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Abstract—Humanoid robots have been a topic of great interest for a long time. Among the various motions of a humanoid
robot, the most basic and important motion is bipedal walking. Bipedal walking is probably the most appropriate way for
robots to move around in a real environment. However Building trajectories for biped robot walking is a complex task
considering all degrees of freedom (DOFs) commonly bound within the mechanical structure.

To study the stable motion of any bipedal robot we should study the Kinematics, Dynamics, design a control system and
of most important the trajectories. This work deals with planning trajectory of humanoid robots (AK Biped robot), espe-
cially for planning trajectory of center of mass (CoM), zero moment point (ZMP)a and planning trajectory of swing foot.
diffident method used in planning trajectory like 3D linear inverted pendulum (LIMP), polynomial interpolation.

The object of study is the process of automatic control walking of an anthropomorphic walking robot (AK biped robot),
for that this paper proposes an approach of joint trajectory generation for the biped robot using the three Three-dimensional
linear inverted pendulum for planning trajectory of CoM which keep the ZMP to be inside the support polygon which and
guarantee stable dynamic walking of AK biped robot, then trajectory of swing foot derived using the polynomial interpola-
tion function for smooth motion.

The aim of this paper is to present a full 3D walking strategy using dynamic model of 3D inverted pendulum for gener-
ation references joint trajectories with simulation also design a control system that granites a stable walking of Biped Robot.

This is done by first reviewing the literature about different walking strategies. During this literature review the 3D-
Linear Inverted Pendulum Model appeared to be the most interesting strategy for further research.

Also, in scientific research, it is also used as a simple model of the human walk. The 3D-LIPM generate a trajectory for
the general CoM from which the joint angles can be computed

The idea of the strategy is simple. It models the human as a linear inverted pendulum with massless rods, which represent
the legs, and a point mass at the end of the rods representing the total mass of the body. During walking, there is always at
least one foot on the ground which can be seen as stance leg. This stance leg is then modeled as an inverted pendulum.
The general closed form solution of the dynamics of the linear inverted pendulum are used to design a trajectory for
the center of mass (CoM ) for stance leg.

In the trajectory generator, the general solution of the 3D-LIPM is used to prescribe a trajectory. for the CoM of
the biped robot AK.

The trajectory of the swing leg is designed by a cosine velocity profile interpolation function.

The joint trajectories are used as the input for a dynamic model of biped robot in SimMechanics. The proposed control
system in simulation are carried out to tune the trajectory such that the dynamic model is able to walk balanced and
the robustness of the gait was verified by adding of disturbances. For example, the position of the CoM was increased or
decreased and the steps were simulated with different ground levels. These simulations showed that the trajectory is rela-
tively robust.

Ref. 10, fig. 4.
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I INTRODUCTION To study the stable motion of any bipedal robot we
should study the Kinematics, Dynamics, design a control

Humanoid robots have been a topic of great interest system and of most important the trajectories.

for a long time. Among the various motions of a human-
oid robot, the most basic and important motion is bipedal II.  PLANNING TRAJECTORY IN ROBOTICS
walking. Bipedal walking is probably the most appropri-
ate way for robots to move around in a real environment
[1]. However Building trajectories for biped robot walk-

The planning modalities for trajectories may be dif-
ferent like Point-To-Point, or using a pre-defined path, Or

ing is a complex task considering all degrees of freedom in the joint space, or in the work space. For planning

(DOFs) commonly bound within the mechanical structure a desired trajectory for AK Biped rObOtf S to spec-
2] ify two aspects: geometric path and motion law, with con-

straints on the continuity (smoothness) of the trajectory
and on its time-derivatives up to a given degree.
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Figure 1. Input/output of general trajectory generator

Figure 2. AK Biped robot trajectory generator

The input parameters to trajectory generator see Fig-
ure 1 are:

e Path point
e Geometrical constraints like obstacles

o Constraints on the mechanical dynamics and actu-
ation system

where the output data is the trajectory in the joint space
or work-space, which given as a sequence (in time) of the
acceleration, velocity and position values:

P(kT), P(kT),P(kT) k=0,......,
in cartesian space.
Or

q(kT), §(kT).q(kT) k=0,..... N
in joint space

Where T a proper time interval defining the instants
in which the trajectory is computed (and converted in
the joint space) and sent to each actuator.

IIl.  PLANNING TRAJECTORY OF AK BIPED ROBOT

The purpose of planning a motion trajectory is to gen-
erate a reference motion uses as input for the control sys-
tems of AK biped robot and allow the robot to follow
the predefined trajectory during walking.

For that in this paper presented strategy for solving
the planning trajectory task [3] of Ak biped robot in joint
space which divided in different sub-tasks see Figure 2:

e Planning trajectory of Zero moment point (ZMP)
e Planning trajectory of center of mass (CoM)/hip
e Planning trajectory of Swing foot

e Planning trajectory of trajectory of joints

e Planning trajectory of ZMP and CoM

The ZMP defined as the point where the total angular
momentum is zero [4] . In dynamic motion of AK biped

robot, the condition of its stable walking, where its ZMP
has to be in the stable region of all contact points between
its feet and the ground [5]. The position of the ZMP is
computed by finding the point coordinate

(XAK_Zmp’ YAK_Zmp7ZAK_Zmp) where the total
torque equal to zero.

The task of planning trajectory of ZMP [6] consists of
designing first a desired ZMP trajectory then generate
the hip motion that follow this ideal trajectory. Using
the 3D Linear Inverted Pendulum Model (3D-LIMP) [7]
the CoM trajectory can planned using predefined
the ZMP position [8] , for that, the AK biped model is
simplified into LIMP with its CoM constrained at a con-
stant height. Because of the linear property, the robot
model can be easily used on real robots as in simulation
with low computational cost.

The ZMP equations for (X, Yaxis) plane are as fol-
lows:

o [Zi— g}fi ->m [Xi—gjzi
=i FIT 8
Zi:]mi (Zi_g]y,’ _Zizlmi (yi_gjzi
e
SHEn

(1)

YAKzyp T

YAk zMP =

2
where i - link number, m;- mass of link, g - gravity

acceleration, (x, ¥, z) — the coordinate of center of mass

of links and (x, y,z] link acceleration.

Using the coordinate of ZMP from (1) and (2) as

a coordinate of pendulum P, , ., and converted it into

linear equation the dynamic equation of ZMP can be
derived as follows:

X
P =Xcom _Lzm 3)
Wy,
y
Py = Ycom — 602m “)

n

T (3), (4) are equations relating the ZMP and
the CoM. For reference generation purposes a suitable
ZMP trajectory can be assigned. The equations (3) and (4)
can be solved analytically by applying the following gen-
eral solutions [9] we got following :

Xy :[ Cr TCST:| x; 5)
i | r/Te Cr J|s7

Te =Nz /g, Cr =cosh(Tssp / Tc)
ST :Sinh(TSSP/Tc)
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Figure 4. The path of the swing foot with 0.02[m] step height and lift
duration of 0.2[s]

where 7 - step number, Tggp - is the duration of the sin-
gle support phase (SSP), i and f - the initial or final

position and velocity, respectively. From equations (5), it
is possible to determine the trajectory of the CoM in
the SSP, for each step.

The trajectory of the CoM [10] in the double support
phase (DSP) can be determined by connecting the SSP
trajectories, for the adjacent steps, with a cubic spline to
ensure a smooth transition between the SSP and DSP.

A. Swing foot trajectory

The motion of the swing foot is divided different
phases as following:

e Phase 1: during DSP and foot is at ground
e Phase 2: lifting the foot

e Phase 3: where the foot remains at a constant
height above ground.

o Phase 4: lowering the foot

The swing foot trajectory in SSP phase can be gener-
ated using the cubic interpolation see Figure 4 , The initial
and final foot position/velocities can be represented as
following:

XfOOI (t) :Xl'”m'alﬁ)ot t=kT
X =X t=kT+T.
X o ()= foor ( ) Jinal oo T(6)
Xfoot (t) =0 t=kT
Xfoot (l‘):o t:kT+TY
Zfoot (t) :Zinitialfogt t=kT
7. =7 t=kT+T,
Zpoot (1) =17 (.) Simatjoot o
Zfoot (t) =0 t=kT
Zfoot (t) =0 t=kT+1;

By determining the initial and final position in X and
Z axis, a smooth trajectory of swing foot can be generated
by the cubic polynomial interpolation see Figure 4.

As follows:
For X axis
(t—kT)’ (t-kT)’
X foor ()= Xinitiat 0, + 3(X final ooy ~ Xinitial 10, )T— 2(X final pyoy ~ Xinitial 15, )T ®)
N S
kT <t <kT +T,
For Z axis
(t—kT)? (t—kT)
Zinitial fpp, +3 (Zmiddleﬁ,o, = Zinitial 0y )— -2 (Zmiddleﬁ,m = Zinitial 0y )T—3
m
0 kT <t <kT+T, o)
Z oo (1) =
oo (t—kT-T, ) (t—kT-T, )’
Zmiddlelfoot +3 (Zinitialﬁ,ot - Zmiddleﬁ,ot )—m2 - (Zinitialfoot - Zmiddlefoot )—m3
' ' ' (TS_Tm) ' ' (Ts_Tm)
kT +T,, <t<kT+T,

And finally, from the previously calculated trajec-
tories, we can use the inverse kinematics of the human-
oid to calculate the joint angles.

CONCLUSION

This paper proposes an approach of joint trajectory
generation for the biped robot using the 3D LIMP for

M Copyright (¢) 2019 Apadda X.

CCS8II TV 610T SSYY-€CST/SES0T 01 -10d


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.20535/2523-4455.2019.24.2.168522

DOI: 10.20535/2523-4455.2019.24.2.168522

54 EnexTpoHHi cUCTEMU Ta CUTHAIN

planning trajectory of CoM which keep the ZMP to be URL: https://resea‘rch.tue.nI/en/studen?Theses/a—linear-
inside the support polygon which and guarantee stable inverted-pendulum-walk-implemented-on-tulip.
dynamic walking of AK biped robot, then trajectory of [6] H.F.N. Al-Shuka, B. J. Corves, B. Vanderborght, and W.-H.
ing f derived usi h 1 ial i lati Zhu, “Zero-Moment Point-Based Biped Robot with Different
Swing oot derive usmg‘g ¢ polynomial mterpolation Walking Patterns,” Int. J. Intell. Syst. Appl., vol. 7, no. 1,
function for smooth motion. As future work, Algo- pp. 31-41, Dec. 2014, DOI: 10.5815/ijisa.2015.01.03.
rithm of Phase of trajectory for gait cycle of AK biped [7] S.Kajita, F. Kanchiro, K. Kaneko, K. Yokoi, and H. Hirukawa,
robot will be designed. In addition, the forces of reac- “The 3D linear inverted pendulum mode: a simple modeling
tion on foot will be consider to calculate the real time for a biped walking pattern generation,” in Proceedings 2001
position of ZMP to compensate the ZMP reference. IEEE/RSJ Internqtzonal Con_ference on Intelltge_nt Igobots and
Systems. Expanding the Societal Role of Robotics in the Next
Millennium  (Cat.  No.0ICH37180), 2002, vol. 1,
REFERENCES no. 4, pp. 239246, DOI: 10.1109/ir0s.2001.973365.
[1] T. Ha and C.-H. Choi, “An effective trajectory generation [8] J. J. Alcaraz Jiménez, D. Herrero Pérez, and H. Martinez
method for bipedal walking,” Rob. Auton. Syst., vol. 55, no. 10, Barberd, “Motion planning for omnidirectional dynamic gait in
pp. 795-810, Oct. 2007, DOI: 10.1016/j.r0bot.2007.06.001. humanoid soccer robots,” J. Phys. Agents, vol. 5.10. 1, pp. 25
[2] E. Cuevas, D. Zaldivar, M. Perez, and M. Ramirez, 34,2011, DOI: 10.14198/JoPha.2011.5.1.04.
“Polynomial trajectory algorithm for a biped robot,” May [9] M. M. Pedersen and A. A. Nielsen, “Design of Biped Robot
2014, URL: http://arxiv.org/abs/1405.5937. AAU-BOTL.” 2007.
[3] B. Espiau and A. Keramane, “Limit cycles and their stability,” [10] Byung Rok So, Je Youn Choi, Byung-Ju Yi, and Wheekuk

in International Conference on Robotics and Automation,

Kim, “A new ZMP constraint equation with application to
1996, DOI: 10.1109/ROBOT.1996.503785.

motion planning of humanoid using kinematic redundancy,” in

[4] B. Vanderborght, Dynamic stabilisation of the biped lucy 2005 IEEE/RSJ International Conference on Intelligent Robots
powered by actuators witDh controllable stiffness, vol. 63, no. and Systems, 2005, pp. 4021-4027,
STAR. Berlin, Heidelberg: Springer Berlin Heidelberg, 2010, DOI: 10.1109/IROS.2005.1545238.

ISBN: 9783642134166.

[5] S. J. Van Dalen, “A Linear Inverted Pendulum Walk
Implemented on TUlip,” Univ. Eindhoven, p. 84, 2012,
Hapiiimna no penakuii 24 6epe3ns 2019 p.

VIIK 621.865.8

[ [;TanyBaHHS TPAEKTOPIl aHTPOIIOMOP(HOIO
Kpokyrouoro poodora (Biped Robot)

Apadda X., ORCID 0000-0001-7804-2217
e-mail araffakh@gmail.com

HamionansHuil TeXHIYHUN YHIBEpCUTET YKpaiHu
“KuiBchkuil momiTexHiYHUN iHCTUTYT iMeHi Irops Cikopcekoro”
Kuis, Ykpaina

Anomayia—I'ymaHoiAHi po6oTH A0Bruii yac 0yJM npeaMeToM BeHKOro intepecy. Cepea pi3HHX pyXiB r'yMaHOIIHOTO
po6oTa HalBaKYUM i HAWBAXKIMBILIMM PYyXoM € IBOHOra xoab0a. JIBoHora xoan0a - ne, MadyTh, HAWOLIbII MiAXOASIIIMIi
cnocié A podoTiB pyxaTtucsi B peajbHOMY cepeaoBumii. OqHak nmodyaoBa TpPaeKTopiil AJsi X04y JABOHOTUX PoOOTIB
€ CKJIAIHMM 3aBJIaHHSAM 3 ypaxXyBaHHAM Yycix cryneHiB cBodoau (DOF), siki 3a3Buuaii nos'si3ani B MexaHiuHii cTpyKTypi.

J1s BUBYeHHs cTa0iIbHOro pyxy OyIb-sIKOr0 ABOHOIOro podoTra cJil BUBYMTH KiHEMATHKY, IMHAMIKY, po3poduTu
CHCTEMY YIpaBJIiHHSA Ta HAHOINBII BasK/IUBi TpaekTopii. laHa po6oTa NpucBsYeHA MIAHYBAHHIO TPAEKTOPIl ryMaHOITHUX
poobortiB (po6ot AK Biped), 0c06.,11B0 1151 muIaHYBaHHA TPaekTopii neHTpy Mac (CoM), ToOUKH HyJ1b0BOro MoMeHTY (ZMP)
i n1anyBaHHs TpaekTopii roiaanku. AuddunenTHnii MeTos, 1110 BUKOPUCTOBYETHCS NMPH MJIaHYBaHHI TpaekTopii, Ak 3D
Jiniiinnii inBeproBannii masgTHuk (LIMP), noninomianbHa inTepnosinis.

O0'ekTOM A0CTIIKEHHS € NPOLeC AaBTOMATHYHOI0 KePyBaHHsA X01b0010 aHTPONIOMOP(HOro xoa080ro podora (podora
AK nBoHorux), ns 4oro B JaHiii po0oTi 3anponoHoBaHO MiAXix reHepanii comijibHOI TpaekToOpii A1 ABOHOrUX POGOTIB
3 BUKOPHCTAHHAIM TPbLOX TPMBHUMIPHUX JiHiliHO 00epHeHNX MasgTHHUKIB /ISl IVIaHYBaHHA TpaekTopii Komirery, ikuii yrpu-
mye 3MII BcepeanHi onopHOro 6araToKyTHUKA, AKUH rapaHTye cradijibHy JuHaMiyHy X0ab0y po6oTa AK nBoHororo, Toai
TPAEKTOPIsi roliAaJKu BUBeJeHa 3 BUKOPUCTAHHAM (PpYHKUIT nogiHoMiaIbHOI iHTepnoJsiLii 1Jisl IJIABHOIO PyXY.

MeTo10 1aHOI podoTH € mpeacTaBieHHs MOBHOI 3D-cTpaTerii X0A601 3 BUKOPUCTAHHAM AMHAMiYHOI Moaeai 3D-nepese-
PHYTOr0 MAasiTHMKA 151 reHepanii mMocH/IaHb TPAEKTOPiii CHIJILHUX 3 MOJETIOBAHHSIM, TAKOK NPOEKTYBAHHS CHCTEMH
yIpaBJ/liHHA, fIKa IPaHiTye cTabinbHy xoa60y Biped Robot.

e poOuThCs HIIAXOM NEPUIOTO Nepersay JdiTepaTypH npo pi3Hi cTparerii xoab01. Y iboMy orJIsiji 1iTepaTypu MoJenb
3D-1iHiiHOr0 NepeBepHYTOro MasAITHUKA BUSIBUJIACH HANOIIBII HiKABOIO CTPATEri€l0 NOAANBIINX J0C/Ii/ZKEeHb.

Kpim Toro, y HayKkoBHX A0C/IiIKeHHAX BOHA TAK0K BUKOPHCTOBYEThCSA SIK IPOCTA MOJEJIb JIOAChKOI X0a601. 3D-LIPM
reHepye TPaeKTOpio s 3araibHoi KM, 3 kol Mo:kHA 00YHMCIMTH KYTH 3'€AHAHHS
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Inest crparerii npocra. Bin Moaenioe Jiroauny sik JiHiHMIA iHBEPTOBAHUH MasiITHUK 3 0€3MACOBHMHU CTPUAKHAMH, SAKI
MPeACTABJIAITD HOTH, | TOUKOBY Macy Ha KiHIi CTPUIKHIB, 110 NpeCTABIAE 3araibHy Macy Tija. Ilin yac xons0m 3aBxau
icHye npuHaliMHi 0lHA HOTa Ha 3eMJIi, AKY MOKHA PO3IISAATH K onopHY Hory. IloTiM 0 HOry MoIe/JII0I0Th SIK iHBepTO-
BaHMii MaATHUK. 3arajbHe pillleHHs 3aMKHYTOI (opMH AMHAMIKH JIiHIi{HOr0 iHBEepPTOBAHOT0 MAATHUKA BUKOPHCTOBY€ETHCSI
AJ18 KOHCTPYIOBAHHS TpaeKTopii neHTpy mac (KM) a1 HOrM mITaHIH.

Y reneparopi TpaekTopii BUKOPUCTOBYEThCH 3araibHe pimenns 3D-LIPM nns npusHavyeHHs Tpaekropii, 1 KM nBo-
Hororo podora AK.

TpaexTopisi IOBOPOTHOI Hi’KKH PO3p0dJieHa 32 10n0MOroI0 QyHKUil iHTepnosuii npodin KocHHYCHOI BHIKOCTI.

TpaexTopii cyryi00iB BUKOPHCTOBYIOThCS SIK BXi/IHi 1aHi A5 1uHamMivyHoi MoJeni ABoHorux podoris B SimMechanics.
3anponoHoBaHa CHCTEMA YNPABJIiHHS B MOJEIIOBAHHI BUKOHYETHCA /ISl HAJIAIITYBAHHA TPAEKTOPII Tak, 100 TMHAMiYHA
MoJeJIb MOIJIa XOAUTH BPiBHOBAaXKeHO, a HaJiliHiCTh X0au NepeBipsiacs 1oAaBaHHsAM 30ypenb. Hanpukiazg, noJiosxkeHHs
KM 36iibmyBasiocst 260 3MeHIIYBAJIOCS, i eTanu Moje0Baiucs 3 pisHuMu piBHsimMu 3emuti. Lli MoeoBanHs moka3asnm,
10 TPAEKTOPisi BITHOCHO MilHA.

Bi6u. 10, puc. 4.

Kniouogi cnoea — nnany8anna mpackmopii; mouka Hynib08020 MOMeHMY; NIHIUHWIL nepegepHymuil MaamHuK.
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HanunonanbHbli TEXHUUECKUNA YHUBEPCUTET Y KPAUHbI
"KueBckuii momurexHn4eckuit HHCTUTYT nMeHn Uropst Cukopckoro”
Kues, Ykpauna

Annomayua—O0bEKTOM HCCJICI0BAHUS fABJACTCH NPOLECC ABTOMATHYECKOI0 YNPaBJIeHHs X01b00il aHTponomopd-
Horo marauero podora (AK Biped robot). B paGoTe npeasiaraercsi moaxoJ renHepauuy TpaeKTOPUHM JIsI ABYHOTOro pooora
€ MCNOJIb30BAHMEM TPEXMEPHOI0 JIHHEHHOI0 NepeBepPHYTOr0 MAATHUKA VISl INIAHMPOBAHMS TPACKTOPUHU IBUKEHUS TOYKHU
ueHtTp macc (CoM), koTopas yaep:KuBaeT TOUKH HYJ1eBOro MmomenTa ( ZMP ) BHyTpH NoA1ep:KHBAIOIIET0 MHOTOYTOJIbHUKA,
YTO rapaHTHPYeT CTA0MJILHYIO IHHAMHYECKYI0 X010y 1BYHOroro podora AK. Tak ke npe/iokeHa reHepauus TpaeKTOPUU
HOI'M B NlepeMellleHNH, N0JIyYeHHas! ¢ MCN0/Ib30BaHHeM (PYHKIMH MOJTHHOMHUAIBLHON MHTEPIOJISINMM JJ151 IVIABHOTO IBUKe-
HHS.

Lesb 3T0# CTATHHU - MPEACTABUTH MOJHYIO CTPATErHI0 TPEXMEPHOI'0 X0AbOBI, HCHOJIb3YsI ITMHAMHYECKYI0 MOJIeJIb TpeX-
MEPHOI0 NMepPeBepPHYTOr0 MAATHMKA 4YTO0bI rAapaHTHPOBATh cTa0UJbLHOe TMHaMu4eckoe aBum:kenune 1jasi AK Biped robot.
J1s tocTH:ReHNs e B padoTe MpeIcTaB/IeH MeTo/, KOTOPbIil reHepupyeT TPaeKTOPUI0 po00Ta, KOTOpPasi HCIIO/Ib3YyeTCs
B KauecTBe BX0/Ja JUISl CHCTeMbl YIIPABJIEHHs, YTO 03B0JIsieT POOOTY c/1e0BaTh ITOI 3apaHee onpee/]eHHOH TPaeKTOPHH.

buba. 10, puc. 4.

Knrwouesovte cnosa — njiaanuposeanue mpaeKkmopuu; mouKa Hyjiee020 momenmas; JIUHEUHbLI nepeeepﬂymbtﬁ MAAMHUK.
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