai 0,422°. Momen bdc thang SN-m lam gimbal bdo hoa sau 5,20s va than vueot
ngudng ngd sau 6,53s. Két qua xdac dinh gi6i han ciia CMG don va thiét lgp bé thir cho mé hinh lai; hiéu
nang cia hé banh xe-CMG sé dwoc danh gid sau khi xdc dinh day di théng sé banh xe.

Tir khéa: robot ty cin bang hai banh, con lac nguwoc, Paired CMG, phdn bé mémen.

Modeling and control of a gyroscope-equipped two-wheeled self-balancing
robot under disturbances

Abstract:

This study develops a longitudinal nonlinear model of a two-wheeled self-balancing robot equipped with a
counter-rotating paired control moment gyroscope (CMG). The model couples translational motion, body
tilt, wheel torque, and CMG torque. A hybrid control architecture is proposed in which the wheels provide
sustained torque and exchange momentum with the ground, while the paired CMG handles rapid transient
responses. All eight tests of the single-axis paired CMG model were passed. From an initial tilt of 2°, the
system returned to within £0.5° after 1.07 s. A 10 N force applied for 0.2 s at a height of 1 m produced a
maximum tilt of 0.422°. A sustained torque of 5 N-m caused gimbal saturation after 5.20s, followed by the
body exceeding the fall threshold after 6.53s. The results establish the limitations of a standalone CMG and
a test set for the hybrid model. Full wheel-CMG performance will be assessed once the wheel parameters
have been determined.

Keywords: two-wheeled self-balancing robot, inverted pendulum, paired control moment gyroscope,

torque allocation

EIEITE Google Scholar B Crossret | 377

v T



TAP CHi CONG THUONG - CAC KET QUA NGHIEN CUU KHOA HOC VA UNG DUNG CONG NGHE

1. Dit van dé

Robot tu can bﬁng hai banh c6 thé dugc m6 hinh hoéa nhu mot con lac nguoc trén dé di dong, trong do
chuyén dong tinh tién, goc nghiéng than va moémen banh xe lién két chit ché v6i nhau (Ghaffari et al., 2016;
Grasser et al., 2002; Pathak et al., 2005). Control Moment Gyroscope (CMG) tao mémen 16n bang cach déi
hudng vecto dong lugng goc ciia rotor, nhung kha nang diéu khién bi gioi han boi hanh trinh gimbal va trang
thai suy bién (Bedrossian et al., 1990; Kurokawa, 2007; Winder, 1978). Vi vay, nghién ctru nay dé xuét cau
trac diéu khién lai, trong d6 Paired CMG xur Iy dép Gmg quéa do nhanh, con banh xe cung cdp mémen duy tri
va hd tro quan 1y dong lugng. Muc tiéu 1a xay dung mé hinh dong luc hoc phi tuyén, dp dung cac gidi han
co cdu chip hanh va danh gia kha ning 6n dinh ctia hé dudi tac dong ciia nhidu.

2. M ti h¢ thong

2.1. Kién triic co hoc va hé toa dp

Hé théng gém mot than cing dat trén hai banh déng truc, 2 dong co dan dong va mét cum Paired
CMG lap trong than. Hé quan tinh OXYZ ¢ X trung phuong chuyén dong doc, Y song song truc banh
xe va Z hudng 1én. Goc nghiéng 0 duong khi than quay tir +Z vé +X quanh +Y; 6 = 0 biéu thi tu thé
thang ding. Trong md hinh phing, hai dong co nhan 1énh mémen bang nhau nén chuyén dong yaw va
roll khong dugc xét.

Hinh 1. Céu hinh phdng ciia robot hai banh tich hgp Paired CMG

b) Quy udc ddu clia cdp CMG
a)Mé hinhcohoctrong  +Z g Mit phing quy U6c Y;, — Zy; tryc gimbal +X), huding ra ngoai

mat phéng X-Z
K H1
’l
7]

Tem6 Y

H2

® +Y: Divao trong hinh +Zy 01=+0 a=-0
dn_,dr drz_ _dr
dt dt dt ~  dt
dy
X 1 Tcue: ¥ = 2H (ﬁ) cosy
LJ

+Xp

Khoi lugng m, biéu thi toan bd cum nam phia trén truc banh, gém than, nguén, dién tu, gimbal va rotor.
Trong tim G cdach truc banh mot doan 1. Moi banh ¢6 ban kinh 7, khoi lugng m  va mémen quan tinh doc
truc J . Toa do x mo ta chuyén vi ctia truc banh. Piéu kién lan khong truot lién hé x voi goc quay trung
binh cta hai banh.

2.2. Ciu hinh Paired CMG

Cum Paired CMG gdm hai rotor vanh khan giéng nhau. Hai tdc do rotor duoc do theo cung chiéu
duong cua truc z, nén mang dau d6i nhau. Hai truc gimbal song song véi +x,. Cach dat dau nay lam cho
hai mémen hiru ich cung chi€u quanh +y, khi cac gimbal chuyén dong doi xung.

Ql=+0, 0, =-Q (2.1)
H=J Q (2.2)

Momen trén than dugc dinh nghia la mémen phan luc ddi vé6i tde @6 bién thién dong luong rotor. Voi

cac dau néu trén, thanh phan diéu khién quanh +y, la

Temey = H(y,cosy; — ¥,C08Y,) (2.3)
Vi=ViY2=—V. 1=V, V2=V = Temey = 2Hycosy (2.49)

Hai rotor quay ngugc chiéu chi triét tiéu dong luong téng tai y = 0. Vi diéu khién ddi xing, thanh
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phan theo z, trigt tiéu nhung dong lugng tong theo v, bang -2H sin y. Vi vay, chuyén dong gimbal lam
thay d6i dong lwong ndi tai; banh xe va mat dat van can thiét dé thyc hién quan ly dong lugng lau dai.

2.3. Thong sé tham chiéu va gidi han

Mo hinh Paired CMG hién tai c6 tong khéi luong 60 kg va duge dat trén mot khop quay cb dinh.
Than c6 kich thudc 0,70 x 0,70 x 1,50 m, véi trong tdm cach truc quay 0,75 m. H¢ gém hai rotor vanh
khan giéng nhau, mdi rotor c¢6 khéi lugng 15 kg, ban kinh ngoai 0,30 m, ban kinh trong 0,20 m va
moémen quan tinh doc truc J; = 0,975 kg-m?2. Hai rotor quay voi téc do khong doi 1an lugt 1a Q: = +300
rpm va Q> = —300 rpm, tao ra dong lugng goéc c¢6 do 16n H = 30,63 N-m-s cho mdi rotor. Goc gimbal
dugc gidi han trong pham vi £45°, toc d6 gimbal cuc dai 1a 60°/s, twong duwong 1,047 rad/s, va gia tdc
gimbal cuc dai 1a 300°/s2, trong duong 5,236 rad/s2. Co cAu gimbal dugc mé ta bing mé hinh bac nhit
voi héng sb thoi gian 0,02 s. Lénh momen dugc gidi han & 60 N-m, nho hon gidi han dong hoc tai y =
0, va hé phuong trinh dugc tich phan bang phuong phap Runge-Kutta bac boén véi budc thoi gian cb
dinh 0,005s.

3. M6 hinh dong luc hoc

3.1. Dong hoc lin va nang lugng

Toa do suy rong ciia mé hinh doc la q = [x, 0]". Vi tri trong tam cua cum than phia trén truc banh dugc
viét nhu sau:

Xg = x + Isinf, z; = lcosO (3.1

X =T1,¢ (3.2)
Patm la téng khoi lugng tinh tién cua robot, J, 1a quan tinh pitch cua cum théan tai G va J _la téng
quéan tinh doc truc cua hai banh. Pong ning va thé ning dugc chon sao cho 6 = 0 1a tu thé con lic ngugc.

T = %(m+%)x2 + mylcosfx6 +§(]b +m,l2)62 (3.3)

V = myglcosd (3.4)

3.2. Phwong trinh chuyén dong ghép

Ky hi¢uz la tong mémen ma hai dong co tic dung 1én banh theo chiéu lam robot tién vé +X. Phan luc

cung do 16n tac dung Ién than theo chiéu —Y. Momen Paired CMG va momen nhidu dugc ldy duong quanh
+Y. Hai hé s b, va b, m ta can nhét tuong duong.

Mx:m+i‘/\%, Jo =Jp + mpl? (3:5)
M, & + mylcos8f — mylsind6? = ;—‘” — byx (3.6)
Job + mylcosfx — myglsind = —1,, + Teyg + Tg — Pef 3.7)

Hai phuong trinh trén giir hang phi tuyén m ,1 sinf62. Khi bo moémen, can va CMG, dao ham ning lugng
co hoc bang khong trong mién lan khong trugt. Pay la phép kiém tra quan trong doi voi dau ctia hang trong
lyc va lién két quan tinh.

4 = MyJg — (mylcosd)? >0 (3.8)

Diéu kién A > 0 bao ddm ma tran khdi luong kha nghich. Bat ¢ = m, 1 cos 6 va dinh nghia hai vé phai
11, T2, gia toe ¢o thé tinh tryc tiép ma khong doi quy ude diu.

T, =2 _ b.x +mylsing6?, r, = —T,, + Temg + Tqa — be® + mpglsing  (3.9)
Tw = JoT1—CT2 9 — MyTy—CT4 (3 10)
4’ 4 '

3.3. Dong lwong va momen ciia Paired CMG
Vi vecto don vi truc rotor nhan duoc bang phép quay quanh x,, dong lugng cua rotor thir i 1a

H; = /02,(0, —siny;, cosy;) (3.11)
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Moémen than bang 4m tdc d6 bién thién dong luong rotor trong hé gimbal. Tich ¢ hudng sau cho
dng dau cua (2.3), dong thoi cho thay, thanh phan khéng mong mudn quanh z, triét tiéu dudi dicu khién
dbi xung.

Tgi = 2 —Yiexp X H; (3.12)

dt

TCMG,max = ZH}"maXCOSY (3-13)

V6i H =30,6305 Nmsvay 1,0472 rad/s, giéi han dong hoc 1a 64,15 N m tai y = 0 va 45,36 N m tai
ly| = 45°. Gi6i han 1énh 60 N m ctia phan mém nam dudi gia trj trung tim nhung van phai giam theo cos
v khi gimbal 1é€ch khéi trung tam.

3.4. Pong hoc co ciu va nhiéu

Co cau gimbal duoc mé ta bang dap tng téc do bac nhét co gidi han gia toc. Ham sat hodc clip duoc ap
dung trudc khi tich phan, va 1énh hudng ra ngoai bi dat bang khong khi goc da cham gidi han.

V= sat(™8, tna ), Y] < Viax (314)
Tq = Fdhd hOéC Tq = Td,OWd(t) (315)

O (3.15), F,1a lyc ngang dat tai do cao &, con w (t) mo ta dang xung, bac thang hodc xung luc hiru han.
Mo hinh banh xe phai bo sung gi6i han Iz, |, toc do dong co va dicu kién bam |F | < uN.

Xs = [x,%6,6,y,7]" (3.16)

4. Chién lwgc diéu khién lai banh xe CMG

4.1. Mémen cén bang yéu ciu

B dicu khién cap cao tao momen tong yéu cau quanh truc pitch. Dang dudi day két hgp can bang goc
v6i gidi han troi vi tri. Cac hé s6 vi tri co thé dat bang khong khi muc tiéu chi 12 phuc hoi tu thé.

Treq = —Kp0 — K40 — K; [ 0dt — Kyx — K x (4.1)

Theo (3.7), mémen can bang thyc trén than la -7+ Do d6, ddu moémen dong co banh trong bd

CMG®
phan bd phai ngugc voi mdémen phan lyc mong muon trén than.

4.2. Phén tich theo dii tan

2 bd loc bu nhau tich momen yéu cau thanh thanh phan cham va nhanh. Tén sé cit w_dugc chon thap

hon dai dap tmg hiéu dung cta gimbal nhung cao hon dai diéu chinh vi tri.

w. S
FL(S) = S+Z,C, FH(S) = m, FL + FH =1 (42)
TeMGo = FyuTreqs Tgwo = FiTreq (4.3)

Ky higu 7, 1a mémen phan lyc cua banh trén than, vi vay 7, = - . Khi khong c6 bao hoa va khong tai
dinh tam, tong 2 thanh phan trong (4.3) ding bang 7, .

4.3. Tdi dinh tam gimbal c6 bu moémen

Mot hang -kw duoc thém vao 1énh tde do gimbal dé kéo gimbal vé trung tdm. Hang nay tu tao mémen
CMG; banh xe phai bu dung phan chénh 1éch dé tong momen trén than van bam theo 1énh cap cao.

] _ TCMG, .
Yema = sat (ZHcosoy — ky]/: iVmax) (4-4’)
Temc = 2HYcmaCOSY, Tpw' = Treq — Toma. (4.5)
TW* = _TBW* (4’6)
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Néu gimbal, banh xe hodc d6 bam bao hoa, bo phan bd dung momen dat duoc thay cho mémen yéu cu
va chuyén phan du sang co cau con kha nang. Co ché nay khong thé vuot gii han vat 1y dong thoi ctia
ca 2 co cau; khi tong mémen kha dung nhé hon mémen trong luc va nhiéu, robot s& roi mién phuc hdi.

4.4. Chong tich phén bao hoa va logic an toan

‘;i =—-0+ kaw(rach - Treq)r Tach = —Tw + Tema (4-7)

Tich phan & chi tang tu do khi co cAu con theo dugc 1énh. Khi sai 1éch mémen xuét hién, hang back
calculation dua trang thai tich phan vé gia tri phii hop. Bo diéu khién ciing phai giam sat goc than, toc do
banh, bién gimbal va cd mat bam dé chuyén sang ché do ding an toan néu trang thai roi mién phuc hoi.

5. Phuong phap mé phéng va kiém ching

5.1. Nén ting tinh todn

Phan mém Paired CMG v1.3 dung Python, m6 hinh than mét truc quanh khop ¢ dinh, bd diéu khién
PID béo hoa va tich phan RK4 budc 0,005 s. Trong lan chay kiém chimg cho ban thao, tam phép thir tu
dong déu dat: tinh quan tinh rotor, trang thai can bang, phan ky khi tit didu khién, cong momen cia hai
CMG, gioi han gimbal, phuc hoi gbc nho, nhiéu bac thang va bo dém hién thi. Giao dién khong tham gia
tinh toan cac chi tiéu trong phan nay.

Mo hinh lai du kién thay khép cb dinh bang (3.6)-(3.10) va b sung trang thai banh xe. Ciing mét bo
tao nhidu, bo ghi dir liéu va chudn danh gia s& dugc giir lai dé viéc so sanh khong thay d6i diéu kién tha.

5.2. Cac trwong hop thw

Bang 1. Cac truong hop thir

Mi Diéu kién Muc dich Thoi gian

SO 0o = 0; khong nhiéu Kiém tra can bang s6 ls

S1 0o = 2°; khong nhiéu Phuc hoi goc nho 10s

S2 10N tai 1 m; 0,2 s; bat ddu 1 s bép tng xung 10s

S3 5 N m bac thang; bat dau 1 s Bao hoa dong luong 20s

sS4 Quét momen va téc do banh Mién kha thi ciia diéu khién lai |  Sau khi khoa tham sé
S5 Quét p va gidi han quang duong Do bén virng vai tiép xuc Sau khi khéa tham s6

5.3. Chi tiéu danh gia

Cac chi tiéu chinh gém gbc 1éch cuc dai, thoi gian xac lap, mdmen diéu khién cuc dai, bién gimbal, thoi
diém béo hoa, thoi diém vuot ngudng ngi va ning luong diéu khién uéce tinh. Thoi gian xac 14p dugc tinh
tir thoi diém dau tién ma [0] < 0,5° va [0] < 1°/s dugc duy tri dén cudi phép chay.

t s=min{t: |6(1)[<0,5° va [O(7)|<1°/s, VT>t}  (5.1)

Dbi voi mé hinh lai, bang két qua phai bao thém chuyén vi cuc dai, téc d6 banh cuc dai, ty 18 thoi gian
mdi co cdu bao hoa va bién Iyc bam. Viée chi bao gbc than ma khong bao chuyén vi va trang thai gimbal
c6 thé che gidu mot nghiém can bang khong kha thi vé co hoc.

6. Két qua va thao luin

6.1. Két qua dwong co sé Paired CMG

Hinh 2 trinh bay 2 dap tmg hitu han ctia mé hinh khép ¢d dinh. Vi 8o = 2°, goc cuc dai 1a 2,031° do
tré co cAu ngan, sau d6 di vao mién xac 1ap tai 1,07 s. Bién gimbal 16n nhat 1a 9,882° va khong xuét hién
bao hoa. Khi lyc ngang 10 N tac dung trong 0,2 s, goc léch cuc dai 1a 0,422°, thoi gian xac lap 1a 1,30 s
va bién gimbal la 4,459°.

Két qua chay lai phan mém Paired CMG v1.3 cho thay hé duy tri trang thai can bang trong tinh huéng
S0 v&i goc than, goc gimbal va mémen diéu khién déu béng 0. Trong S1, goc Iéch cuc dai dat 2,031°, hé
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Hinh 2. Pdp irng dwong co sé ciia mé hinh Paired CMG khép cé dinh

Géc nghiéng ban ddu 2 48 Xung lyc do 10 Ntrong 0,2 s
6c than B (d8) Géc than B (do)

T

049 D48

Goc gimbal Goc gimbal
VI virrsdd) ¥C va vz (d9)

24

=24

72

vyt v2

Théi gian (s) Thiv gian (s)

24 12
0 2 1 L] 8 0 4] 2 1 L] 8 10

xac lap sau 1,07 s, bién gimbal dat 9,882° va mdémen cuc dai la 27,80 N-m ma khong xay ra bao hoa. béi
voi S2, gbc 1éch cuc dai 1a 0,422°, thoi gian xac 1ap 1a 1,30 s, bién gimbal dat 4,459° va momen cuc dai
1a 8,97 N-m. Trong S3, gimbal bdo hoa tai gidi han 45° sau 5,20 s; than vuot ngudng nghiéng 45° tai 6,53
s va khong thé xac lap, mac du moémen cuc dai chi dat 11,63 N-m. Khi khéng co diéu khién, than vuot
ngudng 45° va ngi sau 1,215 s, trong khi goc gimbal va mémen diéu khién déu bang 0.

6.2. Nhiéu duy tri va gidi han dong lwong

Hinh 3 cho thiy CMG don doc khong duy tri dugc can bang dudi momen 5 N m c6 cing dau. Gimbal
dau tién cham gidi han tai 5,20 s. Sau d6 mémen hitu ich khong con theo 1énh va than vuot ngudng 45° tai
6,53 s. Két qua nay phu hop véi quan hé 1 CMG = 2HY cos y: momen chi ton tai khi gimbal tiép tuc thay
d6i, trong khi hanh trinh gimbal 13 hiru han.

Trudng hop bac thang giai thich vai tro cia banh xe trong ciu trac lai. Khi banh xe tao momen phan
luc chdm va bu qua trinh tai dinh tim, gimbal ¢ thé tré vé& gin y = 0 thay vi tich liiy goc theo mot chidu.
Tuy nhién, két luan dinh lugng vé thoi gian chiu nhiéu hoic g6c phuc hoi cta hé lai chi co gia tri sau khi
gidi han mémen banh, téc d6 banh, ma sat va quing dudng duoc dua vao md phong.

6.3. Mién hiéu dung va han ché

Céc két qua trong Bang 1 chi xac minh quy wdc diu, gidi han gimbal, bo diéu khién PID va phuong
phap tich phan ctia mo hinh khép quay c6 dinh; ching chua dai dién cho robot hai banh chuyén dong trén
miat ddt. M6 hinh hién tai chua xét dﬁy du dong luc hoc banh xe, hién tugng trugt, yaw, roll, d6 ro hop sb,
ma sat, tré cam bién va dao dong mat duong. Vi vay, can bo sung cac thong sb thuec, phan tich do nhay va
thir nghiém phan ctng trude khi sir dung mé hinh cho cac quyét dinh thiét ké.

7. Két luan

Ban thao xay dyng mé hinh phi tuyén va chién luoc diéu khién lai cho robot hai banh tich hop Paired
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Hinh 3. Bdo hoa gimbal dwoi momen bidc thang 5 Nm

80

Momen béc thang SN m

Géce than 8 (d6) Bado hoa 5,20 s
62 ga 6,53 5

Nguéng ngé 45°
44
26
8
-10

0 14 2.8 42 56 7

5

Tich Iy géc gimbal

Goc gimbal y1 (36)
4
-17
-28
-30

Thmlgian (s)
-50
0 14 28 42 56 7

CMG, trong d6 mémen dugc phan chia theo dai tan va banh xe hd tro tai dinh tim gimbal. Két qua tu phﬁn
mém v1.3 cho thdy CMG c6 thé khir nhiu hitu han nhung khong duy tri can bang sau khi gimbal bdo hoa,
qua d6 xac nhan sy can thiét ciia kénh banh xe. Nghién ciru tiép theo s& xac dinh thong sé hé truyén dong,
hién thuc hoa cac phuong trinh (3.6)-(4.7), chay bé thir S0-S5 va kiém chirng mé hinh trén nguyén mau m

Cim on Trwong Pai hoc Bich khoa - Dai hoc Quoc gia TP. Ho Chi Minh vé khong gian Phong Thi
nghiém thugc Khoa Khoa hoc wng dung.
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