creative
comimons

C O M O N S
& X EAlI-HI el Xl 2.0 Gigel=
Ol OtcHe =2 E 2= FR0l 86t AFSA
o Ol MHE=E= SN, HE, 8E, A, SH & &5 = AsLIC

XS Metok ELIChH

MNETEAl Fots BHEHNE HEAIGHHOF SLICH

Higel. M5t= 0 &

o Fot=, 0l MEZ2 THOIZE0ILE B2 H, 0l HAS0 B2 0|8
£ 2ok LIEFLH O OF 8 LICEH
o HEZXNZREH EX2 oItE O 0lelet xAdE=2 HEX EsLIT

AEAH OHE oISt Aeles 212 LWS0ll 26t g&
71 2f(Legal Code)E OloiotI| &H

olx2 0 Ed=t

Disclaimer =1

ction

Colle


http://creativecommons.org/licenses/by-nc-nd/2.0/kr/legalcode
http://creativecommons.org/licenses/by-nc-nd/2.0/kr/

FIHHAL 9B

AZololE WY RAg o] &7
Friwol= By Ao} A

Improvement of Humanoid Gait Control

using Actuator Deformation Model

2017 9 2 €



AZooE WY g o]
Friwol= By o] AM

Improvement of Humanoid Gait Control using

Actuator Deformation Model
Az v A F

o] RS FHHAL FALROE ASY
2017 9 2 ¥

ALty ggd
$ZATR A I AN 2" AF
a4 A A

A A A Y FHAAAY RS AFT
2017 @ 2 €

S A % 4 A9n

e E}XH%//%A'%

2 2 g VAU

£ \] ¥

FN




Y

6}

o]
)

mR
rJ

——

B

o

o2 714

al

—_—

o
il

el

s
;OO

HiolE ®

_[‘5_"_
o s W oohuet ma A b

G wAA Aok o voir}

=

]

w0

_'O’”
o)

7o
my
o)

—

—_
fi%e)

Hlom B3

2

[e=
il

236 T3

=

7]

B

—_
fils)

Nlo
T

o
JJo

s

)
Ead

X0

e

N
-
!

=, B3, AdAGA, dFclolH,

L FE o]

N

%

=
T

2 H
¥ 2014-24843

S}
of



I }\1 T e 1
1.1 AF BEA 1
1.2 T QT e 4

11. 7]% ;q]o]g] ._‘_L:,'-..zﬂ@ .................................... 7
2.1 BFO O] E o] EEA] creerrrmriis 7
22 BA4o] FHxolE BIPo| F FF - 9

2.2.1 Local reference Z# 3} A A& =z ) =LA 9
222 odAFA] B3l F o] =] 2RO s 10
223 B AE o] F7He] B OFAHA 11
224 COM ZA59 LA 0T O13F Fa] s 11

III. ArE B AF7] 9 A A weevreereerereneerennennne 13
3.1 A3 BFA B 14
3.2 =H| 93 EIEIT AHAF e, 15
3.3 RAFT] A A e 16

3.3.1 A8 BAFT] A e 16
3.3.2 =8 BAT] A e 16

- i -



41 Ao AL E A 2E AFF i 19
12 1AGE HAE HES o] 48 A% o 23
43 TFHEo]EE o] L3 AFP i 25
44 71E B4 F4719 9 247 v 29

V. @ % ............................................................. 31
%—1%2‘8 ............................................................. 33
Abstract ............................................................ 37

_iV_



N
55;5.®90N.®9ﬂ.~u.w.w.~

&
u I\ A PR\ o\ o\ /D o\ S R S A | AR |\ A | A

—
:b

N
33

T}oFal T o] E ZHEES
Aotd BA7 7 ALE KB Ao] 2L e
ANEg ol At AA ZHO A HJIL coeeereeenennnns
AHFA] 0] HFoO]E] FEQ FLF crrerrremrreneennnenns
CFE &b A G H AFA O] E HE
N Fof|o]E o] BFAJo] H o] H|X]E= FTF ceeeeeeennns
1A E B AEH|E e
Dynamixel PRO(H54-200-S500-R)¢] Datasheet -
FH 0] E THORMANG :eerveeeseesesssnessssnsiniiaiaenns
T IR I oo
. THORMANG Al 228l TEZ T s
V1A E HAEWEES o] 83 AT A e
T o] B Zuke] ZFE O 2} e,
ZAE] ZMPE] ] K] creeerereerresneeniei
NE A AT AR FA YA HL e
-



A

(1}) HUBO

o oo T T oW T Mroox o )
T oW YR oy oW P T
S N =< - Bo =
~ .mmﬂ N ) ._ﬂx_wo ,mﬂ 3o ﬁi
cFuzipf® Tz
S A T
e - TECH I
S o X E g I
GO By % G R %L i o
m X B oM g R L s
1FL 1@| o —_ ()] ,_@r n_mo =0
N T w B X
T o 4T ® & CR
A - S
M ﬂc_: wow O 0 A
T 5o e g L %" o T
1 [neat
@_@%ﬂr%w% %M?ﬁ
0 5 o 2 . ©
CE =Y o= B g
for i s aﬂm b T W M_M o A o
; —_— 0
o)) mr Lmo E W Iy = B S B
- T N
— _— J—
N oR o4 /oo (LN
AR AR S
T R = T
\._.HL ﬂx/” ll L._W | OME ‘mw._
o o C R o )
o B il o Boor =
\m.x L.E N — N - —_— ,I% ox
e o XF LT

W owo® oo B -

o
3
=]
o
Kl

(Z)) THORMANG (m}) ATLAS

(t}) HRP2



AA 2RE Ve w A
o ATH3IMIB] ol e ket BEALE FolAl, dFrelolE ] g
A ol B Ao dAS AME Tl =2 aaddE =
2o mEle Ao A5 apuA P atolth mEkA B =i

LA
A= WA o]F HF Al dAFoolE o ErAo] fFutsl: FEAlES W A

rot

5

X
ko
P
fo
o
X
Fo
[P
il
-3
e
i)
1
oX,
s
=
2

of melgiela AN AEHow WASE na A ZEgw

Biped Robot

F 3
Commanded g Encoder P
Joint Angle | “omd Joint Angle | "
Input Qutput
Compensator Lompensator

Desired 8 Real p

Joint Angle | “¢ Joint Angle| “rea!
4

ZMP Trajectory Generation

|
| COM Trajectory Generation
|
|

Local Controiler

|
|
Swing Foot Trajectory Generation |
|
|

| Inverse Kinematics

a9 2. AltE BAAV7F 48" By Ao ZE=



O

-

20
|

—_
fite)

—_
o

3=

oA WA FH

2AEH]

H]

B
fite)
Njo
R
ol
Jo

Uz

—_
o

B

e

_H B



AFoolEo] g B T3 8loR: HEe dFo ol

o Atololl EAEE TEVI7F Atk o] FRE A dFololE Alo] Al
of AFrellolE FHE ek g HE ] FE vk gk Alelo] AolE LAIAIZITH
[6]. o] w] <HFelo]E o] FZxeA A= AREH O RE T o]l

2
A HEZ AA qFolole FHd e AYE FAo] Erhesith w
kA o FoolHe] B mEY BX AR FF Hes #HAAH
71 dATE Tole wyEdolEdA gl ofgk Mgy MP7kA AL
e A7l AAE T3 Al s FHATIHAE AT AJH
[718]1[9]. A AFolE= E= A4 (Joint Torque Sensor)
= o]&al dFololEo] WA WA FABs= Wl g ASE o
Atk = FAH AARE o] &sto] FAHHE Aol HE e AAste WA
ox WMYe SHsaA AT = g AdAT
AbEshe tiAl FEC o3 FetEAE Aldtete] WE
&3t ATHS]. [9]e] AFolA= Wl g s HAE
At Ao719] GGl wate] AE sl AT+ BIOlA = &

o
u}
oX,
td
i

{

FololE el ©A2 miyEd el o= g HF
oolB o] ©Ado] Aloje] et ol o] By HAA A7t



Shoulder
Line

Pelvis
Line

Abgro] AsHA Tk
o FololBe] B Qe Fuwolme] WASH: BAl T sl @
wre) Zleold BAE dds] sa e da A7k A9l (100

= Laser Range Finder(LRF)E& =4te] #9 o F3bsto] Fuko
)
H

2 <13k ZMP(Zero Moment Point)E %3 ¥ o] =Azk
B

a
= 7122 2o A% =dAAdS dstuat o= A A4 A



o]

[11].

B/
o

o

Jo
_

3

o
;00

gase]

ol ojuf gt

3]

oo]E o] g/do] H

=
T

ol
o

]—’

B9k

T

TEe

A

A&y

o]

o,

22
Hr

o)

B
To!

f——
1%

il



A A

A o] &

X}

7]

II.

2.1 Qoo el o] &4

Motor & Encoder

Gearbox
(Planetary gear,

i

etc

Harmonic gear,

Load

N

)

NJo

)

Ao 7]
o dFEE R &9

7] RRom oA gtk

o Ao} A3 gr= A H

1
T

N
4r
L

)

(th

(h)
Planetary gear

Harmonic Drive

7hH
Cycloid

T
S

T
P

-Tf] &} 33

¥
1
e

SE:



AA AA = ThFeE Fofoll 2hol= A FololE e} 1 HFoo]H o A&
ol A= #AH7IE ¥ 5ol aslEdeh WA Cycloid 2EC] 445
o} 9+ Dynamixel pro 9Frololy EE(2¥H 5(71)2 319 Robotis
ite] AFolw, ws % A4E 2Eo] FF 22o]il Uth. Harmonic

Drive ®&°] d&5o A& 5LdIdF-TA+4(DLR: Deutschland fiir

rr

Luft-und Raumfahrt) oA wr=o]7 LWR(Light Weight Robot) & (1
H 5(W)S 28 AT 9 st olF sHol /MY Avta 4E ol
ol EE=® FHstH A kg wiyE o]yl A& o] A58l
g8 x]a = AFdelH}, o] o= URHEAQl planetary gear=

% o] A& HFoolH(LH 5(t) T& &3 IS

v/;\‘ j
= =
FRO A& WA AEHE Bd AFololE Wrel 4w 9
A=k
=

al
o
o
_>.1|_rl
i
N
N
Y
N
rlr
o
a3
2
(oF
e
H
ol
1
2
x
i
¥
3

= T A

5-9] Cycloid, Harmonic Drive, %=i= Planetary gear & t%3k 7]o] &

o AR o] W ZH7be] fETVIE FAS e FEES §AES 7k
E]

TH131[14). wtahr] AFojolE o] d%o] 7t uwl, Ao <& 77

-8 - A & T}



2.2 &Ao] FH ol ByPd F= IF

2.2.1 Local reference ZT#| 43 A& ¢ ELX

F AdFAQ B Aole= ZMPe 97]es 7|Nto® dto] thE
2o A RHEog AgPHAY. Hi= ZMP ARE WA=
COM(Center of Mass) A 2% global Zd(x,) 7IEo2 A, 313

ol AR2E global ZdU(x,) 7oz A, HFHOE o HRE

ﬂl

ZIgro 7 A7 eke Fu= 2R Ao7IE o] FojA UTHZdE 2).

FHols 2R tpekdt wiy &g ol 9t & floating base Al Z~¥l9]
t}h. fixed base AZ=¥lS fixed © A= 7+ ZHdoR2 Frof Al=H
S ZFstH FH A floating base Al 281 A Aol 2pA¢} AEE H
AFsl7] 913 local reference Z#H A (x,)o] a5ttt dHty o= Fow
o] = Aol A local reference Z#| U (x,)& A AL x| A Hrt.

local reference Z#9)(x,)S v o] dzy gkt =R o) Hyho] 245

o

o] 21+ IMU(Inertial Measurement Unit)oll A % & %= orientation 3t
o] g3 AT & Utk 2y dFoolEoel| LA e & F fle
g2 ALE local reference Z#E| (X, )e] AA AAE ZHA(xg)9]
%] 2 orientation?} bRl = wAlE LAY 29" 6(PAA =

dolo] roll WA WMEPo] BHo] FukS roll = Wekow 7| &ojxA vk

rE

f

EE As g0 g vk ol# ek Aol AAE =z d(xg)H local

reference Z# (X)) Atelo] QA W = thg3 o] Fdeo] 7 st

A

08 L0
= —_— —_— [— 1
0 2Lsin 5 €055 2Lsin 5| (1)



ol wj, L Tl ZHolola, o= FBol9 roll WEe] A WY

A71eltt. 29 6(Whell A =7 7’k o] ok wWE = Yol roll

2 AR LA (xg)F local reference ZA(x,) Akolo] F
Sl a7t dAgt Fagh Je o] eabvh el WA My A

7ol 7]ukgk grololA AFH oz AAu Ze9l(x,)F} local reference

L Y(x,) Abole] Ak Alste]l Brbeslt.
oO———O0

- )

V/

T ,T;ZS:‘ZL lﬁ]
LSS S

X
(b Aol BE A L xe

(W) Ao A3p A 5 =2 <]

% 6. AFpololEl o] wHdo] Hao] m A= gk

_ 10 - &1

| 3]

11



et A2 E2 local reference ZH A (L, 7|wo= WHEHT FHFTH
o2 Fuol=o= local reference Z#|(y,) 7IFo2 Hdste &%
= AT F e Aol BE Fol ddel A " 2y AAE =
A D (Xy) 2 local reference Z#EU(L,) Akelddl &7} WA, local
reference ZHYU(X,) 7oz AP 2L F3H s2o] A Z <4l

(Xg) 7l o2+ HxYY s2o] ofyA Ao A, FrHolEs 9%

ol
N
&2
flo
o
>
nS
tlo
[
o,
X
it
v
J{m
ol
L
i
X
N
-
)
2,
>,
o
i)
r
o,
Iy
1o,

Azto] owgd 2 B2 B A S Hu Femols may)

223 B3 ZH HAo]77+e B

SRR A ghell A fE ko] ofy ), @A A rRhol A FEA A A3
o2 Hold= T E wAZE BART. 28 60oH = ¢ U= A
Ad, B3 A dol el ahdyt el HFo] HRIY AR
o o] & AlFlel TAe= A2 v 2 A T sy o3 oA
X3 Aol o LA J5H 2RO B oA X =dAA

A% o 9

224 COM A2 Ed&Aoz Q3 &A

FrH ol =o= local reference ZH9d(x,) 7IFo® Hdste= 45
B 7 e Aol B3 ol ol HA "o a2y AT =

A (¥g) local reference Z#U(x,) Abolol 27} Ay, local

_ 11 B .__:I'.h.E _'-\.I:I_ -I-li = }



reference Zd A (¥,) 71Tz AAH 2L Fdd o] XA L <l
)

(L) 7oz Hxdd s3] oy

T
o,
i
o
ot

u}

I gE A

= oAdEe] FAA o] 2R FAALT & Aol AA5A

+ Aolty, 1 A¥ o]H local reference Z#U(X,) 7Iwo=2 AAdH
COM 74 =¢} ths local reference A (x,) 7|z AAE COM
BE Apolo] EAES Fgto] wASHA "k o] EAEHS e G

A 2] G-3F 5 local reference ZH U (x,)e] v = Al Ho| Fr=o]=o

A B BAL WAL o FAL Friwole] COM F3F

2
2
N
—
Sl
=
2
o,
N
<
oX,
off
2
of
o%
o
=
k]

nj
i
<
N

sy
5
A2
kr

-
[

1o
e

- 12 - . ;‘ﬂ -‘“‘,i- ]_H [’ :



w719 AA

e

o

(o)

1. A

to] 19 29]

23

o]

j= =) e
=< =2

a-

!

A

ol

A= Altd

T

el

F7F slel

= 44 e

ot} 71et tt

7_4,]

il

.Z.ri

HEH o,

FATH7].

S

= e 2

5

XM

)

~

T
Ny

—

;Ow_
3

ol

of| o] Ef of] A]

[e)
EeRas-,

AA &

Fod

78 W (Newton's Method)S ©]-83

S o
=

AR 7T

—_L
e

23 ek

[e)
e

719 AlE W

_13_



31 A9

1 2 4 (backlash), 747

1
s

Afol

Apel o]

1
X

A7

o

o #a AA

I

ojny

R

ol whebA, A FolojEf o] W

a4

A

13
k=

tE3(r)9]

=89

23 o]

= o

eenc - ejoi nt

(2)

-1
jointT :

=k

00 = f(r)

1oh getd F

3|

2 F4o] E7ts

P EA(r)E ]

ksl
pud

o ¢

(3)

_ 7.1
- kjointTg :

600 = f(r)

o

bt i} Feo] o9 Baw

3R

Bo
No

ol

o

Al FHell

_14_



7= JF A JF,

(4)

el 9@ FeEA, J 4ERTE 44

o]l HZE 9 x74A ¢ 23 4] ¢H(Jacobian)

thea 2ol T 4 Atk

Fo=pl, FIZ(l—u)F

PCOM_PZ
P —P

H
of 93 FatEA= A ALtdT. FEA

= COM3} A A& Abolo] 94 H&

(5)

(6)

of W, F= FHxol=e] WAl FACIAL, Proy, P, oand P 247

COMe| 1%, 22

o 914,
17 e W 27 03 19 e ARt Ed,

wf, p= 0¥ 1 Ako]e] ghs 7t

o]

=

T

el 913% vedth

_15_

Ffwol=

&1

| 3]



3.3 247 AA

331 48 BV 24

(0,,)3 AFoolgel dHE = Ao] Wy go] A9 Zou /AT F
Atk wekA 2 (3)2 th el vERd ot

=k,

]OZTltT (ejoint) = ecmd - ejomt . (7)

T A (D2 4 Q)3 2ol AdE = Utk

ecmd = ejoint + kJomtT (9j0i7lt> : <8)

webA 6,7 Al BE @

2ol AN 5 gt

o

%57 9@ Aol Wi ghe ey

O = 00+ Kb, (8,) 9)

cemd

332 &9 1AV A4

29wl Aol AW F(0,

16 - A 2-f}



A FAE 5719 stiffness(k,,) S ©] &3l

Aol olEle FHG e vt gol EAY & Ak
0 ioint = Oene — KointTy O igims) - (10)
A A0ANAM 1,(0,,,)8 0,5 7IEe® do 13 "Iz AM(st
Taylor expansion)< 3H 2] (11)S 92 = At
7O int) = Ty Oone) +7,(00) (010500 = O (11)

ol Aol 7,0,)E 7,5 6,0 dal AEEF golth A (1DE

A0l tHdatd 6, w3l vt 22 A

7,(0,,.)
0 oin enc : e’nc (12)
st kjm'nt + Tg (eenc)

Lot

=, 2w U A%
(Newton's Method)S AF-8

FAL 98 4 (1) e ARe G52

N(9j0i71,t) = 9877{’ k]ome (ejmlnt) - ejoint : (13)

2 (13)0] 0°] ¥Hi=& W=+
2 7F FAstaa AdE A FoolH E
2 (99 (12)% 2tz AFololEe] W
71gro g &te] gk gl Ul

H

- 17 - a-;rx-u! -:“il ]_H 'c‘]






IV. 4¢ 2%

41 AFo] AR A28 Abe

Measurement
Module

@ Load

a8 7. 1A5E HAEHE

a9 72 dFrellolH 9] stiffness(ky,,)E T

A=< 93 1A% H2EWED 1244

_19_

Tt AAE 1AV AT

e e L



I FeEAE ANE FAF 2
IMU(Microstrain, 3DM-GX4-25)&

Fo #az e

153

A4

ol

1gaAA T
PRO  (H54-200-S500-R)&
PRO(H54-200-S500-R)¢] data sheet™ L% 83 2t

P

T 3

Dynamixel

_-'-', 5
Dimension

L

E-h82 TAR OP. 6.0

a8

A- 3 HOLF - 48 -
2u3TAIDA 20

BMETAD DO ED

Fololel Wd gte A=y gy IMUAAN 9S

o ol o] B = Robotisiil: ol A]

X

N

-

g 2

ot

fass

]

ol

-

i

e

Dirirarian mm 54 x 54 %126
{in) (213 x 213 x4.96) -
Weight Kag(oz) 0.855(30.1)
Nominal Voltage v 24
Mo Load Speed RPM 331
No Load Current A 1.65
Speed RPM 290
g"pg“r;‘;‘gﬂ”s Torque | Nmjozfin) | 44.7(6,330)
Current A 93
Resolution stepsiturn 501,923
Gear Ratio - [ 5_03_9__1
Backlash arcmin 35
~ Network Interface - 'RS-485
Operating Temperature C 5~55

m B
Current{s)

17

(] oo
003 280 +7.00 2HS0 3400 4250 5100 SS.E] ESO0 TESD E5.00

TorquaiNm}

13 8. Dynamixel PRO(H54-200-S500-R)¢] Datasheet[19]

_20_

PR

e

AFE3FtF. Dynamixel

1 8}

n



ad 9= BV 48 dds 1Y

o

Fvx=ol= THORMANG®]t}.
Frl=eo]= THORMANGS 32719 dfpofole] RER o]Fojx] <t}
Zyzke) el 870, wEel 270, Aol 270, 1eja zbzhe) thelel 671 <]
A FoolEl 7} Eol7t gtk 19 100 THORMANGS 4l w4 )
2 7F BAFE O] I th THORMANG®] sHAlE FA4ske 12719 HFo o]
2] nES Dynamixel PRO(H54-200-S500-R) = T3t

ik

THORMANG?®] 7]+ 147m °]a A= 57kgoelth 3 Fr-ol=
Hko] orientation S 913 IMUGBDM-GX4-25)7F F-2tx]o] Qlth o
FrollolE = F 4719 RS-485 A S o] &3 Aloj7]et SAgt. Ao
F7]% 250Hz°] tH20].

I8 9. FHx=ol= THORMANG 28 10. FE wi R =[20]

- 21 - . ;-;raﬂ -i“i- ]_H i



Left Arm
(7 DOF)
+
Left
Gripper
(1 DOF)

4 Front of Head

| Back of |
|| Web Web || Head |
| |cameral|cameral || TR 1!
|[ Web |[Hokuyo]!l |cameral |
|Camera LIDAR |I JI
______ 5/

Right Arm
(7 DOF)
+
Right
Gripper
(1 DOF)

RS485

power

A -
Rs485 ¢
100Hz &

|100Hz

Torso - Computing System

power

I
Quad-core i5|]

Left | Right
Leg \ Leg
(6 DOF) 1 N 1 : (6 DOF)
Power Gyko || Hokuyo | Power
S Sensor | LIDAR
ystem | | System
(24V) N || SR’ (24V)
FT Power System (18.5V) FT
sensor sensor
1% 11. THORMANG Al 228 %% [20]
a9 110+ »o]= THORMANG®| A A1 Al FA4o] HA}
wo] 2

_22_



3} 7]

g 7

Apole] g

ol

120hH &

ool RE9 stiffness

=
T

ol
ol

1A
(kjoin)7F 100INm/rad 9= & 5 Aok wepA o

(3)ell A o} o]

ol o] & 2]

=
I

=
=

ool RE9 stiffness

s FlA e A5
k. 1

a9 12(7h)

rE

120h)el = 1A= H)

2]
=

L ¥ 4E ARt B

%
Aol BT

d

7l A&

Aol Aol

g

PN
= T

of vk ¥ 12(th)ell A

-0.003770.0071rad 0.2 <=

o
olm

il

al7

—_
o

StE A

=]
5+

s

el 3104 AE g Tl 9

31]_;?’;
=

fug

_23_



© Angle error o
0.04 - | —Line regression

0.02F

-0.02 |
-0.041 &0 -

-0.06 ' '
-40 -20 0 20 40

Estimated gravity torque[Nm]

Angle error|rad]
=

(b Feol g RatEas Azololee] WP Aole] 7

© with compensator R
= 0.04 1 | x without compensator R
= o
= 0.02¢ =l :
S @S o ©
= a0 7
o Of rwm? Qé/ujo
° 068
a0-0.02 - 1
Z
-0.04 + 1
-0.06 | ! !
-40 -20 0 20 40
Estimated gravity torque[Nm]|
(b A" 537 AE A5 Aol Fxgd gk Aol o4
29 12, IAFE HAENEE o] $3 AP A

- 924 - ] ;-;raﬂ -i“i- ]_H w-:.l-l .T].'_



=

=

o] -&

[e)
=

THORMANG

=

of B3 Ao]7][20]00] BT

o o)

=
SN

3 1A 7]

S

<]

—_
o

)
M

vael

of wel B g0l o=

o] -

g

st B

£3

S|
S|

¢ 1 3] (24sec/step)

o

-

o o] Bl ] stiffness(k;y, )

=
T

ol

g3 12719

T H2AEH

o

T

WA quasi-static H.3j el

oolB] EEolm=
oA W7l A& o Fol w

THORMANG®
ol A

=

sheleh. 14

S

=

1A% HAEH

)
il

)

e

1.3

=

T

2o w

R 8 (3sec/step) A HAF7] AE o7

=

.

w

T

-

o

o
=

i
=)
i

A
=3

shut

S

AE F

st o,

S

1
T

44

s
UER
Force/Torque sensors #&3te] Ha & =AHE ZMP

o) web =

[e)
=

A
[e)

=

A
o

j

e}
_25_

sto] 1.3y

[¢)
= Ao WHe AA

48
she] Aol 7k wag7lel A

o
)

S, B3] A& ool wel S4€ ZMP7F

T
-y

HA =

sy
-

.



s 3Lo] ool H

9

¢

=

o

=

7

1

.

1 5

[

|

4 29l

1

T

4 et

=

=

ZMP 7% 2
5 okt

S

—~
o

vzel

.Zrl

3

o

« IMUE

S|
S

Pt 2]

A

sk Aeich 29 139

33

8

Aol 3

o

R

orientation

-
it

Itk 29 130hel A Bulel 4R o

wre] Ao} =
A3t

1
T

A

or
o

el

=z = o
=0 5%l=

wko w2

s

0.0lrad ™

<
€ %

S|
s

Z 0.04radoll A ®H A7)

&

<

gl
=

ojt}, =1

A

B3 AJEdol

[0 e

=

=

&

Ao A= e 9 27F 0.01rad

=
AE ZMP

oA HF7]

3] 4] == dynamic motion®] 9]

S

&

=

==

&)
3|
S

==,

al

a

=

=

=

o] B3 F7olA
Y H3

-

s ¥ 13(4h)

B3 A= AStE BA77F 237t

S

=

B BAZ7) 7}

o

_
=

pu—

]

A

[e]
A

i}
14(7H) ol A =

=
T

o

-

],
21k, m

fo1s
=

=2
=]

°©

ol
o
o

el

o

0} O
T

A %

S

o=

ol A

o

oM HAG77F A=A

al

a

==

3

)
TR A A 7

Ak ¥ 4hodA = wmE 1

PN
T

o

o
ToR

ZMP9]

_26_



o
(=)
g

Angle error of the pelvis[rad]

—
(=]
g

&=
-
o3

Angle error of the pelvis[rad]
=

S
=)
o NS}

o
-
\S)

<
)
O

<
S
o

S O
o o
E "o

===without compensator ==with compensator | -

0 20 40 60 80 100
Time[s]
(7h) =9 13 (24sec/step)
- without compensator ==with compensator

Time[s]

(W) w2 w3 (3sec/step)

19 13, Felwol=

ik

wke] ZtE @3}

- 27 - ,.H‘f’



Single Step || «— = without compensator
02 ; > | | Double Support : 4
= <>l phasc —-with compensator
= g desired ZMP
e ingle Support .
o) O 1 I a Phase ii‘, ’15
= "‘3'»—‘---:%%\ el
x i , i \
8-¢ f {
L /
% i \_-,\\ an iR F
N \.\‘\ ." \i\‘ /
aaaits {4
0.1 vy VY |
3 27 51 75 99
Time[s]
(7 =9 X3 (24sec/step)
0.2 J ====without compensator ==with compensator desired ZMP |
E :
=
>
=
o v—
%)
o
o
=
N

21

15
Time|s]

12

(W) w2 w3 (3sec/step)
I 14, 4% ZMPe 93

98 - ,H *i 1_'_]'| 'ﬂlr T



(10) oﬂ }\i Tg(ejm‘mg)

O A]
o |

T
= 94

A Aol A A A

il

2b E A

pA

sk 1

Al 2k

A

o

sl

967“} )

N~—
N

H

o) ro 2 {4

-
st

B} Ao) 5

)

—~
o

s

0

FEA disl] 7]+

S

prl

—

tEAel mek Ho 0.004rad 74 o A&

o o s

<9

SR e

(@)

—
VA L 1 1
< (@) (=) o <t

[per]uoriewnsd [BUOTIUIAUOD-
uonewnsd pasodod

0 20 40

gravity Torque[Nm]

-20

o
b

B

_29_






puy

b oAlo) A8

ks
R

oolele] oz <l

=
T

i

sfo] o

=)

H

wdof 7]

el

A

i

Nfe
A

T
XM

o

N
—
o)
olo
o

m
]

A

;owH
A

o

bol mg7lel 4%

9

4§

THORMANG?®|

=

o

o] B3 ZAS quasi-static A< =

=

ottt 53], Frwo]
H &3} dynamic motion®] 7] A F

!

el

|y
X2

Eal

By ¥ A =

=
-

!

-
s

Bl

—_
file)

weel

=i
=

=
[}

3

ChS o 2ok WA, AL

1
T

]

o
oo
<N

p—

0

N
T
jant

o)/
0
TR
N
o)
Gl

m

A S =

+

ol

rveel

-

ée
IH

fvzel

il
N
;oW

o

B

—~
fils)

-
)

Nl

)

=

—_
file)

‘mO
NJo

=
le)

o weba $1F Ao} el Folol g7} 2§ ¥

ol e Ea AA glo] 7

ol

O

-
il

—_
file)

il
)

W

o

Fo

_
)

gl

oA A

ald
A

Atk Al WA=, &

P
T

Wl

4= 0]
2 13 (24sec/step) ¥TF oY} dynamic motion

1 3 (3sec/step) ol A

At F

HA7&

™

olo

il

-

quasi-static H.3j <l

H

=
-

i

el =

3
X

]

o

_31_



el
gt
o

o

Jjo
—

o
vzel

5

1

X

Dynamic motion®]

AdTEE

IR R A =

S

ol

o

& vrbaizk g

v

ZO

o
of

il

B-

o)
op
H)

gl
"o

il

3

_32_



[1]

2 31

kil

el

M. Vukobratovi‘’c, “Humanoid robotics, past, present state,
future,”Director Robotics Center, Mihailo Pupin Institute, vol.

11000, pp. 13 - 27, 2006.

[2] E. Guizzo and E. Ackerman, “The hard lessons of darpa’s robotics

[3]

[4]

[5]

[6]

challenge [news),” Spectrum, IEEE, vol. 52, no. 8, pp. 11-13,
2015.

S. Abiko and K. Yoshida, “Adaptive reaction control for space
robotic applications with dynamic model uncertainty,” Advanced

Robotics, vol. 24, no. 8-9, pp. 1099 - 1126, 2010.

S.-H. Hyon and G. Cheng, “Disturbance rejection for biped
humanoids,”in Robotics and Automation, 2007 IEEE International

Conference on. IEEE, 2007, pp. 2668 - 2675.

M. Morisawa, S. Kajita, F. Kanehiro, K. Kaneko, K. Miura, and
K. Yokoi, “Balance control based on capture point error
compensation for biped walking on uneven terrain,” in Humanoid
Robots  (Humanoids), 2012 12th IEEE-RAS International
Conference on. IEEE, 2012, pp. 734 - 740.

E. Rigaud and J. Sabot, “Effect of elasticity of shafts, bearings,

_ 33 _ .__:lx_g _'-\.::_'l'_é -



casing and couplings on the critical rotational speeds of a

gearbox,” arXiv preprint physics/0701038, 2007.

[7]1 C. Ott, A. Albu-Schaffer, A. Kugi, and G. Hirzinger, “On the
passivitybased impedance control of flexible joint robots,” IEEE

Transactions on Robotics, vol. 24, no. 2, pp. 416 - 429, 2008.

[8] A. De Luca, B. Siciliano, and L. Zollo, “Pd control with on-line
gravity compensation for robots with elastic joints: Theory and

experiments,  Automatica, vol. 41, no. 10, pp. 1809 - 1819, 2005.

[9] P. Tomei, “A simple pd controller for robots with elastic joints,”
IEEE Transactions on Automatic Control, vol. 36, no. 10, pp. 1208
- 1213, 1991.

[10] N. Oda and H. Nakane, “An approach of motion compensation
for biped walking robots with structural deformation,” in
Advanced Motion Control, 2008. AMC’08. 10th IEEE International
Workshop on. IEEE, 2008, pp. 278 - 283.

[11] N. Oda and J. Yoneda, “Experimental evaluation of vision-based
zmp detection for biped walking robot,” in Industrial Electronics
(ISIE), 2013 IEEE International Symposium on. IEEE, 2013, pp. 1
- 6.

_34_ .__:lx_g _'-\.::_'l'_é -



[12]

[13]

[14]

[15]

[16]

[17]

M. Johnson, B. Shrewsbury, S. Bertrand, T. Wu, D. Duran, M.
Floyd, P. Abeles, D. Stephen, N. Mertins, A. Lesman, et al.,
“Team ihmc’s lessons learned from the darpa robotics challenge
trials,” Journal of Field Robotics, vol. 32, no. 2, pp. 192 - 208,
2015.

G. Legnani and R. Faglia, “Harmonic drive transmissions: the
effects of their elasticity, clearance and irregularity on the
dynamic behaviour of an actual scara robot,” Robotica, vol. 10,

no. 04, pp. 369 - 375, 1992.

J. W. Sensinger and J. H. Lipsey, “Cycloid vs. harmonic drives
for use in high ratio, single stage robotic transmissions,” in
Robotics and Automation (ICRA), 2012 IEEE International
Conference on. IEEE, 2012, pp. 4130 - 4135.

Y. Choi, D. Kim, Y. Oh, and B.-]J. You, “Posture/walking control
for humanoid robot based on kinematic resolution of com

jacobian with embedded motion,” Robotics, IEEE Transactions
on, vol. 23, no. 6, pp. 1285 - 1293, 2007.

S. Kajita, F. Kanehiro, K. Kaneko, K. Fujiwara, K. Harada, K.
Yokoi, and H. Hirukawa, “Biped walking pattern generation by
using preview control of zero-moment point,” in Robotics and
Automation, 2003. Proceedings. ICRA’03. IEEE

J. Park and O. Khatib, “Contact consistent control framework for

_ 35 _ .__:lx_g _'-\.::_'l'_é -



humanoid robots,” in Robotics and Automation, 2006. ICRA
2006. Proceedings 2006 IEEE International Conference on. IEEE,
2006, pp. 1963 - 1969.

[18] S.-H. Hyon, J. G. Hale, and G. Cheng, “Full-body compliant
human - humanoid interaction: balancing in the presence of
unknown external forces,” IEEE Transactions on Robotics, vol.
23, no. 5, pp. 884 - 898, 2007.

[19] http://support.robotis.com/

[20] S. Kim, M. Kim, J. Lee, S. Hwang, J. Chae, B. Park, H. Cho, J.
Sim, J. Jung, H. Lee, et al., “Approach of team snu to the darpa
robotics challenge finals,” in Humanoid Robots (Humanoids), 2015
IEEE-RAS 15th International Conference on. IEEE, 2015, pp. 777
- 784.

- 36 - M =T



Abstract

Improvement of
Humanoid Gait Control using

Actuator Deformation Model

Jeeseop Kim

Department of Intelligent Systems
Graduate School of Convergence Science and Technology

Seoul National University

Recently, many humanoids are being developed with the aim of a
model that can be used in industry and social environment. In
humanoids, unlike small humanoids, which can be used in industrial
fields and social environment, the inevitable elasticity of actuators has
a undeniable effect on humanoid control. In particular, the elasticity of
the actuator has a negative effect on the static and dynamic
performance of the robot. Furthermore, in the case of humanoid
walking, the elasticity of the actuator may cause problems not only
in the performance of the humanoid but also in the most important
stability in walking. To solve this problem, we first modeled the

actuator deformation. Also we proposed a compensating method to
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improve the stability of the gait control based on the actuator
deformation model proposed in this paper. The proposed algorithm is
implemented in a humanoid robot and its performance is verified by

experiments on gait stability.

Keywords . Humanoid, Gait, Control, Stability, Actuator, elasticity,
Gear Deformation, Estimation
Student Number : 2014-24843
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