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Target Trajectory Design of Parametrically Excited Inverted Pendulum
for Efficient Bipedal Walking
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In the study of efficient bipedal walking, the center of robot’s total mass have been treated as an inverted
pendulum. We have studied control methods in which this inverted pendulum follows the target trajectory of
parametric excitation. In this paper, we propose a new target trajectory design method for efficient bipedal walk-
ing. This target trajectory was represented by a product of two sigmoid functions. We analyzed the relationship
between parameters of target trajectory and energy efficiency. As a result, we found that the gentle rising and
falling of the target trajectory contributed to energy efficiency via numerical simulations of an inverted pendulum
and a bipedal robot. Then, we achieved efficient dynamic walking used by proposed target trajectory.
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Dynamic Bipedal Walking, Parametric Excitation, Energy Efficiency
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Fig. 1 The optimal trajectory of parametrically excited
inverted pendulum.
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Fig. 2 Reference trajectory of telescopic length Lq(X,)
with three values of a(a; = 40, a2 = 60, az = 80)
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Table 1 Physical parameters used in the simulation

m 20.0 Kg]
Lo 0.80 m)]

0. 0.25 rad]
A 0.04 m)]

a 40 - 80 §
B (-0.10 ~ 0.10 )Losin(6.) m]
B2 (0.50 ~ 0.70) Losin(6,) [m)]

Table 2 Simulation results: AE (a = 40)
B1

Ba -0.10 -0.05 0.00 0.05 0.10
0.50 0.0362 | 0.0369 | 0.0372 | 0.0373 | 0.0369
0.55 0.0487 | 0.0493 | 0.0496 | 0.0496 | 0.0492
0.60 0.0652 | 0.0658 | 0.0661 | 0.0660 | 0.0656
0.65 0.0872 | 0.0878 | 0.0880 | 0.0879 | 0.0875
0.70 0.1162 | 0.1168 | 0.1170 | 0.1169 | 0.1164
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Table 3 Simulation results: SR (o = 40)
Pl 10

P -0.05 0.00 0.05 0.10
0.50 0.0149 0.0143 0.0137 0.0129 0.0121
0.55 0.0152 | 0.0147 | 0.0142 | 0.0135 | 0.0128
0.60 0.0154 | 0.0150 | 0.0145 | 0.0140 | 0.0133
0.65 0.0155 | 0.0152 | 0.0147 | 0.0142 | 0.0137
0.70 0.0154 | 0.0151 | 0.0148 | 0.0144 | 0.0139
Table 4 Simulation results: AE (a = 80)

5, A -0.10 -0.05 0.00 0.05 0.10
0.50 0.0186 | 0.0191 | 0.0103 | 0.0101 | 0.0186
0.55 0.0234 | 0.0240 | 0.0242 | 0.0240 | 0.0234
0.60 0.0297 | 0.0302 | 0.0304 | 0.0302 | 0.0297
0.65 0.0385 | 0.0391 | 0.0392 | 0.0390 | 0.0385
0.70 0.0522 | 0.0528 | 0.0529 | 0.0527 | 0.0522

Table 5 Simulation results: SR (« = 80)

6 A -0.10 -0.05 0.00 0.05 0.10
0.50 0.0179 | 0.0178 | 0.0175 | 0.0171 | 0.0166
0.55 0.0180 | 0.0179 | 0.0177 | 0.0174 | 0.0170
0.60 0.0180 | 0.0179 | 0.0178 | 0.0176 | 0.0173
0.65 0.0179 | 0.0179 | 0.0178 | 0.0177 | 0.0175
0.70 0.0178 | 0.0177 | 0.0177 | 0.0176 | 0.0175

VIial—vaviERER2-5ICEES. K2, 41T
FNF—DELE AE %, £3, 5 ETXIVF—#ESR
BENFRLTWVWA. BRED, g ZERICED, B,
HRELEBEEIINF—-DENBAENHLETS. T
NXEEIEIGED W ORRNEE o b L E
zoh3. £z, BELTWERICaZKRELTS LS
IVFE—SRIZEN L. 5, BEHUEICK DRV ELE
ERBCEIIDET, a MEKTBICONEATIIV
F—DHEME AE BB L. chid, 2kRTFEDE
Bl x> TAEBNBE LIz EEZONS. DLEHS,
REEERUZES, X1 OBEHNED XS HREAT
B EMND TRAEL, BRI LDDPLEENBZLEZS
ns.

3. 2@RHIFORY boEAL
R THS 2 BHTaRY FOEFINVEK 3ITRT.
ZooRy MIBEEEEL, SHHEORIEKY Y IRT
®RINB. coaRy b, FEZFEBICBNTE#MLT
W SBETAME U & o 7z (6, = 63) BRICHAIc O 7 X
N, WERAC K> CERIE—ERICEEENS. ZTODIE,
RN & i & DBV RETZED LTS,
FHZRICBT 2 @HAERIUTTRDOEINS.

M(q)d + h(a,q) = Su+J(@)" X (4)

TTT, McR¥»>3 JEHITY], heR3EGaUXV -
O BHEERTANI ML, q= [0 02 03T &—RRALE
B MVTHD, 01k BEED 2 EEERE Lz, %7,
SueR (S=[01 - UT) EAARZ bV, J(g)"A e R3
B3R/ Iy 7HENDERTANI MVTHD, EHIORKE
EcBU38eh ez ETnNThEA%. COMKNI
BN T w7 ENBICORRE L, BEHE—ERIC
MRS 5. FIHHSFHE RO X RHEAORIC, BRR

HI7IRREDER 21T 5 MR AN FE ST 5. mHISCR
W&, W & B & DEEETH D, T Ko THHEH
LN IE NS, FEH & MBI O TE U3 ERIEIER
EEETH L L L, HEOEMBEROERZNETN
qa, T LLIZEE

M(q)q™ = M(q)qg~ — J1(g)"Ar, (5)
TEbENE. TTT A\ GEEIRRE J1(q)g" =0%
TR ATHD, HREIBWENEEDTHET LIS
HROMZICBV THEBOMBIEZEL LAV, 2D,
HEAELUTOETEDENS.

A= (I MYUIDYTq

(6)

Fig. 3 Model of a planar kneed biped robot.
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Fig. 5 The Walklng motion when a= 100 and SR = 0.0968.

Table 6 Physical parameters used in the walking simula-

tion
parameter | value | unit parameter value unit
[ 1.0 m R 0.6 [m
by 0.35 m my 5.0 Kg
[P} 0.5 m mo 1.0 Kg
l3 0.5 m ms 4.0 Kg
az 0.25 m mg 8.0 Kg!
a3 0.25 m A 1.2 rad
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Table 7 Simulation results: o

a o] 50 60 70 80 90 100
step 1 | 0.0337 | 0.0467 | 0.0629 | 0.0812 | 0.1000 | 0.1217
step 2| 0.0289 | 0.0313 | 0.0385 | 0.0482 | 0.0595 | 0.0718
average | 0.0313 | 0.0390 | 0.0507 | 0.0647 | 0.0802 | 0.0968

Table 8 Simulation results: §;

B [m] 007 | 005 | -004] 003 ] -001 0.0
step 1| 0.0436 | 0.0463 | 0.0467 | 0.0466 | 0.0454 | 0.0445
step 2 0.0332 0.0319 0.0313 0.0309 0.0299 0.0295
average 0.0384 0.0391 0.0390 0.0387 0.0377 0.0370

Table 9 Simulation results: B

Ba [m] 0.13 0.14 0.15 0.16 0.17

step 1 0.0422 0.0445 0.0467 0.0484 0.0495

step 2 0.0347 0.0326 0.0313 0.0312 0.0315

average 0.0385 0.0385 0.0390 0.0398 0.0405
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