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Abstract

The compass-shaped robot, in which two leg frames are connected at the hip
joint’s rotational axis, behaves similarly to human walking: the supporting leg ro-
tates forward around the contact point, while the swing leg rotates in the opposite
direction around the hip joint. On the other hand, when walking with both leg
frames of equal length, a problem arises in ensuring sufficient clearance for the
swing leg above the floor surface. Kiefer and Ramesh introduced a three-degree-
of-freedom X-shaped bipedal robot to address this issue, placing a reaction wheel
between the two leg frames and enabling stable wheel gait generation on both
horizontal and inclined planes. A wheel gait refers to a type of gait where both
leg frames rotate in the same direction, which eliminates the need to consider
clearance with the floor surface. Additionally, when the leg frames are connected
at their center points to form an X-shape, the resulting equations of motion are
simple, with few nonlinear terms. This configuration exhibits unique character-
istics, such as the unchanged angular velocity of the rear leg at the instant of
stance-leg exchange and the time integral of the control input for one step be-
coming zero in the steady gait. Despite these advantages, because there is no
rotational moment around the hip joint, natural leg swing motion does not occur,
and a driving force is always necessary to generate the wheel gait. Moreover, sta-
bilizing the system, including the zero dynamics, is theoretically difficult, and the
construction of realistic models and control laws was not fully developed in earlier
studies. In response, subsequent research introduced an X-shaped bipedal robot
with telescopic legs instead of reaction wheels. This model successfully generated
wheel gait on a horizontal plane. Furthermore, the optimal elasticity coefficients
and natural length were derived in a model equipped with elastic elements parallel
to the telescopic legs, leading to improved energy efficiency and reduced control
loads. When the telescopic joints are driven, both ends of the leg frame undergo
symmetric stretching and compressing motions. This property allows for control of
the relative lengths of the legs in a way that the rear leg is relatively more extended
and the front leg shorter at the moment of stance-leg exchange, causing the center
of mass to approach the contact point of the front leg and easily overcoming the
next potential barrier that appears mid-stance phase. While this feature is an ad-
vantage that facilitates wheel gait, geometrical constraints under conditions where
the stance leg is in constant contact with the floor surface require a smaller relative
hip-joint angle and stride length at the instant of stance-leg exchange to increase
walking speed. Although forward acceleration can be achieved by extending the
stance leg so that it becomes an asymmetric impact posture in the anteroposterior
direction, the stride length must be reduced accordingly to prevent the center of
mass from moving away from the front leg’s contact point. One potential solution



is introducing jumping motion into the wheel gait to overcome stride constraints
and increase walking speed. Starting with Matsuoka’s work, various studies have
been conducted on hopping robots and bipedal running gaits that leverage jump-
ing. Additionally, hopping and bipedal running gait stability analyses have been
carried out. While previous studies enabled high mobility with fewer actuators
through the introduction of jumping, they faced problems in realizing running
gait. This was due to unrealistic control inputs or special assumptions that ne-
glected leg mass, which diminished the feasibility of implementation. In contrast,
McGeer’s research demonstrated higher feasibility and inherent stability in cer-
tain parameter sets, although the motion was limited to slopes. Additionally, an
Asano and Suguro model, which, like the research presented in this paper, incorpo-
rated telescopic joints into a rimless wheel, demonstrated high-speed running but
was limited by structural difficulties and inadequate analysis of the control inputs
necessary for running gait. In order to solve this problem, this paper proposes
running gait generation on a horizontal plane using an X-shaped bipedal robot
with elastic legs and analyzes its stability through numerical simulation. In addi-
tion, although previous studies have reported the verification of a wheel gait, the
successful generation of a stable wheel gait has not been reported. Therefore, we
also propose an experimental X-shaped bipedal robot, which we have developed.
In Chapter 2, an X-shaped bipedal robot with telescopic legs is analyzed through
numerical simulations with and without restraining the telescopic legs during an
inelastic collision with the floor surface, and the gait characteristics are compared
for each. We generated wheel gait by considering whether mechanical constraints
were applied to the telescopic joints during each collision. The results indicated
that when mechanical constraints were applied to the telescopic joints, an increase
in the relative hip-joint angle during each collision led to a monotonically increas-
ing walking cycle, with walking speed and stride rate decreasing monotonically. In
contrast, in the absence of mechanical restraints, the support legs have the prop-
erty of first contracting and then extending to the terminal value, which was shown
to be advantageous for larger strides than in the presence of mechanical restraints.
In Chapter 3, the assumption that the telescopic legs are driven linearly sym-
metric was removed, and we propose to extend the X-shaped bipedal robot with
telescopic legs to an eight-degree-of-freedom redundant model. It also compared
the translational driving force of a three-input model under holonomic constraints
with the control input of a five-input model, which included assumptions about
control inputs. This comparison revealed that the translational driving force re-
flects the potential input-output relationship of telescopic legs. In Chapter 4, we
analyzed the wheel gait of the X-shaped bipedal robot with elastic legs, where
elastic elements were added to the telescopic legs. We evaluated its performance



from the perspectives of energy efficiency and the control load. Furthermore, the
optimal physical parameters for the elastic elements were derived by analyzing the
time variation of the total mechanical energy. In Chapter 5, Using the X-shaped
bipedal robot with elastic legs, a new wheel mixed gait, and a wheel running gait
were generated, and it was demonstrated that the generated wheel running gait is
asymptotically stable using the Poincaré map method. Adaptive updating of con-
trol variables was used for the running gait, where the stance leg was contracted at
the moment of transitioning to the flight phase, enabling the realization of the run-
ning gait. Stability was evaluated based on the eigenvalues and singular values of
the nonlinear discrete functions, revealing that while the system is asymptotically
stable, the convergence is not strong. Chapter 6 describes the outline of the exper-
imental machine for the novel X-shaped bipedal robot we developed based on the
theoretical knowledge of previous studies, reports the basic experimental results
of wheel gait generation using this machine, and discusses the robot’s feasibility.
The structure and control method for realizing a wheel gait near the theoretical
knowledge are described. Then, the experimental results are reported, and the
problems and improvement measures are discussed. In Chapter 7, conclusions and
future works are described.



=N

B1E
1.1
1.2
1.3

B2E
2.1
2.2
2.3
2.4

2.5

2.6

B3E
3.1
3.2
3.3
3.4

3.5

IEL®IC

0=
ARFL .

fFiEHzH > X FR 2HOR Y FOEHESA

8 -
FEEHFREIRN . .
BRI . .
BIBRERET . . .
241 ARG ...
242 HERR®OE . .. ...
EZehR I AR RI A ORI SR 247 5> Bl Ay . . o L
2.5.1 FRNTHEGE . . .. ...
2.5.2 EHEEREDREAERL .. ...
2.5.3 EHZEREOHENRESTAENSITIERRICEG X 28 .. ...
E 2R I AR RI E OB R 2 AT D R W EHER RIS . . L L
2.6.1 EEEREDREARL ...
2.6.2 TEZERFOHENRBESIAENSITHERRICG X 2E .. ...

MEETINZHAVERSIEIEBICRETIER

HRE
MEENGRER L,
BZEHREN .
BIERERET . . .
3.4.1 AHAEREAL ...
3.4.2 HBEEERFREELE . .. .. ..
TEEFVOBEBAERAER ... . .
351 3ANETNVIBUIBHERRAAER . . .. ...
352 S5 ANETNVBIBHERMABRER . . .. ...



F4E HEHZHOXFER2HOKRY FOHGBRSA
41 ERE
4.2 YEEITRERX ..
43 BN I XX —
4.4 wEHZ D OXFR MRy bOHEEGRZEE L
441 RN . . . ...
442 FHEERERDRAAER ..
4.4.3 fEZEREOMHEXIREIEIAE B TIHREIC S X B8 ..
4.4.4 BEHEZEONRT X —XEFIES BITROZEL ...
FBHE HEHEZHOXFER 2HIOKRY FOEHEETSE
5.1 EENHEER ..,
5.2 HZEHFERN ...
5.3 BICHURIMEIZRCER . . . .
5.3.1 ZHEMHoOBERREE .. ...
5.3.2 HEMHOBEERMENE . . ...
5.4 BEMHIE SO X FRIQMa Ry bOETES) . L.
5.4.1 HERENEESSAER ...
5.4.2 BEEREGEITARAER ...
5.4.3 HEGRGEITHEOEMMN . . . .
F6E REREORRE
6.1 FEEREEOMIZE . . .
6.2 IR . ..
6.2.1 RRBHEN . . ...
6.2.2 MFEBEET . . ...
6.3 AATEER . . ..,
BTE Fr®
TLORERR . .
7.2 BBODTE ..

T8 A RRETINOEHSIEN

31
31
33
33
34
34
34
36
38

41
41
41
42
42
44
45
45
48
52

54
o4
56
o6
56
o8

60
60
61

66



2.1
2.2
2.3
24
2.5
2.6
2.7
2.8

3.1
3.2
3.3
3.4

4.1
4.2
4.3
4.4
4.5
4.6

5.1
2.2
5.3
0.4

6.1
6.2
6.3

=N

HfEE o X FRI2MiaRy b .
ffElE 2 o X FRI 2o Ry FPOREX . ..
A DBRENC BT &SR . .
HEADERDS — 7 VAKX .
EZeRH I AR RI B OB SR 247 5> Bl Ay . . o L
B 2SRRI PHERS E D MR HI R 21T S BB A OB TIERE . . . .
B2 iERE T ORI R 2 T b7 WEHERRRE . L.
1B Z2IRE I HERE E D BRI HT R 2 1T D A W IR DR R OB TR .

fHfEHZ2 o X FRI 2Ry hOEETL ...
SANETFVDHREIK . . . .
SANETFVOHERRA ..
SANEFIVDQHERBA .

B SO X FRI2Mia Ry b oL
AR SO X FRI 2Ry POREIXK ...
SR SO X FRI2 e Ry MEEERRE .
A o X FRI2 o Ry b OEEEEEOSITHEE .. ...
FMERE L ¥ BRE b 1ISH 3 % SR L HIEIA 0 2 FGME . . . .
N RV —DRFEZ ...

BIZSHRDmRR . . . .o
HFAETSEDO—r VAR L
B o X FRI2a Ry FOHEBHESSHE ...
B o X FARI2 oKy b oHEEAETSE ..

HMEHZ O X FRI2MIa Ry boFEEREE .. ...
WRBEES e fEIIORESE . . .
WATEEBDS —F7 VAKX ..

22
23
29
30



=B R

2.1 HEHZ O X FRI2Ma Ry vOYFEART X —& .. 12
2.2 HEADREOHIHARST X—& . 12
4.1 HEREZ SO X FRI2Ma Ry hOYEASRTX—& L. 34
5.1 HEANESBEOGIE S X —& .. 45

5.2 HERIUETHROMEI AT X —& oo 48



F1E [FL®HIC

1.1 HEEE

2 ARDI 7 L — 2 % BTN E O [ 5T ks Lz a v 2o 2 fle Ry b
X, RN Z HUDIC RIS WS BIER U, EEREN A B & 2 HR O 1A Bl #s
LTAHEFRIUCHZ2AZT5. LELEIDPEFELVHIZL -2 THT3 2
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ARETIE, WiEHlzd O X FR2nRy bDETILVOIRE L EFEET IO
Wl R721%, HITBRERIEIR %2 &1 3 2 2 & CHERAR 2 AR L, EHIENT
2IT5. ¥, STEE)E EGNIREE ¥ B AREEDS KL BICH N B N T
R 27 0E LT, #EHERE X OEEAESNZ AW THTEB OB T L
RS 5. FeW TR & i o fia R 35 X OV BE & oo AH N B e A O
RE LB IEIEIR 2 3G 5. AHITRIEIRIC X » TRRIEHIEl 0 5225 % v
AEE LTED, PIDHIEN T HAZR RIEIBIET 5. H R R 88 X A
NOERERDEEZSZIRT 5 Z 8T, HIBMRENFERYTS, W\ TED)
ZHEILTWS. £ L CHEZER QXTI B A B RTIHREIC S 2 2 EITO WV
TN TV, HEESSROSITHREEHL TS, B 2 21— a i
MATLAB @ ode89 ZF|H L TR EITo72. 2.5.2 8B X ) 2.6.2 HiTIXRE &t
WHFREAER le — 18, MHNFFAMAAER 2.22045e — 14 £ L, 2.5.3HiB X 102.6.3 i
TN FTFARZE L 1le — 16, FNFFRIEER 2.22045e — 14 & L=

2.1 {t#k

K21 XFR2a Ry b OMERRT. IR & #3 2 ZFEHHSRE % (1, 2),
XFFHl oM E % 0,, HEHOEXAEE 0,, XRHOMFEREZ b, WO MHHE
FE% b, 35, HEEEAEIZPOICEED my TH 2 IEBRENE 7 L — 2258 D 11
HNTHD, TS XS ICHANTERED my /2 TH 2EREIH 7 L — A0S
NT0a. LUR, MMiaExFojc {12} 3XFEHtchI 1 %2, ERTHIUT2
EERTZ2DDL 5. K22 THRAKD IS, BET w27y 7 &=
FUANHNT 32 8T, 2ARDEE 7 L — 4% B WIS R AN EIFR 2 D0 RIS
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2.2 EEAER

T
—EM@@N7FW%q:Pm&ﬂﬂMﬂ y52r, oy b OEHHERIZ
Mg+h=Su+J, (2.1)

2%, M e ROCSIZBWIETHD, H c ROWZIEFEHEEIE L EHIEHOMTH 5.
IR, Ry FOBEEZ m =2m, +2my, &3 5. X (2.1) OFHEDOFEMILLT
DEHTH 3.

m 0 mLyicosf; 0 msinf; 0
m —mlysinf; 0 mecosf; 0
Mz 0 0 0

M = (2.2)
My, 0 0
m’ 0
Sym. my
Ms3 =3my (b1 + ¢)? + mo (263 4 4bic + 3¢%) + ma® + 2ma(by + ¢)
M44 =mq (b2 + C)2 + m202
m' =3mq + 2ms
[ mél <2b1 COS 6)1 — Llél sin 91>
m (g — Lléi cosf, — 26191 sin 91)
h — —mgLisinf; + 20,60, (ma+m/(by +¢)) (2.3)
2m1b292(b2 + C)
mgcosth — (ma+m/(by +c¢)) 9? + k(by — bo)
| —ml(bg—i-c)@;—i-k(bg —b0> |
(00 0 ]
00 0
00 1 “
Uus
10 0
010

FTRMICBWT, RO E D RE & 1 5 THE S 3T 2 2 v 5k
t=0, =02 EIN3. Zhor DX HKr I v 7HRSEAA L
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100000

Jug =0y, J, =
9= "2 010000

(2.5)




HEBTER (2.1) BXOK (2.5) ORI LD, KRR ZEKRT 2 REFHAN
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F,
EREZ. L, X.o=J M TINTHY, F xR0 D
BRI, F, & z BT O ZRIZE b 2 IR h 2R 3. K (2.6) ZHICRK
CDIKALTERTZZ LT

Mg=Y.(Su—h) (2.7)

#18%. 1L, Yo=Ii—J' X' M Th3.

Ae=—-X'J.M*(Su—h)= (2.6)

2.3 EEHIEN

X 2.3 ICHIZ B WERNIC B 2 IR DOBRE RS, DI, BTRMAE T &5
%. AR TlE, AiISCERARE & Se eI itEmEZ2E% LT, ZOEKRICES 2L
RAMEEIND ZEBIRET S, £25HIIBWTIE, HZEOBEBIZ T TOMH
FERAEIOBEIENIC EHE I N TV B ERET 5. 2Dk &, EeIFHMEmEZE

Mgt =Mg +Ji (2.8)

&%, 1L, EETFO - b A i e e ERER & HRERERT
DT D, BIRERDOEEHRIEMFNIX

Jrqg" =040 (2.9)

LEEDHHNDL. D I IIEERIIHFERIE OMIR 21T 5 58, XD XS

WEE 5.
10 Ljcosf] Ljcosb, sinf; sinéy
01 —Ljsinf; —L, sinf; cost cosly

(2.10)
00 0 0 10
00 0 0 0 1
7272, X (2.8)(29) &b, HRERDOEERS bAp
0 = (L= MOTT () ) 0 1)
ERFED. ZOHEAMTEEID T E
6, =6, (2.12)

Lo TED, BMOAEEIIEREIMR TR LW EBnh 5. &RIZ, qf
BLU G OB W eER LTV Ly P THIETRTT5.
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2.4 HIEREEET
2.4.1 AHIERAL

ARG ST o fifE R & IEAET o 40 B O #EBIEHIE 2 & X 5. I
WBWTIX Oy =0, — 0, ZRBEAFTOMEXTAE YL U CHIEH IR bk

(2.13)

Y¥5. Zhuc kD, KEEIC X B 2 B
y=8"q=S"M'Y.(Su—H) (2.14)
L%, HEHAHERZ PLze

bra (1)
Ya(t) = | baa(t) (2.15)
QHd (t)
352, udDfllHANRS bAVERD LS ITRETE S,
u=(STMY,S) " (v+STM Y H) (2.16)
v =§4(t) + Kp (§a(t) —9) + Kp (yalt) — ) (2.17)

72720, Kp = kI3 305 4 475, Kp = kI3 3BT 4 AATHITH D, ky
k3T hBIEERTH 5.



2.4.2 BEERIENE

DUR, BEEEREL T 55, K24 ICHREETHED 1 550> —4 v
2™ ERT. K 2.4(a) 225X 2.4(c) 12T T, ZHFHOMHEEHOREX b, % b 2
5 b NMHEXE, WHOHEESHOR b, % b 2256 b, N\IGEXE 5. £/, K
IO AE 0y =0, — 0,050, B a—n 222 XS EHRXE 2. ShilfExE
EEKt=0" 5B L, BEEERRMt =T I CBWTZNENTTT 5. LU
Fofilfmc kb, ZEFHEICBWTRIRIEGFZZRZEH T2 Z 2 T, ROHM
FTRHICHENEZ R T v« NY TOEWENES 725, HkEE O HER
EE by (t), WEHOMRHRIX by (1), BREFAEE 04 () T 5. XFEHOEHE
TEEEFRZARICDOWT, ZOFIEIZ

bia(0) = b, bra(0) = bF, bra(0
boa(0) = b3, boq(0) = b, baq(0
01a(0) = 0%, Opa(0) =6}, G44(0) =0

) =0
) =0

LD, HURE
b1a(Teer) = be, b1a(Teet) =0, bra(Toer) =0
boa(Teer) = bs, b2a(Taet) = 0, boa(Toer) =0
Ora(Toer) = a — 7, Opa(Teer) =0, Opa(Toer) =0
CEED. TIEL, by <b. THB. ZNENOHIED & EIHEND R L — 74
HEIZEB T 570, UMD 5 XROKHBELZ HIE#E YL L TRET 5.

%@%:{zkﬂ@¢W0gt<n@

yd(Tset) (t > Tset) (218)

Z LT, &R

D) =y
®, =yt
@2 :OS><1
&. :1Oyd(Tset) 10y — 6Ty ™
’ Ts?zzt
Pd, — _15yd(Tset) + 15y+ + 8Tsety+
4 — T4
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b = =
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WEhEDONS. BIEEEREZRZ ¢ DB 72356, &l 10358 miE 2 #E
FrLZeno 1 HHERKE LTETT 2 X5 ZHlllZ2175.



2.4; HEFAPRR D> — 7 v XX

2.5 EZEEIC MR OMMINRE1T > BHESR
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7z, SRIZ
SR = (2.20)
mgv

YEFRING. SRIF1 [kg] OWED 1 [m] ELBOZ R LF —HERETH D, /I
EVWEEZANVF—IERRRNI L 2HT. SRD v
Y Are Az
v = ? o mgdt = T = T (221)
WEDERLR. 20O Az FEAFEANC
(Az)? = (a+bo+c)+(atbs+e) —2(a+b.+c)(atbs+c)cosa  (2.22)
TRDEND. ZOAz B aTHITEILT
OAx  (a+b.+c)(a+bs+c)sina
e = v >0 (2.23)
R0, aBBEMT U Ax DSEFAENT 2 Z e300 5.

2.5.2 HGESRER

] 2.5 12 E 2RI HAEBE BT O BRI R 217 5 X PR 2 e R v b o Hilighldk
BEROBUES T 2V —> a YFERZTRT. BARy POPH ST X —&I13K 2.1,
HE T R — R DWTIER 2.2 W TR IEICERE Lz, DI, #E> I 21— =
B B HIHIIRAE X

0 | L
0 0
tan~! (—L2 CLOS(.X — Ll) G (()O)
. o Sin . |t
q(0) = - <L2 cosa — L1) o - 4(0)= 01(0) (2.24)

Lysina 0
b 0
be B B

Y35, 6,(0)1F2.0[rad/s| ¥ L. K 2.5(b) &b, HILBRERIENC X b ZHHoD
HHERIL by 225 b MBR XN, WHOMHERIZZ OWAIHFE LT VD Z 2 H%)
M5, ZORR RICHNZRT VT vl N 7 RIERT 3 7= DIH ) 7 e %
B (Thbb, 2EOEDHIHERSISIORTEL 7228 EHIh TV,
X 2.5(d) & b, HESZEHRTECBOTEERIC T L —F 20172 (AW
LERT) &5 REEH ML BEMEhTWE e R 0h 5. ZOREEZRTHRD
EZERBORENC L o TRIE SN, KFH EOREEEFNEHREIATVS. TV
az g, EECTHIAANEILAD S5 2 T 2ENRTOEENIC T L —F 2035 2
& T, WER2MHATEFHNEE STV (6, 20].
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# 2.1 HfEHZ O X FR 2 [laRy FOYBEART X —X&

m; 1.0 kg a 01 m
my 1.0 kg c 0.1 m

3% 2.2: HEgRIRROHIHEIAAZ X — &

Teet 05 s be 0.3 m
« g rad kg 100 st
bs 02 m ky, 2500 s72

3.5 \

250 . e G s R T B

0.5 F §

Angular position [rad]

Time [s]

(a) SXHHID AL 6, & BRI D 4 0,

0.35 w

m|

Length

0.15 |

0.1 L L L L

Time [s]

(b) X R b, LEHOEX by

12



Control input [N]

Time [s]

(c) XD AT uy & HEID ATT uy

Control input [N - m)]

Time [s]

(d) IXBIETD AT ug

Ground reaction force [N]
\]
o

Time [s]
(e) IKRH F, & F,
2.5: fEZEIRH I HAEB AN DOBIRAITT R 21T 5 A A
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2.5.3 EREOENKREBHAELSITHEICEXSTE

% 2,612, MZERC R O MIRA S 217 5 AT 3 o 1T
2 (a) BAFEM L (b) BIFHE, (0)SR OMFHERERT. LI, 70 R4
ELFOED TH 3.

o BATREIHA T X HAERERR Ty, LD REW.
o THIHDENE S MIDRK ST F, D3HIZIE.
o %A BIMAIA L 2-BRENCIE B ICIRE 2 BN, B OREICE DR,

DF D ARBEICBWTIX, B SEHEE TORICEHIEIETRETLTED, &
TRAF Yy 7O X5 RBFIFHNT, WMEIXFHIIRELRZRVWERET 5. Hig
RAUBRZ 100 B ETHIES S 21— a v LR, Zho 0hEtzibr Lk
7T X — X D AE O Z LR E R EHIGRS R e B U, ST
A L7z, F7z, Te WX 7THEDICERE L. a t T YA ORI S X — 21X, F
22 LRI CMEICRRE L7z, BIEIX 2D —RBICEZ S, ey h2HEBLT
W5, X 26 &0, o DEKIEUCTHTRANSEFENT 2 28, HITEEL
SRIZEFABAD T2 e 0h 5. aPBRT 2L, ZHUIL L THIED B
KT 27D, BTV xb - N T OREEDBREFICHEITR > TOE, BRAEINICE
ELSBERBAAREE 72 5. WHIZ a P LTwL b, BTREIELZD, &
FEHNZ Ty, 7 FEIZ 2 & TRESFERDARIREL 725 TV 3.

2 \ \
set = 0 44 [S]
1.8 i
- T&,et = 0.46 [S] set = 0.52 [S]

L6r set - 0 48 [S] set — 0 54 [S] * N
% 14 ro° set — 0 50 [S] Tset — 0 56 [S] S o * -
2 T
8 12 Cton
~ +
53 xS
s ' RIS :

251
g38% i
08 [ o) 2 g% n
YL
cggBit’
0.6 o 85555&5%;&@ 4
0.4 DDDTQQ?V‘V ‘ ‘ ‘ \ ! \ ! !
091 093 095 097 099 1.01 103 1.05 107 1.09 1.11 1.13
a [rad]

(a) T
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Walking speed [m/s

Specific resistance

0.95

0.85 BT T |
"efes
SEETT
0.75 °5 % % g ; ; i
lidy
0.65 - Si94y 1
S S
"iedy
0.55 "L%5; 8
° set—044[s] Dﬁz};i
045 F - Toy = 0.46 [s] - Taet = 0.52 [s] SEFR
0.35 Set — 0 48 [S] Set — 0 54 [S] ; . ; . B
° set - 0 50 [S] Tset — 0 56 [S] +
025 | | | | °
0.91 0.93 0.95 0.97 0.99 1.01 1.03 1.05 1.07 1.09 1.11 1.13
a [rad]
(b) BT
0.5 \ \ \ \
o o Tset = 044 [S]
e + Thet = 0.46 [s] - Toer = 0.52 [s]
042 - e 5a, o ° Tset = O 48 [S] Tset = 054 [S]
e e o Tiy = 0.50 [s] - Tier = 0.56 [s]
0.38 Tea e |
0.34 +ii‘joooooiﬁﬁ;$ZZADD _
0.3 | Srreellniineesaiiniy -
0.26 I EEE I
0'22 | | | | | | | | | |
091 093 095 097 099 1.01 1.03 1.05 107 109 1.11 1.13
a [rad]
(c¢) SR

2.6: MR I fHRERE BT O BRIRAT R 21T 5
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2.6 HREICHBERHOEMNARZITHOEVERE

xiz, X (2.9) 23X (2.10) &
Jrg" = 09 (2.25)

_ |10 Lycosf] Lycos, sin sinty
|01 —Lysinf; —Lj sinfy cosf cosfy
WCEE L7z, THUEINAS PRI & 59E 3 % B (e iil 2 BEA S H s L 7w 2
LERLTED, HfiARO>S I 2L—va 275 2T, HITREDHE

4= =

z1T9.

Ji (2.26)

2.6.1 HRESEEM

B 2.7 1B 2RI AAEBI E O AV R 2 1T D7 X FRI 2 flla K v+ D Hilig
BOBRAEROBEY I 2L — a VRERZRT. M 2.70D) &0, ZFHoORZIE
BN S, —EIELTWA 205, THIIEREE D ZHFIER b
DETH27:DTHYH, ZOK, BHEPLEIXENGAEZEZREIERVI S ITERK
XNB. ZONMITED, K 2.7(c) BT 3 ZFEM O I A ISR 21T
SHAE LR L THAL, M 2.7(d) OB OHRIBIAINIIE S ITHDT 5. S
Bz, K 2.7(e) &Y F, DIRKMENPKREL LD, BMEINE 722 Z e DERT
5.

3.5 \

05 ’ | ' y
O,,

-0.5 - .

Angular position [rad]

Time [s]

(a) XFHH A 0, &b 0,
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Time [s]

(b) LMD E X b, L HMIOE X b,

120
— 100
Z
=
g

20 ‘ R ‘ et e e R *

0 1 2 3 4 5
Time [s]
(¢) SHHHD AT uy EHERID AT s
3

7 o
= 1r
E
E
S 1
S 2

Time [s]

(d) BEEID ATT ug
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]
2

A O

o O O
I T T

| | |

=)

)
S

Ground reaction force [N
\]
o
T
1

A
S

(e
()
w
~
w

Time [s]
(e) KR F, & F,
2.7: TEZRINE I (R BE ET D BRI 3R 247 0 20 D B AR

2.6.2 FHEFOEMRESHBEHNSHITHEHEICERZXE

4 2.812, MEZERHTHPHEREET ORIV R 21T DR WHETRISRICB T % a 12
X35 (a) HATREBAL (b) BHITHE, (c)SR OFMFERZRT. TS 2.5.3 Hi
CRIETH 5. ZDHE ORISR S EARNZLEAIN 2.6 LR TH 20, BAEA
FRATRER o DIEBIREDRER LD b REWHINS 7 P LTWB M Dh 5. X
R E R RN AT 2 e X 8 5 2 2, RRRABITEENICB VT H R
FUT e N 7 OEHIEAEHNTWE D EZONS. T FEHO
IHEIC & 2 HIE A DRI Z AL F —RR2E I ETED, M 2.6(c) & iR
LT 2.8(c) DZANLF—HEBEREIZTNTD a IZBWTEW. I O
EENC LTI NLF—DREL, TAILF—REWET2-DDOFHEICELT
V358 5 B CEAICIE R B
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Step period [s]

Walking speed [m/s]

24

1.6

1.2

0.8

0.4

0.9

0.8

0.7

0.6

051

04

0.3

0.2

° Tset — 0.44

[s]
| Lset = 0.46 [S] + Tset = 0.52 [S]
Tset — 0'48 [S] * Tset - 0-54 [S]
© Tset — 0'50 [S] Tset - 0-56 [S]
mwuggzéééééggii*

5 BB 8§
005555@3333®®@

1.63 1.66 1.69 l.‘12 l.‘15 1.‘18 l.él 1.24
a [rad]
(a) ST
“882g,
56&26%55%33 i
: wii |
Ty = 0.44 5] ]
Ty = 0.46 [s] - Thet = 0.52 [5] L]
Tt = 0.48 [s] « They = 0.54 [s] T
- Toer = 0.50 [s] - Thet = 0.56 [5] : *
1.63 1.(;6 1.69 1.‘12 1.‘15 1.‘18 l.él 1.24

a [rad]
(b) T8
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0.82
0.8 r Sa i
© 0.78 .
QO ° 5 A
= Ooo BN
2076’ toro, OOOOOO’D R T
% ++*+++++9%§$ﬁoéz++++++ ***
— 4«*4«4«4«**** =I0N Ooooo ++++ ***
< 0.74 S T
é Tset = 0.44 [s] e ot
0721 T =046 [s] - The =052 ] “. ©. °, 1
07 Tset = 0.48 [s] « Tyt = 0.54 [s] DDD;Q |
o Tset = 0.50 [s]  Tyet = 0.56 [s]
0.68 | | | | | | |
1 1.03 1.06 1.09 1.12 1.15 1.18 1.21 1.24
a [rad]
(c) SR

2.8: TETZCIRF I HH A B T D BRI 3R 2 4T 0 7 W B P R D A T RE
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F3E8 TEETIZAV-EEEEE
ICE 9 3ER

ARETIE, 2B THENRNDNEBEEETILOMEHEH D F IR TH 2 IREZ
WMHkrE, S@TOMEEXZEHHEL LTERELEIIEETFAZHZIEAL, &
/NA B E 7OV CRREE U 7 280 WA BE E O B A SR 2247 5 HHiig B R & [Fl—
DAITEEEFHET 25 Z 2T, IO E X PR F—RIZOWTHERT
3. BUE> I 21— 3 VIEFMATLAB @ 0de89 ZF|H L TS Z1To7=. 3.5.1Hi
BEU 352 I TIIREZMNFTFRIRAZE 1le — 18, MHMNFFAMAE%R 2.22045¢ — 14
L7

3.1 {t#

B 2.8 DETMTEBWT, MK, TNEXXFD e {1,2} 3K LG TTIANCHE
DiROGN L7 L —20FE CFicoiuR 1, WHchHIUX2), je {1,2} ik
EHRERNICBWTEEORIZRAMICE D IRON M 7 L —20%FEE i Thh
X1, BATHIATE2) #ERTIOL TS, KE LT 2 /RS OmOE %
(z,2), W7 L —2oDfEREE b; £ 35, BT L — 204 (B L<
mﬁ%)®ﬁ%fﬁm%bmt®,@gbk.uiéﬂii%t,~ﬁmﬁﬁd
7hwquhw&%mwm@wﬂ ¥\ 3 P 8-DOF EF AL 5. ZHUC
ﬂbf,2%@%?»@%$am£%?wfﬁbw@:@Fwwﬁﬁmﬁﬁ?é%
R C—RLEEEN 2 b Ll g = [m 20, 05 by bg] v 70b & 1 3 i 6-DOF &5
IWTH5.

Rz, MTEETNVEUTOEREEBE X OKEL2ET 23D RNET 5. [
REET (BBEET) (CIERREN 7 L — 225D ot b, IEREH 7L —o b
EXEHIE 7 L — 2 3RS X b iEE X TwWa. HiEREHNICEE—%E Iy
I UBHEEINTED, v 27&E=FICEDE—ZD M7
BREN ) By N EHE NG, K 3.21RT 5 ANETAOMEERNE 1 D0 IEERS
TJL—20 1O0EH 7 L — 22X DRI TED, 4 DDMiEHS X FE &
% & 5 WZEERBEHIAR D T ST v b 720, WEEEIOSIBEA I u; ¥ 7% 5.
FRCH LT, K 2.21RT 3 AHETFILOMFEHTIE 2 20fEE X - JEERE)
7L —202 2 DDREIM 7 L — 2 03MHiERIEi 2/ U CRESFMCEEE T D,
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[EIHRRAETC 2 D DHFE O HULZELE LT\ 2 729, HFEREETOFIE A X v, &
25, 7212 L, KX TREIEHOERICI2EEDOZLIERET, WETF X
FERE LTkS. £, SANETLVERDNEBHEET VOMEIZFR—THD,
Z OHFEINE 7 v 27 & ¥ = > % U Tl s #n #i 0 D[RRI ER 35 . [[#R
BIE %0 Diid, il ~ v ug Z D & SRS UCEINS 2 2 L 23A[HET
5.

a |

Q| m, ‘g
k
Ll] bl/
1 Llu;
X G i’ Stance leg
¢l (i.7)=(2.2)

| (7)=(2.1)

&

7
QE‘X & g /

(x,2)

3.1: % SO X FH 2 Ry FOEET L
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X 3.2: 5 AT ETFNLDFEN

3.2 EHHFER
DEofRED D &, EHFERIE

Mg+h=S8Su+J, (3.1)
B, IR E SRV, 2L, SANETABITS SIX

000 0 10007
00000100
S=100000010 (3.2)
0000 0001
1001-10000]

5. TR ENIRE Y 1 THES IS 2 L WHIEMFIZL =0, 2=0
LRI NB /2D, TN EFeDIRADN S ANETLDFRT ) 2 v ZHHSE
R 3.

W

ch:02><17 Jc: (33)

10000000
01000000
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HEETAER (3.1) BL UK (3.3) DR P LD, KRITZEKT 2 KRERBAN
7 MV

F
F,

YREZ. L, X i=JM NI THB. £z, 3ATET VOB THH
MERHEMIC X 2 HllEH AN w; dHFEH O FilicoAib s b0 LT

0000 1000]"
S=100000010 (3.5)
001-10000

CEDD. An /Iy 7HEENERIE S ATTET VBT BEBEITMAT, 7y
7 & =AY DIERIC & D BFE O T THAZ by = by DRAL T 2728,
1000000 0
01000 0 0 0
JC' - 0 X1y Jc - 36
4= P 00001-10 0 (3.6)
00000 0 1—1

L%, FRICLT, REFREARZ PV

Ae=—X'I.M ' (Su—h)= (3.4)

Fy
F,
Fie
Fye

Yhd. F I HEM (B U ERD) whinb a3 TH s, kD, &KX
g7 L — 22D %l EERE) /71

Ae=—X'"J.M " (Su—h)= (3.7)

Fy=ui + Fie, Fio=—F1, (3.8)
eREING. VT, REBADLLIAB)ZAGCDHIKRALTEES ST
Mg=Y,.(Su—h) (3.9)

#18%. 121U, Y, =Ig—J' X 'IJ M ' Th3.

3.3 @HZEHER
ERIHIEEERIR (2.8) LA L 85, TF, TREFLOWMEEHOME

P S E W
¢][q+ = 06><1 (310)
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b, ZOJNFRIRDOEHEDO R TRDLIICEE 5.

- 4T

1 0 0000

0 1 0000

Li,cost] —Li,sinf; 0000
J, = Ly, cos0;, —L5;sinf; 0000 (3.11)

0 0 1000

sinf; cosfy 0100

sin 6, costly 0010

0 0 0001 ]

X (2.8) & (3.10) WS Z & T, HEREKRDEERY FLp

g = (Is— M7 (M) ) (3.12)

ERED. FMEEERNICL, =b, THDL X, HIRERICIDHE4KTEID
H3sr

0 =6, (3.13)
ERoTED, MRETMVIBVWTH R OMAEEIIEERBRTEL LRI L
D%, BRI, ¢F BEKXGTIZOWT, ROBBRAZER T 2 2 & Tz
DETT5.

o 0 it [00000000°
zt 0 zt 00000000
o7 Oy —m of 00010000
05| | 0| |%| _|00L00000) 310
b1y bys by, 00000001
by by b1 00000010
by b1 b, 00001000
o] L b | [bh] 00000100

3.4 HIERERET

BANETNE 24 L FRRDFTEZ WS, KREITIE5 ANETNVDAIBRS.

25



3.4.1 AHDERAL
RBEET OIS IE S 0, = 0, — 0, ¥ L, 5 AJEFLOEIEH IR F L%

y:=S"q=|bxn (3.15)

CEDD L, ZORRIC & 5 FEM IR
Jy=8TG=8"M'Y.(Su—h) (3.16)
Li2%. RICHEREH R 2 s vk

[ b11a(t) |
b124(t)
yd<t) = bgld(t) (317)
baad (1)
| Oma(t)
CERTDE, y—y,t) itz 3 70 DHMEIANZRD LS ITIRETE 5.
v =y,(t) + Kp (94(t) —9) + Kp (ya(t) —y) (3.18)
u=(STMY,S)" (v+STM Y, h) (3.19)

ZZTC, Kp=kods 3374 75, Kp = k,I5 3BT A ATHTH 5.

3.4.2 BiERRMEE

PR E T, HIEEERHEZ T £ 525, 5 ANET LD y,(t) 1&, FHEHER
e S

yd<0) = y+7 yd(o) = y+7 yd(o) = 05><17

yd(Tset) = bs 5 yd(Tset) = 05><17 yd(Tset) = 05><1

oa—T
5B T, SANETNVOSRTHEHEr —HXHE2. ZLT, UEZHALTHIX
DRFRREE LT

_ 25:0 Lyt* (0 <t <Tyy)
%@‘{%h@ (t > To) (3:20)
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PHERT Y, ZOBREBANRT PUERDEHITKE .

Ty=y"
T =y"
'y =051
10yd<Tset) - 10y+ - 6Tsety+

b= 73,
T _15yd(Tset) + 15y+ + 87—‘set'y+

4 = T4

set

T _6yd (Tset> - 6y+ - 3Tsety+

5 — T5

set

ZLT3ANTETINEREIRIZ, Ti UBRIEEEHER T2 X5 1B, H%E
ERiTH2t=T"FTrRy MI1HHERK: LT,

3.5 MEETIOHGSRER

DR, BIE> I 2L —> 3 i2B T 2HRERIE (2.24) ERRE L. Fi,
01(0) 12 2.0[rad/s] L L7z, BRY PO RF LT X—RIZOWTIE, 21
£ 2.2 TR SMEHICRRE L 7=,

3.5.1 3ANETIICEITZEHESELER

X 3.3123 ANETNVOEHGEIHRIZBII28ES I 2L — a VEERERT.
B 3.3(a) £ 3.3(b) & b, DATEBNIMEIEIFIC 3T OMHIHERIEI D FEIM AT IR
INBGEOR/NEHHEET L E =B LTWAZ 290 5. K 3.3(c) ¥ 3.3(d)
XD, HHERETOHIEA N v, WIS T T, MERE it a 2 3 v Z#REHRIc
IDERINTED, uy=F1 +Fo BXUF # Fiy OBURMALL TWS Z 253
MERTE%. UL, AT u 3KREKT v 7 &VE=F &@LU THEE 71 —
LD 21323, AN L ToAMb % &\ i EEBEARTRET H 5 IR0E
ZLTWb 70, WHERENPHHENIZRL TOEDIEENLTRWY. DD, Z0D
RED R LIcBWTIXIEL L, ###E7 e WERE B —B T 2085 01E5 A
TN OHEGADRRAAER & i U THREES 2 0 E DD 5.
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3.5 \

150 7 -

Angular position [rad]

_05 L L L L

Time [s]

(a) SXHID AL 6, & BRI D 4 0,

0.35 \ \

Length [m]
o
[} e
W O8]

Time [s]

(b) XFHDOEX b L EHIOEX b,

60 \
50 i oD o o) s 22 o, ., ]
40 , ) .‘j: “‘:"-. ’ ‘;':‘ ‘.;": :‘;': “".,_L |
b sl RS WA RA Al wA R
10 | ] ] | 4 2 q |

Control input [N]

_10 1 1 1 1

Time [s]

(c) SXHHHID ATT uy & XTI DM HERKE 1 [y, Fio
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Control input [N]
= N N R S RO

—
o

Time [s]

(d) WD AT uy & WO HESKEN 7 Fyy, Fyy

Control input [N - m)]

Time [s]

(e) BEBIED A ST us

Ground reaction force [N]
\]
o

Time [s]
(f) KRN F, & F,

X 3.3: 3 AJIETILOEHIGHRPREA
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3.5.2 5 ANETIICHITREGRESRER

5 ANTEFILVOHERASEIBEY I 2L — a Y ORBR, SITE#HrR/NE
HEETALE =B L7272, FIEANEDAK 3.412RF. X 3.4(a) £ X 3.4(b)
Do, BB ADODHIEAINC K > THTHEEFZEB L TED, M (LK<
AERD OFEA T OEFHE wiy + win 533 ATTETAOFIBIAT] u; & —H LTV
520D, KoTu; IEWEN7 L —21Mb2EfENZDOEDTHD. 5
ATIE TR R R EE R 2 5 2 5 2 & T, B1ET 5 AL IBER
ZHOPICTESRMEZ DO b5, £z, K33DMERe KT 2L, 3 AT
T NVONERREN )] F; 135 AJTETAVORIHAT vy £ —HLTWDB Z L2355
5. TibbH, wu /Iy ZHEEROCIZSEEICEWT D {HE 1 OB 723 & 2>
Li2oTED, SANETNVDIREIHE LIZELWI EZRLTWS. DLEOK
R Fiy # Fp &0, M MHFEMOMH CHFEMTIER L, $Z20lRE—E
LI RsRWI e Rbh o,

60 w \
5ok — Uy U12 U1l + U2
é ’
+~ 40 7 "‘. .. ] ". .T .". ! "; { ! N
a ..-" ] P "‘,. { ."." 2 :r' _‘-> 5
2 20F | . | ;
£ i H i 3
5 o0 .
0 /\/\(\/\(\/\(\/\(\/\(\/\(\/\
-10 | | | |
0 1 2 3 4 5
Time [s]
(a) 3'2%%['@7\73 U111 Z U12 i; c]: Uz%h% O)/El\%l"{[ﬁ
6 T T
a 7 ) M w99 |
2
=] ,
% 0 ‘-..':
lEEIN
% 4
o 6 F _
S 6
8+ 1
-10 | | | |
0 1 2 3 4 5

Time [s]
(b) }E%ﬂ@)\ﬁ U1t k U12 j:SJ: U%ﬂfo @é}%*ﬁg

X 3.4: 5 AJIETILDEHGHIRE
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F48 HEHZzHOXFER 2O
Ry FOEGRISE

AETIIHHEEZ O X FR2Ha Ry MCHEEEREZBMNT 2 Z 8T, HiE
BAET O Hll A DA R BH5 5. A& T 2 T D E 2SR 1 fHE RS i o A A
WaAT O HEgAI R [[A—TH b, HITEENIHEEERDOEMN A v —& 2 X
WX oTE LRV, flEIRiEHe 2 AERIIEST 2. BEY I 21—
> a YIE MATLAB @ ode89 ZH|H U THEZ 21T o7z, 4.1.2 BiCIXERE M7
Wiz % le— 18, HNWHABAER 2.22045e — 14 ¥ L, 443HB X444 8Tl
MENFF AR R 1o — 16, FXNFFAIEER 2.22045e — 14 & L 7=,

4.1

X 4.1 128 Z o X FRI2a Ry s 2/RT. ZOETIVIIMHHERE SO X
FRI2 e Ry b ofEREETC T L CHiFicEER N EMEI N Tw3. 2751,
HHEEOEEB X UMTIZER T2 055, X 4.2 1% o> X A
2Ry b DEREIRERT. FHIOFLD S50 E Tld 4 D DFHMEERHNELD
FohTEBh, HEARROATHEN E/2 THD, IV EVONEBEIBAEL 2
E2WCETLEMEL TS,
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4.2: BEZ O X FRI2 e Ry + OREIN
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4.2 EEHER
— RN S UE g =[x 26, 0, b by T TH Y, EEHFERIL
Mg+ H = Su+J')\, (4.1)
Y%, 22T, HERSIZ
H =h+—F (4.2)

YERT S, MK (2.2), higX (2.3), S uwldX (24) THB. Q FHET
FNF—L LT

szémm—h@?+%m@—m@2 (4.3)
CERTDL. DLEEDY, K@) orEr HICEEHEZ 225K 4.1) VA TE 57
B, EEHEROEH Y A 2 B AR FIETEMARETH 5. %
T AT EBNIHESEEROBEMN A Y - R Y Rk > TEETS, 77 Fax—
22 h B BRI D ADTEEX NS [21].

4.3 EHEHNITIXRILF—

EHEN T AINF — EIFHEF T LFX — EIFLF — DR TH 579,

E:%fﬂM+P+Q (4.4)
CERT D, PRENCEAMNBZALF—TDHD,
P = mgz +mgLi costh (4.5)
£7%%. EHICEOMITZLNOBY TH 5.
E = " Swu = byuy + byus + Opus (4.6)
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4.4 HEMZELOXFR2OKRY fOHEGRESR

4.4.1 fR%EE
IALF—HBEROMAIZR (2.20) D SR ZHHT 2. £ ANMEDFE pic
SWT, N (219) 2EE T3

1 [T . . )
p > / biuq + botg + Ogug| dt

= T -
1 7. L
:—/ ﬂwzl/ Edt
T 0+ T 0+
AFE

1

ri3. & (221) 2R (47) D

P AE

mgv — mgAx
X 48 BT, HEXDBHHIIODIZE > 0 DFARRoN S Z v icEREEI
W, BE TR, RAIREERT 372D NEN T 3L X — & BRI AE
TRIEPRETHS [22]. SRTIEH1IRTy 7O NF —HEEEIHMETE 2
HOD, MWLV EZEHLTWS =, M/NXKEICBIT2ANE ($bb,
BN FAE T 2 AME) ZFHET & 72w, 2 2 CRRER 2SI A % 33 2
ez, HEANID 2% M J Z2EHTS. JIZRDOLICERT 5.

J =i +uj (4.9)

FIEASI D 2FFNE, 12Ty FTLRXMALNZTRTOFKMEHATIOKREXDE
it s, ZOEINIWVIEY, RAFIASIS/NE 5. RETIESR &l
ATTD 2 T % W THEERDBEY YRS X — R BE L,

(4.8)

4.4.2 BHEHBSARER

X 4.3 1CHERE &0 X FR 2 v Ry b OHEGREAEROFHES I 21—
Ya VERERERT. DU, BUEY I 2L — 3 BT 2 IR (2.24) 2 3%
ELT. E72, 0,(0)1F2.0[rad/s] & L7z, PFE T X — &35 4.1, HIfH<T X —
ZIER 22 IR TSR E L2, K 4.3(a) &b, BHEEREZICLDHIBATILK

F£ 41 HHERZ D OXFERI O Ry FOPFHARRT X — &

m; 1.0 kg c 0.1 m
ma 1.0 kg k250 N/m
a 01 m bg 0.25 m
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MEIWARJR S T WD Z e pr 5. PR RIIRHE O IR 1 HlEA T %2 5h5R
FNER S B 5 —77 T, BARZBZ THERINLIGEIIEHIE A 12388 L T
W5, FEANOREAE, K 4.30)BEE () TRT LI, HEZAILF -0
X o TENFHNZIVF =@ L, T AF—HEHEPMHINZZ T
AT E 5. 2hFNZ X =13, AR EICHEM L Th o, ZHH
BUFEST 2 ETEAD T 5. Z2UTH LT, T AL ¥ -2 1 EH T RV F —
ERMDEHZRT 2D, ZOoERIMHISATVWEEEZLNS. K 4.3(d) »
5, ZHRIDUGHE L 71, M 3oL — 13 HERER R Ik 2 - CEEIC N
TH5Z Db, UK 4.3(a) WRENFHE — LT3, L7do>T,
HEIA T D ZFANIANEOEEF Z R KR L TVWE I B0 h 5.

80 \
Z 60
E 40
=
= 20 "_‘-
E 1
g op- N
ST/\ SR T R R B B B
- 40 1 1 1 1
0 1 2 3 4 5

Time [s]

(a) SCHEMIOD A ST wy & IO AT uy

Total mechanical energy [J]

16 1 1
0 1 2 3 4 5
Time [s]

(b) T F V¥ — E
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Elastic energy [J]

Time [s]

(c) Wz ALF—Q

4500
Z.,4000
= 3500
o,

.2 3000
£ 2500
§ 2000
= 1500
© 1000
500

squa;

Time [s]
(d) AT D 2 F]H T

X 4.3: #EZ SO X FR 2 o Ry - EHighRE

4.4.3 BEHERFOMMKREGKAENSITEEICER ZE

X 4.4z, #ERZEZ DS X FR2Mv Ry b OBHRGEZEFRICEIT 2 ol 3
(a))SR & (b) HIHI AT D 2 FFINEDETHER 2R T, Toe X T ITRE L 7.
F72, BITOBAIEMFIE 253 e FAETH D, a b T DHDT RT L85 X —
ZIFER22HOFEHA L. K 44(a) IR TEI1C, SRIZaITHLTIHEOITH
PR L, HEERIVGE L AR TKIEICHED LTns. X 4.4(b) 256, il
AT D 2 FFIIEE Ty, & o DHFIMTFE > THINTHM T 2. 24U o 23
52 e HEHDHENNT 2 DD, BOPHIEROBEMENOES NS0, KTy
Ve NYTEEWTZ NI DRI, XY KERFIEANELEL T3
7eDTH5. DFD a2 RELFTHUIBITHRENET 2 DD, [fEioHiEH
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ANDPRIETHERT 5720, HERAEICHER T 27 7 F 2= — 2O REL RS L
BhYET, BITHRBATRERHMACRAEZFHE T 2 081D 5.

0.5
045  "reo, 7
04 oo, ttEeeaaa,tTTeeee,, 1
§ 7¥;;;;;;;$$ZZZ??
E0357 OOOOOOOOOOOOOOOQOOOO L _
Sﬁ +++++++++ OOOOOOOODOOOOOOOO
(73] ++++++++++++++++
8 03* 4«4«************ R S -
%) M R R RN
H
é 025 [ =« Tyt = 0.44 [s] 1
T on L Tier = 0.46 [s] + Tyer = 0.52 [s] |
Tyt = 0.48 [s] - Tiep = 0.54 [5]
0.15 | i
o Ther = 0.50 [8] * Thee = 0.56 [3]
01 | | | | | | |
1 1.03 1.06 1.09 1.12 1.15 1.18 1.21 1.24
a [rad]
(a) SR
4000 \
_ - The = 0.44 3] .
%,3500 1
£ - They = 0.46 [s] - Ther = 0.52 [s] L
=
.5*30007 Tset:0'48 [S]*Tset:0-54 [S] DDLL . +* ]
22500 - © Toot =050 [s]  Taee = 0.56 [s] -".° . :
g ’ *L OO++**
©2000 Lot Lo+ . |
i} N o L, *
8 $77 OOO++ **
£ 1500 i
z DD”DD?;L’f;i oooi*+l***
£1000 + e ety oii++;;*** ]
< o 000 et T "
g Sheeogtitiiiaatty
= 500 * 8
0 | | | | | | |
1 1.03 1.06 1.09 1.12 1.15 1.18 1.21 1.24

a [rad]
(b) HIFEAS D 2 FFMHE

4.4: FHEE 2 5 X 7R 2 v K v b O HEgAPRE 0B T ERE
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444 HEBRONSIA—IEZBICHSHITHROEL

B 4.512, k& bp X3 % (a)SR & (b) HTEIAN D 2 FFEHEDOF SR Z RS
kb WD AT L - T A—-RZ, BER22DHEZER. X 45(a) 225, k
L by DEGEZMHAGDEIZID Fay FOBRIZH D, kD540 [N/m], by A3 0.265
m] Dk &, &PSRIFH0.24 272 5. FRMHEAT D 2 T FEEOR/IMER, X
4.5(b) &b kAY440 [N/m], by A%0.265 [m] D& &, 630 [N?| TH3. X 4.5(a) &
(b) DEMEDES Z 81X, THRLF—NWROERHALT LS ATHEE RML
TEILLIEFRORVWIEERLTWS. ZOMEE, HERERB T TIbR
FIRNC R ZRFIHATI DAL TV EICd00b 5T, SR TEE/NHEX 2 5
LTHD. DI ehby, FEHATRERHIELA T OFHHN T 3L F — 3R % &K
KIZT Dk &b ZBIRT 2 EETHS. M 461%, ENFHNZILF—D
REZLZRLTWS. 22T, K4.6(a)l, bp=025[m] & LEHED6DD
kO THD, K 4.6(b) 1, k=500 [N/m] & LIZHBED6DOD b, DHIKTH
5. A (4.6)ITRT LI, k&b DRBHEIZ, TANAF—HIXFHEFCEETE
20D THiiS 5. LRLORMETK 4.6 DFERZFHAT 2 2, (a) BV TIX
k =600 [N/m], (b) Tlby=0.30 [m] DYHEART X — &% b OMIEEREZERT
5T, TALFROBVWHIFISANERINDE Z e gh o7,
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Specific resistance 1000 ]
800 W“?l
2 600

2
‘s
400 RN
> \

02 03 04 05

2
1.5
1
0.5
0
Average squared - /
. 2
control input [N7] a0 )
4000 E
N
6’00
0\
2000\

4000

3500

3000

2500

2000

1500

1000

500

k [N/m]

(b) HIFAS D 2 FFHHE

4.5: FPERECE & BARE by 1209 % SR &l A1 D 2 3 (E
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1.4

— 24 -
=,
822 -
%.:3 —
= — k= 0.0 [N/m] §
£ 18 — % = 200.0 [N/m]
fﬁg 16 —k =400.0 [N/m] 1
Bl — k= 600.0 [N/m] |
k —k =800.0 [N/m]
12 - .
—k = 1000.0 [N/m]
10 | | | | | |
0 0.2 0.4 0.6 0.8 1 1.2
Time [s]
(a) b = 0.25 [m] IZBF % 6 DOHMEGRE & D LL#L
65
60 -

W
(9]

/

.

Al
W O

W
9]

N W
wn O
T

Total mechanical energy [J]
~
o

3

—_
9]

1 1
0.2 0.4 0.6 0.8
Time [s]

(e

1

1.2

(b) k=0.25 [N/m] iZBF % 6 DD BHARE by DLLEL

4.6: 2HFEN = LF —DREZ{L
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BrE EEMEHOXFR 2O
Ry fOERYEETHER

2.6.3 81k D, EZERHICHHERS & OREAH R 21T 5 g R I BV TRk R
BITHARETDH B Z e RSNz, ZOWEICX D, BEYRBEWTHETX
200, HEROBIEEKE L T2 ELREPFIHOES» SEEh 2 729,
RTVIHNANVTEREDBEZZZePHLRD, BITHENELZ->TLE
5. Z ZTHIBDHIRZ 240 U TREEE 2 @ H(b 3 2 7212, RETIEHMEH
ZHoOoXFRoMa Ry FeRUCEFARHWT, HEHiGRIH A PkRES) 2 8 A
L7-ETEE 2R T 5. 2070, nkRy FOBEEFVOME KE, P
TRA—REZABOHEREZ SO X FR 2Ry b2FR—TH5. HiE> =2
L — 2 Yk MATLAB @ ode89 2R L CTHED Z1To 72, BXEIHNFF AL~
% le — 20, MHMNFFABRAEZ 2.22045e — 14 & L 7.

5.1 EEhAER

XHAHOER R 2.2 i BRI N0, IR & 2 L Tuizn
e, WM 0I5, Do, ZFHe FEHOEH FEXDE NI RD
J 2y ZHWREHERDATHD, X (25)1I2BVWT

Jeq=0, J.=[000000] (5.1)
rREBTD, R (27) 1%
Mg +h = Su (5.2)
L%,

5.2 fEZEAREN

X 5.1 12T D & ZXFHHANDBAT S 2 1EH] - BEROBIERDOBFRE RS, X
2 BIFEFICET T 2B R 0 ) 2 v ZHEOZBDATH D, HIZHLHEE
DELIZFAE L\, of L CEFRER D S ZREA OBIT IR E 23R & 52 IE5
PEMEZE U 7z I T b 5. ISR o &2 57250 2.3 i % &
DX TR Ry b EEETH 3.
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X 5.1: =L Bl

5.3 EICHIGITHERER

X 5.2 ICHERAGEITARD 1 550> — 7 Y AR Z RS, LU, ST O W ¢
FBEET D HAEECE R R 2 Taory, SEHIRE O3 0 BAZEE E R % Tioro, TRIEAHD
X O BERSERE R Tos £ 55, ZLTENEXXTFD “—7 2“1 2Z2NTH
BZLERT & FRER, FEXFO ——7 ¥ 4 BER B ER © PEEE
‘B35, FRNHMHOREMZ T, FEHEOEMZ T, 2 LT, 127y 7OJEM
2T =T,+T; £KT.

5.3.1 XZFHDBIZREEE

X 5.2(a) 225K 5.2(c) T, LFFHOMGEREHTORZ b, % b 225 b, N
X, EHOMEREESIORX b, 2 0F 225 by NUES B 5. F7-, BKEHEOHE
WA Oy =0, — 0, % 0, 025 a—r A\EERXE 5. M EOMIENC X b, SZHIEI
BOWTHIRIENFR 2 ZRRAZEBH T2 T, BiFICKERHE 2 REL, g
R A b 2 AMEEBRD T2 2 e TE 5. 2 LT, &HlfIERER
t=0" 2oL, W RBEEIX EERER ¢ = Ty, XFFNIt = T IS
BOWTENETNSET T 5. 7277 LETOHEEHIEH DR CKRIE & TBEFHODR
RIE, 230 &b, EH e RBEENIZZ D F Hll 26T 52— T, ZHFHNE]
% sl U TR o Rl o BRERFEBLES AR S W S, Ko MEEDOH
ERRHE 2 b1g (), BEROMHRERIX by (1), WPAETHEIZ 0pq (1) & T 5. ML
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ZHER DL, XFHOEKBEIRASEMFICOWT, ZoWHIEIX
b1a(0) = b, b1a(0) = b, b1a(0) =0
b2a(0) = by, bea(0) = by, bya(0) =0
01a(0) = 0, 0pa(0) =03, Opa(0) =0
L7, MimfEix
b1a(Teet2) = bes b1a(Teer2) = 0, bra(Trerz) = 0
boa(Teet1) = bs, boa(Teer1) = 0, boa(Tiets) = 0
Ona(Toerr) = o —m, Opa(Toer) =0, Opa(Toerr) =0

LEFD. EL, by <b THE. ZRZNOPMED SEIREAND 2 15— X7z
B2 EH T 578, AEZBWTHLITO 5 XOMHBEEE BE#LE & LT#

ET 5.
poy ofktk (0 <t < Ticto)
bua(t) = {be (t > Tooro) (5.3)
5 k
boa(t) = { bZlczo it E Zg t <tj7set1) (5.4)
Zk Othk (0 <t < Tiern)
Oma(t) = {a . (t > Tonr) (5.5)

b LRI F, 230 & D RE S KETDEREED R WG EE, BT IR 2 Ik
%t 37 2 7RSI O 3R 2 AR 3 K S ICEE SN, 1 HHERTA
LTHE NS B E5ICHIEZITS. DF 0 ZOHAEETTERL, HMTeks.
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r=0" Stance phase t=T1 "

VA4 o -
\ 4
oo (@) ©
t=0" (=1,
/ (04
(d) ®) (f)

X 5.2: HEgHETHRED S — 7 v AKX

5.3.2 FiEiED BIZRE#E

X 52D (d) & (e) BTFIAHT H 5. {FHHETIE, XFHOMEREESORX b, %
bi 26 by NINHE S & 5. BHERAETHS RIS HEGRAE i U THZEEF ORI
JEAFENTFL 72D, RTF T vb - NY 7 OEWAKNEEY 725, Z 2T, 2T
LB Z 2k DA 0, ¥ 0, RN BTHET 28WEDI1T 5
YT, RFUyIx )L - NYTORWEFEHR L. F7-HIERR#0E DA R TFIE
B FHE FERETH D, RO SIENIRE > S BN /- 1ER t = 0T 22 S BH4E L,
HERCERR ¢ = Tz WBWVWTHIBEINZE T2 X515, Zor x, EHe K
REET AN A I B W T HEREPLE O BAERZITO S, ZRETEKR L
EHLGEIEE L) 2. U B2 E 2, FEHICBWTEHARIN 2 XFHOH
TR RAHE I BN T, ZORHIEI

b1a(0) = bi, b1a(0) = b, b1a(0) =0
b, KIRHEX
bld(Tset3) = bf7 bld(Tset?)) - 07 61d<Tset3> =0
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eI (5.3) DFREE ZEHT 5. 2 U THEEERMZ KA ¢ 235 2 721213251
HNIRImEZ 3 2 K S ICElE S n, 1 BHRERAL UTHE NS 2 X 5l
2175,

5.4 HHEZEDHDOXFR2EOKR Y bDEITES

DARE, BUES I 2L — 3 YIZBT 2RI (2.24) e RRE LT, RET
EHOD 6,(0) ITOWTIEHIH AT X — R E2BIENT0.

5.4.1 HEBELESSTER

X 5.3 ICHIRARASSRORIEY I 2L — a VEEREZRT. HRIESSH
2, BMTORPICHKENBN 2SR TH L. PHART X —XI13HK 4.1, flf<Z
A= ZIFR 5 TR ITHEICRE L. K 5.3(a) &b, ZOHGEIEAHET 4
THBZ DTS, THULEFIREBIZBWT, 3EOSITERE TR NDIEL
TWE, BHEZ 1757 TH 5. ZUTk D, HREBFIIBWTKRKIIDA
LI D BT ARATRE L R o T filfll T X — X X 2B FEAREL L7z, X 5.3(b)
¥ (c) &b, BB TIIHIGEICIE U /2RI EHIBIHE ) 2SR E R L T8
D, SCHEMNEBREE U - BRI TR 35107 2 HEEHEA L BRE L TWS Z e
25, FEITICBWT b Db, K D/NXWHEE 722 DX, b IET 2 RNSTHEHARE
fTU7%%, by MIEZIGESE 2720 TH 5. K 53(d) &b, BRARELOK
BUC & D, ZFRHIDNGE L BRI ERB L 2 2L — 2R I RL TB
D, TERDETET N UL TN WA I DBEZEHRH L TWE 2
D h 5. F BRI RN 1IN 5 2 79, BRREIINCR = WA )
DFEELTWS. K 53(f) &b, FHEHIZBOWTEIRK N E, 202 R->TW0W5E 2
EDMERRTE 5.

% 5.1: HgRRSSAEOHIEH AR Z X —&

0:1(0) 2.0 rad/s by 02 m

Teet1 0.44 S be 0.3 m
Teeto 0.44 S by 0.2 m
Teets 0.1 s kg 100 s7!

a 102 rad k, 2500 s72

45



0.8
0.75 7
0.65 7

S
)}
T

|

055 L+ © Tttt e e e e e e e e e e e ]

Step period [s]

e
W
T

ol

045 7

0.4 1 1 1 1 1 1 1 1 1
0 10 20 30 40 50 60 70 80 90 100

Number of steps

(a) Z1T)EEA

Time [s]

(b) ZFHHDALE 0, & EHIOMAEE 0,

Angular position [rad]

Time [s]

(c) XFHDOEX b b EHIOEX b,
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Control input [N - m)] Control input [N]

Ground reaction force [N]

Time [s]

(d) ZHMD AT uy ¥ D AT u,

4
3L i
2k A
1 i
ol
-1 -
2 1
3 1
4 ‘ ‘ ‘ ‘

0 1 2 3 4 5
Time [s]
(e) IXBEETD AT ug
120 \
100 - — Fx ....... Fz |
w0l .

Time [s]
(f) K1 F, & F,
5.3: BMEHE O X FRI2 iRy b OHGAIR SR
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5.4.2 BHHUEETHSEEN

X 5.4 \CHEEAGETHRORIES 2 2L — a VEERERT. AT X —X
135k 4.1, Ml ST X —213R 52 ITRTEICHRE L. K 5.4(a) XD, #IIIKGE
POWDo DENRT 2 Z e nhd. 720, HFIIHEMLTEL T, 834H
DRSO DERMPOLICRT 5. ZAUIERERDLFFHOAE 0F 2/hEnigy
T. DL BBRE Ty BELRD, 0f BREVZE T, DELRD T, pEL7R5
ZENREREEZLNS. MAT, 10045HE 99BHDEIX —1.4944e — 07 [s] &
7o THED, 0de8I IZBWTRESINIHEEL L TR DWW 2300 5.
B 5.4(b) & (c) 25, HEHZERERD SR HEROAEL X CAEEIICEL T
BY, TONKOMEADELL TNE Z e nhd. iz, K54(d) & (e) &b,
AN TR U 721, Sl 1 27y 7OMICETRTINATWE
DHERTE 5.

i E o X FRI2a Ry ME, ZOHEENHHEEEHOHIEATIDOKE X
W52 208 PREND, WHEBENCERT 57 7 F 2 = — XIFERED) DO b
NI THEIEeHRDENG. 6 ETH DS EERRICHEE L ZFHEEHHO 7 7 >
L 2 E — R EAEHE b L2 53 540 [mNm] TH 2 DI L, X 5.4(f) TEHHEH
DEKRMED 675 [N] TH 2 eHIRENTED, ¥Ialb—yary ETIEHEN
R AN X o TGEITHFEBREINT WS Z e h b, £ — XD AHET
L2 RO EEREUZ 3240 [rpm] D7z, BRE) 7 L — 2 OEBE) 7 A O HfE®EE 3
K2.71 [m/s] THH, ThHK 5.4(g) DFERD HETITBU 3 MfHRE D ER%Z
7zl TWnwbdeWnwrd., Kb54(h) & (i) &b, BREEOHIEA S & AEEDFHRD
TR CEHMBERMETHD D90 5. 72120, ¥7I12&5 bLr e alliH
DY BN TH 5. 6 EOEBHICB W TIIREEICY —RE— X 2R
HLTED, EHELPTARETDH 570, KX TIRHEBRUSTOFERO LA S.
X 5.4() D FAXE L2 0NA2->TED, BARBENERHIhTWS I
Db,

* 5.2: HEgRUETHADHIEH R Z X —&

0:1(0) 42 rad/s by 02 m

Teet1 0.31 S be 0.3 m
Tieta 0.38 s by 025 m
Teets 0.07 s kg 100 st

a 110 rad k, 2500 s2
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Angular position [rad] Step period [s]

Angular velocity [rad/s]

0.29

0 10 20 30 40 50 60 70 80 90 100

-0.2
-0.4
-0.6

W W W W >~ >~ &
ISR S T Y N T S SR NGYo N

Number of steps

(a) Z1T)EEA

SskickilolicoiobsesclbissicicioisicicoBicicioicicioiicioicicicioisicibiciclopisiobibiclopsisisBiciopiscBicicioiciceiisioicicicieisiololciclor

0 10 20 30 40 50 60 70 80 90 100

Number of steps

(b) EZRIER DDA 6 LR D 05

T T
+ +
. o o6
O -
7* —
| ******W*H***—****—**H***—***—*—***—***H%@HH&9%#Hﬁ%6*—*—k%ésk—*—k**—k**—*—k*H**H*W*H**H*W*H**%*H—**Hf*
! |
| | | | | | | | |
0O 10 20 30 40 50 60 70 8 90 100

Number of steps

(c) 2D T MO e 0 ¥ Mo fa ks )
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Angular position [rad]

Time [s]

(d) ZHMID A 6, & eI FIE 0,

0.35 w

0.3 F,

+~
2
g 02
—

0.15

Time [s]

(e) XFMHDRE by LEHORZ by

Control input [N]

Time [s]

(f) ZFH D ATT uy & WD ATT uy
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Extension speed [m/s]

Control input [N - m]

Angular velocity [rad/s]

Time [s]

(i) MeBEE O T 0,

51

1.5 : .
L S A — by
05 i
oF ' T4 A ]
05+ !
qF |
1.5 ‘ ‘ ! !
0 1 2 3 4 5
Time [s]
(g) SR DA by ¥ W o HFEEE b,
8 T T T T
6 i
4k
2r ]
0
2k i
4 i
6 i
-8 L I ! |
0 1 2 3 4 5
Time [s]
(h) BZBEETD AT us
2
1r i
0
-1 i
2 i
3k
4
5+
-6 ! I | |
0 1 2 3 4 5



]
—
8

A O X
(=R el )

=)

)
S

Ground reaction force [N
\]
o

A
S

o
—_
()
w
N
)

Time [s]
(j) RN F, & F.
5.4: HEMNZ & O X FRI2lo Ry » OBEGEETHRE

5.4.3 HEHRUEETSBEOREEMENR

LT, HIREETHEOREMICOWTHEN T 2. MR T 2 HlghlET4H
WIE532HOEREH W, 72V 2y VA I VDREWEFRITT 2 /5152 L
T, K7V HIVEBOFEEH W 23] kATy 7HORY VA LIBT3
BERCIREE 2, ICOWT, ), e R* %

D

k
k
k
05 [k

95, PR F I X o TR U A L BRI
i1 = F(xy) (5.7)
b, EER € RUIZBWTIE
x* = F(x") (5.8)
%%, 22T, X (58) &b F2REIERMETT A 7—EMT 5 &
Tpy1 =T +0Tpi
=F(x)
=F(x" + 0xy)
~F(x")+ (VF)éxy (5.9)
eREL. K (58 K (5.9 &b,
oz = (VF)dxy (5.10)

)

T =

[
[
[

.

+
1
_l’_
2
+
1
_l’_

]
} (5.6)
]
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tECDHOND D, HERURRE x, DIEERICPERT 572 0121E VF O£ Tl
HEOKZZIN1 ED/PNELBAREWV. KFHSZITBIT 2 EE SISO A a2
Zle—2l CEHELBES I 21— a I K3 EEERDEZSRLTED,
VF OEMNEE T L. ZLTHEH SN VF BXUZDEAEDOFELRIX

—0.7783868 —0.08172157 —0.1085373  0.03160299
—0.7783868 —0.08172156 —0.1085373 0.03160300
3.942320  0.03408732 1.037808 —0.005684863
6.387553  —1.087245  1.448974  —0.2281526

VF = (5.11)

0.8627738
—0.7419873
—0.00000005905549
—0.1712386
Yol ETOEEMEOREXIZ1 Xh/NEL, ZoHEAETHAEIEE
ERETH 2 2 L PR EINT-. K, HEEETHEORRER M T 2. #i
WD VF OFEEMHEIZY I v b A 7 LR EREZRTIHMEEETH 2 DD, 1
N2 MEZFHEIS 2 Z 23 TERY. 2 2 CTHRAETSBEORARFEMEE v
522 T, anX MEOFHIiZAA S, RAREHE IOV T
[0kl _
6] < &(VF) (5.13)
DERHBE D LD, L6 < 1.0 THIUR, 2 VAIZHFRD 2R L, 580N
W ERT RT3, LT VF OREEIZX
7.8453555031
0.6582297151
0.1499057782
0.0000000083627130080

ot l®, RARFHEREIZ 1.0 XD REL, WRERE LADIGRMEE VW 21X
WEZBRWZ e nho T,

(5.12)

(5.14)
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FH6E EEBBORRE

B Z SO X FR2[llaRy FOETFTAEHELEBREEHRFEL 2. AF
TIRIAFBRIKIC X 2 HIg S A DORBICOWTHMNT 5

6.1 SREREBOBIE

X 6.1 ICHEZ D> X FRI2Ha Ry s B0, X 6.2 1 HiEREE
BSOS R RS, SHREEIEAED 7 v 7 & ¥ = A U EEREIC X o TIRK 107
[cm] FTHERL, 70 [om] S TIAET 2. WHEREEIO 7 v 7 & =FIE 77> L
AE—RDEFHAZ X > TENEL, Ny 7V =Ry MIERINATWS. ¥=F
YETZOEFErIZ0.018 M| TES 2— I 1 THDY, T v 7 F 735O
TRILEZRB XTI TWg. £722.6.1 8l CHHHEEE O HIHE A
NDIEFEICRENZ L ZERLTWE 720, BidT23D 7Y Xk b EYEL
EMmOTERIIC X 2R 2 51Ra A X ZE R L CTHIE A 2L, HiEeK
Bl L7, BRBEENCIE Y —RE— 2B EH I TED, FE—XEeRy vA
Ho<w4r7vay bu—Z I CHlEhTws. RERIZEFIHRHBED 4.9 ke T
HYH, RF¥EDEMD 3D 7V X TEIEENTWwWE., —/AT, HoxA4 712k
TRERFELZT 2 MEHE L, KEeEM3T 285 E7 VI =Y 258 TH
EL 7z, BIRANRIERD &N 7008 FCfE - MR L TEIEL, ARV IR
RTHh O NN TR 5 2 CREEXH 5. Ao S IR I —E D it £ T
IOWRIZERL THTETV, SIINRERL 2R TIEEELERZ 2 H T
CETEMEZIFIESE S Z e TE 5. BAMEINTIZHARRKD 84.6 [mm]|, HMEGR
BA30.051 [N/m] D5k A MEps 4 DB T ohTws. Zo5liRaA ud
I 2 DT OHEWZAPWE D AR fIFohTnad 720, 2hEVDAE
DR O HRE L 72 5. BAIZHIEEL V9 H D 75 THh, PCHEER
X o THRET — & L EOEZHE 217 5. W OEZE 2 A L zBiicix, 7
077 5L ETARY VEFREIBEE—XOGIEIZRBT 5. ThEPNDE—X
WKy a—XBRNEEINTED, 779V XAE—XIZIEHEE, —RE—XIZ
ENIE BRI ZFEET 2. EciE~Af Z7oay tr—5 & SD 71— FAn
TEh, FlFT—&2 2 75 L AE—RDOEFRM, FIEEOREEETE 3.
AEEHICIEHR XN TV A EAGRSZ L NIRRT,

o (HFEBEET.. MAXON EC60flat ¥ 4096 Imp > a2 —&
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e E—X FZ A4 N _ESCON Module 50/8 HE

FRE SR .. Hitech HSB-9381

HIEE+ > ... APDS9960

Ny 71 —..22.8V 2600mA B KU 7.4V 1050mAh,
7.4V 200mAh VRN TV —

e A 7uay bu—7. ESP32-DevKitC-32E

F7, vy FOMIEICITERESORY PN R DO OWMFMAMNT, &
HIZIE RBIIED 7Dz a — T 2D i) 7.

6.1: HWHEMIZ SO X FH2[Hv Ry + OFEEHE
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X 6.2: FzREHT & K o W&

6.2 HIEFE

24 B VT, AT & o TRAE L HfFEDPD 74 — FXw 2
HlE AL, 5RO HAEREBEEIBRE X5 Z & T, FIHAfED & HEESHEA
DAL —RIEHEEH L. LrL, KiXor Ry MzBWTX, HExBAaE
FETHI O FED L, ZHABEKEH WY —RE—XOFIEIIR#ETH S, F
T RIE I Y a— X Lo T T3, FRRTREZ M IXHHHEE DA TDH
5. & TR T, xR E Ol & fifER Oz 2 h 2tk o ik
TITW, HEADRROBERZRAL. 2, WITNOGE S HIEEER t = T
DI, MEBASER & HiEBE iz & BRI ENMERF L7 %, 1 HHEOHIK: L CHi
JFAfEIIUA T & S HIEZ1TS.

6.2.1 RREIED

0, & 0, % 2 Z R L EH OShIE L7106 DI AE Y 35, 0y =0, —
O, ZRBAFIOMAEL LT, ZhE —adba—nA\HEXEE. ZDE X5 —
RE— R IEEKREOHNAE E T E0AEETHA L GEEL, AHEEI
t = Too THITHIDTE T 32 XD ICHHEEL /2. #HEFEIZ Hitech DPS-11 Z{#H L,
RAEED 60%THENT 2 X5V —RE—XIZEE IO T T L%{To 7.

6.2.2 {PiERAE

YHEH O MHEEFIOEX by B b, 225 b NMEE X E, W OMHMEREEST DR X b,
b 2B b NIEE RS, E7, STEM MR O BERRIEE R b (1), 1
BN D IR bog (1) & L, E—& B 5 A4 NOREEEEEIE 2= v I EERHE D
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ETEZ 5 2 CTHIES 2 Z & CifmER 2 L. XFHO& HERER LM
DOWT, ZDHHMEZ

b1a(0) = by, brq(0) = bF, b1a(0) =0
b2a(0) = be, b2a(0) = bf, baa(0) =0
Y715, ba(0) ¥ by(0) 1F 242 HICBWTHRERDEESR L TWEH, K
XDOuRy FTERFHAATH 2720, TAEND, &b & LIz b & bl idng
N7 IV RE—XDOEEGEE R EGINT Yy a— X2k > TEHHIEETH
L=, EHEBERIEZEISTE 3. 7 L CHERREZ
bld(,-rset) = be7 Bld(Tset) = Oa 61d<Tset) =0
de(,Tset) - bs» i)Qd(Tset) = 07 62d<Tset) =0
CEFEDL. 12EL, by <b, THD. LEOHIHED & BAEKIREAND A L — X5
EE R EEH T 2720, LURND 4 ROKRBER 2 MBS0 BEE Y L TRET

5. 7212 L, 793 L RAE—RIIAELHEE D AKIEHFIRETH 5720, EHIEZEHHIED
HETHLZLICEFEINL .

/ _ Zi*() gktk (O S i< Tset)
bia(t) = { 0 (t > Tor) (6.1)
1 - Zi:o nktk (0 S t < Tset)
@dw—{o (t > To) (6.2)
FRBUIKATIRE S NS,
&o =bf
& =0
52::30be—-30bs--18:/;etbl+
Ts%t
¢ —60b, + 60D, 4 32T b
3 =
Tstt
30b, — 30b, — 15T b
4 =
T5

set
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Mo :B;

m =0
30b, — 30D, — 18T%sby
N2 =
Tget )
—60b, + 60b, + 32Ty b
N3 =
o
30b, — 30b, — 15T e b
Ny = T5
set
¥/, 773V RAE—XOMEELEE D HIERFREEE w;q (1) 1&
60 .
wja(t) = %bjd(t) (j=1or?2) (6.3)

W2 &K o THHEHEE [m/s] 22 & BHGRE rpm] NZEH#1T 5 Z L TROHNB.

6.3 HITHRER

B 6.3 1ITBITEBRORRTF 2T, fllfHl 7 X — 212D\ THEEERR T 1&
0.4 [s], HZEIRHICTIHIT 5 RBIETO NI A R D BEME o 1 57 /18 [rad], HEERFRH
HWED by 130.2 [m], b 1X0.3 [m] EREL. ThoDfEIZ 1 HOHIEDE T
T2 &I Ko TIRE I N2, 2.5 MO HARMRALRS R © i 2 ¥ H
BERCEIR BRI S NRTH B L B R 5.

EETIE, 2B ETORHBUSRERTFEHT L0 TER. K6.3 (b)~(d)
&b, 145HOEMARIZRIEICH D T S B £ 9T & o TEHZ HIE
L, i e B ZBREITETna 20 h b, LaL, 25 HOmEZEKIIHS
THRLZENLTLR Y, 3B LOBEERZENT 2 I3 TERro. £
OHMBE LT, £377F 22— XOEEEINEL, EMETIIRAEL LU
R R EEMEICE L R o 2T 6N 5. RAEOHIEIZEE L Tdy—
RE—ZDOHIMEZ FIF 2 Z & CREGEE Z A LT % 55, ZD0EAEHND
BHERICEZBEOV R EE 5. £, FT7ONv 7T v 22 X DiE#
DHEELT 2BRNA SN2, R b v oS— DR RSN R B HET
HBrHEZLNDL., —THMEINCE L T, MEH oD 1) Eiret >~
JHEOEARERDMEL, oKy POBEICIDBIELTLES Zehdbotz. 514,
HHREOESWHITEE O ERAMIT T, SESHOMERMR, O D
MERZCICOVWTHRE T 2RENDHLEZONS.
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BTE FXrd

7.1 #5ER

AT Z o X TR 2 v R v b % H W 72K _E DM 2258 e B
T EI TSR EER T 2 FIEEREL, XOLRXRT7 VI LVEBRDFEEH VS Z
CCEMTOEEWEEFHME L 72, X512, FETLVOMEIIOWTIANR, KFEH
D BRI AR R O MR 2 IS L. B2 F Rk D, iz Hwuv
7o kLR DRIELIC & D BB N WHITIA I X 2 BBk EH L, B
KW RET NV ERACEITSEPRETH L e 2BES I 2L —Ya it ko
THEE L7z, S HICEBEOBREL X OBTHEBEE LT, HgARAEERDHE
HATgEEIc oW TG L7z, U NICHHL IR -2 IR 22 D 5.

o (HffEliZ o X FRI2[la ARy + OEHERIANAIC B\ TEZER I FEI Z 1)
RITBLGEE LIRWEEIZOWTZERENHRAIEAZEEL, S 618517
MREZ fERA L 7-.

o HfEHZ b OXFR 2Ry FOTTEETAVENRE LT, du/3Iv 7
HIRDIGE R 5 2 12358 L HE AT ORE % 5 2 72581 D0 T ERZNE
HEFNEBHFLICHEEL, BUES I 21— a VI X o THIBIA S & K
BhEttgs sz T, M7 L—2IZBES 2 OE D ZHS M2 L.

o (HFERAEMC AN M ER 2 BINT 2 2 T, SHEHE (X831 HImE
ANDOEREEZERL, EHIZZIAF—FNRLE ANEOK X X 25Hiis 2
e CHMEBEZDRERYE T X —RE2EH N,

o G b O X FRI2MIO ARy b OETEINIBWT, FHEHTHEO H
BRERHZEE ST 2 2 ic &b, HRESDAE & HmiUE TR 2 525
L, SoIZHRETHSEPILZETH 2 I e el L.

o FEEFEZ W CHEGAUR TRER 21T\, BHEgAURE O EH A REMIC O W Tk
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BUROHEFE Tl HR R E TSR ONCRMED 5, BERGIEAAT X =& D
REDNHETH 2. INHMEEEL T 572D TR (B U < I3EZERE) SR
DAEREET 52 FER, ZHICBWTEBZGIET 2 FENEZ NS0, VW
NDHHIHANZHARIHTLE S 120, HALBEEMER L2 F TICREZ R D
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1 A RRETILOEEFHEN

LUR, #9858 &% m' = 3my + 4my, HENRMEH OGRS Ly .= Ly — L,
EREN 7 L — 2 OB 5 [MERBEET E TOMREE [; :=bi;+c2 T3, R (3.1)D
BHDFFMEILL TO@ED TH 5.

=L,
Mll =2m

[ Myy 0 Mz My Mg Mg Mg Mis |
May Mag Moy Mos Mo Moy Mog
Msz Mz, 0 0 Msy Msg

My 0 My 0 O

Mss Msg 0 0

Mes Me7 Mg
Mz 0

| Sym. Mg |
hy ] (0000 0 |
ha 0000 0 o
ha 0000 1 v
hi| o _|0000-1] Zz
hs | 1000 0 |’
he 0100 0 H22
hs 0010 0 L 13
hs | 10001 0 |

M13 = (mlLll + m’ng) COS 91

M14 :mngH COS 02
M15 =1 sin 91
M16 :m'sin¢91
M17 =m sin 02
M18 = —"1" sinﬁg

M22 =2m

M23 = — (m1L11 + m,ng) sin 91
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Moy = —mqLogsing,

Mss =my cos b,

Msg =m/ cos b,

Mo =my cos by

Mog = — my cosby

Mss =m (2a* + 4cLio — &%) +m/'biz (2a+ bia) + mabyy (2L12 + bio + Ly + 2¢)
M3y =my Loy Ly cos Oy

Ms7 = —mqLiysin Oy

Msg =mqyLqasinfy

Myy =mc® +my (b3, + b3y + 2basc + 2ba;€)

M46 =My L2H sin 0]—[

M55 =M1
M56 =M1
M66 :m/

Mgz =my cosOg

Mes = — mqcosfOp
M77 =1
Mgg =1

hy =20, (mlbll + m’blg) cos ) — Oy (myLiy +m'Li)sinfy + 211105 Loz cOS By
— mlégLQH sin 0,

hy =2mg — 6% (my Ly, +m’ L) cos 0y — 26, (mlbll + m’612> sin @y — my62 Loy cos 0y
- 2m192L2H sin 69

hy =26, (m/L12612 +malnbie +my (L1 +111) bll)
+ Lo (2m1L2H92 cosfy — 2mgsin 6 + m1L2H0'§ sin 0H>

I :2m192 <b22l22 + 521121> + m1L2H91 (2612 cosOy — L1291 sin 9H>

hs = — m19% (Li2+111)

h6 = — 9% (m1l11 + m’le) + 2mg COS 81 — mléngH COS QH + leéngH sin QH
h7 = —1my (9%121 + leé% COS QH + 291612 sin9H>
hg = —1m (03121 — leé% COS HH + 291612 SineH)

1 1 1 1
Q 2251{3(1711 — bo)2 ‘l‘ 5]{5(612 — b0)2 + ék(bgl — bo)2 —|— §k(b22 — bo)2
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