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Omni —directional walking control

for Hexapod Robot

Woo Young jeong

Dept. of Interdisciplinary Program of Mechatronics Engineering

The Graduate School, Pukyong National University

Abstract

This paper introduces omni-directional walking control for a
hexapod robot. The hexapod robot consists of its body and six legs
with three links and three rotational joints. Kinematic modeling for
one leg of the hexapod robot is proposed. Each angle of leg joints
can be calculated by inverse kinematic. But inverse kinematic prob-—
lem is difficult and. complex to represent relatien between angle of
joint and end effector. ‘Therefore, a controller is designed to track
a given trajectory of a leg with smooth and uniform velocity using
differential kinematic algorithm based on backstepping method and
Lyapunov stability. Walking motion algorithms are designed for
walking sequence and stability based on gaits of living—organisms.
The proposed controller and walking motion algorithm are applied to
six legs of hexapod robot. A control system is developed based on
DSP TMS320F28335 micro—controller and AX-12A servo motor

with half duplex communication. Simulation and experimental results

1ii



for walking motion of the hexapod are shown to prove the effective—

ness and applicability of the proposed controller.
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Boston Dynamics

Fig. 1.3 Quadruped robot ‘big dog’ of Boston Dynamics



ole] whelj 65 K 2R 45 H =Jo| Hl&] A57F w|xIg

FEfolw, wele] 7k Bol wHol= vl oME AL dagFel
ek =714 Ayt sty [18~27] Fig. 1.4+ 65 W3 249
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M. Piatek o< AAEYES 483 65 B3y =X ASAME
Aretint. o5 FFY HeME EWete 65 B =R
Age By dugss A, 24 ogelE Aol sy
d7]48 Aol Ldad]ZE(nverse kinematic control algorithm)<
ARESESiTE o] B3 duglFe westa, Al w3
HHEsto 2 65 B 2o RIS sl 1y 7t o
wA8] olE £EE aHshA @okth =3 7 ¥ 3} End effector?]
2l Arele] BAAS YEtd7] el 9 7]+ (Inverse kinematic)
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Sl o P P i e B s ) TR o i S SR -
End effector®] #1415 detl= A4S & 5 3 2 &=
stz ot Aol met 1 osE e 5

Aol wEkd, dr]are Aol daelsE AREE] AAsiMe
AleElE APse a7t glom Aol met vt s v
Rom Ao7] AAel =keas 7 A A H

T2 65 By 2R oF HIyPS T v £x9 ‘Straight line

motion’ & A<t} Tl ‘Straight line motion’& ®.3] A] thg] &7 o]

AGF SE BT 65 ma =R SEuge FASAL
Jey olge sk AE% Fue wa JduneZFe A
ol chp el s A8sbsAdS sk ekrH29].

Shugen Ma &< 45 23 22Xl glste] o4 ek o]
Bas  FASAW[80]. ZEE= fjek Z2 H7|st Ao
dugFe] dAE FHH7| St & Hele] Ae] du

ATk ol 5 671 theel ARate] 65 B =X RS 7T
tefe Balat A ASAE Vvt w 3t AWEF o]F HIY

dael el d3h-A5T ALtk



1.2 47 ¥ R 54

65 H3 RS 2% HIy R EE 45 B TR Po
HdUoin)¥ HA(Link)Z A" 6709 deE o] &3t Hst=
2oty HY ZHEE  HF(WheeDS o]&3t= o] Z X (mobile
robot) Bt} kgt A3 Se &olsith

AT 542 65 By 25 AWF oleEX RIS T
AojetarelFs AgkstH, ol& A& 65 By =X JiEs 96
o 2ol gt A, E AT AMEE 65 BRY 2RE
22 FAS Mol Haet 349 W dES- I 6709 teEl®
Tttt B4, & Y thElel sl 87178 (Forward kinematic)S
o]-&slo] EElY gty AA, 2io] BREE o= AAek vl HAE
A3 18782 3lA (FHel ZAx= 97| sHInverse kinematic)S
o gsto] A 4= gloy o5 o|&ete] Hel E3 A 7

sdzdel #AS FEHoR AN WS Bsn ok

o

o] F{3at7] 9] Lyapunov <FHAS - 7lubsle] oAl S
wusta w2 W Backstepping) WS o gakel Fhre i
do= Fojxl Hyt EHY Hix#AA(Reference trajectory)s
FAst= Ao7IE AART. YA, AAE Ao7lE 6719 vl
Agstal FAFA] AW ol RIS FHIY] fste] o=
AgAlel AEAE dAstar 65 KB 2R A&3id. uAlA,
olgfgk Aol L FS A f&, 65 KA =X F Al
Al 2=ElE A A gkt A o] A] 2~ F] & AEZY=E DSP

(TMS320F28335)& AF&stal dfdo]H=Z AX-12A A HEHE
AbESith, AEE# S dFoolE = AE Wko]lF FAl(half duplex
community)<S ©]83le] EAFTE wpx|wto g A EHH oAy AFS

2310] Aokst Aol FuEZe] EEA D A8 AEI
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1.3 47¢ 74 2 Wg

HoAgels FEd ARelA  H/5/F/ ¢ AWEgem o
7hedk 65 w3 2xe] S Aojsty] f19 AerlE AdAska
olF A&t A 65 K =X HIP dugF(Walking gait
algorithm)& ARttt} Aloj7]&= A7+ vt oz e tels
ez AAS  ExHA A (Reference trajectory)s FHIIE=FH
W wg ]S o] &3te] AAEY. o AHEA Y ASANE AT

wd ARAEL 6% Hd PO HePth B ATe 74 o

2
oft

A 27 65 BRI AT Ao] AL Ao dE]
A&t 6% B 22 e oA geE ol5as 6%
wa =3olw 7 dele 37)e 3d wAst 379
Yaz o]Fold gtk AlojAzgle AESYRZ DSP
(TMS320F28335)% AH&atal 9 Fojo] B2 AX-12A

Servo motorEs AFg3it, AEEH 9 dFoolE+=

A2 wro]g Fl(half duplex community)< ©]-83}¢]

)

A 3 ATEe Fael 6% nma mRe] 77
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A2 65 By 2R AIZHTA

B oge 6% w9 2yo AsY T4 R ANS wolw, AEHE

Aol71e] A&odel 65 B 25e] Ao] Alxwle] gl gt

216 B3 22E A= A 9 AY

2 ATl Algkshe Aoi7lE A"l f1F 65 BA, ol 2R
AZF3eE Fig. 2.1% 717474 T30l JHEJoHCATIA)E )43k
AAR 65 B olF 2Xe 3D AAE=MoIH

Fig. 2.1 Designed 3D modeling of Hexapod robot
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Fig. 2.28 ¥ AT8 93] AHEHE 6% na 2ie] PAEolLh

w_
6 @

Leg-L3

Froward ¥
Leg-L1
@ Micro eontrotler (O™ f ~Communication system
© Body frame @ Servo motor
©) Leg link ® Host computer
Power supply

Fig. 2.2 Configuration hexapod robot system used for this

thesis
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@ Micro controller : A|2®S Aost7] §3+ AEEZZ = Fig.
233 e 129 A2 £EE 7172 DSP(Digital signal processor)

TMS320F28335& o] &3t}

CPU 32bit A4 C28X Core + FPU
Ak 150Mhz/150MMAC/300M FLPOS

A Core : 1.9V, 1/0 : 3.3V

w22 | RAM : 68Byte, OTP : 2kByte, Flash : 512kByte

. 225DSE TR OR28 335

(®» Communication system : 18702] Servo motorE #|o]3}7]
A3 vle]mZ=E - HAEZFYHO  Z EE & SCI . data  typed
Hko] F %Al (Half-duplex  community) 2} o & E At} wlo]3 2
EEYe 4 EE % 4 91X Aofs-stal, 4 EEe @A

At S5 SASHe] volaz HEEH HdEIH. Fig 24+

shite] REE Aostr] 93k I E2Eo|t)

DIRECTIGN_PORT [“H:}U 5y
TaHEO4 I
. gl
>
74HC126 DATA 1 b paTAPING)
RXD :«"
e
;f; —+ WDD(FINZ)
—» GND(FIN1)

Fig. 2.4 Circuit for communication signal
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© Body frame @ AxE 7PH dd@d &A% dFrES
7haste] 65 B 24X mAlE gt

@ Servo motor : A|2EIS FEEE dFdolH ZA Fig. 2.5%9
22 Servo motorQ] Dynamixel AX-12AE ©]&3%tt}. Dynamixel
Ax-12A+ #<7], Driver, Control unit % Network 7]%7}A
dAPo=z FAH 3= Moduled Smart actuatoro|th. Z2

RRET LRt

=l
IDAA o] 7hestEz o]E o83, tgo EEE HHEE dZsto

FA A o17h 1SS,

2 Al 2t 0.29°
7101 H] 254 : 1
A8 9 ~ 12V

Command Signal Digital Packet

Stall Torque 1.5N-m

Speed 59rpm

Fig. 2.5 Dynamixel AX-12A
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@© Leg link : 65 B 23X tg= 3749 Haz 450
dem FAE 7HHA st S8l 242 Eekagow Azeit
(O Host computer : 65 H3 ZHo] FF5S Aojsta Aol

2 s A5E AN FE 4 AR .

lgdo]  WHAY  100~240V(4A), =Yool AFAY 12V(26A)2

Body 150 x 300 x 155mm

Weight 3.1kg

Fig. 2.6 Developed of Hexapod robot
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2.26%F B3 2X Ao A|=He T4

65 Hal 2R AjE g AlojA| Bl FAEE Fig. 2.77 2t

Host
computer

4

RS232
Interface

i

Micro
controller
TMS320F28335

<

Half-duplex
community.
a

\ /

v v \4 \ 4 v v

[,

St

=l

/I Leg-R1 l\

o]

/] Leg-R3 |\

| AX-12A | | AX-12A | | AX-12A | | AX-12A | | AX-12A | | AX-12A |

| AX-12A | | AX-12A | | AX-12A | | AX-12A | | AX-12A | | AX-12A |

| AX-12A | | AX-12A | | AX-12A | | AX-12A | | AX-12A | | AX-12A |
- N AN AN AN AN J

Fig. 2.7 Configuration of control system for hexapod robot

dFololg iz FAHTY. TAE HAFEHE RS232 AEd BAE
ol-g3te] 6F K o] FExzs % WH WEH 7 REA
de 7t 9 &% dolE s FFE vlolam AEEYREE
DSP TMS320F28335% Ah&3ate] =% deoly s o]&ste] Al
RES e & Hlels Bl WS Fole] HEQ Ale] AsE EYith



dl FofolH = 3712 MERE(AX-12A)7} dhte] tEE Alojsta
o] AR EFZHREFEH W Aol e uwet vhE] 23 (End
effector)& #lojgtt}. Fig. 2.8 & Ao AME3H7] f18 7dd 65
we 2R Aoja el

Actuator
AX-12A

Half—duplex
community

Micro controller

Fig. 2.8 Control system of Hexapod robot
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A 3% 6% 1y 2R 2dY o

A7) AA

2 e AUITES olgste] 65 R =X sty tyE
7|1 o REdgstal, o]F V|Eete AWE ol HIAS ST
A7) & AA g, Adst= Alo}7]E= Lyapunov HEAAS 7IRko =
st W ~wlg(Backstepping)HS 0] 8314
AAE g8 BAHe =% 4 (Reference trajectory)< 34 gkt}. Fig.
312 65 B =X e Jie] teel] wig AU|FE EHE"e HF

Zwo) AHgH= JE = Table 3.1 2t}

Fig. 3.1 Coordinate of one leg for forward kinematic modeling
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Table 3.1 Parameters of one leg for Hexapod robot

Parameters Description
0, |EA FA
a, o7 ¥ A(Shoulder link)¢] Zo]
a, 2] HA1(Leg linkl)2] 4o
a, the] ¥ F2(Leg link2)9] o]
2,59 A0 fAsE o) wae I Fw
: (Shoulder joint)
259 FHo sl oy BAl 9 A 4%
& (Leg jointl)
) 2,54 gA0= IAste e #d29 3lAd Z =
3

(Leg joint2)

(%0s Yo, Z5) | @170 #H (Shoulder joint)e] 3% A

(%, ¥, 2) | o] 8 1(Leg jointl)S) FH3EA

(X%, Y5, 2,) | the) 3k A2(Leg joint2)9] #H3E7

(X5, Y3, Z3) | thel-E 3 (End effector)e] 21 A

(d,.d,.d,) | (X, Yo.2,) FFEAC Ol el 29 2%

3.16% By =¥ 7|78y 2dd

o] #HA(Shoulder link)®} B (Body)s= o7 #4(Shoulder
join) 2 AZAEo] lom o]ojx theg] HA(Leg link)1, 2% 7247} thg
4 (Leg joint)1, 22 dZAE o] Aot oA FHELE (X, Yy Z,) FHEA7H

17




(X, Y1,z) FHEA (X,,Y,,2,) HRAZE Q3L A4z F, 7, F&
sHew s)dgn. vy 43 0,)% End effectors= the] P29
24 XY (X, V.,25) FEAZE ATk End  effectore]
HE (X, Y5,2) = A7 ol&std (X, Yo,Z,) FHFEA thE

2 Yepd § stk 5 7 dde] A=9} End effector #3E°]
FudA= A7l ol&ste]l yEkd 4 Stk olE #ske 7
#FxA]  #AE  Table 3.2¢9F o] D-H wiZH¥4(Denavit

Hartenberg Parameters)S —+3+C},

Table 3.2 D-H Parameters of 3-link leg

Joint o, o a, d;
T
0 6, 5 a 0
1 0, 0 a, 0
2 0, 0 a, 0
D-H AHFEES o] 83} =2} 83 H (Transformation

matrix)< a3 2},

c, 0 s ac
s 0 —-c S
T=| S (3.1)
01 O 0
0 0 O 1

18




1
|

c, -s, 0 apc,
s, ¢ 0 as
T=[ 2 22 (3.2)
0 0 1 O
0 0 0 1 |
[c, —s, 0 ac,]
s; ¢ 0 ags
A %% (3.3)
0 0 1 0
0 0 0 1 |
Clpy —CSp S G (a1 +a,C, + asczs)
gT :f T 12-|- §T _ $iCs =555 G si(a +ayc, +a3C23) (3.4)
S23 Cry 0 8353 +8,5,
0 0 0 1

1714 ¢ =cosd, si=sing, c; =cos(d +6;), s; =sin( +6,) o™,

i i

T i EAC jAEA Aole FAMBAL o,

sxpHEE 2 (3.4)F o]&8tH, End effector?] $IXE o7

A 2T (%, Vo, 2,) Tl @ $1AZ Hepd 5= 9

°p 0T (3.5)
3714 P& i HEANAM YeEd gl H P X0t}
ez oA HHE FIA (X, Y,,Z,) ol te End effector vector
k@) = 2 (3.5)¢ ol& W Fitolmg A7|78 2oz vehH
= = e
dX Cl(a1 + a2C2 + a3C23)

k(9)= dy = 51(a1+azcz+aaczs) (3.6)
d 8;S,,+ 8,5,

z

4714 0=[6,0,6] = 7 Bae] 507 WE ot}

19



3.265%F B3 23X Aoj7] A

A7) ZF B 1S o u] End effectord Y= A4k

15 Alejstr] s+ End

D
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=
lo
e
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Aksiof @t ol
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Aewe) B4 ke pAE ddKew welEd. ot uw

HsAS HoFEy, R Aor|E AAE] Y8 v sk e

o] g5te] AElE APsela Lyapunov SHEAHE WEETE HEHow
W AelsgH S o] 83lo] End effector?] T3 #AlXS FH3t= A7 =

i
)
o

o}.

6% mal Z3o] AW oF RAL 5] ML Fig. 3.29 Zol
RE vl pAue] ggow oo shwslol dth oM g &
w3o] w7t
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OS(XS, Y3, 23)

Oo(X2, Yo, 22)

O1(x1, Y1, Z1)

Oo(Xo, Yo. Zo)

Fig. 3.2 Omni—directional walking motion of one leg

End ‘effector® =7 €% ®E(nitial position vector)7}
P, =[%,y,,z]" 9 # End effectore] 53 9| BlE(Desired position

vector) Py =[Xy, Yy iZ,] b3} 2ol e d 4= gl

X, X, +rsing
Py =| Ya |=| Vi +rCOSf (3.7
Z, Z,

o714 r& 3 ~El(Step)9 o]%F Aglolt}.
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End effectore] &4 ¢4x ¥WE(End effector position vector)E
P. =[X, Y., 2] & & wl, 4 3.6)% gorz by o] BAT 5

AT,

Xe ¢,(a +a,c, + aaczs)
Pe=|Ye |5 81(81 +a,C, + asczs) =k(0) (3.8)
z 35,31 3,5,

e

F24 o2} WE(Tracking error vector)s= End effector® &3

1% wE e} A 9x WEe] A= Ao, vy 2
e=p, =P, (3.9)

End effector7} 3% f)x]o =&s}7] 9]3l] End effectore] B
Lot 74 Ado. A&% 2] Jacobian ¥AIE - ilgldty. End
effector®] @A M H(End effector position vector), p,, & Al
el wE o224, End effectore} 3Ee s thaat o] YERd

T ek

op,

P. =~ 0=1J,(0)0 (3.10)

o714 J,(@) & Analytical Jacobiane]™, 2 (3.11)¥ o]

vheba 4 gl
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[ox,  ox, o, |
o6, 06, o6,
JA(0)=%=M= Yo Ko Do (3.1D)
00 00 06, 06, 00,
oz, 0z, 01,
|06, 06, 06, |

_51 (aeczs + azcz + a1) _C1 (33323 + azsz) —83823C1
=G (asczs +a,C, + a1) -5 (63823 + 8.282) —835,355,
0 a;Cy5 +A,C, a;Cyq

4 (3.9% vasy, ves gk
o=, b, (3.12)

21 (3.9% A(310)ZFEH 2] (38.12)2 t23 ol FdF
é=p,—J,(0)0 (3.13)

Al='le] QbHAdS HE7] 98l Lyapunov functions o3}
o] AA 2z &2l(Positive definite quadratic form)2.2 YEed 4=

V(e):%eTKe (3.14)

23



q714 K = HAAAYHA(Symmetric positive  definite

matrix) ] t}.

rlo
N
N

Lyapunov function< th&-3} 7+
V(e)>0 for Ve=0, V(0)=0 (3.15)

2] (3.14)& mE3ske] 2] (3.12)¢F 4] (3.13)5 viYskd 2] (3.16),
21 (3173 o] Yehd 4= Qlth

V(e)=e'Ké =e"Kp, —e"Kp, (3.16)

V(e) =e'Kp, —e"KJ ,(8)0 (3.17)

Aol 18 ¥ E] (Control input vector)= o33 o] A A3},

0=1J,"(0)Ke (3.18)

A B.18)= A Grel sk, v o] Fidn.

V(e)=e'Kp, —e"KJ,(0)J,'(0)Ke (3.19)

L =R 9A MEE geUEelnE 4 3192 B

V(e)=—"KJ,(0)J,'(0)Ke (3.20)
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2] (3.19% V<0022 V<08 V>0& A28 ##e] e=009
FHIE n|gtt. =, A 2"HE J2F kAol

2] (3.17)S 2dd AHEW(Euler integration method)& ©]-&3}¢]
oAk Alto 2 HESt}, o7|A MEY AlZHSampling time)o] At &

W, Azt oA wEe) 9xe} % ARE a JrhY, t, =t +AL

ool el 9212 gt gol ANT & Ark.

e(tk+l) = e(tk) + O(tk)At

(3.21)
= e(tk) + J/I1 (e(tk )) Ke(tk)At
Fig. 3.3 AAg #|o}7]9] &5 tholof 1sio]th[31].
- 5 0 0
Piiy € Ak o J5(0) 1 f -
L. k(0)

Fig. 3.3 Block diagram of designed controller
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Fig. 4.1 Biomimetic model for Hexapod robot
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Table 5.1 Initial values and parameter values for simulation

Parameter Value Unit
& 5o mm
a, 90 mm
a, 110 mm
r 40 mm

3
Jij n radian
0.4 0 radian
92,0 % radian
3
(7 - Tﬂ radian

35



5.1.1 Al Edold 23

ol A= AFE Ao7]Y frads BT S8 AlEd o
ANE5S HQITh Fig. 512 tEle] x7] fJAolth. the] 9
At g ro] AAHA Ex YA (Desired position)E Al

[

=
]

}

o

i

R

|
A}

[¢]

ARS A o]F At A
L2 RS AR I
A (X',,y',2",) & End effectore] %7] 9IAel4 End effector?]
A AAE HEhd Fapol

7

i

End effectord &3

L
45t AT BEALL  FA4 °

S
=

M 2
1o

ot

Desired ﬁpsition

..f_'Qbof.,..i-{:,, s

Initial
position x

Fig. 5.1 Control simulation of end effector by desired controller

36



Z axis

5.2 AAT 2/ ANSEE o

o

st AAlE End

Fig.

37



Fig. 5.3 Aotd AoJ7]E o]&3ste] 3k thglo] U
effectord &3 AFES FH3 ZAygolg. AlE#old Ay

BEAAS & FFHE AL Bl FLh

Reference
— Simulation result
5
a0
as e s \\\\\ S T~
20— B - 3 ~ ~_ ~]
D s iy 3 L T~
% | — SO s 1L 5 T~ e
IC\IU 30— o h W e
35 O\ ~J_ ~
! "L N ™~
- - N ~~ ~
40— ( = ~ i ~ ~
>~ R T ~L_
VLR S > Ly ~
-50.| LS = —
30 g 3 I
25 ¥ B i
. <] == 120
n 7>’;"\ 115
Y s > 110
10 ~_ = 105
> 100

95
90

Fig. 5.3 Simulation-and reference trajectory of end effector of

one leg.

38



5.1.2 3" HA B3

Figs. 5.4% 33 HA Hgd <dojx sk tgld oigk End

effectore] A} 2t = WFore] Aladold F4 2k #=

o
A
)
to
_}#
)
o
N
D)
i)
il
e

HolFEth X, Y9 92x+= 40.3mm

el ek RRgE o> BANH Et 3AdEH-> PR
]_

==
HoE
1 Period
P
X Lift up Contact
15 grmlnr‘l
ay h I\
\ \ \
\ \ »
\ \
1 ‘\ X
! \ [}
\ 1 \
! i 3
O 5 kY A 3
S \ \ 3
— \ Y \
(U 1 “‘ VTV 1 VN~
> \ \ \
0 X Y I~ ~
— \ \ 1
g L\.\,_-\‘“J ............. \}\__‘_‘_VJ\-,‘, ......... \,‘,_,—-\.‘—Ju ~~~~~~~~~~~~~
A kY kY
Ll °s i : }
\ \ \
v jY \
\ \ 1
1 A3 \ v
v 3 \
\ 3 \
\ £y \
-1.5

4 5 6

{—X axis -—--- Y axis - Zaxis{

Fig. 5.4 Error value between simulation and reference of end
effector of one leg.

39



5.1 & o] deld o AlEdeld AdiE wgew 33
HA B Al BEze] o AlEdeldA el Fig. 5.5 sk
te7h 1R AtelE E¢t 7 o] Z= wstolrh 33 A HPS
2R Aol S T ER FEel HAGE e EAARte] 7kt

122 Y43l

Lift up Contact ground
I > |« >
15 S A b = =
—~ 1 - b §
[ b AN
]
'_6 0.5
© B T | T M N
~— O
—
c
‘D 05
—
o 1
()
O 15
C
< 3
25— o e el dih i
3 0.2 0.4 0.6 058 1 12 14 1.6 1.8 2
Time(sec)

| —=Thetal =+ Theta2 -=-- Theta3|
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Table 5.2 Initial values and parameter values for experiment

Parameter Value Unit
a, 53 mm
a, 90 mm
a, 110 mm
r 40 mm

3
B 4 radian
91,0 0 radian
0,0 % radian
3
93’0 - Tﬂ radi an
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Fig. 5.10 Error value between simulation and experiment of end

effector of one leg.

46



Fig. 5.11> AlEdlo|dy Aol zF #4do] 7Zte WsE HoFth
3714 E thetai= A9 34 Z}= gholal, S theta™ AlE# o)A #4

2% gholek.

Lift up Contact ground

Angle of joint(radian)

o 0.2 0.4 0.6 0.8 1 12 14 1.6 1.8 2

Time(sec) |

|- E thetal —E theta2 ===~ E theta8 -~ S thetal - S theta2 -+~ S theta3|

Fig. 5.11 Angleé-position of simulation and experiment of one leg
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Fig. 5.12 Experiment result of Z axis transition of legs for three

point support gait
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