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Abstract

The research on two-wheeled inverted pendulum (TWIP) mobile robots has been ongoing in a number of
robotic laboratories around the world, In this paper, we consider a robust controller design for the TWIP
mobile robot driving on uniform slopes. We use a 2 degree-of-freedom (DOF) model which is obtained by
restricting the spinning motion in a 3 DOF motion dynamic equation, In order to design the robust con-
troller guaranteeing stability of the TWIP mobile robot driving on inclined surface, we propose a sliding
mode control based on the theory of variable structure systems and design a sliding surface using the theory
of the linear quadratic regulation (LQR). For simulation, the dynamic model of the TWIP mobile robot is
constructed using Mathworks' Simulink and the sliding mode control is also implemented using Simulink,
From simulation results, we show that the proposed controller effectively controls the TWIP mobile robot
driving on slopes.

Key Words : Inverted Pendulum, Two-Wheeled Mobile Robot, Sliding Mode Control, LQR theory, Simulink
Model.
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Fig. 1. Coordinate system for two-wheeled robot
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Table 1. Mechanical parameters

Param, Description

d distance from C to C.G.

my mass of the body

A ny-directional rotational inertia of the body
I ng-directional rotational inertia of the body
L half-distance between wheels

R radius of the wheel

m. mass of the wheel

g gravitational acceleration

ol =RAA oF2Y (o3 o] 2| BejH 54
T AoA2EE A A olE 2Rl
A3 4 nde Faioloh duh 17 194 B sl
fol REAS YT E 194 B AA hhEsE
g Thesh 2 AN £, A38E B AT A
A $5E T 3 AfEe LEWAH0] fEHTH

(3m,+m,)z—m dcospd
+msdsin¢(¢.2+d;2) = a;ﬂ

{(BL*+1/2R)m +m d’sin’p+ L} ¢
+m d*singcosgprp= %(a —B)

md cos¢r — (m,d*+ L) b+ msd251n¢cos¢12)gi>
+m,gdsing=a+p

@

A7 gt f= A7t $5 i ek 5 whFlol WA
E3olt.

=R AdeEe Addsty AdeEd TS
o712 gk olel Wk 3 Afme] £F WA (1)elA
T oA SN A YeiA R Ao R
A8l g AT ddd & A 2 AFEe
TR AT £ glor], Wk A WFes
Aol EAGTUH AAEAA oF 2RE HsH T
371 918 F7HQ Eh a7HER AFHoR 4 (2%
Ze $EERAE de F Aol = 95 % H5 )
AN WA= 3= 2 A7)7h olo StER Shte] Wi
2 2% 5 Sk

(3m,+m )z —mdcos(¢p—C)op

+m5dSin (¢)_§)¢2+ (m(1+m5)g5in§:_% (2)

m.dcos(¢p— )z — (md>+ 1)
+m d*sinpcosgp®+m gdsin(p—¢) =7

7N r=a+p=20=280]M, (& MRS AEE U

Wi,
oF 2Re 97 Aoy AAZ A8l AAL ool v
HHY 25 WAL FIR te) A3ske Bast Ao
ol =it Aateol = weAe] AAW Zwo] ne
Az FRRE 4 @ SE 2 MRS 002 47
A3t} gol tishe] Aelahw st e 54

s

3 5 4 9
% 92 % 9o
R R(m,+m,) N
(ﬁ*SIn TSZTLC C (3)

ofF 28wy el A FZHAN 2A Y
ofubA] gh=tha 71gste] A¥st Rds ek v 2
[e3]

o 43 2% PANS 9% & ot

T v o

OIF TEZA 0|52 Y5t Zono7| A7 | 17



Journal of Korean Institute of Intelligent Systems, Vol. 26, No. 1, February 2016

_midg  (md+L)/R+md
=3 A T
(md*+ L) (m,+m,)
- A sinC
4)
mydg(3m,+m,) myd/ R+3mm,
¢: A ¢_ A T
(m{,+mé)mégd .
- #sm(
AN A=3m, (md*+ L) +m Lo},
2l (WE e sy o 2
x(t) = Ax(t) + Bu(t) + D )
o714
x=[z,z,¢,0]" ,u=7
01 0 0 0
2 2
00 m.d'g 0 7 (msd2 +]3)/R+msd
A= A4 B= A
00 0 1 0
00 m,dg(3m,+m,) m,d/R+3mm,
A A
0
(msd2 + L) (m,+m,)
- sinC
D= A
0
(m.+m,)mgd
- #smg‘

Agshd AR 4 4 (4, BE AoPhssu of
289 943 g AolrlE AAT 5 A

M

3. &2t0|g ZE Hoj7] MA

dnbH o g &etoly RE Aol7] AAE F WAE U=
Ttk A WA dAE &Ehold Rt doju= &Eefel
9 HHE Al Aol o] Letold Ho| HelH o
© AlzEe AAS setold HJHoR o]&a Eufold
I JEg Folle AlGoA] o] HHel HEES s Al
Aol71& AAsHE AoehHolH12].

1A &etold BEvE doju= 294§ o(t) & T

{o€R| o(t) =5x(t)} ©)

S71M Setold d SER 1= SBE R} 00] ohdl
7 HE2 A9
Zal8 Selold mE SN o)) d8 b ge
4

Au | g re R

z= [zl,zZ]T= X,

Ap Au} [ 0 ]
,TB=

Ay Ayy B,

7N 2 ERPIE WE 0|1, z,E R AZE N, BER
2 27kejoltt

2 (5)olA ZAtztel ofgt g AAS T HF w2
< w70 ofsf okt 2 Aatstk FE (regular
form)Z HEHTHI).

TAT =

Z:l(t) = Ay (1) + App2, (1) (7a)

2o(t) = Agy2, () + Agozy (t) + Byu(t) (7b)
T3 2904 PEE v Mg e o8 ohez
ol B A

o(t) =8x=8T"2= 52 (t) + Sy, (t) ®)

wiok Zefoly o] AAHA 2904 PiE
Seolg BEE thest o] Ao ojs) 24 Hn

2,(t) = (4, — A, M)z, () ©)

A71A M= 5/S,0H, &etold Fd 5o HHst

3] S 00] obd g7t "o B =FoxE AAE &
w3sl7] fal S5 12 A3 A (9)0xM HA
AAlel ofsf &etold HHA ] Eetold 5
KA HER AE e z(t) = 0o
Fd o] AAloll= 54 wixHolvk LQR A
] B =Fo|A+ Utkind} Young [10]0] A| A3
< o]&gitt

HA o] AeAs e Had 2AE it

— o
ol
o

1 o0
JZE/L xT(t)Qx(¢)dt (10)

o714 HEA WY Qe vAel el Ao Bolw, 1=
Sefold g0 AlAEE Aol old Held Am w
& B 79} WEE AUE 22 olgele] A5AS B
£ AR e

J= %/:OZf(t) Q= (t) +07(£) Quu(t)dt an

of €t o714 U4¥ w(t) ER

rir

v(t) = Zg(t) + QZE]QZI (12)
ola, TQT"= G QH]» Q= Qi — @/ Quoltt. wet
o o

A A (g Thest ol 543 & gk



http://dx.doi.org/10.5391/JKIIS.2016.26.1.016

21(t) :zzlzl(t) +A0(t) (13)

71N A=A, — A, Q) Quolth, Wb 2] (13)S Alokz
Aog 7AE A 1DE Hasgels Ao 48 o(H) e o
53 ARE

v(t) =— AL Pz, (t)/ Qy (14)
o714 o] Fd PE th9] el7tE] wAA e fdsloldt,
PA+ AP~ PA,AL P/ Q,+ Q=0 (15)

(12)9} (14925E P8 M2 v} Zo| AAHrt,
M=(ALP+Qy)/ Qs (16)

#9 9Y MomvE WE Ao $ERRAeIe e
oY B & thedt go| A

S=[M1|T (17)

o2 *&ﬂl AXE Sttold HHoR ojne &etol
A71E Az
__ -1 _ al(t)
u(t) =—(SB) ' 9A4x(t) Pl (0] (18)

Y A O ZHHE ol 2¥Y F
A 297 2 A (17)9F 2ol *471];} A o}7]
(18)8} o] AL w o(t) =0 0%0}3}

= ~

T8 29A o] RS AFE] H8 e 22
2o} =X (Lyapunov) 5 iL#|ght},

Vis) = éUTa (20)
22008 ARl dis) RSk, A (18)% (19)E tigste]
gejahd
V ZJT&—JTS(AQU—O—BU-FD)
—UTSBpl E %“FO'TSD) (1)
—lollSBllpl +ol.SD| < 0.
Wb o) =08 gt m

4, N2y old Az

i

B =RoA Ak o]F i that 2oty BT Ao
of 84S AR fal HA olF 2xel gt 2 A
;L

O_I./

g8 MathworksAte] SimulinkE o]-&3Fe] 18 29} 7+

vel
of s} ? i~ »CD

angular vel.
¢

/s

slope angle

M QR U+(2me+ms) |

D

torque
—{ (Ms*d*u)* 2-(3*me+ms)* (s ¢ 2413) IA
" (ms*d)"(ms a2+ 3) 12
.

(mc+ms)*(ms*d*2+13)*g"u

MS*d uH(ms*d*2+13)R

a8 2. SimulinkE 0|8%t 0|1& 28 2
Fig. 2. Two-wheeled robot model using Simulink

H 2. AS20|MS st oiofH 2t
Table 2. Parameter values for simulation

Param, Value[unit] Param, Valuelunit]

d 0.045[m] | L 0.175[m]
m, 5160kgl | R 0.065[m]
A 0.052675lkg] | m, 0.3[kgl]
A 0.003483lkg] | g 9.81[m/]
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