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Pose-Control Design for Bipedal Walking on
Unknown Slope Surfaces

Student: Chang-Hung Hsieh Advisor: Dr. Kai-Tai Song

Institute of Electrical Control Engineering

National Chiao Tung University

Abstract

The objective of this study is to design a walking pattern generator and a balance
control system such that a bipedal robot can handle an unknown slope in bipedal
walking. The robot uses onboard gyro and accelerometer sensors to detect the pose
information of upper-body. A controller is proposed for the robot to walk on unknown
slope with suitable adjustment of the tilt angle of the upper-body pose. The theory of
central pattern generator(CPGQG) is applied to generate the walking trajectory. By the
pose information of upper-body, we develop a method to determine the relationship of
the slope of the terrain and the upper-body posture and generate the compensation
motion to adjust the tilt angle of the upper-body. The compensation control consists of
the predictive compensation and the immediate compensation. The integrated
controller adapts to the unknown slope while robot walking. Using the bipedal robot
NAO, the simulation and the experimental results show that the biped robot can walk

successfully on unknown slopes.

il



k2
PO

e BHE R LR G £ P 2 E R A

\:Hg

7=

F}.

Jn

m

F
T g W el R R Rl BB G R S i & T e

tll
Rl

BH o B E G FOE R
BHE L FE LR BA GR A TE LR 2T i By
FIRCBILH R R G dy o LA R A8 R fr Carlos 68 ¥ BAEY 3

MR 5 £ o P A ] < 1 75
CUER ST
s

1, 1 % f{_i =

LR INE FE P : ; N

iii



Symbols
Ny, Np
Ug, Uy
V1, V2

T1, T3

[x]*
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Pp.
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Prx
Py
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Psx
pLy
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TTwo_Support
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Symbols and Abbreviations

Neuron

Membrane potential

Variable of self-inhibition of the neuron

Time constant

Tonic excitation

Adaptation constant

Control constant

Number j of inputs

Scaled gain of input g,

Output of the whole oscillator

The maximum positive value of 0 and x

The minimum negative value of 0 and x
Z-~direction length from left foot to shoulder
Z~direction length from right foot to shoulder
Offset of X-direction between two foot sole in DSP
Difference value between x, and left foot position
Difference value between x, and right foot position
Coordinate position of shoulder center in Y-direction
Coordinate position of shoulder center in X-direction
Coordinate position of left foot sole in Y-direction
Coordinate position of right foot sole in Y-direction
Current time in DSP

Total time of DSP

Scaled gain of shoulder center moving in X-direction
Adjust the curve of shoulder center moving in
X-direction

Initial length of Z-direction

Output of oscillator for Z-direction

Scaled factor of the amplitude of q,

Output of oscillator for X-direction

Scaled factor of the amplitude of g,

Control upper-body to swing of forward-backward
Predictive compensation value for pitch plane
Real-time compensation value for pitch plane

Control the angle value of Hip-Pitch joint
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HHipRoll_Swing
Hroll_comp
eHipRoll_All
q}lip_pitch
khip_pitch
qhip_roll
khip_roll
[xyz]"

[k]

AngYpsplk]
w_AngYpsp[k]

AngY

t

)

Ang YTorso

9i
kgi
kpcpoz
AngX
krcp
0;,1=1~5

absolute_y

'absolute_x]
labsolute_z

world_y
lworld_z

0

'World_x]

ij

Uz1,V21,Uz2,V22,T21
Ux1,Vx1,Ux25Vx25Tx1

uhpl avhpl auhpz avhpz aThpl

Unr1>Vhr1>-Unr2>Vhr2,Thrl

Control upper-body to swing of left-right
Real-time compensation value for roll plane
Control the angle value of Hip-Roll joint
Oscillator output for pitch plane

Scaled factor of qpip pitch

Oscillator output for roll plane

Scaled factor of qpip rou

Absolute coordinate frame of joints

Representing the timing which is last time of the joint
angles output to control robot in DSP

Angular value of pitching angle of upper-body at k
time

Angular velocity value of pitching angle of
upper-body at k time

Sensor data of pitching angle of upper-body

Timer

Step of No.S

Angular value of pitching angle of upper-body in DSP
Scaled factor of AngYpsp

Scaled factor of w_AngY,sp

Average execution time of program

The input of oscillator for pitch plane

Scaled factor of . AngYpsplk]

Scaled factor of AngYpsp[k]

Sensor data of rolling angle of upper-body

Scaled factor of AngYpsplk]

The angle value of joint 1

Absolute coordinate frame of joints

World coordinate frame of robot

The angle value of solution j of joint 1
Parameter of oscillator for Z-direction
Parameter of oscillator for X-direction
Parameter of oscillator for pitch plane

Parameter of oscillator for roll plane



bj

Abbreviations
ZMP
CoM
IMU
CPG
DSP
SSP
D-H
FSRs
SDK

The position of vector of Zero Moment Point

The measured pressure value of the j-th force sensor
The position of vector of the j-th force sensor

The output value of vacant of the j-th force sensor
The output value of the j-th force sensor

The parameter of calibration

Zero Moment Point

Center of Mass

Ble UppoO

Single Support Phase

Dena
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(joint?) (joint2)
RAnkleRoll LAnkleRoll
~{joint1) (joint1)
Bl 42 B9 i d BFAREHE T F2 & £]29]



WE R OER A G AP T 7 AP INELR L B e
RGP o A PRH AR Y DR AL 2 d BRI IRk gk B o i g
B TR A e AR B R T A PR e E R R T A
BoRfds ptd 2L ArR A ReiE RS S b EE > Py Y RIIE - 5y
FIA A Y ROM G FLHERELENSE B RART §F BFRAL o

M EAFSF L L OE(E) e 18 # & (Forward-Kinematics) % ifi (5 ) & 6 &
(Inverse-Kinematics) s R A o g 386+ 5 F ¢ g & B ardhendd & fogy & R
ErpE2 AR P B h e @GNS LTS ES A
B il o Kk KL B S hiare g & B B o

hikim = ¢ oo AP F D-Hmodel ki = {3 B A 2 FH FH 4]0 * Ui (7
Mg e T EE AR E 2 VR A SRR H R AR E AL < s n Y

I ER2] £F S AT AT B AR BE L SR 28

-

PERSFEPFLAIG AL PEEE R S PR TAERFIFRET
ABFLF AP AL ERFERA Y BRI N BRI
w2 F G AT 0 i RIE A SR A IR o b L DR UK 3R

BREAE R RER

[

BIF B L o hd A2 el G A ehp oo
D-H model ¥ = a4 ¥ i@ R i@ ® 5 2472 7 U HRE L3R S
Renfide e FRE Rl c BEFA 25 0 A% LT 7K
® LRI G EIRE
® {EEEHEIEE AL S - B o
O Y AWrRF L L EEAREAR TR RIS g
® FIREEBEARIF G FF2LIREFL -
® BREIPEAIFWANEL G A2 FE -

T RAPA* D-Hmodel ki = @& F A 22 A 5 d ¥k Pl A ’
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Yol 4.7 “1 7 0 B

Right Body Left
Foot Shift Central ghifi Foot
50 50
X6 X7 X6
74 / / 76 shoulder
X4 77 X4 Shift
tXs Xs | 2115
04 G;L\
75 25 hip
5 5
Zs Zs5 Shift
X3 X3 100
03 9’3_\
ZB‘ /_ 23 J knee
X1 X1 Shift
X2 X2 | 102.75
02 62
4%— LA\ Kl
7 o 75 ) o ankle
71 X0 Z1 X0 Shift
45.11
— sole
Unit: mm
Z0 Z0

Bl 4.3 NAO g#%rz. D-H model

% 4.2 NAOz #%rD-H model 4~ #«

Az D-Hmodel p¥ » #T3k § &k pd R nz phkfh o o

0(°) d(mm) a(mm) a(®)
foot sole to jointl 0 0 45.11 0
jointl to joint2 01 0 0 -90
joint2 to joint3 0, 0 102.75 0
joint3 to joint4 05 0 100 0
joint4 to joint5 0, 0 0 90
joint5 to hip 05 0 0 0
hip to shoulder 0 0 211.5 -90
shoulder to middle(L|R) 0 ‘ 0 -50 | 50 0 0 90 90
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% iE B 4.3 #riE = 5 D-Hmodel » 24 ¥ 12 17 345 B £ D-H model #1%# >
dod 42 977 0 BV BN LA ETNY L opedAp e 5 50mm o e A fdcr X
- F L TR RT3 oA 2 L(LIR)¥PR AT G RF TS
% 4% D-H 340 d~aa) o7 A Bk B e ed > ]
FIR TN @) N FP 2 A IXBAEL R A SEEE S e o B B (7
ZBAEAUEE L X YN Z S w0 Fpt o A e Farerd ke oh
D-H %-dcp e 42 Rt B S B iR T R R A k> TE @ A R
BAKEH AT FF Y & 2 BFenfphd ook 2 05 280 2 i s F A Y

I E AR L2 Bavphl =¥ o 4 ﬁ-*‘u?ﬁ#i:".i A R(G)ETE ] o

cosB; —cosa;sin®; sina;sin®; a;cos6;
ok sinB; . cosa;cosB; —sina;cosB; a;sinb; 4.1
0 sin o €oS Q; d;
0 0 0 1

BF O APEFHEIPEA e @RS aEonl T4, AL Ao
‘%7 jointl ¥/ hip 2 5 B & 5 f d A& €20 Rt ¢ 5 3
Tk s FIL M R p @R B P OUBH TSk LT 0 B R AT
B @ B ek - 8 P BT B ok b T oAl s e e

APZEAGpFEHED @ F nT BEEELES 0k 4078 (4.2-4.6) ©

cos®; 0 —sinB; O
A sinf; O cosB; O
1

Pl -1 0 O (42)
0 0 0 1
cos®, —sinB, 0 102.75cos6,
_|sinB; “cosb, 0 102.75sin6,
A, 0 0 1 0 (4.3)
0 0 0 1
[cosO; —sinB; 0 100cos 65
_|sinB; cosB; 0 100sinB,
A; = 0 0 1 0 (4.4)
L 0 0 0 1
[cosB, 0 sinB, O
_|sin6, 0 —cosB, O
A, = 0 1 0 0 (4.5)
0 0 0 1
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cosBs; —sinB; 0 O
sin 6 cos 0 0 0
As = 5 5 4.6
> 0 0 10 (4.6)
0 0 0 1
it T e B F KR S AP A - R R A BRIt

Bt il ko T E A i AR 5 X e
L Z#ho A B 43 gyrehD-Hmodel ¥ » 4 7 1 (@86 45 12 0 2 ah
G¢ G EHEECKIDEERL Z s 2 REEY

Tl E AR B iR i R Bl R F K EF I L B
FEIE g o R F AP st LRk 5 D-H model i $ 45 k

F A7) dea A

absolute_x 0 0 1 world_x
[absolute_y] =10 1 0] * \World_y] 4.7)
absolute_z 1 0 O world_z

i@ g K fE N e

Pt BN R el kAP e R B B FIAEIS RS - B d R
Pyt BEA T Aopt B4k 5 wrist-partitioned eP3F A o Ar s g BT 2 gh R T
o gl g I A PE Y BB LAY 2 Sy (FREI WP d R
SfR e g Ao AT B AR A Sl s TodeN(4.8)) 3t e P A2« L+ A5

ATHT e e (3 0 de3t (4.9-4.11)

Ny Oy ay DPx

B —— (4.8)
nZ OZ aZ pZ
SO R

px c0s 01 + pysinb; = %cos 0, + 100cos 0, cos0; —100sinB,sinB;  (4.9)

—p, = ==5in 0, + 100 cos 6 sin O3 + 100 cos O sin 6, (4.10)

pycos6; —pysin®; =0 (4.11)

APE R EFENG 0 Atz BRSNS o r N@)EEEE @ T A

L }#Bl“'#ﬂ 180)§m]§1"—?115: ’91—}* T e ngvﬁq:
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8, = Atan2(—py, —px) (4.13)
fe 18 ,T.*‘u? FI# 5(4.9)fr58(4.10) F0, > - 380 WL 2 dpde IR (S fR

(px cOs 81 +py sin 81)%+pZ—100%— (411)
50%411

sinf; = +,/1 — cos? 0, (4.15)

(AL cos0; = (4.14)

05 = Atan2(sin 65, cos 03) (4.16)
d 2t f gt sin Ff B ¥ - RS
85 = Atan2(—sin 05, cos 0;) (4.17)
BEF50,-03% % o APRL L RHE I A RACAN * AT T e e 7 o
BT RZ N A (4.18-4.19):
(PX cos 6, + P, sin 61) sin0, + P,cos 0, = —1005sin 0; (4.18)

(PX cos 6, + P sin 91) cos 0, — P,sin B, = ﬂ + 100 cos 0, (4.19)

%’gr} 7(4.18)%7 ;% (4.19)f%sin 0,22 cos 0,2 B = = f2 ;¢ > ¥ ¥

(100 cos B3 += )(PX cos 01 +Py, sin6;1)—100P sin 63

cos 6 3 P2+(PX c0s 81 +Py sin 8,)2 (4.20)
: __ —1005sin 83—P3 cos B,
! Py cos 01 +Py sin 6, (4.21)
SV ST
0, = Atan2(sin 6, cos 0,) (4.22)

Flee AR A RO RTRRETT AMBLEREE S 5 kENEA
B Flpt A A i BB 0 T U] Flncosa REFEY 0 mru A
PF L i An¥ L R AsfrARL « ATTRT A BAERL H P s o o 8 8 DA i
Fouk REFD A AR AN > 407V (4.23-4.26) -

sin 0, cos B = sin 0, [nz sin 8, — cos 6, (nX cos 6, + ny sin 61)]

— c0s 03 [n, cos B, + sin B, (ny cos B; + nysind,; )] (4.23)

cos 0, cosBs = — cos 05 [nz sin 8, — cos 6, (nX cos 6, + ny sin 91)]
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—sin 03 [n, cos O, + sin B, (ny cosB; + nysind, )| (4.24)
sinBs = ny cos B; — ny sin 6, (4.25)

cos B85 = 0, cos 0; — 04 Sin 0, (4.26)

y

Flpt ¥ Ar o 4 R JEF A O~mPE G - R L
0, = Atan2(sin6,,cos0,) (4.27)
05 = Atan2(sin 65, cos 05) (4.28)

LR PR A-T~0F G ¥ - 2jfii

0, = Atan2(—sin0,,—cos0,) (4.29)
0; = Atan2(—sin 0, —cos 0s) (4.30)
d PR AT By iR s B E L R R Ty R
e & 4eBl44 it o EgovE N e BT ERA ALY ERE R D RT
EE R EFHE AL RTT - BV AfEe PR AP ET KB

Z R AEEd Y B EEiEd L L id B2 e e B IR B T4 pen

0 9 < 041 —> 051
31 —> 0y
042 —> 0Os;
011 0. —> o
43 53
O3, —> 0 <
Osa —> 054
045 —> 0Oss
033 —> 0,3 <
p 46 —> 0Osq
12 0 —> o
47 57
O34 —> 024
048 —> 0Osg
B 44 - o8 73291y &R fZ

HY R EONiATFiIBpd R jJETH | B2
43 NAO 2. g B &

NAO ##% % 858 7l %
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® & A N BYHTRE A RP3H(FSRs) o B4 B B RIE R
LS > B AP RS o Rplehd BRI G 0~25 2 a4 o

® NP - B IR KX e Y $h) o P & B 5 500°/s 0 H A
5% fe- BzghdeiE R WRSeER S 2GHFR G 1%

@ WmztAiEiG - EAAFARPB LR BREESRL 0~70 24 5 L B
M IS o pER G A AR 0 &2 R B R I o

® igﬁgﬁfﬂgw—p % ~ BT A u ;}%;‘;—,’;—%«fpsgw—r ,J’;;f»)—aﬁfg_

® HiEditEF-BEAREZELREEEA- BHFE
® LT - BPIRRIE N ARE DAL G - BRGEPE -

S e

k-2
4
Qe
P
T

2 SRR Rt IR ER g H S Lo e ki T 7 AL
T Ft 0 At Ay PR G B IR N e e 4 (R fe 2 g iE Rk
AL g o HAR M S AR RIE R R MR R H B i
BIE R I o L e R E BT ER A RILE F I A LR €0 B F R
Ao TUEREFRY T o AFFIEL B UL > ARG ka2 Ega 7 ¥
- TR E R R R GEPEA BRI B EE S R and T g2
W R B R 2

o g 11 - BRI BAL 7 R S TSR 39 Rie(30-32].. % 0 B )
FI e B Rfeodeid R PlEchpiE - Ac@ * KEFMA L R T RE G R
#1F i * e+ § gk (Kalman filter) k $8 B F B (790 20 @ 177 10 D4
FEAM AL E R > F] L+ & gk i @ PIE FIOET N enE 0 3 X SRR

e B 2 EAERE . @ FEA0 S L e

\q-:
= »
[ty
o

3 NAO 43 BRI RBAE BB & B BT L WAL A P - R
FI* A BRBIBORRIBIFEF - AR REFIEA LR AP A PRI P
Fk o @ A NAOF 2 Mg A uRiz & X 3 o fe Y 3 A L R B
EEAE kY 0 15 NAO F > Aldebaran Robotics 2> 7 ¢ 5% - £ 8
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2 BRI R R plE o B IR E B AR -
NAO F > 470 2 H24* T A BRPIFNRIFEF LR &

#RAE- hG 5 JE W eipit & R § R TRITIE

-

BRPE LR A E 0 TR PR R B o 8 T ik L
Bt PR LB R R RORE P KL L -

T R R A BRI SR R BB DE SRR
;

(FSRs) » B & 18 B £ &2 /—ﬂ“‘-“ﬁ'ﬁu ZMP #15* - NAO %r
B4R R R R A E 4.5 417 o Y R Eeip b B 2 vh

PP

& 2R hArRend B 5 18 i N AR R R

-

Bl 4.5NAO E3RR 4 -4 7§
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ZMP z i@ b o FiEipRant B2 N > Ul P B Feant B BB A
FA ST EH s L EREFDZMP #upt 0 M2 A Bgrs w4 R d )L
TR E A D INRB T -

n
Yj=1fj%sj

P =
z:;'l=1fj

(4.31)
A E AN S R B ARTE R TR I ST R R e
BAASL @ @0 T UEAPY 2 @I B BB R AR BB L
%R AT (TRSE 0 BRRIBWI SR A 5002 8RR
BRI E AT P dp E R =R A A SRR s BT 0 R
o AR R REBRS Perp R EE S AR R RS R RER 2 BAE 0 ik
4.3 #5r ol A& PR ALApA R DR RlECD @ g 4 B - et B
quawﬁwu@waﬁmsmw%#Emaﬁﬁﬁ‘ZMPﬁ&ﬁ’Ef@”)
Yo fia B PRBIESTRIGES bR BN G b BT
RIE Wi a e ¥ S¥ce
fi = bjo + bj X bjs (4.32)

44 NAO 2 ¥ /1 &

AR LR —‘ﬁi:}"""#]NAO BEFEME o AP Y Python SDK % iE = 42

NEIE T B R 5 ARl 46 57T 0 Bl 4.6(2) 3 AZFERA G 0 BLA6(D)E AN E

Fo 43 BRARPIEERE

Foot-Position 500g 200g 100g Og
Right-RearRight 0.132 0.071 0.0478 0.03
Right-FrontRight 0.117 0.058 0.036 0.02

Right-RearLeft 0.095 0.038 0.02 0
Right-FrontLeft 0.071 0.0275 0.0073 0
Left-RearRight 0.14 0.057 0.0253 0.0068
Left-FrontRight 0.11 0.044 0.015 0

Left-RearLeft 0.394 0.23 0.17 0.12

Left-FrontLeft 0.145 0.06 0.03 0
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- = @] =

file Edit Shell Debug Options
Python 2.7.3 (default, Apr 10 2012, 23:31:26) [MSC v.1500 32 bit (Intel)] on win32 4
il Tvoe "copyrigntn, "credits" or "license()" for more information.

3> RESTART | ced

File Edit Format Run Optiens Windows Help Windows Help

def waist_CPG(wa W, t, wa_taul, wa_tau2, wa
wa_x1, wa_vl, wa_x2, wa_vl = wa_w
zeturn np.array(][(-wa_xl-wa_beta®wa vi-w

def height CPG(zw, t, ztaul, ztau2, zbeta, z [ 0.009842, 0.000000, 0.000000, 0.000000, 0.009821, -2.950023, 0.000000, -1.526065
zx1, zvl, zx2, ZVZ = zw , 0.000859, 0.000000, 0.000006 1;...
return np.array([(-zxl-zbeta*zvl-zgama*m [ 0.009842, 0.000000, 0.000000, 0.000000, 0.009821, -2.972502, 0.000000, -1.526725
, 0.000853, 0.000000, 0.076363 ]:...
def step CPG(xw, t, xtaul, xtaun2, xbeta, xga [ 0.009842, 0.000000, 0.000000, 0.000000, 0.009821, -2.972502, 0.000000, -1.526725
_xvl, XX2, XV2 = KW , 0.000859, 0.000000, 0.083372 ];...
[ 0.009842, 0.000000, 0.000000, 0.000000, 0.009821, -2.972502, 0.000000, -1.526725
, 0.000859, 0.000000, 0.089770 1:... -
Ln: 44 Col:- 4
s _\ -
B 4.6 Python SDK z_#2;% /i &
|
Wire\Wireless Network | ® ®
® 3
Python SDK Ireywireless INetwork L - — NAOqi

Transmission

Algorithm Walking Motion

| | T
| -
Balance Walking | Joint Angle | NAO Robot-
| |
| |

Sensor Data

B 4.7NAO 2 f2;\ &2 R 2 enid iy = 5\
PEACERAT BT 2 /G IR N E s SN2 dl ) NAO 2 sk i 1
53 ER Y —*‘ EH O 6[4:NAO F = p {7 B 2 a9 AldebaranChoregraphe [&]= it
8T 5 C++ SDK ~ Matlab SDK... % -

#4734 Python SDK ez ;8 & B3 5 @341 5 NAO S E £ ¢ 1@
NAO & # 1 4 o &P A HLPE > AP A5 ER T 0 E NAO p & @3] p » e [P
FEOAPL SRR TGRS N TP =B 4T NAO 5 E 4
Foendlt o B NAOqi P (NAOqi 2 B3 A B3 - B 2o chhd N33

NAO % 38 7 55 > i F P 04 > .gwdﬁz VEH A E A NAO & (7 &
AT e midE) TEENAO LB SFER NG L » 2 BwRBI T L

BT T E Y o L L BH & ER R4S BT NAOg ¢ o
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AP RS2 THEFAIF N TRE Y A B FE AT A
FRREAR T S RIS FEELE R EA
mEREFWBAAMLI G T > Fp AN PRF G HNAO RE2 5 AP
£ 41 * CyberBotics[33]#7 ® 4% 11 Webots for NAO =iz it 48 > Webots for NAO
H_Webots7 e T5 & & * it NAO » o B i M 0 gy AR » 5+
T A BRI AW AONAO B TIER > PRSI BT T e B

EMBEREY APT LA FERTTH R A TEFENAO > ¥ Ao » HTF 0
BB B oo T TR i F e 48 T 0 B ERB P
F T L A PR S L (e e S R 0 R R 2
At E A5 5 Nao H21 V33 hh 5 NAO: & Bl@ 285 T 5 | B 5 NAO
EFING AR PR ek R o R R B P ARE Y S
Foerigdgde » 3 T KA

0429 & 5 NAO 8 » A "~ %¢ * Python SDK % it + #2552 i  #;

T

I8 EET)id ek B g o $1> Python SDK £z ;¢ & # i 5u B4 %% NAO

PR NAQE® > * 2R 47 AP 258 F NAO (12 V% 2qpfe o 20 &

File View Simulation Tools He|p

Seeng Tree O& X Aldebaran Nap H25 ¥4.0 O x

& X +» Fa B ES » H @ 001:51:560 085x

> @ Floor - . “

r @ WoodBox

I @ WoodBox

> @ WoodBox

b @ PointLight

» @ MetricFloor

> @ WoodBox

> @ SphericalSkyDome
b @ MNao_H21 W33
@ WoodBox

I @ WoodBox

» @ WoodBox

b @ WoodBox

m

TWood Box (Solid)

Conzole O&f x

DEF INFO: naogisim: Starting: ""C:\Program Files\Webots for =
NAONresources\projects\robots\naolcontrollersinacqisim\nacq | bl
isim.exe_webots" 9559"

[naoqisim] ===== naogqisim controller started =====

[nacgisim] Press the real-time button [>] to start the
simulation, then you can connect Choregraphe. X

B 4.8 m#t NAO i Tk 5
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PETR B nIP R S P W R Y AT N LIP = 0 ST R NAO
PR A h R S8 NAOGE © 40 B) 4.8 + 7 & eh2 F Ao 2t b # NAO
Bk pre § o I NAOQL 4] Fhcd o R HigFmR ™y o
B HEREY HE R NAO § £ PR RIE > v ¥ e A REE o A
PEF B 48 ¢ REENAO B P =R g L AR RIEP & oD vk i
Beld > 4Bl 4.9 977 0 Bt 3T UG e R OR R B AT B ROk Bk E
hodeid R R R R. S oA BEY kR e LA R D
ROPIE » ei#IEE P B B NAOQi e 30 [0 3R fode i 2R i BB el
st XL ERARE > HAPRTEENAO P L Lt 4R B A
e A gl e R R B e B T R P R T A
SRR E P AP RL A o R EERT B E A NAO R
PlEEF R ARG TP PR BRI RO ERRE R LR
IR F TR R 4 BRI R 0 R R R e G R A AR
AT APFRR ET G e 4 R R B Y I R chi Rt e B
FAnle A& A (X chfedf 45 )t 3 TR AR e 01 B 7 Y e 4 e e (7
Bt S il 2 £ L PN S e IRk f BRI R ik
Pl A IRBGR N IREd AP R FA N BRI BB R R T EA

3 A 4 P B i R R JE B 7 A sk

ﬁ Robot View: NAO_H21 V3.

Arcelerometers Cameras Distance Sensors GRS Gyros Servos Touch Sensors

gy F——
14.429-09, 8.718e-08, nan}

o

=

:

=

&

Q’_’WM ' gty St ey y,

&

212 Tl 1064

B 4.9 m# NAO 2= pF2. Gyro B P B #c e ikt B
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FIE BEREEIHRES
ARARDP NABRBFHINTHEEFALAR IR LR R BA A
HE T AR ek A2 B TS A E aok a £ s L & R A0
WE R g g o
FA O BE TR VB FRE S B N A 1Y 45 SR T iR
B R R N G RATRE P F A foRE TR T A H
B ET e Al ek e A 0 B B AR Y B an B R0 IR R T RO e
BT AARFERIAPRNATEF AN AT Bkl fI* 2 FBEL
BEER URA Y F AR REF T G E AR TR AL R BD L F TG
R mER e R R g3 { o BET)E L T (Lo B AR )
AP T A IR AT R E S il Bk 0

@A AR I B R R i AR g AT 7 e
5.1 #ffeR %2 S8R T

IO B R REY e R B E A e B BRI T 3R

\\\?’,'x-

SPFEBATFLR T HNE B AN Bk ok o ARRIeT R 7 T
P M ERASH AR RER U SRS B LR AR

PR ER R b RG]0 22 S enE R Y > APl CPG
kA 4 B PFenT A MR 0w Bl 22 75 0 A RlY 4B CPG R BArik

2\ BV

YRF L 2NAD~1.6) 0 B N IZE SRR BGEE o ok 5.1 ATT o d AT

g

B CPGAEEAA R A FIRTend > @ FAPT LR H ik LB
§ AR RET A LR P A S A i R Ah CPG Stk
Big o

03t A 2289 > AP 4B CPG kA4 Byl Fapprenis 47 5 o

AP ANERETHR PR e

\“Xr

Flpt 5 4 CPG S8k F & 5 w3 4 2 CPG S8k # it AP b e S BGE

BRI o R FE AP A4 B CPGIRFY MR MAERT AR
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How A (22 C F iRl 4 BIRFT Bhr k)0 F G L MER T -
SE 0 ATIEPT AR R 2 S BCE RSB EL ) BB 42 CPG 2N ELA T 0 7
FOMRRrar I R PR A H A P S BERA NN B T & iRy
ez A tEh 8 R o x A& dE & & hr 5 524 Hip-Roll (h#eif £ & ~hp
S ¥4 Hip-Pitch engie i & B 240k S1 977 m - Bt 2 3 e ficid® 20
A AR RS R BT R RO S A B ART o A I e CPG

ol WA A [18]4 e o Flt A 3NA S SBGE R A P A ST (18] S BE B

o

IR AT R g L R R D ededaia d e %

BiEE S NFERK T FIAEF Yt FodlBh LR B3
A {r Hip-Roll #f & & c2.CPG i 3138 5 Hip-Pitch # i & & 7 CPG % 113k 3
105 B s A E W23 AP LR DREFIHE - H P BH Y R+
BT ad L gy o fE GRT e 25 - EBEPRF - FlEA s
F552 1 He(uy (0) ~ uz(0) ~ v1(0) ~ v5(0)) 4 e - #F el § A& - Hip-Roll 7
&&#H@PWhﬁﬁi&ﬁﬂ?Gﬁﬂﬁ@éOelaOa—laO’a%ﬁ%&
FHICPG i ME150--1->0->1 §F 4ot T B £ 5] 5 A PR Fssre

w L PSR ¢ ¥ R o AP R T AR A0 A @ s Tl R TG

% SACPGHRT B2 58 WO FRYT ¥ itk
Description Symbol Value
time constant Ty > Tyl ™ Thr Thpr | 1/2.918 | 1/5.848
time constant ratio T./T, 0.8
mutual inhibition Y 2.0
adaptation constant B 2.5
tonic excitation c 243
scale gain of input h 1
initial internal variable | u;;(0) ~ Upy1(0) ~ Upp1(0)) Uy (0)| 0.4432 | 0.9924
initial internal variable | v,1(0) ~ vp1(0) ~ vpp1(0) | v41(0) | 0.1885 | 0.5834
initial internal variable | 1, (0) ~ Up,2(0) ~ Upp2(0)] Uy (0) | 0.4334 | -0.175
initial internal variable | v;,(0) ~ Vpy2(0) ~ Vpp2(0) | v42(0) |  0.69 0.3229
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{8 WrEs T Brge do i B ¢ dxj\,T% b A EEE o F ] g E Dd O pE s ﬁkq\.—h
Fyrx > e AT o

BE AR 22§ E g Fipr Ape Bhor BIRT Badik
B F AP R S N (Q21)~2.6) 0 BI REDESE R L e b 23 &g
A AN NQR)IR8) B L L AR AR S B R F) @
B3 - BrFah RG] ARREFTRY 32N Q21D)~Q28) N P ik
TAvE 52977 0 BEGS N LR BR g A L FUhET Y o

252 )0 chh ek T & LIS HY RS BBE L E Bfed o B

TR T AN R R T 3 b il AENE A L ARG i

.

#-F 5. 14v& 5.2 ¢ gt BBl (N r & BN > AR TR Y R
B MG - S enEsesh i an L1 f) o B AR 5 0.5 ) 0 B 2 1w
AR REGHE 3L 00 B H TS ERES w)E 1S S8 B B R(z
G)a 2508 Bt HAy S e o FEERAES A48 S oA

bR

‘?J:
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