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Sliding Mode Controller Design for Stabilizing of

Mobile Inverted Pendulum on the Inclined Plane

Nak Soon Choi

Dept. of Interdisciplinary Program of Mechatronics Engineering

The Graduate School, Pukyong National University

Abstract

The mobile inverted pendulum replaced by human being must keep
its balancing and autonomous control, move forward, backward and
turn on a flat plane and an inclined plane.

This' thesis presents a sliding mode controller to stabilize the
mobile inverted pendulum-on a flat plane and an inclined plane which
can move forward  and backward and turm. It also presents
development results-of the mobile inverted pendulum as follows.

The mobile inverted pendulum is composed of an inverted
pendulum and a chassis with two coaxial wheels.

The nonlinear dynamic modeling of the mobile inverted pendulum
is derived using Newton formula. The derived nonlinear dynamic
modeling of the mobile inverted pendulum is linearized.

The decoupling method is also presented to control the rotation
around the z axis independently of the rotation around y axis. It

transforms torques of y and z axis into the wheel torques.
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Based on the linearized dynamic modeling, a sliding mode
controller is presented to stabilize the mobile inverted pendulum that
can move forward and backward, and turn on the flat plane and
inclined plane. To design the sliding mode controller, a switching
function is defined based on a sliding surface matrix and state
variable vector. The sliding surface matrix is designed based on an
optimal control theory to minimize the quadratic performance. A
control law is designed to stabilizing a switching function using
reachability conditions to the sliding surface.

A control system to implement the - designed" controller is
developed based on TMS320F28335 microcontroller. “To obtain
information of the/mobile inverted pendulum state wvariables, the
following sensors are used: encoder, gyro sensor and accelerometer.
The angle of the mobile inverted pendulum is measured /using the
gyro sensor and. the aceelerometer. The complementary filter is
designed to“compensate a gyro 'sensor’'s accumulative error and to
fuse with gyro sensor-.and accelerometer.~The mobile inverted
pendulum is manufactured to experiment the proposed controller.

Finally, the simulation and experimental results are shown to

prove the effectiveness of the proposed controllers.
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@ Gyro sensor & Accelerometer | @ Motor & Encoder
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Fig. 2.1 Configuration of Mobile Inverted Pendulum
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Fig. 2.2 Mobile Inverted Pendulum
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Table 2.1 Parameters Used for Mobile Inverted Pendulum

Parameter Description
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Table 3.1 Gyro Sensor’s Specifications
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Fig. 4.1 Decoupling control method

Fig. 4. 1258 vt} 7o 2o} A HI}s

T o dy, dlz:H:Tej'Edl:T@:I (4.9)
[TR} [dZI dy ||T5 Ts '

e
+
%2,
5

2l (4. DA BEH JHETL) couplingS 3Z3s7] 913, 2

I=
(4.5 G=3 2ottt

0 0
B, 0
0 Ot
o N >
X(t) = Ax(t) B, 0 LJ (4.3)
0 0
_0 BC_

43



(4.4)

coocooonn

o BaO BbO o
L

-

dlZ

=

11
21

¥

o <t B/o
OBOBO_

OBZOB40 DD6
L I

[e)

=

i A1
(4.5)

I3

4
Bé

c

J3}7]
B, B

8

4

B,, B,

a

B

g4 d =

sh

A3
44

o

(4.2)9]

o5

2
(4.6)3 2ol &

(4.4)0])

0.5
-0.5
2]

2]

h==

=

[e)

(4.4)= 5
0.5
0.5

(4.5)

th (38 A2 $9 #A=x)
o] Az} 2 (4.4),-21 (4.5)2F-F o]

Al
&
Al
-

d, =05, dyy=05, d,, =05

dy =05, dy, =d,,



(4.0

bl 2

°©

o

%o

=

7 z(yaw)

=

z(pitch)

o

T

(4.6)

Al
&

dEEd 1,7, JHZ 1d

=EER

i

"o

i

s

N

(4.9)

(4.7)
(4.8)

45

0

0

0

0 0 4,

x = Ax+Bu

1714



71Hs

(2.41)=}

=

Al

decoupling

A=

3+ decoupling 71 &

2. 74AFdH

&) ofi
— <
N %o
T o o
Q Q _ M:w
+ <9
1
) o
[ M
1
S O O/ ~al
i
S MmO m
q [ <o B
¥ _ Mo
T 1 ~.OI
RoH TR R -
0
o o o o —~ o NI
o o oo o o© =
olp
o o —~ o o o
™
=) Aﬁ =) A@ o o T
— o o oo © w.ﬁ
© o o oo S ¥
Il K o
1 —
RSt .nUanUP.oO S} = ﬁl
1 1 Aﬁ
el

oY

(4.11)

Ax+Bu,

Ax+Bu+D=Ax+B(u+D)

46

[0 D, 0 D, 0 0]

x=
o] 7]
D



u =u+D (4.12)

D=BD (4.13)

U B AWALo] ohly] wRel, A Bl FAAY

FH = 4 41HE 2= F 3

D=(B"B)'B'D
g@2M, +M )

o S, 25\ (4.14)
12M,+ M, L

Bt B :

4.2 &2polg.EBE Ao]7] A

o] He A= decoupling FEIA Ao ZAE Fo FHHG
A gk EfeldEE AorE AAST] 9ghd

o]0 £2 o] §3 Leto] Y

=)
il
Xl
=
ofo
1)

[
AC)
o,
ol
o,
=)

=
L

Pz
2]
EEEAS o] &% Aol HA dg &S AAF

47



o] &3 &Tlo|dBH A

Sefold mE Aol WAL fEay] dete]
%(t) = Ax(t) + Bu(t) (4.15)
o714 xeR' F uweR" & 77k Axgle] sl
dulElo]n], AeR™ o BeR™ & 77 Axulugy)
gAdoln, AL B o AFFankE m
A S RYE n=6 m=2 o|t}. °] ALHE Fhaolen
14w Hew 2ol deun

s(t) = Sx(t) e R (4.16)

Sepold A@ AP =0 o4 x.9 AFH Lol
g3 2ol Relwrk.

=

Sz{xeﬂ%G:SX:O}e‘RM (4.17)

Kl

FxWsks 98 Auyd T eR™ o oJzte] thgat 2ol

HeyEs Aot

48
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L 0.14 [m]

5.1 =H™ AEDA R 44 23

WA, 712717 a=0rad 1 FRUAA L] o]FE=HA
OFYEA 7] 7] 3 LEtold R Aoj7|o] thek Al Ee o]}
¥ A3 Figs. 5.1~5.113 7ol vehdt}d, AlEdo] Azt

Al
=
4P 27 2A0E B4 olEAY x & -0dm,

59




it

e

&tod

o

Kol
=

A
fuiy

1AM %k

4 ===

ERE!

Apo] 5

ol kIR 77

-
T

Fig. 5.13 Fig. 5.2

N

ol
o

el

=17]1¢] 2|l

)

iy

2%

ot A& o] ]

+0.01rad

el

oJ=| AlEdeld

+0.01rad

B ol Fr}, o Fig.

7175

AFe)

it
1H
o

°]

5.4<

SNE] Wi,

o]
H

Aol

1
s

437

0

condition)s ®rEShal 10x0 £ ko]

+40Nm ool A

A& o]

el

A=

+40Nm ©| oA

AlE o

=0
=

HojFEr) Fig. 5.59F Fig. 5.6& ols=gxIxe] #A7F y

60



%

10zeA 9] 7,9 AlEHHA A}

JoH

Ao 7 Holx R

= &2l

t}. Figs. 5.7~5.10

(<))
AR

1T},

o

B

[e)
e

Z =]
e

T2 *A(reaching condition)<

F-oll

o} Fig. 5.11% Fig.

1 o

T

iy

s, s, okel A

s,

,.__wr_wO

do

<

AR & HolF .

D o
T

o] s ol A

g2 &

61



0.05 T T T T T

0.04

0.03

0.02

0.01

-0.01

Pendulum angle[rad]

-0.02

-0.03

-0.04

-0.05 ! ! | !
0

1
8 10

Time[sec]

12 14 16 18 20

Fig. 5.1 Pendulum angle HP in simulation result

0.05 T T T T T

0.04

0.03

0.02

0.01

Pendulum angle[rad]

-0.01

-0.02 1 | | 1 1
0 8 10

Time[sec]

Fig. 5.2 Pendulum angle 0p in

62

experimental result



Control Input u1[Nm]

Control Input u1[Nm]

15 T T T T T T T T T

10F 4
5F 4
. e

5k 4

10} 4

U

15 L I I 1 1 1 L ! L

0 2 4 6 8 10 12 14 16 18 20

Time[sec]

Fig.'5.3 Control input 7, in simulation result

100 T T T T T T T T

D
(=]
T
i

N
o
T
1

N
(=]
T
i

o

_40 1 1 1 1 1 1 1 1
0 2 4 6 8 10 12 14 16 18

Time[sec]

Fig. 5.4 Control input 7, in experimental result

63



Control Input u2[Nm]

'
N
T

Control Input u2[Nm]
& )

L]

1
2 4 6 8 10 12 14 16 18 20
Time[sec]

g.'5.5 Control input 7; in simulation result

0.2

0.1F

0.05F

o
——
-
-

=

Fig

2 4 6 8 10 12 14 16 18
Time[sec]

. 5.6 Control input 75 in experimental result

64



Sliding surface s1
B——

4t U

1
0 2 4 6 8 10 12 14 16 18 20
Time[sec]

Fig. 5.7 Sliding surface sl in simulation result

Sliding surface s1

_2 1 1 1 1 1 1 1 1
0 2 4 6 8 10 12 14 16 18

Time[sec]

Fig. 5.8 Sliding surface sl in experimental result

65



Sliding surface s2

Sliding surface s2

0.01 T T T T T T T T

-0.01f b

-0.02f b

-0.03F b

-0.04 b

-0.05 b

-0.06 b

-0.07 E

-0.08 E

-0.09+ E

0.1 | | | 1 1
0 2 4 6 8 10 12 14 16 18 20

Time[sec]

Fig. 5.9 Sliding surface's2 in simulation result

0.01 T T T T T T T T

0.008 h

0.006 [ 1

0.004 b

0.002 b

-0.002 R

-0.004 b

-0.006 |- b

-0.008 R

_001 1 1 1 1 1 1 1 1
0 2 4 6 8 10 12 14 16 18

Time[sec]

Fig. 5.10 Sliding surface s2 in experimental result

66



Sliding surface

s2

-0.06 Starting point |

0.02 T T T T T

0.015

0.0 4
Sliding surface

0.005

s2
o

-0.005

0.01f 4

-0.015

-0.02 L s - s s

Fig. 5.12 Sliding surface s1-s2 in experimental result

67



5.2 ZAra AlEFEOIA R Ad 23

Ay

o]

M

= 9

P

A& o]

2]

]

<&
el
1

ol

A ol A

7172,

R

S

’

=
il

0.052rad

2 a=

A

Jehd

5.13~5.249} o]

A= Figs.

5
=g

Al
=2

Al =g o] 1}

A& o]

7}

7171

o] % = PRl

212}

-
Lo

Fig. /5.13% TFig. 5.14

o
—_

R

Aol

1
Ly

ol 4 A 0] ohjel

3

3

o 2
7o G

a ol ek QHE st = o] e EHAIAY] 727

)
35

0.052rad <!

Fig. 5.13% %o

= g

of

=, AlEdol

0.16rad ©l

ok
o}

e

7] &7

g 7tel

1

0.165+0.0057ad A

ok
o}

7 Zre

| & == Ao

S o
-

t}. Fig. 5.15%} Fig. 5.16

HoFE

Al =

o
T

|
=
@

g

Al EH o]

U
=y
W
g
<

|52l o] A =t

~
o}

0

—

0

68



HojFrh Fig. 5.169 A3 23+ Fig. 5.149 ol sx=dxAte]
7171 ZF 0.165+0.005rad = A7) 938te] ¢F 65+5Nm 9
& EAVE dasithe AS HolErh AlEd el Wl
TEEAZL zbolds HoFed AlEHoIMAE e sHA
e AA Ao whEE wie] A3 ARelA FEEATL R
d 3A velvdes AE ®BoFErth Fig. 5179 Fig. 5182

ABEANAL _FAN |y EE FHom 0QF A

B

AR ZI= Aol A 1o AlEHCIA Y AHE dE

FAES HolFu Fig. 5233 Fig. 5.24% olF5E=gxAte]

Eetold Hd 5 39 s, 940 BAE Bl v A7 AlEdoldt

69



0.2 T T T T T

0.18

0.16

0.14

0.12

0.1

0.08

0.06

Pendulum angle[rad]

0.04

0.02

0 1 1 1 1 1
0 10 20 30 40 50 60

Time[sec]

Fig. 5.13 Pendulum angle OP in simulation result

0.21 T T T T

0:2f R

Pendulum angle[rad]
o o o
J » ©
1 1 i

o
o
>
i

0 10 20 30 40 50 60
Time[sec]

Fig. 5.14 Pendulum angle 0p in experimental result

70



70 T T T T T

60

w » o
o o o

Control Input u1[Nm]

N
o

0 1 1 1 1 1
0 10 20 30 40 50 60

Time[sec]

Fig. 5.15 Control input 7, in simulation result

120

100

» (%] (o]
o o o

Control Input u1[Nm]

N
o

20 | | | 1 1
0 10 20 30 40 50 60

Time[sec]

Fig. 5.16 Control input 7, in experimental result

71



Control Input u2[Nm]

'
N
i

Control Input u2[Nm]
& X

5 | 1 1 | )
0 10 20 30 40 50 60

Time[sec]

Fig. 5.17 Control input 74 in simulation result

0.1 T T T T T

0.05 b

-0.05 E

-0.15 | | | 1 1
0 10 20 30 40 50 60

Time[sec]

Fig. 5.18 Control input 7, in experimental result

72



0.8} R

0.4

0.2 b

Sliding surface s1

_02 1 1 1
0 10 20 30 40 50 60

Time[sec]

Fig. 5.19 Sliding surface sl in simulation result

Sliding surface s1

4 4

3 1 | |
0 10 20 30 40 50 60

Time[sec]

Fig. 5.20 Sliding surface sl in experimental result

73



0.01

-0.01 (

-0.02
-0.03

-0.04 |

Sliding surface s2

-0.05

-0.06

-0.07

-0.08

10

20

30
Time[sec]

40

50

60

Fig. 5.21 Sliding surface s2 in simulation result

0.01

0.008 |

0.006 |

0.004

0.002

-0.002

Sliding surface s2
o

-0.004

-0.006

-0.008

-0.01
0

10

20

30
Time[sec]

40

50

60

Fig. 5.22 Sliding surface s2 in experimental result

74



0.01 T T T T T

0.01f

0.02¢ Sliding surface

0.03+

s2

0.04

0.05F b

Starting point
-0.06 |

0.07f

-0.08 . A .
-0.2 0 0.2 0.4 0.6 0.8 1

s1

Fig. 5.23 Sliding surface s1-s2 in simulation result

0.015 T T T T T

0.01F 4

Sliding surface

0.005

-0.005

0.01f 1

-0.015 | ! ! | |

Fig. 5.24 Sliding surface s1-s2 in experimental result

75



A6FddE

=K

£

btk

°©

A

=

=

ban, ol BRI A At

°©

ba

AR At

S|
=

e
file)

el
o
B

B

o

ﬂ

ol
B

a3

el
T

m

Tor

Fict.

©

A A

[e)

O
H=

Bk o o

[e)

3} 245

=

= decoupling A ©17]

°©

A A8 AT
E3
:Il

Tor

jrase)

=)

g

K

—_
1o

o
0

K
il
fron!
,_ﬂo

o
<]

1o

olo
i
S

e
T

s

76



R
Q;&D¥u5
@iAE
5 b 2§83 %
A i ~ °
QO%EMMWLEMQHAME ﬂMMﬂVlﬁ
;an_wﬂauz mwwma
gﬂﬂi ﬂuoi < B g = ,
mmmmlw S G % X T
- LR oo (e M,_ T W oF N T 3 = of
do%.}mm}ﬂ_xmﬂ o- w G &rk.71F
‘Olﬂ_oi‘#lom;o,wro‘lﬁ.moxg = m 0 0 ATJ@I
T Lt T ﬂ.@io. mgafwmww Q@rm_a
A_:1mxmLZ_E @@ﬂw IR 2 5 o
%W = M il oo o Mom Wt i N * 0 wm_ g T -
wﬂ aoao#ﬂmmﬂp; Eoﬁl%dﬂ ﬂ@ﬂrEw@ 0 .
S v Xx T g -~ \W L - e
i ﬂﬂg_dxﬂ o T = B E_zuw W
oK TS G U P F < o ° T w3 AF
mﬂ1e§e X]Jl . ﬁl_|+_ Plokg BN i) qu
RO ﬁe Eo _zrv 10.! ~ L N _~— 5 s — X =
A_%W%ﬂ = T qF 5 17rmﬂ oﬂmao }xwﬁ
]3 . ~ == - N
ar.ﬁa%L%ﬂ @Mﬂw@ﬂw %ﬁoym1;rﬂqﬁ
o E71FEL1@1W]§@ o- .7%]1.
™ o o_,o . 1 Nr < N
< = o o q < = ~ B L ™ W .
Jogobn/u &oLlA]; B ™ 5 o
o oo = R <~ = = ﬂw o < < o W B Jo
gﬁmsgﬂo \ZLT = R & iogmm@gagﬂ
m@ﬂggﬂogﬂ X o s ﬂﬂtoloﬁo
@ Qmﬁimﬂ o_aziaﬂﬂ W ﬂq_o 7
uﬂLM]L.J..aH“ | oLEo:.LL._/A N
T el ol Lo f:t S ol N w BT g T n
OW.OIﬁOﬂ.M,QD 1:_A|EO ‘Aluﬂ,ﬂoji,lo_
® P AR ﬂao%i;_ﬂﬁ@
il in goyiﬂg.m
@i,aa o] -
< ogﬂlllg
Eiﬂﬁ%ﬂ7.m
: _d%%aa@nm
Mo do U Wk = £
0 -
ow%%% =R
o} Lcuar
ﬂ.ﬁﬂ
0N

77



[1]

[2]

[3]

[5]

REFERENCES

F. Grasser, A. D. Arrigo, S. Colombi and A. C.
Rufer, “JOE: A Mobile, Inverted Pendulum”, IEEE
Trans. Indus. Elec., Vol. 49, No. 1, pp. 107-114,
2002

M. Baloh and M. Parent, “Modeling and Model
Verification of an Intelligent Self-Balancing Two-
Wheeled . Vehicle for .an Autonomous Urban
Transportation System”, The Conference on
Computational Intelligence, Robotics, and

Autonomous Systems, pp. 1-7, 2003

http:/www:segway.com

C. Ye and J. Borenstein, “Obstacle Avoidance for
the Segway Robotic Mobility Platform”, American
Nuclear Society 10th International Conference on
Robotics and Remote Systems for Hazardous

Environments, pp. 1-8, 2004

B. Browning, P. E. Rybski, J. Searock and M. M.

78



(6]

[8]

Veloso, “Development of a Soccer—Playing
Dynamically-Balancing Mobile Robot”, Proceedings
of the 2004 IEEE International Conference on

Robotics & Automation, pp. 1752-17557, 2004

R. O. Ambrose, R. T. Savely, S. M. Goza, P.
Strawser, M. A. Diftler, I. Spain and N. Radford,
“Mobile Manipulation using NASA's Robonaut”,
Proceedings of the 2004 1TEEE International
Conference on Robotics & Automation, pp. 2104-

2109, 2004

S. Jung and S. S. Kim, “Control Experiment of a
Wheel-Driven Mobile Inverted Pendulum Using
Neural Network”, TEEE Transactions on Control
Systems' Technology, Vol. 16,"Ne. -2, pp. 297-303,
2008

K. Furuta, T. Ochiai and N. Ono, “Attitude control of
a triple inverted pendulum”, International Journal of

Control, Vol. 39, No. 6, pp. 1351-1366, 1984

Q. Feng and K. Yamafuji, “Design and Simulation of

Control Systems of an Inverted Pendulum”,

79



[11]

[12]

[13]

Roboutica, Vol. 6, pp. 235-241, 1987

S. Y. Seo, S. H. Kim, S. H. Lee, S. H. Han and H. S.
Kim, “Simulation of Attitude Control of a Wheeled
Inverted Pendulum”, International Conference on
Control, Automation and Systems, pp. 2264-2269,
2007

S. W.-Nawawi, M. N. Ahmad and J. H. S. Osman,
“Real-Time Control of a Two-Wheeled Inverted
Pendulum Mobile Robot”, International Journal of

Computer, Informaion, and Sytems Science, and

Engineering, Vol. 2,No. 1, pp. 70-76, 2008

R. J. Wai and-L. J. Chang, “Adaptive Stabilizing and
Tracking _Control' for .a  Nonlinear Inverted-
Pendulum System via Sliding=Mode Technique”,

[EEE Trans. Indus. Elec., Vol. 53, No. 2, 2006

R. N. Gasimov, A. Karamancioglu and A. Yazici, “A
Nonlinear Programming Approach for the Sliding
Mode Control Design”, Applied Mathematical
Modeling, Vol. 29, pp. 1135-1148, 2005

80



[15]

[16]

[171]

[18]

C. Edwards, “A Practical Method for the Design of
Sliding Mode Controllers Using Linear Matrix
Inequalities”, Automatica, Vol. 40, pp. 1761-1769,
2004

J. H. Wu, D. L. Pu and H. Ding, “Adaptive Robust
Motion Control of SISO Nonlinear Systems with

Implementation on Linear Motors”, Mechatronics,

2007

C. Bonivento, L. Marconi and R. Zanasi, “Output
Regulation of Nonlinear System by Sliding Mode”,
Automatica, Vol. 37; pp. 535-542, 2001

J. J. E. Slotinte, J. Kl Hedrick and E. A. Misawa, “On
Sliding Observer for Nonlinear System”, Journal of

Dynamies. System, Measurement and Control, Vol.

109, pp. 245-252, 1987

R. Sreedhar, B. Fernandez and J. Y. Masawa,
“Robust Fault Detection in Nonlinear System Using
Sliding Mode Observer”, Proceedings of IEEE

Conference on Control and Applications, Vol. 2, pp.

715-721, 1993

81



[19]

[20]

[21]

[22]

[23]

Y. Yao and M. Tomizuka, “Adaptive and Robust
Control of Robot Manipulators: Theory and
Comparative  Experiment”, Proceedings IEEE

Conference on Decision and Control, pp. 1290-

1295, 1994

Y. Huang and J. Han, “Analysis and Design for
Nonlinear Continuous Extended State Observer”,

Chinese Science Bulletin, pp. 1373-1379, 2000

Z. Gao, S. Hu and F. Jiang, “A Novel Motion Control
Design’ Approach Based on Active Disturbance
Projection”, Proceedings the 40th IEEE Conference
on Decision and Control, Vol. 5, pp. 4877-4882,
2001

Z. Gao;-Y.-Huang and-J. Han, “An Alternative
Paradigm for Control System Design”, Proceedings
the 40th IEEE Conference on Decision and Control,

Orlando, Florida USA, Vol. 5, pp. 4578-4585, 2001

J. Ackermann and V. Utkin, “Sliding Mode Control

Design Based on Ackermann’s Formula’, IEEE

Trans. Auto. Con., Vol. 43, No. 2, 234-237, 1998

82



[24]

[26]

G. A. Medrano-Cerda, “Robust Computer Control of
an Inverted Pendulum”, IEEE Control Systems

Magazine, Vol. 19, No. 3, pp. 58-67, 1999

S. K. Hong, “Fuzzy logic based closed-loop
strapdown attitude system for unmanned aerial
vehicle (UAV)”, Sensors and Actuators A: Physical,
Vol. 107, No. 2, pp. 109-118, 2003

G. E. Franklin, J. D. Powell -and A. Emami—Naeini,
“Feedback«Control of Dynamic Systems”, London:

Prentice Hall, Inc., New Jersey, 2002

V. 1. Utkin, “Sliding-modes in Control Optimization”,

Springer—Verlag, 1992

C. Edwardsand S. K.-Spurgeon, “Sliding Mode
Control: Theory and Applications”, Taylor &
Francis, Mar. 1998

M. T. Kang, “Control for Mobile Inverted Pendulum
using Sliding Mode Technique”, Master Thesis, The
Graduate School of Pukyong National University,

Feb. 2007

83



Publications and Conferences

Conferences

[1]

[2]

[3]

Nak Soon Choi, Seo Kwang Kim, Gun You Lee, Hak
Kyeong Kim and Sang Bong Kim, “Sliding Mode
Controller Design for Rejecting Disturbance of Mobile
Inverted- Pendulum”, Proceedings-. of the 11th
Conference on Science and Technology International
Symposium on Mechanical Engineering, pp. 169-174,
Oct. 2009

Nak Soon Choi, Gyeong Mok Lee, Hak Kyeong Kim and
Sang Bong Kim, “Optimal Sliding Mode Tracking
Controller=Design for Mobile. Inverted Pendulum”,

Proceeding —of=2009.. International Symposium on

Advanced Engineering, pp. 205-208, 2009

Nak Soon Choi, Hak Kyeong Kim and Sang Bong Kim,
“Sliding Mode Control for Stabilizing Mobile Inverted
Pendulum and Its Application”, Proceedings of 2008
International Symposium on Advanced Mechanical and

Power Engineering, pp. 226-231, Oct. 2008

84



(4]

Jeong Woo Park, Nak Soon Choi, Nguyen Thanh
Phuong, Tan Tien Nguyen and Sang Bong Kim, “Motion
Control of Animal Type Hybrid Quadruped Robot”,
International ~ Symposium on  Mechatronics and

Automatic Control, Vietnam, Oct. 2007

Publications

[1]

[2]

Nak .Soon Choi; Ming Tao Kang, Hak-Kyeong Kim,
Sang Yong Park and Sang Bong Kim, “Application to
Stabilizing /Control of 'Nonlinear Mobile Inverted
Pendulum Using Sliding Mode Technique”,
Sk 3l Faehs] A #1231 2%, pp. 1-7, 2009

Sang Bong Kim, Tan Tung Phan, Nak Soon Choi and
Hak Kyeong Kim, ' “Adaptive  Tracking Controller
Design for Welding Mobile Manipulator with Unknown
Parameters”, &= &3] A A|23¢ 2%, pp. 8-17,

2009

85



RE A 37

2= Al- A2 24 2] (2.26) T3

2 (2.26)9] FEvE St o] el

M 4o(M +3M
4, e ot M, gWM, ,)
X M, +12M,
(A1)
N_ 3Mpg
12M, + M
M 3(M,+3M,)
As 5 p:g 2 3
X ”MPL+12M,MPL
(A2)
=3g(3Mr+Mp)
L(12M, +M)
o ALY 1
21 22 3X MPL
=£ MpL+MpR+3MrR)D 3(M,+3M,) 1 (A3)
2
3 (M, +3M,)RL (M,L+12M ML) ML
B 4L+3R
(12M, +M ,)RL

86



B,(d, +d,) B,(d,+d))

0

_B6(d11 _d21) B6(d12 _dzz”

0

87

B, =B,= _}
_ 3(M,+3M,) M ,L+3M,R+3MR (Ad)
M)L+12M M L (M, +3M )RL
_3GM,R+M ,R+M L)
2
M ,L*(12M , + M ,R)
<
5 A2- A4% 14 A 4.4 53
2 (A5)T A (A6)e U3 Zrh
.04, 4 il
e glal=a
[0 0 ] [0 0]
B, B, B0
0 0 dll d12:| 0 0 (
= A6)
B, "B, [dzl dzz B, 0
0 0 0 0
| B, -B,| 10 B |
A (AB)e] HRoriY, tdad 22 42 de 7 vt
0 0o
Bz(d11+d21) Bz(d12+d22)
° 0 (A7)



A (AGEZEH 4 (A5 #4 d & ZAG7] &

d, =05 ©°li d,=d, o= A=, YuA SHsE

d,=05,d, =05, d,=—05% Aedct e} d,=-d, 7

OO o)}
225 g F A

A AD d,=d, T d,=-d, & Hdstd, A (A9}

2ol vehyel 1t

[0 0 ]
2Byd, 0
0 0
A8
2Bd, 0 (A8)
0 0
| 0. | 2Bd,|

ek, A (A8)%F 4 (A6)e] FHlo] ger Rty T2

2 (ADE VS5 Ak

B =2B,d, =B,
B, =2Bd K =B, (A9)
B, = 2Bedn = B,

88



Wl 2

il

1]

<]

HE

5]

°©

S /ﬂ]

A
o

or

o177

o

N

N

"o

Nd

15

A

Al
&

3} RS A

o

o2

™
b

~H

’

A

1

o

_]

3

]

]
a3 CIMEC

%

131 Fol7RAl

Zest Anjd,
Duy %, Kang d, Phuong HelA%E ZAF

A o]l
IR IS

=1
1=
=,

H}

A
Dung

;\(l_
‘lé b
=gy,

CIMEC  Lab.<|
&3

]

=

7
Lam

Zu

A
%]

sl
A

{1

°©

Ay

7

<13
k=]

Fet A

°©

[e)

Al

g
£

alp)
A

o

;OL

o]

el g2

wo
15

89



%

—_
o

o

O
it
0
‘_Ir‘_yl

o

Ay

e}

A
Wt seie, Wt

A%

Bl Al

opu A, ojrLe]

71714

&3]l

stz

2

4

af

A2 ) 9EY,

S

[

90



	제 1 장 서 론
	1.1 연구 배경 및 동기
	1.2 연구 방법 및 내용

	제 2 장 이동도립진자 시스템의 구성 및 모델링
	2.1 이동도립진자 시스템의 구성
	2.2 이동도립진자 제어시스템의 구성
	2.3 이동도립진자의 동력학적 모델링
	2.3.1 수평면 동력학적 모델링
	2.3.2 경사면 동력학적 모델링


	제 3장 이동도립진자의 센서와 보상필터
	3.1 자이로 센서의 특징
	3.1.1 자이로 센서 누적오차

	3.2 가속도 센서의 특징
	3.2.1 가속도 센서의 각도변환 알고리즘

	3.3 보상필터 설계
	3.4 각 센서의 주파수 응답 특성
	3.4.1 각 센서의 주파수 응답
	3.4.2 보상필터 설계변수

	3.5 보상필터 성능 실험

	제 4 장 제어기 설계
	4.1 Decoupling 제어기법
	4.1.1 Decoupling 제어기법 적용

	4.2 슬라이딩 모드 제어기 설계
	4.2.1 수평면에서의 LQR을 이용한 슬라이딩평면 설계
	4.2.2 경사면에서의 LQR을 이용한 슬라이딩평면 설계
	4.2.3 슬라이딩 모드 제어기 설계


	제 5 장 시뮬레이션 및 실험 결과
	5.1 수평면 시뮬레이션 및 실험 결과
	5.2 경사면 시뮬레이션 및 실험 결과

	제 6 장 결론
	References
	Publications and Conferences
	부 록
	감사의 글


