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ABSTRACT

SIMULATION OF BIPED LOCOMOTION OF HUMANOID
ROBOTS IN 3D SPACE

Akalin, Gokcan
M.S., Department of Mechanical Engineering

Supervisor: Prof. Dr. M. Kemal Ozgéren

September 2010, 281 pages

The main goal of this thesis is to simulate thgpoase of a humanoid robot using
a specified control algorithm which can achieveuatanable biped locomotion
with 4 basic locomotion phases. Basic parts forlibdy of the humanoid robot
model are shaped according to the specified babisi@al parameters and

assumed kinematic model.

The kinematic model, which does not change accgrthriocomotion phases and
consists of 27 segments including 14 virtual segmemrovides a humanoid robot
model with 26 degrees of freedom (DOF). Correspuogdinematic relations for
the robot model are obtained by recursive formoreti Derivation of dynamic
equations is carried out by the Newton-Euler foattioh. A trajectory definition
algorithm which defines positions, orientationanglational and angular velocities

for the hip and its mass center, toe part of tho# &nd its toe point is created. A



control strategy based on predictive optimum conunacceleration calculations

and computed torque control method is implemented.

The simulation is executed in Simulink and the almation of the simulation is
established in a virtual environment by Virtual Rgal oolbox of MATLAB. The
simulation results and the wuser defined referenoputi are displayed

simultaneously in the virtual environment.

In this study, a simulation environment for the dadplocomotion of humanoid
robots is created. By the help of this thesis, tiser can test various control
strategies by modifying the modular structure o thimulation and acquire
necessary information for the preliminary designdgt of a humanoid robot

construction.

Keywords: Bipedal Locomotion, Humanoid Robots, Sation, Computed

Torque Control



Oz

INSANSI ROBOTLARIN 3 BOYUTLU UZAYDA 2 AYAKLI
HAREKET ININ BENZETiMi

Akalin, Gokcan
Yuksek Lisans, Makina MuhendigiiBolumu

Tez Yoneticisi: Prof. Dr. M. Kemal Ozgéren

Eylul 2010, 281 sayfa

Bu tezin ana amaci, 4 temel hareket evresini kapsaurdurulebilir bir 2 ayakl
yurtylstu gerceklstirebilmesi amaciyla belirlenmiolan bir kontrol algoritmasi
kullanilarak, bir insansi robotun tepkisinin simiggliimesidir. Insansi robot
modelini olygturan temel vicut parcalari, belirlenymiolan temel fiziksel
parametreler ve varsayilgni olan kinematik modeller doultusunda

sekillendirilmistir.

Csesitli hareket evrelerinde ggsmeyen ve 14 0 sanal olmak Uzere toplam 27
parcadan olgan kinematik model, 26 serbestlik derecesi olanitsansi robot
modelini olgturmaktadir. Robot modeli i¢cin s6zkonusu olan kiaghiliskiler
yenilemeli formulasyonlar ile elde edilgtir. Dinamik denklemlerin tiretiimesi

Newton-Euler formulasyoni ile gercekleilmistir. Kalca ve kalca kitle merkezi,

Vi



ayak ucu ve ayak ucu noktasi icin konumlari,acksalumlari, dgrusal ve acisal
hizlarini tanimlayan bir yoriinge tanimlama algoaismolgturulmustur. Ongorali

en iyi komut ivmesi hesaplanmasi ve hesaplanankoritrol yontemi tabanh bir
kontrol stratejisi uygulanmgtir. Simtlasyon MATLAB Simulink’'te yarutulmekte
ve similasyonun géruntilenmesi MATLAB Simulink \ial Reality Toolbox ile
sanal bir ortam icinde gercekteilmektedir. Similasyon sonuclari ve kullanici
tarafindan tanimlanmi olan referans girdisi sanal ortamda ayni anda

gOsterilmektedir.

Bu calgsmada insansi robotlarin iki ayakh hareketi icim bimulasyon ortami
kurulmuwtur. Bu tezin yardimiyla kullanici, similasyonun diiter yapisini
degistirerek caitli kontrol stratejilerini test edebilir ve insanir robotun

yapilmasinin 6ntasarim ¢ghasi icin gerekli olan bilgiyi elde edebilir.

Anahtar Kelimeleriki Ayakh Yuriyis, insansi Robotlar, Simulasyon, Hesaplanan

Tork Kontrol Yontemi
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CHAPTER 1

INTRODUCTION

1.1.Motivation

“Robot” is a term introduced to lives of many peofdly the propagation of
industrialization throughout the world. Althoughetk does not exist a consensus
about the exact definition of the term “robot”, there various definitions made
by The International Organization for Standard@atiThe Robotics Institute of
America and many other robot societies. A machirieckv has the ability to
accomplish complex tasks by sensing change in thekimg environment or
following programmed instructions and reacting adocgly can be called as a
robot.

Figure 1.1 Unimate While Transporting Products [50]

Robots can be said to be the product of industatibn since they are mainly
developed to carry out tasks which endanger hunf@nithcrease the production



rates of repetitive tasks and achieve a produdicadity that can only be reached
by a staff with a long years of experience andnisitee trainings. The first known
robot ever built is “Unimate” by General Motors Coamy. The purpose of
Unimate was to pick and carry hot die-castings frorachines and to perform

welding on automobile bodies [1].

Since the introduction of robot technology to theustry, the field of robotics
leaped into the daily lives of humanity and becareonstituent and a modifying
factor to the human society. According to Xie sifpast time to consider robots as
“merely mechanisms attached to controls” and suggbst robots have already
become capable enough to carry out many criticaksvaowadays and are going
to become much and much significant component marusocieties like tutoring
children, working as tour guides and private disyeioing the shopping [2].

Nowadays robots have a very wide range of use,rktee prediction of common
people. In the space exploration program of Maasdér or rover robots like
Viking 1, Viking 2, Mars Pathfinder, etc. are sémimake several experiments and
measurements instead of humans due to unpredictaBlkey nature of the
exploration procedure and many other reasons. Roam used in situations
endangering human lives like bomb diffuser robatsscue-exploration and
medical operations where physical and sensor aspschumans become an
obstacle or a limitation. There are immense amofinbbot applications bringing
a lot of benefits which makes the robot technolagy integral part of the

technological aspects of present day’s human societ

Figure 1.2 Viking 1 Lander Model [51]
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With recent developments in robotics and incredgingde applications of robots,
new opportunities arise for daily lives of peopleere humanoid robot concept is
one of these. Humanoid robots are expected to tieeeall resemblance to human
body, autonomous operation, imitation of mental gigsical capabilities of

humans.

Almost everything artificially designed in Earth mompatible with humans.

Humanoid robots with similar bodies and physicalitas will be able to use and

benefit from all devices, which is a very efficiemay to integrate capabilities of
humanoid robots into the current human society \hih least possible changes.
Employment of humanoid robots into repetitive, anaei and dangerous jobs
instead of humans will provide better life condisoand more spare time for
humans to pursue their own interests. Furtherntargjanoid robots can carry out
missions where shortcomings of biological structyseohibit human participation

such as space exploration and colonization on fdan®oreover, interaction of

humanoid robots with humans will be easier dueumdns’ tendency to set up
interactions with physical forms fundamentally danto humans.

With all expected benefits of robots being human@dmotivation exists to
develop necessary methods, strategies and perfoemtific researches to build an
information base in order to deal with complicaioworiginated from the
complexity of constructing humanoid robots with adeed abilities similar to
humans. Biped locomotion of humanoid robots is ohthose advanced abilities.
Other than mental and sensor capabilities of hupiaped locomotion is possibly

the most important ability to be imitated for thevement of humanoid robots.

Biped locomotion’s most significant advantage owgner kind of locomotion
techniques is mobility. However, the level of mdkgithat can be achieved with
biped locomotion is directly related with the afyilito control this complex
procedure. As Sano and Forusho admit; althoughdbipeomotion is periodic
with overall stability, it mainly employs unstabheotions which result to control

difficulties from the viewpoint of stability [3].



In order to minimize the fieldwork, trial-error gredure and cost during the
construction of a biped robot; simulation studies widely used. In other words,
simulation studies are essential for the prelinyirgesign process of biped robots.
Observing possible outcomes for different desigrapeters and related design
improvements, testing the efficiency and the penfmmce of different control
strategies, understanding the system behaviorinoimggan engineering instinct for
the corresponding complex dynamic system are soimpotential benefits of
simulation studies for the locomotion of biped rtsho

1.2. Phases of Gait Cycle

Since “biological solutions” are key points for @mstanding and inspiration to the
problem of designing humanoid robots capable ofieatng biped locomotion,
inspection of the gait cycle becomes essential [4]

The gait cycle begins with the initial contact bétfoot and contact of the same
foot to the ground again ends the gait cycle. Tdieaycle is categorized in 2 main

phases with a total of 8 subphases as shown irefib3.
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Figure 1.3 Gait Cycle [52]



Stance phases constitute phases between heel-atrikéoe-off for the specified
foot. Initial contact, loading response, mid-stgnegminal stance and preswing
phases are grouped as stance phases in which nfosheo gait cycle

(approximately 60 percent) takes place.

In initial contact phase, the knee extends andchd® of the right foot contacts the
ground while ankle is considered to be approxinyaitelneutral position. At the

same time, the left leg is at the end of its teahgtance phase.

In loading response phase, the first double suppamndition of the gait cycle

begins and ends with the contralateral toe leatirey ground. In this phase,
absorption of impact forces due to the foot stgkio the ground and weight
transfer of the body from limb to limb occurs. hetmean time, preswing phase of
the left leg ends.

Midstance phase begins when contralateral tod thefground and ends when the
center of gravity of the body is over the contagaaof supporting foot, which is
right foot for figure 1.3. Toward the end of midsta phase, the knee and the
ankle of the right leg return to their neutral piosis. Meanwhile, the left leg

moves forward in its midswing phase.

As the midstance phase ends, the terminal staresedbegins. During this phase,
the heel of the supporting foot rises and lose<atstact with the ground. The
terminal stance phase ends when the left foot ctstthe ground. During the

terminal stance phase, the left leg proceeds itettminal swing phase.

In the beginning of preswing phase, the initial teoh of left foot with the ground
occurs. This phase is the second double suppoditcam during the gait cycle.
The body weight is transferred from right leg tét leg. During the preswing
phase, the knee flexes and the ankle plantarflexgsficantly. Also, the toes of
right foot begin to dorsiflex to deviate from theutral position. The phase ends as

the toe of right foot leaves the ground.



After the preswing phase, swing phases begin.alngwing, midswing and
terminal swing phases are grouped as swing phaékesswing phases account for

approximately 40 percent of the gait cycle.

Initial swing phase begins when the toe of righttfes off the ground and
continues until the right foot goes past the supfmot in the forward direction.
The right leg moves forward by increased hip andekfiexions. Meanwhile, the

left foot is in its midstance phase.

After the initial swing phase, the midswing phasattues until the tibia of right
foot becomes vertical. In this phase, the advanoemiethe right leg is achieved
by additional hip flexion and the ankle beginsdturn its neutral position. During

this phase, the left leg is at the end of its naidseé phase.

The terminal swing phase is the last phase of theaoycle. The terminal swing
phase begins when the tibia is vertical and endbk thie initial contact of right
foot. The movement of the right leg is achievedtital knee extension and the

ankle returns to its neutral position.
1.3. Review of Literature on Simulation Studies

Different simulation studies throughout the wortd the biped locomotion will be
examined under this heading. Motivation of simwiatistudies for biped
locomotion differs significantly depending on thepphacation area like
biomechanics studies, testing the performance oftrgb strategy proposed,
validating the efficiency or the applicability afajectory generation methods and

etc.

In a simulation study for the development of wadkicontrollers, movements of
some joints are restricted according physiologiiraitations of human body and
foot is modeled as an ellipsoid providing a singbént of contact with the floor as
demonstrated in Figure 1.4. Also, spring dampetesys regarding the penetration
of foot into the floor and nonlinear spring damgsgistems modeling the total
resistance to joint movement due to contact andraeftion of tissues are used.

Actuation in muscular structure is applied. Headysa upper and middle trunk are



reduced to a single body. Hence, it is a directadyic simulation with no prior

information about walking kinematics [5].

Figure 1.4 Snapshots of Bipedal Gait Simulation [5]

A simulation model for a normal human walking w&h9 segment 3D model
which has 20 degrees of freedom is developed bgh@#t and Winter. The
purpose of this study is to build a realistic madelhuman gait capable enough to
achieve predicted gait characteristics by using skstem description, initial
conditions and driving torques determined accordingan inverse dynamic
analysis of a normal walking trial. In this studlye foot is modeled in 2 segments
with nonlinear springs and dampers, the midlinefaait base is considered for
modeling ground contact. Similarly, spring and damplements are applied to
knee and ankle to avoid nonphysiological motiore. the rest of joints, dampers
are used to provide a smooth and realistic motitowever, the model succeeded
to reflect the original measured kinematics in ataele boundaries only for a

slightly more than one step [6].



Figure 1.5 Foot Model by Gilchrist and Winter

Figure 1.6 Superimposed Simulation Results of a Stée Walking [7]

In a different simulation study, a direct dynamaggproach is employed to the
analysis of human gait. The simulation model isppred and executed in
MSC.ADAMS environment. The presented model has&jreks of freedom with

16 segments where head and arm properties aréodistt into trunk. In a similar

fashion to some studies, ground reaction forcesbased on spring and damper
systems. Moreover, displacements of human body setgmare measured to be
used for the pattern of relative joint motions. nele, actuator torques are found
from torque equation formulations ensuring theiredibn of measured patterns.

Because of considerably significant errors resgltifrom measurement



inaccuracies and post processing operations, mguiunk motion for the gait
pattern is to be controlled to prevent instabilit},

Figure 1.7 Walking on Uneven Terrain in Yobotics [$

Another simulation study to investigate the perfante of an anthropomorphic
biped robot controller based on a dynamical wallatgprithm is carried out on

Yobotics Simulation Construction Set. A nonlineasdal based on ground contact
point and ground height is used for the generasfaground reaction forces. In this
study, the gait cycle is divided into 6 phases st a forward falling phase is
devised as an additional phase to single suppadqs[8].

Figure 1.8 Side and Front View of The Skeleton Modg14]



For the dynamic optimization problem of consumedamelic energy per unit

distance traveled, a simulation study with a 10msag, 23 degrees of freedom
biped model is performed. Actuation of the bipeddeias achieved by a total of
54 modeled muscles. Head, arms and torso are lummp@d single rigid body.

Also, each foot is modeled in 2 segments and footird interaction is modeled
by spring and damper components scattered to ®ofethe hindfoot and distal
end of the toe part. The solution of optimizatiomlpem is produced after a
computation effort equivalent to approximately 100@urs [14].

To present the effectiveness of proposed locomatiortroller, a simulation model
for a planar 5 link biped robot is built. The dynarequations of the biped robot
are obtained by SD/FAST software. A linear spriragnger system is used to
model ground reaction forces [17].

A simulation model for the inspection of planar lamaid gait is built by Ozyurt.
The kinematic configuration allows 5 DOF for eady,l where the simulation
model has 10 DOF in total. Head, arms and torsduanged into a single body.
Also, there exists 2 types of foot model where ftait is lumped into a single
body and swinging foot consists of 2 segments. ilteraction between foot and

ground is modeled by kinematic constraints [68].

Modeling of the biped locomotion has a significanportance on determining the
practical balance between computational efficienepd complexity of
mathematical models defining physical phenomenaolued in the simulation.
Because of this reason, there exist various appesacr assumptions involved in
the simulation depending on the application areanputer resources and
feasibility.

Although the division of biped locomotion into vams phases and the extent of
assumptions for defined phases vary, biped locanatan be categorized in 2
basic phases. All phases including the contact single and both foot with
ground can be grouped into respectively single st@nd double support phases.
However, physical details of humanoid biped locaorotike heel contact, foot

rolling on heel and toe are implemented or not thi simulation by considering
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area of usage, control strategy, hardware capabilitask space requirements and
planned walking speeds. Regarding physical detailslved and their role or
significance in humanoid biped locomotion, simwatistudies focusing on
specific phases are performed [9, 10, 11, 12, A&j.instance, the performance of
the control strategy on level ground for slide madatrol during double support
phases by considering double impact occurring ethttel strike is investigated in
a simulation study presented by Mu and Wu [9]. &y, energy efficiency of
the phenomenon that is heel rising of the stanoednd following the rotation of
stance foot about toes for fast walking is inveggg by consecutive simulation
studies [12].

The foot and its contact with ground is an addalanodeling problem. Especially
for simulation studies analyzing the human walkaygouilding realistic models as
much as possible, a significant care is given tadefing of the foot; since

simulation studies for biomechanics involve invedgaamics problem for finding

resulting actuation torques of muscles, simulanoodels to understand muscle
actuation patterns [14], finding metabolically efént gaits [13,14], forward

dynamics simulations to assist orthotic-prostetdiesigns and rehabilitation
consultations [16].Various approaches are adaptednideling ground contact
and kinematic structure of the foot like models eteging on spring and dampers,
special contact modeling formulations, fixed coht@odels and segmented foots

models.

Various comprehensive software packages like MATLABISC.Adams,
DynaFlexPro, SD/FAST are utilized for their mathéioal libraries, mathematical

modeling and simulation tools.
1.4. Review of Literature on Control Strategies

Developing control strategies for biped locomotioh humanoid robots to
maintain a sustainable and rhythmic locomotion sbbio unpredictable and
unmodeled internal and external system dynamicgyrerg energy efficiency and
computational feasibility, sufficiently generalizéal handle all kinds of occasions

and purposes, realistic enough to utilize curreevel of engineering
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instrumentations, keeping construction costs insaorable boundaries is a
challenging and popular engineering problem ingestid by many researchers

throughout the world.

Since a humanoid robot during the biped locomotsonot fixed to the ground;
variety of possible biped locomotion motions arstnieted according to ground
conditions, the design of supporting foot, actuaaod controller capabilities,
assumed stability criterion. Because of this reagbe generation of proper
reference trajectories for task space or joint spagiables is considered to be the
first essential step for controlling biped loconoati In other words, unrealistic or
inconvenient reference trajectories can possikag ® toppling over, sliding and

collisions.

Studies about generating reference trajectoriesbeadivided into 2 categories
according to the type of use. Online referenceettary generation methods are
expected to respond to changing conditions in tlekivg environment by
ensuring the stability criterion imposed and congaging side effects sourced
from tracking errors of the controller or disturbas against endangered postural

stability.

In a study on walking planning for biped robotgyaat trajectory is generated by
an artificial vector field based on an electricldieaccording to predictive
simulations performed online for 400 millisecondtead. The stability criterion is
based on ZMP (Zero Moment Point) and the stabibtyensured according to
present and predicted states, then the improveofegdit parameters are done by

updating the artificial vector field [18].

In a study presented by Wieber and Chevallereas, poblem of adapting
reference trajectories to maintain stability unsieall disturbances is investigated.
The viability condition, a condition for a system tealize a movement without
getting inside a set of positions considered derfafor states is defined. With the
adaptation of parameters used in the trajectorynitieh, the magnitude of the
external disturbance force that can be compensaidaut falling is increased
[19].
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Figure 1.9 Perturbation of a biped system into unable and viable conditions
[19]

Most of trajectory generation methods for contnglibiped motion can be
considered as offline methods. These methods ievobreful consideration of
various stability criteria and margin selectionstuator and joint limitations,
energy efficiency, ground conditions, division @béxd locomotion into phases and
modeling of biped locomotion phases, locomotioncgmations or requirements,

presence of adequate mathematical tools.

As an example, a method which is able to produgettajectory by iterative
computation for planning walking patterns for bipetots is presented. Ground
conditions, ZMP based stability, the correlationween actuator specifications
and walking is considered for the generation ofm&fice trajectories in this work.
The determination of correlation between actuatguirements and the trajectory
enables the selection of trajectories with smalla@or torques and joint velocities
[20].

A trajectory generation method is developed to cdowl reference trajectory
database for biped locomotion in a practical tifitee suggested method optimizes
necessary control torques based on an energy lwastdunction, ensures the
postural stability by evaluating ZMP and frictioonglitions of the support foot

and additionally keeps joint angles and controj@s in given boundaries. The

13



generated trajectories are intended to be linkgdtheer to support the adaptation

of step lengths to changing conditions [21].
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Figure 1.10 Generated paths for CoM and head for vging step lengths [21]

In a different study, gait generation is investaghéis an optimization problem with
multiple objectives. The optimization problem issed on ZMP displacement,
required actuator torques, joint angle and actubtamdaries, stability and state
feasibility. Trajectory selection among variougjéctories satisfying optimization
criteria are carried out according to the least ZMiBplacement and actuator
torque requirement conditions. To handle the compf@imization problem, EDA

(Estimation of Distribution Algorithms) using spéirbased probability function

with Q learning based updating rule is applied [22]

The stability approach is a distinguishing elemémt a reference trajectory
generation method. The static stability (or balanm#erion which requires the
projection of center of mass of the system on tioeirgd to stay in the convex hull
shaped from support area or areas is practicedrious studies [26, 32]. Since the
static stability criterion is a very conservatiygeoach, attainable walking speeds
with this approach is greatly limited. Because bis tdeficiency, generating
humanlike gaits by using static stability criteri@na slight possibility. Therefore,

dynamic stability criteria are widely used in orderevaluate the feasibility of
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generated trajectories. Zero Moment Point criteand related stability margin are
frequently used to prevent the rotation of suppot under unpredictable

disturbance forces [18, 20, 21, 22]. Although thexests a misconception about
the definition of ZMP and its difference from CaPefter of Pressure); ZMP, CoP
and FZMP (Fictitious ZMP) or FRI (Foot Rotation iodtor) concepts are

investigated in various explanatory studies [23, 24]. Moreover, ZMP based
methods mainly depend on the accuracy of the dynamodel. The deficiency of

most ZMP based trajectory definition methods isrsed from the fundamental
requirement that either rolling of the support fe®not tolerated or ZMP criteria
to the foot rotation is not applicable due to thevement of contact boundary
which restricts the level of resemblance to hunkanfjaits and walking speeds.
Furthermore, generating high accelerations for madsps in order to keep ZMP
in a reasonable boundary during phase transiticag n@sult to energy inefficient
gaits. Another approach to generate dynamicallglsteeference trajectories is to
model the biped robot as an inverted pendulum 29830, 33]. The advantage of
this approach is enabling to generate referencgectaies using limited

information of the robot dynamics. On the otherdahe tracking of this kind of

reference trajectory relies on robust feedback robmiue to approximated robot
dynamics. Additionally, the inverted pendulum amio is not suitable for tasks
requiring precise foot placement; to cope with imstation a method involving

the combination of ZMP and inverted pendulum apginda devised [31].

Since a great majority of humanoid robots havedeks of freedom for foot with

respect to the hip, joint trajectories of lower l@sdfor given reference trajectories
of the foot and the hip in task space can be denwvequely. Therefore, a common
and simple method to control a biped robot is teiglea control system to track

these derived joint trajectories [39].

In some studies, central pattern generators (CRMB&h are thought to be the
fundamental structure responsible for all rhythmiations of animals are utilized
[17, 34, 35, 36]. In this method, different rhytleminotions are generated by
tuning parameters of the neural oscillator netwawkstituting the central pattern
generator. However, tuning of parameters for aizalle biped locomotion and

different environmental conditions is a computagilohurden which complicates
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the implementation for real time applications. \das methods are applied in
order to tune CPG parameters like Genetic Algorgh{@As) [36], Reinforcement

Learning (RL) [34], Policy Gradient Methods [35].biity to produce stable

periodic gait patterns, modify the locomotion cleteastics like locomotion speed
or direction by adjusting various parameters armesadvantages of CPGs.
However, designing CPG controllers and adjustingGCParameters to adapt
changing conditions while ensuring a stable rolystesn is difficult to implement

for autonomous biped robots.

Tipping moment

Desired inertia force

Desired gravity force

Desired total
inertia force

Actual total
ground reaction
torce

Distance between ZMP and C-ATGRF

Figure 1.11 Posture Control Principle of Honda RobbP2 [37]

As a practical example, the biped locomotion cdrftoHonda Humanoid Robot
P2 can be given. The control algorithms implemete¢tHonda P2 are grouped in
3 segments as Ground Reaction Force Control, Mdt#P Control and Foot
Landing Position Control. Ground Reaction Force t@untries to control the
location of the point on ground where all measureaktion forces induce zero
moment (called C-ATGRF in this study) by adjustsgpport foot's rotation in
single support phases and lowering or lifting frontrear foot in double support
phases to generate a recovering moment preverippqg over. Model ZMP
Control changes the position of desired ZMP to achlmauitable position by

inducing strong acceleration on the upper bodyhange the direction of total
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inertial forces, thus generating a recovering mdmé&ioot Landing Position
Control compensates the long term effect of moditipper body position sourced
from increased accelerations of Model ZMP Contipladjusting stride length or
moving foot landing position to a much ideal looatifor bringing back the

humanoid robot to its desired walking pattern [37].

A control strategy adaptive to various terrainsingoduced, which produces
actuator commands equivalent to alpha excitatignads in an organic muscle. A
set of intermediate states are supplied to theralert instead of reference
trajectories where the arrival time informationgiwen intermediate states is not
provided. The speed of the system is indirectlyustdid by the velocity given
states. Hence, adapting to a different motion isfopmed by changing
intermediate states being supplied to the controllae system is actuated by 16
muscular actuators including the related muscutéuagion model. The transition
from the present state to the next state is acHliéyemaking the next state an

equilibrium point while present state is continugwettached [38].

In a different study, offline generated optimalj@ciories are controlled by local
PD joint controllers. Moreover, required modificats in task space trajectories
are calculated in order to decrease the differbeteeen desired and real stability
condition. Then, necessary deviations in joint sp@ajectories are determined by
an online compensation algorithm depending on tloelified task space and a
predefined hip trajectory deviation pattern is #&aplby a heuristic compensation
algorithm [39].

In order to investigate different control strategiemployed in the biped
locomotion, a comprehensive theoretical study isried out. In this study,
different control strategies which are grouped &ghhlevel and low level
controllers for various scenarios are tested. Athges and insufficiencies of

various control strategies are stated, their corapas are done [69].
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{A) Static Walking (D) Dynamic Walking using Toe with Actuator: H7
{Tokyo Univ.(Inoue, Inaba))

WAL AN

(B) Traditional Dynamic Walking: WABIAN-RII (Waseda (E) Dynamic Walking using Toe without Actuator:

Univ.), SDR-4X (SONY), Mari1(Yokohama Nat. Univ.) etc Proposed Method

(C) Dynamic Walking using Toe after Landing: P3 (Honda), (F) Dynamic Walking without Reactive Torque from Floor:
ASIMO (Honda) , HRP1s (AIST) Biper (Tokyo Univ. (Shimoyama)), Passive Walking, etc

MAAL WA

Figure 1.12 Different Walking Principles with FootToe and Sole [11]

In order to avoid the speed limitation imposed bl foot contact assumption, a
control strategy utilizing computed torque contméthod which considers the
point contact of support foot during locomotion pbs is introduced. The
proposed method is able to track the desired @rquéth given for CoM and the
heel of swing leg, while the support foot is ratgtion toe point and the system is

underactuated [11].

In a different study, computed torque control mdtheith an optimization
algorithm to supply command accelerations basec @uadratic cost function
including predicted errors is used [68].

There exist several studies concentrating on spdodomotion phases [9, 10, 40,
41]. For instance Liu, Li and Xu investigated thentol problem of biped
locomotion for the double support phase considegrtgrnal disturbances and
parametric uncertainties. Fuzzy neural network rodler with quadratic
stabilization and H approach to ensure the robustness is implemerigzizy

neural network controller consists of nonlinear ayic system learning, H
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control for close loop stability and variable sture control components to deal

with uncertainties [10].
1.5. Review of Literature on Humanoid Robots

By the realization of prospective future of humahoobots in human society,
studies on building mechanical systems able to nieeehumans are intensified.
It is possible to say that finding satisfactoryusmins to the engineering problem
of designing systems capable of performing humaxement is considered to be
the first and critical step in building humanoidbots. Throughout the world,
experimental biped robots are built to test théciefiicy or feasibility of biped

locomotion control methods.

r |

RASIMO

da Humanod Robot ASIMO

History i et

Robot Development Process i

Figure 1.13 Honda biped robots up to the present &

Honda Motor Company invested in research and dpusdat studies for building
a humanoid robot more than 20 years. Up to theeptesme, a total of 11 biped
robots are constructed. After building 7 experiraénbbots on biped locomotion,
production of robots which can interact with theviemnment and relatively more
humanoid has started. By continuous developmenorteff the maximum

movement speed of Honda biped robots reached ton# Krom 0.25 km/h.

Moreover, significant amount of both size and weigkduction in humanoid
robots is achieved as such from 175 to 54 kg wedgtat from 195 to 130 cms
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height. The most advanced humanoid robot Hondeepted is called as ASIMO
which is the acronym oAdvancedStep in Innovative Mobility. The goal of
operating ASIMO for a great variety of applicatioteads to 34 degrees of
freedom. Several abilities of ASIMO can be listedceaeating walking patterns in
real time, changing foot placement and turning aragl will, moving smoothly
without transitional pauses, walking while each aocarrying 2kg weights.
Placements of joints, joint movement ranges, cenfegravity of bodies are
determined regarding measurements on humans. aloghe sensors at each joint,
6-axis force sensor at each foot, a speed sensbaayroscope are employed.
[42]

Figure 1.14 HRP-4C and HRP-2 [54]

In the context of Humanoid Robots Project, seveuahanoid robots (HRP series)
are produced. The most advanced humanoid robttesetHRP series is HRP-4C
at the present. HRP-4C is implemented with wallatgprithms experimented on
HRP-2 and benefits from the patented technologhi@ida Motor Company. Its
significant features are being purposefully desigteehave human appearance and

mimics, weight lightness, utilizing measured humaaiking patterns. [43]
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Figure 1.15 Humanoid REEM-B [55]

A different humanoid robot named as REEM-B desighgdPal Technology
Robotics is able to maintain maximum walking speéd.5 km/h, carry up to12

kg weights while walking, walk upstairs or downstaifollow a predefined
trajectory. [44]

Figure 1.16 H7 climbing up stairs [56]

H7 with 30 degrees of freedom and 57 kgs weigldesigned by University of

Tokyo to be used as an experimental humanoid rétotbiped locomotion,
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autonomous operation and human interaction reseaeas. The operating system
of control computer in H7 is Linux based which deabto implement various

qualified development tools and libraries. [45]

Figure 1.17 Humanoid robot HUBO2 [57]

The Korea Advanced Institute of Science and Tedgywtleveloped several biped
robots for researching biped locomotion and impleting various methods . The
last designed and more advanced HUBOZ2 can movevatmam speed of 3 km/h
and weighs 45 kgs. [46, 47]
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Figure 1.18 WABIAN-2 knee-stretch walking [58]

A different humanoid robot development study isnigecarried out by Waseda
University. WABIAN-2R which is the last robot inrgses has 7 degrees of freedom
for each leg different than popular humanoid ropatsorder to provide more
independence on knee extension and flexibility t@dpce smoother gaits.
Furthermore, the significance of pelvis motion the human gait is taken into
consideration; therefore a waist mechanism with éjreles of freedom is
introduced. By avoiding the common bent-knee gaih vhe introduction of
specified developments, more energy efficient wajks achieved. [48, 49]

1.6. Scope of Thesis

The main objective of this study is to create auwation environment for the
investigation of biped locomotion of humanoid rabot 3D space with the control
strategy proposed.

Basic physical properties and kinematic configmratof the humanoid robot is

introduced in chapter 2. The procedure to deterniephysical parameters is
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explained. Also the definition of joint space vates, body coordinate systems,
basic physical dimensions, actuator torques andgestdions used throughout the

thesis are presented.

In chapter 3, variables defining the charactesstf¢ reference motion for the
humanoid robot are introduced. In addition to thige calculation of reference

trajectories is explained.

In chapter 4, derivation of kinematic equations dgdamic equations are shown.
The assumptions used for the mathematical moddb@motion phases are
specified. Also the direct dynamic solution and iiddal operations for the

transition from single to double support phasesapained.

Chapter 5 includes the explanation of the contir@itegy used for the simulation
of biped locomotion. The calculation procedure optimum command
accelerations and the application of computed ®rgantrol method for all

locomotion phases are expressed.

In chapter 6, the construction of a simulation emwnent by the commercial
mathematical tool MATLAB and MATLAB.Simulink is eXgned. After
describing the basic logic behind the simulatiamusation results for different

sample reference inputs are demonstrated.

In chapter 7, the thesis is discussed and evalubgafficiencies of the simulation
model and suggestions for the future work are eteid.
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CHAPTER 2

PHYSICAL MODELLING

The physical model, which all simulations of theedis study are based on, is
explained in this chapter. Since the mechanicabdes a biped robot is not in the
scope of this thesis, basic parameters definingiphlyproperties are identified by
considering popular humanoid robots, geometrical areight proportions of
human body. Basic properties of the physical madel in the thesis can be listed
as:

e All joints of the physical model are revolute arcd@mpanied with
actuators. Namely, all joints present on the madelcontrolled actively by
torque actuators.

« Possible physical properties of actuators are isttilouted to or included
in adjacent bodies

» Alljoints are assumed to be able to perform fathtion. In other words,
any mechanical systems to impose limitations omt joositions are not
existent.

» Alljoints are assumed to be frictionless and ondtave any damper
elements.

* The trunk is divided into 2 segments as uppertiamdk lowertrunk bodies.
Forearm and arm is lumped into a single arm body.

* The model consists of 13 bodies in total wheregtlaee 4 bodies for each
leg, 2 bodies for the chest, one body for eacharctone body for the
head.

* Arevolute joint for the toe part of the foot, @herical joint for the ankle, a
revolute joint for the knee, a spherical joint beén the thigh and

lowertrunk body, a spherical joint between lowearik@nd uppertrunk
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body, a universal joint for the shoulder and a sphéjoint for the neck
are used, which leads to a total of 26 degreeseefibm system as shown

in Figure 2.1.

Figure 2.1: Overall Kinematic Structure of the Robd

Bodies are numbered in an orderly fashion such rthatbering of bodies starts
from the ground. Odd numbers for bodies of thetrigg and even numbers for
bodies of the left leg are used, in order to avang confusion. After this point,
bodies are referred with their body numbers inthesis. Excluded body numbers
in Table 2.1 and Table 2.2 are virtual bodies whach massless, dimensionless
and used for modeling kinematic relations betweedids having universal or

spherical joints.
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Table 2.1: Body Numbering for Lower Bodies

Right Leg| Left Leg
Foot-Toe Body 1 2
Foot-Main Body 3 4
Shank 9 10
Thigh 11 12

Table 2.2: Body Numbering for Upper Bodies

Body Number
Lowertrunk (Hip) 17
Uppertrunk 20
Left Arm 24
Right Arm 23
Head 27

Total body mass and the height is chosen as 55nkigla m by considering
popular and most advanced humanoid robots in thédvd2, 43, 44, 45, 46, 47,
48, 49]. After the selection of these basic paransetbody masses and several
basic body dimensions are determined by utilizingybweight and measurement
proportions obtained in a medical study [59].

Mass ratio of uppertrunk body (Body 20) to lowenkibody (Body 17) is taken to
be 1 for simplicity. Mass proportions of the thigdody 11, Body 12) and the
shank (Body 9, Body 10) with respect to the tobadrlimb mass are assumed to
be the same as their length proportions to the toteerlimb length with an
additional assumption of 15 percent bias for thghth

Table 2.3: Basic Length Proportions

Ratio to Body Heigh

Length (mm)

Upperlimb ( bs; , b4;) 0.4426 708
Lowerlimb 0.5001 800
Trunk 0.3670 587
Head (};) 0.1500 24Q201 is used
Lowertrunk 0.3670x0.50 294
Uppertrunk 0.3670x0.50 294
Ratio to Lowerlimb Length (mm)
Thigh ( hy, l12) 0.5147 412
Shank (4, l1o) 0.4023 322
Foot Length 0.2830 226
Foot Height 0.0970 78
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Table 2.4: Basic Mass Proportions

Ratio to Total Mass Mass
(kg)
Body 23 ,Body 24 (Upperlimb or 0.0482 2.651
Arm)
Lowerlimb (Leg) 0.1426 7.843
Body 27 (Head) 0.0856 4.708
Trunk 0.5336 29.348
Body 11, Body 12 (Thigh) (0.5141+15x0.1426(=0.0948) 5.213
Body 9, Body 10 (Shank) (0.402815x0.1426(=0.0360) 1.979
Body 1, Body 2 (1-0.5147- 0.130
(Foot-Toe) 0.4023)x0.1426%0.20(=0.0024)
Body 3, Body 4 (1-0.5147- 0.521
(Foot-Main) 0.4023)x0.1426x0.80(=0.0096)

After the determination of basic parameters, soladeling of bodies is done to

find realistic enough inertia tensor matrices aswshin table 2.5. Then, CoM of

bodies and inertia tensor matrices with respedh&body reference frames at

CoMs are found by a commercial CAD (computer aidkewing) program

CATIA V5.R16. Bodies of upperlimb, lowerlimb anddteare assumed to be in

shape of truncated cones or cylinders. An isomefieev of modeled bodies is

shown in Figure 2.2.
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Figure 2.2: Isometric View of Modeled Bodies
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Table 2.5: Inertia Tensor Components of Bodies

Inertia Tensor Components,dy, L, Ly, Jeo, ) (kg.n)

0.00007
0.00007
Body 1, Body 2 0.00012
0.00000
0.00000
0.00000

0.00048
0.00100
Body 3, Body 4 0.00100
0.00000
0.00012
0.00000

0.01800
0.01800
Body 9, Body 10 0.00300
0.00000
0.00000
0.00000

0.07900
0.07900
Body 11, Body 12 0.01200
0.00000
0.00000
0.00000

0.35300
0.13500
Body 17, Body 2( 0.27700
0.00000
0.00000
0.00000

0.11200
0.11200
Body 23, Body 24 0.00300
0.00000
0.00000
0.00000

0.02300
0.02300
Body 27 0.01500
0.00000
0.00000
0.00000

All body coordinate systems are orthogonal righdea coordinate systems and

located on the proximal end of bodies. The inittddot posture where all joints are
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at zero positions is shown in Figure 2.3. Body dowates are arranged in such a
way that all body coordinates have the same otiientat the initial posture with
respect to inertial frame fixed to the ground. Hen®enavit- Hartenberg
convention for describing kinematic relations ig employed [60]. The position

of the inertial frame (or Frame 0) and its orieiotatare shown in Figure 2.3.

Ozgoren’s notation for describing vectors, matrigesl exponential rotation
matrices is applied throughout the thesis [67]. réfage, conventions used for
describing basic physical features are explaineshaw/n below:

0, Point of origin of the body coordinate systentlue reference frame for Body
K

Cx. Mass center vector of Body K with initial poing @, and terminal point as
CoM of Body K

fk,z: Distance vector between body coordinate systdBedy K and Body Z with

initial point as0,, and terminal point ag,

ﬁ’i(k): i™ basis vector of reference frame K
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Fig. 2.3: Body Coordinate Systems for the Initial Bsture
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Variables indicating joint space positions are akxmd in Table 2.6.

Table 2.6: Explanation of Joint Space Variables

0. 3 1 agl)

04 4 2 ﬁgz)

0s. 5 3 gf)

B 6 4 1754)

0-. 7 5 7®

0s. 8 6 agﬁ)

Bo. 9 7 ﬁ§7)

010: 10 8 ags)

011 11 9 ﬂg9)

012 12 10 710
Ous Rotation 13 with 11 i
O14: of 14 respect to 12 about )
015 Reference 15 Reference 13 733
o Frame 16 Frame 14 ,7%1 D
B17,r. 17 15 ﬁélS)
017, 17 16 ﬁglﬁ)
015 18 17 7217
010: 19 18 ﬂgm)
020, 20 19 T
021 21 20 7
022, 22 20 70
02 23 21 7CD
024 24 22 7D
025 25 20 720
026, 26 25 i)
07 27 26 79

As an example, the definition and the positive sagmvention of joint space
variable6s are shown in Figure 2.4. The positive sign conwergifor other joint

space variables are similar to the shown example.
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Figure 2.4: The Definition of Joint Space Variabled;

The definition of scalar parameters for descrilddagic physical features of bodies

are shown in

* Figure 2.5 for Body 1, Body 3, Body 5 and Body 7

* Figure 2.6 for Body 2, Body 4 , Body 6 and Body 8

e Figure 2.7 for Body 9, Body 10, Body 11, Body 13ds 13, Body 14,
Body 15 and Body 16

* Figure 2.8 for Body 17, Body 18 and Body 19

« Figure 2.9 for Body 20, Body 21, Body 22, Body 2l &8ody 26

* Figure 2.10 for Body 27

* Figure 2.11 for Body 23

* Figure 2.12 for Body 24

34



Figure 2.6: Dimensions of Body 2, Body 4, Body 6 drBody 8
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Figure 2.7: Dimensions of Body 9, Body 10, Body 1Bpdy 12, Body 13, Body
14, Body 15 and Body 16
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Figure 2.8: Dimensions of Body 17, Body 18 and Body9

37



9

Figure 2.9 Dimensions of Body 20, Body 21, Body 2Body 25 and Body 26
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Figure 2.10: Dimensions of Body 27
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Figure 2.12: Dimensions of Body 24
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According to given parameters, basic dimensionbaafies can be expressed as

shown below:

¢ = clug )

l1 tp1 = l1_>(1)

&, = cu®

lz tp2 = lzﬁ(z)

83 = Cayll) — €3,
l3 1= le_)(3) - 132_’(3)
Cy = C4xu§ ) C4Zﬁ§4)
l42 = laxly @ l4z_’(4)
Co = —ng_igg)

los = _l9_>(9) 17_’(7) ls—>(5)
Cio = —Cloﬁ(lo)

Z)10,4 = 110_)(10) — l8_)(8) 16"(6)
Ci1 = —61117(11)

l119 = —111_)(11)

Ciz = —Clzﬁglz)

i12,10 = l12—>(12)

Ci7 = —Cl7ﬁ§17)
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2)17'11 - 1172_)§17) - l17y_)(17) - l15_)(15) 113_)513)
717,12 = l17z_)(17) + l17y_)(17) - l16_)(16) — l14_)(14)
Ero = —Caotil”

i20,17 = l202_>(20) 119_)(19) — lls_’(w)

i20,21 = l20y_)(20) l21_’(21)

lzo 22 = +l20y_)(20) + l22—>(22)

Cp3 = c23u§23)

lz3 21 = +lz3z_)(23)+123y—)(23)

&y, = C24u(24)

lz4 22 = +l24z_)(24) lZ4y_)(24)

Co7 = —Cz7ﬁ§27)

i27,20 = l27_>(27) - 126_>(26) - l25_’(25)

The location of toe points {f&” and “Pp.” relatively on Body 1 and Body 2 is

defined byl 1, and I ;-

Since Body 5, Body 6, Body 7, Body 8, Body 13, Bddly Body 15, Body 16,
Body 18, Body 19, Body 21, Body 22, Body 25 and ¥a8é are virtual}s, l¢, [,

lg, L3, Lig, Lis, Ligy Ligy Lioy L1, o2, L5 @Ndl,g are taken as zero. Therefore,

* 03, 05 and0O,
e 0,4, 04 and0Og
* 041,043 and0;;5
* 043, 0;4 and044
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* 0y, 0,5 and0,4
are coincident points.

Actuator torques for a specific joint are appliedtérms of the body reference
frame which has the highest index number of adjagesn-virtual bodies.
Numbering of actuator torques is shown in Figud82A detailed explanation of

actuator torques is to be done in mathematical fmggehapter.

T21\ >t Tze
= D
-l-zb5 _|_ . P TZS
24 TB o )T
1 5> 23
T
) DT
[ =)
L7 §T18
TB ‘15 T d
o3 16
s O |
< )
T11 = >14
. Ty

10
L
=~ T
/DT TP

Fig 2.13: Actuator Torques
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CHAPTER 3

REFERENCE TRAJECTORY GENERATION

The importance of generating feasible referengedtaries for task space or joint
space variables is explained in chapter 1. Howalerising a reference trajectory
generation algorithm to supply convenient referetregectories by considering

various factors for controlling a biped robot ism&jor subject which must be

examined in depth as a separate study and is nibeiacope of the thesis. On the
other hand, generating reference trajectories kgpictording to given parameters
defining the locomotion is strongly required. THere, it is possible to choose a
reference trajectory which can be controlled, doatsrequire impossible actuator
torques and does not result to nonphysical sitoatlike colliding or intersecting

bodies by doing several trials based on locomopiarameters. Consequently, a
simple reference trajectory generation algorithroresated to define trajectories for
toe points Br and Ry, Body 1 and Body 2, CoM of Body 17 and Body 17t Fo
translational definitions, trajectories are constied in 2 components; in other
u”

words, components in the plane formed iiﬁ}) and inﬁgo) direction are

defined separately.
3.1. Locomotion Definition

Locomotion parameters to be supplied into the esfee trajectory generation

algorithm are shown and explained under this headin
3.1.1. R

In the thesis, the biped locomotion is modeled byasic phases which are
LFFSSP, RFFSSP, LFFDSP and RFFDSP. According teetli@asic phases, a
biped locomotion is a continuous cyclic transitibatween single support and

double support phases as shown in Figure 3.1.
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Right Foot Flat Double Support Phase
Basic Phase Number: 2 \
Left Foot Flat Single Support Phase Right Foot Flat Single Support Phase

Basic Phase Number:1 \ ‘/ Basic Phase Number: 3
Left Foot Flat Double Support Phase

Basic Phase Number: 0

Figure 3.1: Transition of Phases for a Biped Locont@mn

General form of R, can be described as:

=T
Phip = P%

B

} whereP,, is the matrix representation of position vecﬁgrresolved

in the inertial frame for P(Point K).

Desired positions of CoM of Body 17 are expressggdints R, P.,..., P.. These

points indicate the desired position of CoM of Bddyfor the beginning or ending
of a SSP and DSP pair as shown in Figure 3.2.

H ‘

I‘ DSP Phase f’
ase Number X+3 /
!
/
SSP Phase ! !

| e !
Phase Number X+2 | i /
\\ | ! /" SSP Phase
“ v ! ; Phase Number X+(n-1-1).2
“ P ’P /
DSPPhase ™23 ' /
Phase Number X+1 \\ -..?.._ /P o
Ny N //
A
. P o DSP Phase
. N2 " Phase Number X+(n-1-1).2+1
~ - -

\\I?.z
L

P -

SSP Phase
Phase Number X,

1 1

Figure 3.2: The Definition of Desired CoM of Body T
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3.1.2. Wip
General form of ¥, can be described as:

— Vl
V1,2

Vhip = : where \ and \, 1 are the magnitude of desired velocities (both

differentiated and resolved in the inertial franoé)CoM of Body 17 at points P

and R x+1 shown in Figure 3.2.
3.1.3.R

General form of R can be described as:

R,
R = [ R:Z ‘ where R is the radius of curvature of the projected Colhpd Body
Rn—1

17 to the plane formed t§” and'” between points #Pand R.; as shown in
Figure 3.3.

Figure 3.3: Labeling of Radius of Curvatures
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3.1.4. tgpand PTR
General form ofdspcan be described as:

tssp1

t
5382 1 \where ¢spkis the duration time of SSP that occurs during the

tssp =
tssp -1

motion of CoM of Body 17 between pointg &hd R x+1
General form of PTR can be describes as:

PTR,

prr=|" T:RZ

where PTR is the ratio of the duration time of SSP to the
PTR,_4
duration time of DSP that occurs during the motwdérCoM of Body 17 between

points R and Ru;.
3.1.5. SW
General form of SW can be described as:

SW,
SW = Sl{l/z where SW is the step width for the swing leg in SSP dutting
Woes
motion of CoM of Body 17 between pointgd?d R k1.

3.1.6. SH and kg
General form of SH can be described as:

SH,

SH = 51:12

where SH is the specified step height of the swing leg 8PSor
SHp_1
the specified time during the motion of CoM of Bodly between pointsyRand

P k+1.
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General form of ky can be described as:

kSH,l

key = kSEH'Z where ky is the ratio of specified step height time to the

kSH,n—l
duration time of SSPd¢p ) during the motion of CoM of Body 17 between psint
Pcand R+1.

3.1.7. kg

General form of kg; can be described as:

kaaj

kaaj = A‘f"z where lgqgjx IS the desired adjustment time ratio during the
kAdj,n—l

motion of CoM of Body 17 between pointgdd R y+1.
3.1.8.A0p . n and AOap;

General form ofAOp ny andAOap; can be described as:

ABpLN 1 [ ABapj 1 ]
_ | ABpLn2 _ | ABapj2
ABpi N = ) , ABupy = ) where ABpn « for SSP andABapy «
ABpLN n-1 [AGAD]_n—lj

for DSP are desired angular differences duringntfsgion of CoM of Body 17

between pointsand R.;.

General form of §;, can be described as:

Tdir,l
Tyir = dt” where Tirx is turning direction indicator for the motion obi
Tdir,n—l

of Body 17 between pointsBnd R.;.
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Tairk Ccan take +1 or -1 values only. +1 and -1 valuearmerning leftward and

rightward direction as shown in Figure 3.4

r

di,,

7

;jb-d

®

Figure 3.4: Turning Direction Convention

3.2. Trajectory Definition

The path of CoM position of Body 17 lying in theapke formed bﬁgo) andﬁgo) is
made of arcs. Cartesian coordinate systems aretacthe arc centers to be used
during trajectory definitions. According ta;§ R and T definitions, the location

of arc centers is calculated.

For given CoM positions of Body 17 & andP,., the problem of finding arc
centers is illustrated in Figure 3.5.

—(0)

Figure 3.5: The Definition of Finding Arc Centers Roblem
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3.2.1. Finding Arc Centers

Pk x Pk+1 x
For P, = Pey|, Pesr = |Pes1y |, Ockerxand Qe yareiil” andiil” components
Pk z Pk+1 z

of point Qck+1; the solution to the problem of finding the centéran arc with
radius R passing through Pand R.; can be obtained from equations shown
below:

(Pix — Opjern x)z + (Pey — O esa y)z = (Pes1x — Oppsr x)z

+(Pies1y — Ogesn y)z (3.1)

(ka — Ok k+1 x)z + (Pky — Ok k41 y)z = R’ (3.2)

Since there exist 2 sets of solution to equatiorl)(3and (3.2) such as
(Orsr1x Okisry') @nd(Opper1 x* Ok ks1y>), @n algorithm is devised to choose

the correct center of arc for a giveg, [ value.

Using atan2 function, described@s= atan2(sin 8, cos 0) for —r < 6 < r [61]:
6, = atan2(Oy j+1 y1 — Pry, O k1 2 = Pix)

0, = atanz(ok,k+1 y2 — Pry, O k41 xo =Py x)

0 = atan2(Pis1y — Pey, Pes1x — Prx)

Pseudo code of the algorithm is shown below.

Version 1:

F(Z<0,-0<5)q

A=6,-6)

ELSE {

IF (6, -6 <=2){
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A=6,-0+2m}

ELSE {

A=06,—6-2m}

}

IF (Tairse = +1) {

IF(A>0){

Arc Center> (Og+1x' Okr1y) }
ELSE {

Arc Center> (Ok,k“xz, Ok k+1 yz) }

ELSE {

IF(A<0){

Arc Center> (O t1x' Okrrry ') }
ELSE {

Arc Center> (Ok,kﬂxz, Ok k+1 yz) }

Version 2:

- T
F(Z<6,-0<D)
B=92—9}

ELSE {
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IF (Tairg = +1) {

IF(B>0){

Arc Center> (Opt1x% Okkr1y”) }
ELSE {

Arc Center> (O r+1x > Okkery )

ELSE {

IF(B<0){

Arc Center> (O 15" Okjer1y”) }
ELSE {

Arc Center> (Oprs1x Okkery') }

3.2.2. Definition of Local Coordinate Systems

Since local coordinate system definitions and patem conventions change

according to the turning direction, this headingl n@ examined in 2 subsections.
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3.2.2.1. For Turning Leftward Direction

Local coordinate system CSk k+1 is positioned a&t &nc center for the path
between Rand R+, with an orientation with respect the inertial frawas shown in
Figure 3.6.

ﬁ)(CSk_kJrl) 1_1)(0) _(CSk_k+1)
2 0 Az U, k+1
CSk k+1

|

|

i _,amn
: u

|

|

|

-y htotal k k+1 COM
17
\(CSk k+1)
_u \
©) Pk,Ok k+1
- ()
O - Ul _________ »U

Figure 3.6: Local Coordinate System CSk_k+1 for Tuning Leftward

Direction

The definition of several parameters shown in FegRi6 is explained below.
Opk,ok k+1 = atanz(ok,k+1y — Pry, O v1x — P x)

s
905k_k+1 = 9Pk,0k_k+1 -
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C(@D) is the component transformation matrix from fraln® frame a. Using the
exponential representation of rotation matricesRmdrigues Formula [62], the
transformation matrix from local coordinate syst€®k_k+1 to the inertial frame

can be expressed as:

C(O.CSk k+1) — oUzOcsk k+1
((CSk_k+1,0) — eﬁg(—ecsk_kﬂ), sincel (0.CSk_k+1) A(CSk_k+1,0) —

Then, the position vector of point.Pin local coordinate system CSk_k+1 can be

defined as:

= (CSk_k+1)
Pryq =

(Pk+1 x 0k,k+1 x)C(CSk_k+1'0)a1 + (Pk+1y - 0k,k+1 y)C(CSk‘k+1'O)1_l2

= (CSk_k+1)
Pryq

== Kxﬁl + Kyﬁz fOI’
Ky = [(Pes1x — Oger1x) - c0S(Ocsi ka1) + (Prt1y — Ok s1 y)-Sin(HCSk_k+1)]

Ky = [(Pe+1y — Okr1y)-€08(Ocsk +1) — (Pevsx — Ok iersx)-Sin(Ocs rer1)]

As a resultByorar k k+1 = atan2(K,, —K,)
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3.2.2.2. For Turning Rightward Direction

Local coordinate system CSk k+1 is positioned a&t &nc center for the path
between Rand R+, with an orientation with respect the inertial frawas shown in
Figure 3.7.

Figure 3.7: Local Coordinate System CSk_k+1 for Tuning Rightward

Direction

The definition of several parameters shown in FegRii7 is explained below.
Opk,ok k+1 = atanz(ok,k+1y — Pry, O 1 x — P x)

_ s
Ocsk_k+1 = Opkork+1 T35

The transformation matrix from local coordinateteys CSk_k+1 to the inertial

frame can be expressed as:
COCSkk+1) — oWsbcsk k+1 | then((CSkH+1.0) — olis(~Ocsk k+1)
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The position vector of point R in local coordinate system CSKk_k+1 can be

defined as:

(CSk_k+1)
Pryq =

(Pk+1 x 0k,k+1 x)C(CSk_k+1'0)a1 + (Pk+1y - 0k,k+1 y)C(CSk‘k+1'O)1_l2

Ky = [(Pes1x — Oger1x)-c0S(Ocsi ka1) + (Prt1y — Ok es1 y)-Sin(HCSk_k+1)]
(3.3)

Ky = [(Pe+1y — Okrr1y)-€08(Ocsi k+1) — (Pevsx — Ok iersx)-Sin(Ocsi rer1)]

(3.4)

For equations (3.3) and (3'4_30+1(C5k_k+1)

= Kxﬁl + Kyaz
As a resultByeorar k k+1 = atan2(K,, K,)

3.2.3. Trajectory Definition during SSP and DSP Pas

Since R and R4:1 points indicate the desired position of CoM of Boil7
respectively for the beginning and ending of a 88& DSP pair, .1 is the point
where SSP ends and DSP begins.

The definition of several parameters for a LFFS8& RFFDSP pair is shown in
Figure 3.8 for turning left and Figure 3.9 for tung right. R,z shown in Figure 3.8
and 3.9 is the position of toe point on Body lhaténd of LFFSSP.
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_(CSk_k+1)

\x(psum)

_u2 \\\\

Figure 3.8:0n,ssp k ABpin_k and ABap; « for Turning Left During a LFFSSP
and RFFDSP pair

__(CSk_k+1)
1

Figure 3.9:0nh,ssp_k ABp n_k @and ABap; k for Turning Right During a LFFSSP
and RFFDSP pair
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Similarly, the definition of several parameters o0RFFSSP and LFFDSP pair is
shown in Figure 3.10 for turning left and Figur@&Bfor turning right. B. shown

in Figure 3.10 and 3.11 is the position of toe pan Body 2 at the end of
RFFSSP.

_(CSk_k+1)

CSk_k+1
U, . (CSk_k+1)

Figure 3.10:0n,ssp_k ABpin_k @and ABap; « for Turning Left During a RFFSSP
and LFFDSP pair

Figure 3.11:0n ssp_k ABp Nk @and ABap; i for Turning Right During a RFFSSP
and LFFDSP pair
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Then, Onhssp k between points p and R+ can be calculated as:
On,ssp k = Ontotal k k+1 — (AGPLN_k + Abyp ]_k)

tospk ,the duration time of DSP between poinis«PP and R.,, is calculated as

t __tsspk
DSP,k — PTRk'

3.2.3.1. The Definition of0y(t)

All times are local phase times, not global timgkijch means that “t” is assumed
to be zero at the beginning of each phase. Al@) definitions are independent of

specified turning directions.

On i (t) = c3Ft3 + ;K t? + ¢, Ft + ¢o* between points Pand Ry for 0 <t <

tsspx With conditions to be satisfied such as:

e Opk(0)=0

. 9h,k(tssp,k) = Onssp k

dOpk _ Vi
dt t=0 Rk

Aok | _ Vik+1
de 'tTtsspk T Ry

Then, the problem of finding proper polynomial daxénts can be described as:

r 0
0 0 0 1 [cg"] On,ssp_k
tssp i tsspr’  tsspx  1|[ck _ ﬁ
0 0 1 0|k R,
3.tsspk”  2-tsspi 1 0 Lok‘ Viek+1
| "R,

Similarly, 6, ,(t) = d5*t3 + d,*t? + d,*t + d,* between points &1 and R

for 0 < t < tpsp With conditions to be satisfied such as:

* 9h,k(0) = Hh,SSP_k

On, i (tDSP,k) = Ontotal k_k+1

Aok _ Vik+1
dt t=0 Ry
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dbp i _ Vk+1|

Tat tStospk T TR,
On,ssp_k
0 0 0 1 [d3k] Ontotal k_k+1
tpspi’ tpspx>  tospr 1 Idzkl _ Viek+1
0 0 1 0|{a* R,
3.tpspi’  2-tpspik 1 0 ld kJ Vi+1
0 R,

Since the velocity component of CoM of Body 17&@%) is always assumed to be

zero (which will be shown in the trajectory defiart forﬁgo) direction),dZ’;"‘ can
be expressed directly a2
Arc Radius

3.2.3.2. Trajectory Definitions for CoM of Body 17and Body 17

Definitions for translational and angular featuoéshe trajectory will be explained
in separate headings.

3.2.3.2.1. Translational Position and Velocity Defitions for CoM of Body 17

ﬁref_c,”, andl_/;ef_c,”, the reference position and velocity vector of CoBody

17 differentiated with respect to and resolvechim inertial frame, in matrix forms

between pointsPand R.1 can be described as:

5 k k- k- k-
Pref_c,17 = Fref_c17x Uy + Pref_c,17y Uy + Pref_c,17z Us (3-5)

— k k- k- k-
Vref_c,17 = Vref c17x Uy +Vref_c,17y Uy + Vref_c,17z Us (3-6)

Although R ; and R.; ; are given by the inpuﬂ?ref_c,nzk in equation (3.5) is

taken to be constant and the same during all ph@kesefore,

k k
Pref_c,17z = Pr; = Pyi1, andVref_c,17z =0
According to the definition oby () and local coordinate systemB,;ef_Cﬂx",

k k k :
Pref c17y » Vref c17x @ndVier ¢ 175" IS calculated.
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3.2.3.2.1.1. For Turning Left

= k
Pref_c,17 =

Ok e+1xU1 + Op g1 yUz + Pref_c,17zkﬁ3 + Rj.sin (eh,k(t)) COCskk+ly, —

Ry. cos (Oh,k(t)) COCSk K+, (3.7)
From equation (3.7), equation (3.8) and equatio®) (@&n be derived such as:
Pref_c,17xk = Ogis1x + R sin(On1 (0 + Ocsi 1) (3.8)
Pref c17y” = O gs1y — Ri-c0s(Bp1(t) + Ocsr rr1) (3.9)
Using equation (3.8) and (3.9):

Vrer c17x” = Ric- O (). cos(Bp 1 (1) + Ocsk k1) (3.10)

Vre c17y” = Ric- On1 (). sin(Bp 1 (©) + Ocsr rr1) (3.11)

3.2.3.2.1.2. For Turning Right

= k
Pref_c,17 =

Ok +1xUr + Oppr1yUz + Pref_c,17zkﬁ3 + Rj.sin (eh,k(t)) COCskk+Dy, +

Ry. cos (Oh,k(t)) COCSkk+D g, (3.12)

From equation (3.12), equation (3.13) and equdBal¥) can be derived such as:
Pref_c,17xk = Ogis1x + R sin(On1(©) — Ocsi 1) (3.13)

Pref c17y” = O ps1y + Ric0s(Bp1(t) — Ocsi rr1) (3.14)

Using equation (3.13) and (3.14):
Vref_c,17xk = Rk- éh,k(t)- Cos(eh,k(t) - 9C5k_k+1) (3-15)

Vie c17y’ = —Ric- Onic(8). sin(01(©) — Ocsic ka1) (3.16)
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3.2.3.2.2. Angular Position and Angular Velocity Dignitions for Body 17

Angular position of Body 17 is given in terms ofngoonent transformation
matrices and defined such that Body 17 is alwayallghto the plane formed by
7 andul®.

Angular velocity of Body 17, differentiated withsmect to and resolved in the

inertial frame, is to be found by the definition:

. (017) T

~ dCre (0,17)

W17 ref = + Cref (3.17)
17'37“’/‘717_7?]47'2

Using equation (3.17Wy7 rer = U1 W17 refils (3.18)

aZTW17_refﬁ1
3.2.3.2.2.1. For SSPs

The angular position definition betweep &d R k.1 usingép, . (t) definition for

turning left

@ref(o'”) _ ((0.CSk_k+1) A(CSk_k+1,17)

= elsbcskk+1 @UsOnk(t) — eﬁs(GCSk_k+1+9h,k(t))
Similarly for turning right:
— olscsk ke @U3(~O0nk®) — Ua(Ocsk r1=On(®))
3.2.3.2.2.1. For DSPs

3.2.3.2.2.1.1. For Turning Left

The angular position definition betweegR and R., for turning left is described

below. At the beginning of DSP or for t=0:

4~ (0,17)

Cres — ((0.CSk_k+1) oUsbnsspk — oUs(Ocsk k+1+0ns5sP k)
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At the end of DSP or fort tpgp

4~ (0,17)

Cref = CO0CSk+1 k+2) — oUsOcsk+1 k+2

A 0,17 ~
In a more general forrm‘,ref( ) = el30n ori(®)

For 6, or i (t) = e5*t3 + e,%t? + e, ¥t + e,* with conditions to be satisfied such

as.

Oh_ork(0) = Ocsk k+1 + Onssp i

Hh_or,k(tDSP,k) = Ocsk+1 k+2

R d9h,or,k(f)| _ Vigera
dt t=0 Ry
« If the turning direction for the next phase isweftds®2r-orx® -
e turning direction for the next phase is S lemtpspy =
Vit1
Ri+1
e Ifthet direction for the next ph tladde’“’—”‘(t) -
e turning direction for the next phase is tighrds lt=tpspr =
_Vk#1
Ri41

Then, the problem of finding proper polynomial daéénts can be described as:

Ocsk k+1 t Onssp i

0 0 0 1 [eg"] [ Bockor i ]
+1.k+2

tospk®  tospi’  tosk  1|le | | ka+1 |

0 0 1 0f|e®| | — I

3'tDSP,k2 Z'tDSP,k 1 0 eOk [ Vk+1 Vk+1 J

3.2.3.2.2.1.1. For Turning Right

Similarly at the beginning of DSP or for t=0:

4~ (0,17)

Cres — ((0.CSk_k+1) oUs(~Onssp k) = olUs(Ocsk k+1—Onssp i)

At the end of DSP or fort tpgp

Cref(o'”) _ ((0.CSk+1k+2) _ ofisOcskra k2
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A 0,17 ~
In a more general forrm‘,ref( ) = eT30n ori(®)

FOr 6, or i (t) = e5*t3 + e,%t? + e,*t + e,* with conditions to be satisfied such

as.

9h_or,k(0) = 905k_k+1 - 9h,ssp_k

On_or k (tDSP,k) = Ocsk+1. k+2

R d9h,or,k(f)| — _ Ykt
dt t=0 Rk
« If the turning direction for the next phase is\egtds®orork® -
e turning direction for the next phase is Ss— lt=tpspr =
Vit1
Ri41
. Ifthet direction for the next ph thdde’“’—”‘(t) -
e turning direction for the next phase is tighrds lt=tnspr =
_Vk+1
Ri+1

Then, the problem of finding proper polynomial daéénts can be described as:

0 0 0 1 [QCSk k+1 — Onssp k
Ocsk+1 k+2
tpsp i tpspi®  tospr 1 ezk | Vk K1 |
0 0 1 0 — | — I
3. tDSP,kz 2 tDSP,k 1 0 [ Vk+1 Vk+1 J
Rk+1 Ri41

3.2.3.3. Trajectory Definitions for Toe Points, Bog 1 and Body 2

3.2.3.3.1. Translational Position and Velocity Ddfitions for Toe Points on
Body 1 and Body 2

 and Py, Ppr* and Py, /¥ are points showing the initial and final

[%pRi
positions of toe points& and R,. on Body 1 and Body 2 at the beginning and
end of LFFSSP and RFFSSP during the motion of CéNBaxly 17 between

points R and R k+1

Orrot k for LFFSSP and,,.,., for RFFSSP are calculated by using the definitions
shown in Figure 3.12, Figure 3.13, Figure 3.14,Fegi15.
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_,(CSk_k+1) _,(CSk k+1) p k

S(\CSk:l;;Ty\

_u2 \\\\
’_,(0)
o} 4,

Figure 3.12: The definition of8ix and Brrotk during LFFSSP for Turning Left

L (CSk_k+1) (CSk_k+1)
u

\‘.\t\pL,i
_}(\CSkkarTT\
-u \\
2

Fig 3.13: The definition ofByx and Orretx during RFFSSP for Turning Left
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(0) O
ETal k.k+1
@) U ’

0 1

Fig 3.14: The definition ofBrix and Orrotk during LFFSSP for Turning Right

(0) @)
ey k.k+1
Oo >,

Fig 3.15: The definition ofByx and Btk during RFFSSP for Turning Right
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Then,Ogrork = Onssp k + ABpLN k — Orix @Nd similarlyd, .o x = O ssp 1 +

AePLNk — Ok
0, x is calculated as shown below:

—

Since the projection ¥,z ;* onto the plane formed " andu’” is

considered, its componentfu’éo) direction is disregarded. Then:

= k(0 _ _
PtpR,i = Ptpr,ikul + PtpRy,ikuZ (3.19)

For equation (3.19):

_ x(CSk_k+1)
tpR,i =

k A(CSk_k+1,0) 5 k A(CSk_k+1,0) 5
(Ptpr,i - 0k,k+1 x)C( B )ul + (PtpRy,i - 0k,k+1 y)C( - )uz

Kgyx =

[(Ptpr,ik — Opger1x)-€0S(Ocsk ka1) + (PtpRy,ik — Ok k41 y)-Sin(HCSk_k+1)]
(3.20)

KRy =

[(PtpRy,ik — Ok k41 y)- COS(HCSk_k+1) - (Ptpr,ik — Ok k41 x)-Sin(HCSk_k+1)]
(3.21)

Using equation (3.20) and (3.21):

_ (CSk_k+1) B B

PtpR,i = Kqul + KRyuZ (322)

Then,6,;, can be obtained by equation (3.23) for turningdet equation (3.24)
for turning right.

0riy = atan2(Kry, —Kgy) (3.23)
0rir = atan2(Kgy, Kgy) (3.24)

The same procedure is employed for calculafifg.
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Ky =

[(PtpLx,ik — Opger1x)-€0S(Ocsk ka1) + (PtpLy,ik — Ok kt1y)- sin(Bcsk xr1)]

(3.25)
KRy =
[(PtpLy,ik — Ok k41 y)- COS(HCSk_k+1) - (PtpLx,ik — Ok k41 x) Sin(9c5k_k+1)]
(3.26)
By equation (3.25) and (3.26):
_ y(CSk_k+1) 3 _
PtpL,i = KLxul + KLyuz (327)

Then,0;; , can be obtained by equation (3.28) for turningdefd equation (3.29)
for turning right.

0, = atan2(K,,, —Ky,) (3.28)
0, = atan2(K.y, K;) (3.29)

FOr B0 (8) = f5°t3 + £,°t% + £t + £,* with conditions to be satisfied such

as.

¢ Hrot,k (O) =0
¢ Hrot,k (tSSP,k) = HRrot,k for LFFSSPﬁrot,k (tSSP,k) = 9Lrot,k for RFFSSP

dgrot,k (t)

L[] - = 0

el

. dgrot,k (t) | _ 0
dt t=tsspk

Then, the problem of finding proper polynomial daxéénts can be described as:

k
0 0 o 11[57] 0
tssp i tsspi’  tsspx 1|1 zk _ |Brrotk O OLrot i
0 0 1 0 flk B 0
3. tSSP,kZ 2 tSSP,k 1 O fok 0
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A function named aR,.,  (t) is defined to ensure the adjustment of step wiimith

the desired value during the motion of CoM of Bddybetween pointsyRand

P« k+1 as shown in Figure 3.16.

L (CSk_k+1)

(CSk-1 k)

e

Y,

tpR.i

Figure 3.16: Ryen (1) function

Rk (1), t<t,k _ tsspk
yLlzk —
Ry 1, tsspe 26>tz " Kpgik

Rgenic(®) = {

2 2
For RFFSSPRo,k = \/(Ok,k+1 x PtpLx,ik) + (Ok,k+1 y PtpLy,ik) (330)
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FOr LEFSSPRys = | (Oukers = Pionnd®)’ + Oniersy = Pooii)’  (3:30)
During RFFESSP for turning left and LFFSSP for tagiright:
Ry = Ry — =~ (3.32)
During RFFESSP for turning right and LFFSSP for togrieft:
Rep =R + % (3.33)

Then a functiorR, ; (t) = gs*t> + g,*t* + g,*t + g,* is defined with conditions

shown below:

* R.x(0) = R,, WhereR, , is defined by equation (3.30) or (3.31)
* R.y(tyr) = Rpx, whereR; is defined by equation (3.32) or (3.33)

. dRck(t) It 0= =0

dRc,k(t) I -0
dt t=tzx —

Then, the problem of finding proper polynomial daéénts can be described as:

0 0 0 r93
tz,k3 tz,kz tz,k 1 gzk Rf k
0, 0 10 glk
S.tz,kz Z.tz,k 1 k

A polynomial function is introduced to express fusition of toe point in "( )

direction.
_ k.4 k.3 k,2 k k- " . .
Py p(t) = hy"t* + h3"t> + hy"t* + hy t + hy with conditions to satisfy:

* P, (0) = 0.015 m (Height of the toe point with respect to thernela)f*(o)

and_’(o) while the toe part of the foot for the correspogdioe point is

flatly fixed to the ground)
hd PZ,k(tSSP,k) = 0015 m
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. Pz,k(kSH,k- tSSP,k) = SHy
dP, (L)
dt

P,k (t) |
dt t=tsspk

lt=0 =0

=0

Then, the problem of finding proper polynomial deéénts becomes:

0 0 0 0 1 h,*
tssp i tssp i tosp i’ tsspk 1| hy"
(kSH,k-tSSP,k)4 (kSH,k-tSSP,k)3 (kSH,k-tSSP,k)Z (kSH,k-tSSP,k) 1 hzk =

0 0 0 1 0‘ hy*
4. tssp 3. tssp i’ 2.tssp 1 0 hy"
r0.015
0.015]
SH, |
0|
0

Having all this information, the reference positiand velocity vectors of toe
points differentiated with respect to and resolwedhe inertial frame, can be
expressed in matrix forms during the motion of CofVBody 17 between points

P« and R+1as shown below.

For turning left:

= k . —
PtpRref (t)(CSkk+1) = Rgen,k-Sln(Hri,k + Hrot,k) Ug

_Rgen,k- COS(eri,k + erot,k ) 17'2 + Pz,kﬁ3

= k . _
PtpR_ref (t)(o) = [Rgen,k- Sln(erl’,k + Hrot,k + 9CSk_k+1) + 0k,k+1 x]ul +

[_Rgen,k- cos(0rix + Orotie + Ocsk k1) + Okiert y]ﬁz + P, U3 (3.34)
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thRrefk(t)(O) =

[Rgenic-Sin(6rix + Ororie + Ocsipr1) +

Ryen k- (Orik + Ororre + 9c5kk+1)- cos(Orix + Orori + HCSkk+1)]a1 +
[_Rgen,k- cos(Orij + Ororr + Ocsk k+1) +

Rgen,k- (9ri,k + 9rot,k + 9CSk_k+1)- Sin(erl’,k + Hrot,k + 9CSk_k+1)]a2 + Pz,ka’a’

(3.35)
= k . _
Pepr,of () Skt = Ryeni-sSin(Oyix + Orork ) U
_Rgen,k- COS(Hli,k + Hrot,k ) 17'2 + Pz,kﬁ3
= k . —
PtpL_ref (t)(o) = [Rgen,k- Slrl(Hli,k + erot,k + 9CSk_k+1) + 0k,k+1 x]ul +
[_Rgen,k- cos(0yix + Oror e + Ocsk k1) + Okat y]ﬁz + P, U3 (3.36)

thLrefk £)© =

[Rgen,k- sin(6yx + Orotie + 905kk+1) +

Ryen, k- (Buix + Orotse + Ocsi 1) coS(Opi g + Ororse + 905k_k+1)]17~1 +
[_Rgen,k- COS(Hli,k + Orori + 905k_k+1) +

Ryeni- (Orik + Orotse + Ocsk k1)-SIn(Opik + Ororr + Ocsi k1) |la + Pyrlls

(3.37)
For turning right:
= k . _
PtpRref (t)(CSkk+1) = Rgen,k- Sln(gri,k + erot,k ) U
+Rgen,k- Cos(eri,k + erot,k ) ﬁz + Pz,kﬁ3
= k . _
PtpR_ref (t)(o) = [Rgen,k- Sln(erl’,k + Hrot,k - 9CSk_k+1) + 0k,k+1 x]ul +
[Rgen,k- cos(0rix + Orotk — Ocsk k1) + Oket y]ﬁz + P, U3 (3.38)
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thRrefk(t)(O) =

[Rgen,k- sin(6yix + Oroex — Ocsk k+1) +

Ryen k- (9ri,k + Oror — 9CSk_k+1)- Cos(eri,k + Orotic — 9c5k_k+1)]171 +
Rgen,k- COS(Hri,k + Orork — 905k_k+1) —

Ryenie- (Orik + Orote — Ocsk e+1)-SIN(Orik + Orore — Ocsk k1) |tz + Priiia

(3.39)
= k . —
Pteref (t) (CSkict1) = Rgen,k- Sln(eli,k + Hrot,k ) U
+Rgen,k- COS(Qli,k + Hrot,k ) az + Pz,ka3
= k . _
PtpL_ref (t)(o) = [Rgen,k- Sln(eli,k + Hrot,k - 965k_k+1) + 0k,k+1 x]ul +
[Rgen,k- cos(Biix + Orotk — Ocsk k+1) + Ok st y]ﬁz + Py s (3.40)

thLrefk ()©® =

[Rgen,k- sin(6yx + Orotie — Ocsiks1) +

Ryen k- (9li,k + Oror — 965k_k+1)- Cos(eli,k + Orotic — 905k_k+1)]17~1 +
Rgen,k- cos(Orix + Orork — Ocsk k+1) —

Ryeni- (Orik + Orote — Ocsk k1)-SIn(Orik + Orork — Ocsi k1) |tz + Pyylls

(3.41)

3.2.3.3.2. Angular Position and Angular Velocity Dinitions for Body 1 and
Body 2

Angular positions of Body 1 and Body 2 are giventamms of component
transformation matrices and defined such that Bbdgnd Body 2 are always
parallel to the plane formed kii;%o) andl_igo).

Angular velocities of Body 1 and Body 2, differertéd with respect to and
resolved in the inertial frame, is to be found lefinitions:

-~ (01) T
_ dac (0,1)
W1 rer = —"2—Crey (3.42)
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W2 ref = d—ft Cref (3.43)

Using equation (3.42) and (3.43), equation (3.4%4) €3.45) can be found such
that:

T -
Uz Wi reflU;
— =T~ —

Wl_ref =|Up Wl_refu3 (3-44)

j— T~ —_
| U2 W1 refUs |

. .
Uz Wy yreflUy

Wz_ref = alTWZ_refﬁ3 (3-45)

j— T~ —_
| U2 W el |

During the motion of CoM of Body 17 between poiRisand R .1, the initial
orientation (fort = 0) of Body 1 or Body 2 is defined as:

If Tairpe-1=+1,
C.ref(O,l) Cref(O,Z) _ eﬁs<6c5k—1_k+(6h,sspk_1+A9puv_k—1)) = eU30Forik (3.46)
If Tairp-1=—1,
éref(o'l) r éref(O,Z) _ eﬁs(GCSk—Lk—(@h,SSPk_l+A9PLN,k—1)) — eU30Forik (3.47)

The final orientationt( = tssp ;) Of Body 1 or Body 2 is defined as:

For Tdir,k =41,

éref(o'l)or éref(O,Z) _ eﬁs(GCSk,k+1+(9h,55Pk+A9PLN,k)) — oWs0rorfk (3.48)
Foerir’k = —1,
C.ref(O,l)or CAref(O’Z) _ eﬁs(9c5k_k+1—(Gh,sspk+A9PLN_k)) — oUs0rorfi (3.49)

(0,1) (0,2)

Then,C.er “or Cr  can be defined by functiay,, . (t) ase"frork,
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Ororix aNdOr,, s values are added or subtracted withif2necessary, in order to
reducebfryrix and br,, s Vvalues to & and 4 interval. Additionally after the
reduction, (8zerfx — Ororix) is reduced to = and 4t interval if necessary by

subtraction or addition ofri20 0z, k-
FOr Oror i (t) = j5*t3 + j,*t% + j,*t + jo* with conditions to be satisfied:

*  Orork(0) = Ororik, Wherebr,,; , is defined by (3.46) or (3.47)
* Orori(tsspi) = Ororf i, Wherebp,, s, is defined by (3.48) or (3.49)

. dgFor,k(t) | — 0
dt t=0
dgFor,k(t) _
° dt |t=f55P,k = 0s

Then, the problem of finding proper coefficients ¢ee described as:

0 3 0 2 0 1 ] 3 eFori,k

Usspk tsspk”  tsspi | |J2| _ |Ororsi
0 0 1 ollulT] o
3.tsspi’  2.tsspi 1 0l Ljo 0
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CHAPTER 4

MATHEMATICAL MODELING

In this chapter, mathematical model behind the Htran is introduced.
Mathematical modeling is achieved in three stepseiatic equations are derived
in order to find kinematic characteristics of badieDerivation of dynamic
equations is achieved by Newton-Euler equatiore general form for all phases.
During the direct dynamic solution procedure, gaheed dynamic equations are
arranged into the form which enables the calcubatbjoint space accelerations

by implementing assumptions related with biped tootion and its phases.
4.1. The Derivation of Kinematic Equations

In order to keep equations as general as possbiglifications in kinematic

equations resulting from kinematic assumptions néigg the locomotion phase
are avoided. Hence, the application of these assonspis done during the
dynamic solution process. However, kinematic infation for at least one body
with respect to the inertial frame is suppliedrtialize the recursive calculations.

Kinematic assumptions depending on the locomotlaasp are explained below.

Several bodies are assumed to be rigidly fixecheoground as if welded to the

ground:

* Body 1 and Body 3 for RFFSSP
* Body 2 and Body 4 for LFFSSP
* Body 1, Body 3 and Body 2 for RFFDSP
* Body 2, Body 4 and Body 1 for LFFDSP

Assumptions for Body 1 and Body 2 are implementgdshbpplying proper

kinematic values to kinematic equations; but kingena&onstraint equations
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embedded in the direct dynamic solution procedacesome joint variables being
taken as zero during the transition procedure fsorgle to double support phases
are used to ensure this assumption on Body 3 aunlg BoAll values supplied to

kinematic equations remain constant within itsvate phase.

Kinematic equations are shown according to theravfleecursive calculations. In
double support phases, calculations begin from Butdy 1 and Body 2 until
kinematic characteristics of Body 17 are found friesfit (beginning from Body 2)
and right (beginning from Body 1). Compatibility kinematic characteristics of
Body 17 from left and right in double support please provided by constraint
equations during direct dynamic solution procedame several operations done
during phase transitions from single to double supphases. Jacobian matrices
and their approximate time derivatives are caledlaby kinematic equations
related with them, mostly to be used in the follogvchapter. Several expressions

of joint space variables used in the thesis arevaHzelow:

(4.1)

&S]
I
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Grn =103 05 6, B9 015 B33 05 017,r]7 (4.2)
Gou =102 66 0g 019 012 014 B 647)]" (4.3)

Tiower = [03 84 65 85 07 Bg B9 019 011 813 813 014 O15 616 6171 617)]"
4.4)

C_Iupper=[618 e19 e20 e21 e22 e23 e24 e25 626 e27]T (45)
4.1.1. Transformation Matrices

In order to express position, velocity and acceélenafeatures in different frames;
transformation matrices are frequently used. Stheeexponential representation
of transformation matrices are frequently usechim thesis, some frequently used

basic properties related with them are shown below:

(eﬁe)‘l _ (eﬁG)T — o(-MO _ pfi(-6) _ ,-76

eVie™i =¢

e"n=mn,a"e =qa’

deﬁe o S
( ) — nene — enGn
do

;0 5
et u]-

. T
= O — T W0 _ =T ~ = .
= U; cost9+(uiuj)sm0,uj e’ = u; cost9+(u]-ui) sin g,

whereu; andi; are basis vectors in matrix form. Also, the tikgnbol is used as

a skew symmetric matrix operator such that:

E=[k3 0 —kllfork_[ ]

—ky ey
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Using joint space variable definitions in Table 2a6d the sign convention
explained in Figure 2.4, transformation matrices &mljacent frames can be

expressed as shown below:
C13) = o263
C24) = o204
CB5) = pliz2bs
(46) = o206
CG7) = plzb7
((68) — o306
C(79) = o169
C(®10) — U610
(1) — pT2614
((10,12) — 51261,
C11,13) — 52013
C(12,19) — 52614
(1315 — Ui6ss
6(14-,16) — eﬁ1916
C517) — pUsbi7r
C1617) — pl3017,
((17.18) — 512618
((1819) — ,U3619
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((1920) — W63
((20,21) — @162,
((2022) — U162,
((21,23) — 26,3
((2224) — U264
((20,25) — ,U36ss
((25,26) — 2626
((2627) — pT1627

Calculation of transformation matrices for lowergoftames depends on the
locomotion phase. However, calculation of transfation matrices for upperbody
frames are the same for all phases, noting@ffat’-"® in RFFDSP and 17/

in LFFDSP are used #&&%17),

;0.18) — #(0,17) #(17,18)
019 — #(0,18) 4(18,19)
((020) — A(0,19) 4(19,20)
£0.21) — #(0,20) 5(20,21)
(023) — A(0,21) A(21,23)
£0.22) — #(0,20) 5(20,22)
024) = £(0,22) A(22,24)
((0.25) — (#(0,20) 5(20,25)

((026) — (A(0,25) A(25,26)
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(0.27) — (£(0,26) 7(26,27)

4.1.1.1. For RFFSSP

Considering that Body 1 is assumed to be rigidtedi to the ground and contents
of (Y at the end of previous locomotion phase are segpto RFFSSP,
calculation of transformation matrices begins friwmdy coordinate system of

Body 1. The procedure is shown below:

£03) = FODEA3)
£08) = F03) (G5
£O7) = (05 F6)
£09) — (0779
011 — #(0,9)F(911)
¢013) — A(0,11) 4(11,13)
¢015) _ #(0,13) 4(13,15)
¢017) — A(0,15) 4(1517)
¢016) — p(017)F1617NT
¢014) _ 6(0,16)6(14,16)T
¢012) — p0,14)F1219)7
¢(010) — A(0,12) F(1012)T
¢08) — é(o,10)é(s,10)T
06 — (08)pER"

04 — @0,6) 36"
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¢02) — FOpEHT

4.1.1.2. For LFFSSP

Similarly, Calculation of transformation matriceegins from body coordinate
system of Body 2, wheré(®2? s supplied to LFFSSP. The procedure is shown

below:

COD = (02
£0.6) = (04 ((46)
£08) — ((06)F(68)
¢(0,10) _ A(0,8) 3(8,10)
¢012) _ #(0,10) 4(10,12)
¢019) _ £0,12) 4(12,14)
¢(016) _ #(0,14) ((14,16)
¢017) — A(0,16) 3(16,17)
¢015) _ A017)FasNT
¢013) — £(0,15) #3157
F011) _ A(0,13)F11,13)T
09 — 6(0'11)6(9'11)T
¢ = F09peT
¢35 — FODAGENT

¢03) — (05)pEHT
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¢ — ;03T
4.1.1.3. For RFFDSP and LFFDSP

Calculation of transformation matrices, whe?& and C(®? are supplied, is

shown below:

¢03) = FODEA).
£05) = (03)33S)

£ — (05367

£09) — (O A7)
C'(O,ll) — 6(0,9)6(9,11)
6(0,13) — 6(0,11)6(11,13)
6(0,15) — 6'(0,13)6'(13,15)
C‘(O,l7_fR) — 6'(0,15)6'(15,17)
COD = FO2FEA.

£06) — (01 (46)

C08) — (06)((68)
6(0,10) — 6(0,8)6(8,10)
6(0,12) — 6(0,10)6’(10,12)
6(0,14-) — 6'(0,12)6'(12,14)
6(0,16) — 6'(0,14-)6'(14-,16)

é(O,l7_fL) — 6(0,16)6’(16,17)
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4.1.2. Position Relations

P, is a vector describing the position of mass ceoté&ody K in matrix form of
P, resolved in the inertial frame (Frame B),; andP,,, are matrix forms of

ﬁtpR and ﬁtpL, resolved in the inertial frame. Expression of ipos relations

differs according to the locomotion phase for Idvegties. On the other hand,

expression of position relations for upperbodiesasimon for all phases, noting
that CCO7"R) P, 1, s in RFFDSP and ©Y7-/D) P, - in LFFDSP are used as

¢©17 andP, ,, in these expressions.

-

= - 7 -
20 = Pc17 — C17 — 120,17 + Cyo

~

e e N

— —>(20)
Peoo = Pea7 +C17u

§17) + (Laoz — €20)U;
13(:,20 = pc,17 + 5176(0'17)173 + (lz02 — 020)6(0'20)173

Applying the similar procedure for other positiaiations:

Pz =Py + €20C 02075 — IZOyé(O'ZO)ﬁz + 6(0’23)[(023 — lp3,)U3 — lz3yﬁ2]
Pe2a = Ppag + c20C 02075 + IZOyé(O'ZO)ﬁz + 6(0’24)[(024 — lyaz)uz + lz4yﬁ2]
Pe 7 = Pepo + €20C02V5 + (17 — ¢37) €Oty

4.1.2.1. For RFFSSP

Calculation of position relations for RFFSSP is whobelow, whereﬁtpR and
C©D are supplied.
13(:,1 = PtpR + (¢, — 11)6(0'1)17-1

c3 = 136,1 — .00V, + CO3[(cay — L)y + (L3, — €3,)T3]

o

pc,9 = Pc,3 - CA‘(O'3)(03xﬂ1 — C3,U3) + CA'(O'g)(l9 — Cg)l3

c11 — 130'9 + 096(0'9)173 + 6(0'11)(111 — C11)Us

o
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Peiy = Pegy + 11 COWag + CO[(Uy7, — c17)t5 + 117y172]
Peiz = Peaz + CO[(c17 = liga)s + lizylip] — c1,C 0P
P10 = P 1y + (c1p — L) CODi; — ¢, (@107,

ca = Peio + CO0(c19 — o)tz + COD(chylly — c4,103)

~

P, =P+ COD[(Lyy — can)ly + (Caz — lag)Us] + c,COP7y
Py, = Pey + COM[(Lyy — i)ty + (Caz — lag)Us] + LD,

4.1.2.2. For LFFSSP

Calculation of position relations for LFFSSP is whobelow, whereﬁtpL and

¢(©2) gre supplied.

pc,z = PtpL + (¢ — 12)6(0'2)1_&

13(:,4 = Pc,z - CZC(O'Z)TH + 6(0’4)[(C4x — lgp )ty + (lyy — Caz)Uz]
Pc,10 = _0,4 - 6(0'4)(c4x17,1 — CazlU3) + 6(0'10)(110 — C10)Us

P iz =Peyo+ c10C @05 + CO (U, — 1)1,

13(:,17 = 130,12 + 612@(0,12)173 + 6(0'17)[(117z — C17)U3 — l17yﬁ2]

Peiq = Poag + CO[(c1y = Lipp)iis — ligylly] — €, €OV,

Peo = Peqy + COM(cyy — 1)tz — coCOPg
136.3 = pc,9 + 6(0'9) (C9 - lg)ﬁ3 + 6(0’3) (C3xﬁ1 —_ C3Zﬁ3)

P,=P 5+ COD[(I3y — c3,)0y + (C3, — 13,)Us] + ¢, €OV,

ptpR = pc,3 + 03 [(L3x — c3)Uy + (€3, — l3)Us] + llé(o'l)ﬁl
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4.1.2.3. For RFFDSP and LFFDSP

Calculation of position relations for RFFDSP andFDSP is shown below; also
Piprs Pipr, €OV andC©? are supplied.
pC,l = PtpR + (Cl - ll)é(o'l)ﬂl

e3 = Pcq1 — ¢, COVTy + COD[(cgy — I3y + (I5, — C3,)Ts]

o

Poo=P3— CO3 (caxlly — C3513) + CO(Ig — )it

Peiq = Pog + coCOP05 + COMV (1 — 1)t

13(:,17_fR = pc,n + 5116(0'11)173 + 6(0'17‘fR)[(117z —C17)Uz + ll7yﬁ2]
P, = PtpL + (¢ — 1,)CODy,

13(:,4 = Pc,z - CZC(O'Z)TH + 6(0’4)[(C4x — lgp )ty + (lyy — Caz)Uz]
pc,lO = _0,4 - 6(0’4)(C4x17v1 — CazlU3) + 6(0'10)(110 — C10)Us

P iz = Peyo + 1€ + COI(1y, — ¢15)its

Pey7 s =Perp + ¢12,C01 7, + 6(0’17‘ﬂ)[(l17z — Cy7)U3 — l17y1_12]
4.1.3. Angular Velocity Relations

wy is a vector describing the angular velocity ofnfea K with respect to the
inertial frame in matrix form o, resolved in the inertial frame. Expression of
angular velocity relations differs according to thecomotion phase for
lowerbodies. On the other hand, expression of amguélocity relations for

upperbodies is common for all phases, noting é&t’®, w,, ¢ in RFFDSP

andC®17/D i, o in LFFDSP are used &7 andw,, in expressions shown

below.

— - A - (17)
Wig = Wiz + 015U,
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Wig = W7 + 9186(0'17)172
Applying the similar procedure for other angulaloegy relations:
Wig = Wyg + 9196(0'18)173
Wao = Wig + 020C 1)1,
Wp1 = Wy + 9216(0'20)171
Wy = W + 0,,C 007,
Wp3 = Wy + 9236(0'21)17-2
Wy = Wap + 0,,C0?P1,
Was = Wao + 0,50 0200,
Wy = Wps + 9266(0'25)17-2
Wyy = Wae + 0,,C 0797,
4.1.3.1. For RFFSSP

Calculation of angular velocities for RFFSSP isvshdelow, wherev,, (D are
supplied to RFFSSRAy, is supplied ad;,, in the simulation since Body 1 is
assumed to be rigidly fixed to the ground during-BBP.

Ws = wy + 6,60V,

Ws = Wy + 05C037,

W, = ws + 6,07,

Wy = W, + 0,C0N,
Wi = Wo + 01,CO1,
Wiz = Wi + 60;3C0V7,
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Wys = Wz + 0,501,
Wy = Wys + 917]@(0'15)173
Wig = W17 — 917,16(0'17)173
Wig = Wi — 9166(0'16)171
Wiy = Wiy — 9146(0'14)172

= _ = 3 A(0,12) =
Wi = W12 — 912C( )uz

4.1.3.2. For LFFSSP

Calculation of angular velocities for LFFSSP iswhdelow, wherev,, €2 are
supplied to LFFSSPWw, is supplied af;,; in the simulation since Body 2 is
assumed to be rigidly fixed to the ground during-BiSP.

w, = w, + 6,00,

We = Wy + 0,01,

Wg = Wg + 05COO7,
Wio = Wg + 0;,CO®7,
Wiy = Wy + 9126(0'10)172
Wig = Wy + 9146(0'12)172
Wie = Wig + 016CO1,
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Wiy = Wyg + 917,16(0'16)173
Wis = Wiy — 917]@(0'17)173
Wiz = Wyg — 9156(0’15)171
Wi = Wiz — 9136(0'13)172
— _ = A A1)
Wg = Wqq — 01;,C Uy
Wy = W — ,C097

7 9 9 1
M_/S - M_/7 - 976(0'7)17,3
Wy = ws — 05C 057,
Wy = Wy — 0,603y

1 3 3 2
4.1.3.2. For RFFDSP and LFFDSP

The procedure of calculating angular velocities RFFDSP and LFFDSP is
shown below; where,, w,, €V, (2 are suppliedw, andw, are supplied as
034 in the simulation since Body 1 and Body 2 are asglito be rigidly fixed to
the ground during RFFDSP and LFFDSP.

Ws = wy + 6,60V,

Ws = Wy + 05C037,

W, = ws + 6,07,

Wo = Wy + 0,CO7 1,
Wiy = Wo + 0,,C0)7,
Wiz = Wyq + 0,301,

Wyis = Wyz + 015017,
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Wiy fr = Wis + 917,ré(0'15)ﬁ3

W, = w, + 6,007,

Wg = W, + 0,07,

Wg = We + 05C 001,

Wyo = Wy + 0;oC 0P,

Wiy = Wy + 9126(0'10)172

Wis = Wi, + 0,027,

Wig = Wig + 9166(0'14)171

Wiy f1, = Wy + 917,16(0'16)173

4.1.4. Translational Velocity Relations

V., is a vector describing the translational veloafyhe mass center of Body K

in matrix form oﬂ7c,k, differentiated with respect to and resolved ia thertial
frame. Expression of translational velocity relasodiffers according to the
locomotion phase for lowerbodies. On the other haxgression of translational
velocity relations for upperbodies is common fdrphilases, noting that(®17-/R),
W17 sr in RFFDSP and ®Y7-D w,, -, in LFFDSP are used &7 andw,,

in expressions shown below.

- = — - (17) — - (20)
V20 = Vo7 + C17Wi7 X Ug + (L3207 = €20)Wpo X U3

Ve20 = Vo7 + c17W17CO U5 + (Lo, — €20) Wao €02V,
Applying the similar procedure for other translaabvelocity relations:

5 _ 7 ~  A0,20)5 __ ~  A(0,20)5 _ ~  A0,23)5  _
Veos = Veao + CZOWZOC( )u3 l20yW20C( )uz + (23 lz3z)W23C( )us

l23y|71723C(0'23)ﬁ2
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Vc,24 = Vc,zo + Czowzoé(o'zo)l_h + IZOyWZOC(O'ZO)az + (c24 — 1242)1717246'(0'24)173 +

lz4yV~V24é(0'24)ﬁ2
Va7 =Veao + C20W20C 020Uy + (Ly; — ca7)Wo7 CO2 Mg
4.1.4.1. For RFFSSP

The procedure of calculating translational velesittor RFFSSP is shown below;
where Wy, Vg, €V are suppliedw; andV,,; are supplied asy, in the
simulation since Body 1 is assumed to be rigidkedi to the ground during
RFFSSP.

Vc,l = thR + (¢, — ll)wlé(o'l)al

3= Ve1— C1W1é(0'1)ﬁ1 + (C3x — l3x)Wsé(O’3)ﬁ1 + (I3, — C3z)V~V3€(O’3)ﬁ3

o

o =Vez— C3xW3CODy + €3, W3 COP U, + (Ig — €)W C Oty

Ver1 = Voo + coWoC Otz + (Iyg — ¢11) W, €OV,

Vei7 =Ve1n + 11w, COW T + l17y‘7‘717é(0'17)172 + (ly7; — ¢17)Wy,C O
Vc,12 = Vc,17 + ll7y‘7‘717é(0'17)17-2 + (¢17 — 1172)‘7/176(0'17)173 - C12‘7‘7126(0'12)ﬁ3
Vero = Ve1z + (12 — L) W1,C O D05 — W, €001,

Vc,4 = _c,10 + (€10 — l10)W1oé(0’10)ﬂ3 + C4x‘7‘74é(0’4)ﬁ1 - C4zV~V4é(O'4)ﬂ3

Veo = Vc,4 + (Lax — Ca)WaCOVT + (Cap — L) WaCOYitg + ¢, W, 027,
thL = Vc,4 + (lax — C4x)‘7/4€(0'4)ﬁ1 + (ca4z — l4z)W4C(O'4)ﬁ3 + lzwzé(o'z)ﬁ1
4.1.4.2. For LFFSSP

The procedure of calculating translational velesitfor LFFSSP is shown below;

where Wy, V., €% are suppliedw, and V,,, are supplied adsy; in the
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simulation since Body 2 is assumed to be rigidkedi to the ground during
LFFSSP.

Vc,z = thL + (¢ — lz)wzé(o'z)al

Vc,4 = I7c,2 - Czwzé(o’z)l_h + (Cax — l4x)\7|74é(0’4)ﬁ1 + (4 — C4z)V~l’4€(O’4)ﬁ3

<

c10 — Vc,4 - C4xW4C(O'4)al + C4ZW4C(O’4)173 + (o — Clo)wloé(o’lo)ﬁﬂ

Vc,12 = Vc,10 + C10W106(0'10)ﬁ3 + (liz — 612)W12C(0'12)a3

Vc,17 = Vc,12 + C12VT’126(0'12)173 - ll7y‘7‘717é(0'17)ﬁ2 + (72 — C17)‘7‘717C(0'17)ﬁ3
Vc,ll = Vc,17 - l17y‘7‘717é(0’17)1_42 + (¢17 — l17z)W17é(0’17)ﬂ3 - C11W11é(0'11)ﬁ3

Vc,9

Ve + (611 — L)Wy CODTL — oo (O,

C,3 - VC,Q + (Cg - lg)Wgé(O'g)ag + C3XW3C(O'3)17.1 - C3ZW3C(O'3)17,3

<

1 =Vez + (lay — c3) W3 CODU + (3, — L3,) W3 COD Uy + ¢, COVy
thR = Vc,3 + (I35 — C3x)‘7‘73é(0'3)17-1 + (€32 — l3z)‘7‘73é(0'3)17-3 + llwlé(o'l)al

4.1.4.3. For RFFDSP and LFFDSP

The procedure of calculating translational velesittor LFFDSP and RFFDSP is
shown below; wher@,, Wy, Vipr, Vipr, €O andC? are suppliedv;, w,, Vipr
and V,,, are supplied a®3,; in the simulation since Bodyl and Body 2 are
assumed to be rigidly fixed to the ground during-REP and LFFDSP.

Ve = thR + (¢p — L)W, COV7,y

3 = Vc,l - 01‘7‘716(0'1)1_11 + (€35 — l3x)‘7/3€(0'3)ﬁ1 + (I3, — C3z)w3é(o'3)ﬁ3

co = Vo — caxWsCOVUy + ¢3,W3COD3 + (Ig — co)WoC OVt

<

c11 = Veo + coWoC O g + (I1 — c11) Wy, C OV,
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Vea7 fr =

Vc,ll + 011VT’116(0'11)173 + ll7yw17é(0'17‘fR)ﬁ2 + (li7z — C17)W17C(0'17‘fR)a3
Vc,z = thL + (¢ — lz)wzé(o'z)al

Vc,4 = I7c,2 - Czwzé(o’z)l_h + (Cax — l4x)‘7|74é(0’4)ﬁ1 + (4 — C4z)V~l’4€(O’4)ﬁ3

<

c10 — Vc,4 - C4xVT’4C(O'4)1_11 + C4ZW4C(O’4)173 + (I — Clo)wloc(0’10)17-3

Vc,12 = Vc,lO + 010W106(0'10)ﬁ3 + (12 — 612)W12C(0'12)a3

Vea7 r1 =

Vc,12 + 012W126(0'12)ﬁ3 - ll7yw17é(0'17‘ﬂ)ﬁz + (li72 — 517)W17C(0’17‘fL)a3
4.1.5. Angular Acceleration Relations

@y is a vector describing the angular acceleratiofravhe K with respect to the
inertial frame in matrix form of,, differentiated with respect to and resolved in
the inertial frame. Expression of angular acceienatelations differs according to
the locomotion phase for lowerbodies. On the otteerd, expression of angular
acceleration relations for upperbodies is common &b phases, noting that

COYIR W1, g, @y g IN RFFDSP and ©Y7D ., . @, s in LFFDSP

are used a6 ©17) w,, and@,, in expressions shown below.

- _ = ~ - (17) A — - (17)
(18 = Aq7 + O15U; + 015W;17 X Uy

d1g = Q17 + 5186‘(0'17)112 + 918‘7/17@(0'17)172
Applying the similar procedure for other angulaceleration relations:
d19 = Q18 + 5196(0,18)113 + 919‘7/186(0'18)173
Tag = Tyo + O20C O U, + 0,0W,4C 07,
dp1 = Oz + é21é(o'20)17-1 + 921VT’206(0'20)171

Tay = Tzg + 025C 0200, + 05, W, C 0207,
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dp3 = U1 + [9‘236‘(0'21)112 + 923VT’21C(0'21)17-2
Tpq = Az + 0,4C 020U, + 0,4W,,C 2P,
A5 = U0 + ézsé(o,zo)a3 + ézswzoé(o'zo)ﬁﬂ
@6 = Azs + O26C 29Uy + 0,6 W,5C 02V,
Ap7 = U6 + é27é(o'26)17-1 + 927VT’266(0'26)171
4.1.5.1. For RFFSSP

Calculation of angular accelerations for RFFSSBhiswn below; where;, w;,
C©D are supplieda; andw, are supplied a8, in the simulation since Body 1
is assumed to be rigidly fixed to the ground duiRfgFSSP.

a; = @& + 0;COV, + 6;w,COV7,
@s = @z + 05CODu, + 05w CODu

5 3T Us 2 T UsW3 2
a, = s + 6,0, + 0, CO»y

7 5 T U7 3 T U7Ws 3
To = @ 4+ 0,CONDG. + 0.1, C Oy

9 7 T U 1 T OoWy 1
@1y = &g + 01,COU, + 0,,WeCODu

11 9T U11 2 T VU11Wy 2
(i3 = Aqq + 9136(0’11)17,2 + 913‘7/116(0'11)&2
@5 = dq3 + 5155(0,13)171 + 91517/136(0'13)&1
@17 = Qs + 017,COD g + 0,7, W5CO ity
A1 = Q17 — é17,lé(0’17)ﬁ3 - 6"17,1‘7‘717Cﬁ(o’17)1_43
Tyq = @16 — 016CO1OU; — 016W,6C 100,
dyp = Oyq — 5146-(0,14)112 — 914\7/146(0'14)&2
dip = 0yp — 5126(0,12)112 — 912\7/126(0'12)&2
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dg = Qy0 — éloé(o'lo)ﬁ1 - 910W1oé(0'10)ﬁ1
Ag = dg — OgCO®U; — Ggivg COB 7,
a, = ag — 0,097, — 6,w,CO0y,
a, = a, — 6,00, — 0,w, 0¥y,

4.1.5.2. For LFFSSP

Calculation of angular accelerations for LFFSSBhewn below; wherer,, w,,

¢(©2) are supplied@, andi, are supplied a8, in the simulation since Body 2
is assumed to be rigidly fixed to the ground dulifd-SSP.

@y = @, + 0,001, + 6,w,C 0Py,
Ag = @y + 60,CO0VU, + 6,w,CO0Y7y

6 4 6 2 6Wa 2
@y = @ + 0C U3 + O3 COO0

8 6 8 3 8We 3
Ay = ag + 0,0COPU; + 0,,WgCO8T

10 8 10 1 10Ws 1
&12 = &10 + élzé(o'lo)az + glzwloé(o'lo)az
@1y = dqp + 514@(0,12)112 + 91417/126(0'12)&2
&16 = a14 + é16é(0’14)17,1 + 916W14é(0’14)17,1
@17 = Ay + 017,CO0 U3 + 6,7, W,6C 0115
A5 = Q17 — é17,r6(0’17)a3 - 917,rw17é(0‘17)173
@3 = g5 — 015COT; — 0,550 01y
qyq = Ay3 — 9136(0,13)172 — 913W136(0'13)ﬁ2
qy = 0yq — g11@(0,11)ﬁ2 — 911W11C(0’11)ﬁ2
d7 = (,Yg - égé(o'g)ﬁl - 99W96(0'9)ﬁ1
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as = @, — 6,C0Nu, — 6,w,C0Ny,
a3 = @s — 0sCODu, — 9w O,
ay = s — 0,60, — 0,w,COP7y,
4.1.5.2. For RFFDSP and LFFDSP

The procedure of calculating angular accelerationsRFFDSP and LFFDSP is
shown below; wheré&;, @,, wy, w,, C®V and(©? are supplieda;, @,, w; and
w, are supplied a8;,, in the simulation since Body 1 and Body 2 are mssiito
be rigidly fixed to the ground during RFFDSP and-DSP.

@ = @, + 6,60V, + 0, COV7,

as = @3 + 0sCOPDu, + 95,01,

@, = @ + 6,Cu; + 0,WsCOu,

@y = @y + 6,C O, + 6w, C O,

@1y = o + 6,,COD0, + 61, C OV,

@3 = @yq + 0130007, + 0,5, COVy,
Qs = Q13 + 5156(0,13)111 + 915‘7/13@(0'13)171
17 fr = Q5 + 517]@(0'15)173 + 917,rW15C(0'15)a3
a, = a, + 6,C°Pu, + 6,w,C 2y,

@s = a, + 0,COVu, + 6,w,C OV,

Ay = @ + OgCOOU; + G4 C OO,

@yo = dg + 0,0CO®U; + 0,,Wg (O,

Ay = Qo + élzé(o'lo)az + 912‘7/10@(0'10)172
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d14 = A1z + émé(o'lz)az + 914‘7/12@(0'12)172

Tre = Tra + O16CO DUy + 0,6W,,COP,
@iy p1, = Tag + 017,C O3 + 60,5, W,,CO01,
4.1.6. Translational Acceleration Relations

. IS a vector describing the translational accelenanf the mass center of Body
K in matrix form ofd. ,, differentiated with respect to and resolved ia ithertial

frame. Expression of translational acceleratiomtiehs differs according to the
locomotion phase for lowerbodies. On the other haxgression of translational
acceleration relations for upperbodies is common dlb phases, noting that

6(0'17_fR), W17_le C_lC,17_fR |n RFFDSP an£(0'17_fL), V_V17_fL’ dC,17_fL |n LFFDSP

are used a7, w,, anda, ;, in expressions shown below.

- = - - (17) — — - (17)
Ac20 = Q¢17 1 €17 [a17 X Uz + wy7 X (W17 X Uz

Lo (20), — - (20)
+ (202 — €20) [azo X U3z + Wyo X (Wzo X U3 )]

— _ ~ ~ 21A _ ~ ~ 21A —
Ac20 = Ac17 T 017[0(17 + Wyy ]6(0'17)113 + (l307 — Czo)[azo + Wy ]C(o,zo)u3
Applying the similar procedure for other translatbacceleration relations:

_ _ . ~ 214 _ ~ ~ 21A _
Ac23 = Q20 — l20y[a20 + Wy ]C(O'Zo)uz + (€23 — l23z)[a23 + Wp3 ]6(0'23)113 -

4 Wys2|C i 5 ~ 214 _
lZ3y[a23 + Wy3 ]C(O,23)u2 + Czo[azo + Wy ]C(O'Zo)u3

_ _ - ~ 21A _ - ~ 21A _
Ac24 = Qcp0 T IZOy[azo + Wao ]C(O'zo)uz + (€24 — l242) [a24 + Way ]6(0'24)113 +

lz4y[5~¥24 + V~V242]€(0’24)ﬁ2 + 020[0720 + Wzoz]f(o’zo)%
Ac7 = Acoo + 020[0720 + Wzoz]é(o'zo)a3 + (137 — 027)[0727 + ‘7‘7272]6(0'27)173
4.1.6.1. For RFFSSP

Calculation of translational accelerations for REPSs shown below; whetg,g,

a,, w, and CV are supplieda,,z, @ andw; are supplied as,, in the
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simulation since Body 1 is assumed to be rigidkedi to the ground during
RFFSSP.

— — ~ ~ 21A _
Ac1 = Agpr + (c1 — l1)[“1 +wy ]C(O’l)u1

_ ~ ~ 21A _ ~ ~ 214 _
ac,3 = ac'l —C1 [al + wq ]C(O'l)ul + (C3x - l3X) [Ol3 + W3 ]C(0'3)u1 +

(I3 — C3z)[5f3 + ‘7‘732]6(0'3)173

— — ~ ~ 214 — ~ ~ 214
ac,g = ac'3 - C3x[(l3 + W3 ]C(O'g)ul + ng [Ol3 + W3 ]C(O'g)u3

+(l9 - Cg) [&9 + Wgz]é(o'g)a3
Ac11 = Qcg + Co [079 + ‘7‘79216(0’9)173 + (I31 — C11)[C~¥11 + W112]é(0’11)17~3

- — ~ ~ 215 _ ~ ~ 21A _
Ac17 = Ac11 t C11[a11 + Wiy ]C(O'll)u3 + ll7y [0{17 + Wiy ]6(0'17)112 +

- - ~ ~ 214 _ ~ ~ 214 _
1z = Aga7 + lizy| @17 + Wiy €T, + (c17 — ly7) @7 + W72 | CO T, —

~ ~ 21A _
C12[a12 + Wy ]C(O'lz)u3
_ _ - ~ 21A _ - ~ 21A _
Ac10 = Acpz + (€12 — 112)[0512 + Wy ]C(O'lz)u3 - Clo[am + Wio ]C(O’lo)u3

= = ~ ~ 21A - ~ o o5 214(04)5
Aca = Acao + (C10 — llO)[alo + Wi ]C(O’lo)u3 + C4x[a4 + W, ]6(0'4)u1 -

Ao = Acq + (lax — Ca) @ + W2 |COPT + (¢4 — L)@ + W, 2| COPT, +

(8)) [&2 + sz]é(o'z)ﬂl
4.1.6.2. For LFFSSP

Calculation of translational accelerations for LEPSis shown below; whetg,,,,,
a,, w, and C®? are supplieda,,,, @ andw, are supplied as,, in the
simulation since Body 2 is assumed to be rigidkedi to the ground during
LFFSSP.

C_I'C,Z = C_ltpL + (Cz - lz)[&z + sz]é(O,Z)al
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Acg = Acp — C [&2 + sz]é(o'z)ﬁ1 + (Cax — l4x)[&4 + W42]é(0’4)ﬁ1 +

(lyz — C4z)[074 + W42]é(0'4)17~3

a =a 5 i 2|10y 5 = 21/A(0,4) 5
ac’lo = ac’4 — Cyyx [0(4 + Wy ]C( )ul + Cay [0(4 + Wy ]C( )U.3

~ ~ 21A _
+(ly0 — C10)[“10 + Wig ]C(O'lo)us
- _ ~ ~ 214 _ - 214 _
aC,lZ = ac,lO + Ci0 [alo + Wio ]C(O'lo)u3 + (l12 - C12)[“12 + Wi, ]C(O'lz)u3

2l — 7 P ~ 271A(0,12)55 ~ ~  21A00,17)5=
Gc17 = ez + Cra[@p + Wi | COP 0y — Uy @17 + Wi, °| O T, +

(1172 - C17)[d17 + W172]C(0,17)a3

~ = ~ ~ 214 — ~ ~ 21A _
Aea1 = Ae17 = ll7y[a17 + Wy ]C(O'”)uz + (€17 — l17z)[0‘17 + w7 ]6(0'17)113 -

~ ~ 21A _
c11[@yy + Wy, *[COW T,
_ _ . ~ 21A _ . ~ A _
Gco = eqq + (1 — L) [@rq + W1, *|COM T — o @ + Wo?|COV7y

Qez = Aco + (o — lo)[@g + Wo?|CO Uy + 3,5 + W52 |COPuy —

C3z [dg + W32]é(0’3)ﬁ3

Aey = ez + (lay — c3)[@s + W32]6(0'3)ﬁ1 + (c3, — I3[ + W32]5(0'3)ﬁ3 +

4.1.6.3. For RFFDSP and LFFDSP

Calculation of translational accelerations for R and LFFDSP is shown
below; Whereig, rpy, @1, @y Wy, W, €OV andC©? are supplieda,,g, @y,
a,, @,, w; andw, are supplied a8;,, in the simulation since Body 1 and Body 2
are assumed to be rigidly fixed to the ground duRFDSP and LFFDSP.

.1 = Qg + (c; — L)[@, + W,%]COVh,

Ac3 = Qe — €1 [&1 + le]é(o'l)a1 + (€35 — lsx)[ds + W32]€(0’3)ﬁ1 +

(I3 — C3z)[0~(3 + W32]é(0’3)ﬁ3
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_ _ ~ ~ 21A _ ~ ~ 214 _
Acog = Qg3 — C3x[a3 + w3 ]6(0'3)111 + C3Z[063 + w; ]6(0'3)11,3

+(l9 - Cg) [&9 + Wgz]é(o'g)a3
Ac11 = Qcg + Co [079 + ‘7‘79216(0’9)173 + (I31 — C11)[C~¥11 + W112]é(0’11)17~3

_ _ - ~ 21A _ - ~ 21A _
Ac17 fR = Q11 t C11[a11 + Wiq ]C(O'll)u3 + l17y[a17 + W7 ]C(O'17‘fR)u2 +

- 0 21A ~
(li7z — C17)[a17 + W5 ]C(0'17_fR)u3

a a ~ o~ 214(0.2)=
aC,Z = atpL + (CZ - lz)[(lz + W, ]C(O,Z)ul

= = ~ ~ 214 — ~ ~ 214 _
ac,4 == ac'z - CZ [az + WZ ]C(O'z)ul + (C4X - l4x) [(l4 + W4 ]6(0’4)111 +

(lyz — C4z)[074 + W42]é(0'4)17~3

= — = ~ ~ 274(0,4) 5 ~ ~ 2714(0,4) 5
Ac10 = Qg g —c4x[a4 + W, ]C( )ul +C4Z[0(4 + W, ]C( )ug

~ ~ 21A _
+(lyo — C10)[“10 + Wig ]C(O'lo)us
_ _ . ~ 21A _ . ~ 21A _
Ac12 = Q10 T C10[“10 + Wig ]C(O'lo)us + (12 — C12)[a12 + Wy, ]C(O’lz)u3

_ _ - ~ 21A _ - ~ 21A _
Ac17 L = Q12 t C12[a12 + Wy ]C(O'lz)u3 - l17y[a17 + W7 ]C(O’”‘ﬂ)uz +

(ly7z — 017)[d17 + W172]€(0'17‘ﬂ)a3
4.2. Calculation of Jacobian Matrices and Their Tine Derivatives

The analytical expression of jacobian matrices langithy, requires careful and
laborious work due to the complexity of system. rElfigre, required jacobian
matrices are calculated numerically during eachukition step. For this reason,
time derivatives of jacobian matrices are calcaatapproximately and

numerically.

Some joint space variables are taken as zero wisichnsured by constraint

eguations and phase changing operations.
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4.2.1. Definition of Jacobian Matrices

4.2.1.1 For RFFSSP

Since 6, is taken to be zero during jacobian matrix calbores, gr y Can be

reduced tdjg 4, as shown below:

CLIR_Hrz 011 |- (4-6)

-617,1‘-

By using equation (4.3) and (4.6) , it can be esped that:

FOI’ CLIR_L = [qg;?_HTl,
L.H

Vv . -

V—;'”] = Jv,17 fRAR Hr (4.7)
L W17

_thL:I _ 7 -

W, |~ JotpLqrL (4.8)
- (0,k) . 2 . A . PO BN
Caiag = diag (C(O'k)) = dlag(WkC(O"‘)) = diag <[]v,kwq] C(O'k)> (4.9)
Wiy = jv,17_fRW‘7R_Hr (4.10)
w, = fv,tpLWﬁR_L- (4.11)

Using equation (4.9), (4.10) and (4.11):

- (0,17) -~ .
diag = ]v,Cdiag0_17_fR qdRr_Hr (4.12)

= (0'2) ~ =~
diag = ]v,CdiagO_Z qr L (4.13)
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fv,17_fRW andfv,tpLW matrices can be extracted from equation (4.14)(4rib):

o jv,17_fR
]v,17_fR = [A v (4.14)
]v,17_fRW
a jv,tpL
Jowr =5 V|- (4.15)
]v,tpLW

In summary:J, 17 frs Jutprs Jv,cdiago17_fr @NAJy caiago 2 @re jacobian matrices

that are needed to be calculated during RFFSSP.
4.2.1.2 For LFFSSP

Since 6, is taken to be zero during jacobian matrix caliotes, g, n can be

reduced taj; y, as shown below:

— 96
Og
910
qr_ur = 912 . (4.16)
914
.616
1617
By using equation (4.2) and (4.16) , it can be egped that:
For ﬁL_R = lCéIL_HTl’
R_H
[V, - -
v_:;'”] = Jv17 7191 Hr (4.17)
L W17
[V, s e
Vt_;R] = Ju,tpRAL R- (4.18)
Wiy = ]Av,17_fLWf?L_Hr (4.19)
wy = jv,tpRWCLIL_R (4.20)
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Using equation (4.9), (4.19) and (4.20):

- (017 -

diag = Jv.cdiago.17_fL9L_Hr (4.21)
- (0,1) " .
Cdiag = ]v,CdiagO_lCIL_R’ where (4.22)

fv,17_fLW and fv,tpRW matrices can be extracted from equation (4.23) (dr24):

A jv,17_fL
Jv17 1 = [A v (4.23)
]v,17_fLW
a jv,tpR
]v,tpR =15 . (4.24)
]v,tpRW

In summary:/, 17 r, Jv,eprs Jv.caiago17_rr. @NdJy caiago.1 are jacobian matrices

that are needed to be calculated during RFFSSP.

4.2.1.3 For RFFDSP

In addition t0/,,17 rr andf,caiago 17 rr @s defined in RFFSSH; 17 71, o and

f,,,Cdl-ago_ﬂ_fL_a” are required in RFFDSP with definitions shown muation
(4.25) and (4.27).

Vc 17_fL A .

sl 4.25
l W17 rL Jv17_fLaufLn ( |
vT/17_fL =fv,17_fL_ale57L_H 20

Using equation (4.9) and (4.26):

- (0,17_fL) ~ .
diag = ]v,Cdiag0_17_fL_alqu_H (4.27)

— = (0,17

_ fR)
Ve17 fry W17 pr @NACg404

. _ _ - (0,17)
are used instead &f 7, Wy, andCgy;qg4 for

the definition off,, 17 rz andf, caiago 17 sr-
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fv,17_fL_a”W can be extracted from equation (4.28):

(4.28)

]v 17_fL_ allV
Jo17 f1. all,

Jo17 fLan = [

In summaryyy, 17 rrs Jv,caiago17_frs Jva7_f1_an @A)y caiago 17_1_au are jacobian

matrices that are needed to be calculated durireDrSiP.
4.2.1.4 For LFFDSP

In addition t0},17 s, andj, caiago 17 s @s defined in LFFSSH,, 17 sz o and
fv,CdmgO_ﬂ_fR_a” are required in LFFDSP with definitions shown iguation
(4.29) and (4.31)

c17_fR
4.29
lWU le Jo17 R aulr u (4.29)
Wiy R = jv,17_fR_allWC._IR_H (4.30)

Using equation (4.9) and (4.30):

. (017fR) . .
diag = Jv,cdiago.17_fR.allq9R_H (4.31)

— _ ~ (0,17_fL) . — . = (0,17)
Ve17 10 Wiz g, @NdCaigg are used instead of 1,, w;; andCy;qg4 for

the definition off,, 1, ¢, andJy, caiago 17 r1-

fv,17_fR_a”W can be extracted from equation (4.32):

]v 17_fR_ allV] (4.32)

Jo17 fRau =
Jo17 £R aul

In summaryyy, 17 s, Jv,caiago.17 i+ Jv17_fr_au @A)y caiago 17 fr.au are jacobian

matrices that are needed to be calculated durikdPIIP.
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4.2.2. Calculation Procedure of Jacobian Matrices

Calculation procedure of jacobian matrices numdyicegs explained by an
example. Exemplary calculation proceduré,pﬂ‘lm andf,,,CdiagO_”_fR is shown

below:

At any instant of the simulatiovﬁvc'”] can be calculated for a givép 5, since

Wiz
1
0
. O i/
all transformation matrices are known. Sodgry, = gx ur , =101, [ M_i'”] can be
0 17
0
nl
calculated from kinematic equations of RFFSSP, Wliscalso the % column of
jv,17_fR-
jv,17_fR =
- 1 = 2 = 3 = 4 = 5 = 6 = 7
[/v,17_fR ]v,17_fR ]v,17_fR ]v,17_fR ]v,17_fR ]v,17_fR ]v,17_fR ] (4.33)

If f,,,17_fR is described as shown in equation (4.33):

jv,17_fR = ]_v,17_fR .

cocococoor

Using this information, other columns ﬁfﬂ_fR can be obtained similarly by

_0_ _0_

1 0

7, 2 |9 s |}
calculating[_c'”] for eachqy 4, given asqy u =101, gr yr~ =10! and vice

W7 ) ) of 0

0 0

n n

versa.
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The similar procedure is followed for the calcmatbffv,Cdiago_”_fR with a slight

i ~ (0,17) . i i
difference thatCy;q, is calculated for eachy 5, using the equation shown

below:

- (017) ] . T .
Cdiag = diag ([]v,17_fRWQR_Hr] C(0’17)>

4.2.3. Calculation Procedure of Time Derivatives odacobian Matrices

Using forward finite divided difference formula dexd from truncated Taylor
Expansion of,,. The time derivative of jacobian matiix is calculated as shown

below:

& fo(to+A8)—Jy(to)
Jo(to) = 2oteulete) (4.34)

WhereJ,(t,) is defined as:

[ = Joteo)-eo). (4.39)
q(to + At) = q(ty) + g(to). At (4.36)

After recalculating all transformation matrices ft + At) by using equation
(4.36),],(t + At) is obtained in the same manner explained in pusviteading.

Therefore, all time derivatives of jacobian matsiege calculated by this logic.
4.3. Derivation of Dynamic Equations

Newton-Euler formulation is used for deriving dyrnianequations which are
written in a general manner. Therefore, these @mustan be used for all phases.
However, additional equations are inserted into tieect dynamic solution
procedure to remove inexistent forces and momeelsted with the current

locomotion phase.
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For Body K, Newton Euler equations with respecthte mass center of Body K

become:
mk. &C,k = Z ﬁ (437)
jc,k - Oy + Wy ch,k Wy = ZMC (4.38)

In matrix form, equations (4.37) and (4.38) areohe=d in the body coordinate

system of Body K:

01T — - K A = (k+1) A(0k)T =

~

© a0 = Aor T Aoxrs 6 AT —
Jer €O @ + COR i COPJ T EOR gy, =

(k) (k+1)

_ \ _ kD) | . = G _
M1y~ = CRRDM Gy + e Fge-ng - — o CERDE g

(4.40)

All forces and moments are expressed with respethdé same convention by

using Newton’s action-reaction law as shown in équg4.41):

W _ W _

- - A - (k+1)
F(k+1),k = Fk,(k+1) = C(k’k+1)Fk,(k+1)

(4.41)

(k+1) (k+1)

Where, Fy, (x+1) and My (x+1) are the resultant force and moment acting

onto Body K+1 from Body K, resolved in body coorali@ system of Body K+1.

T, and 7y, are corresponding moment arms ﬂ?(rc_l),k(k) and Fk,(kﬂ)(kﬂ)

Also, fc,k(k) Is the inertia tensor matrix of Body K with respezthe mass center

of Body K and resolved in body coordinate systerBady K.
Generalized dynamic equations for the humanoidtrat®shown below.

For Body 1:

€Y (3)

~ T = A = A T
mlc(o'l) dC,l = FO,l - C(1'3)F1'3 - mlgC(O'l) ag (442)

¢y} _ 6(1‘3)1\711'3(3) +

& (1) 4 T _ A T _ A &~ (D 4 T_ _
Jea COV @, + COV ch(o'l)]c,l COV Wy = Mo,
& COdF, (4.43)
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For Body 3:

AT _ _ A _ acgnT
m3C(0'3) Acz = F0,3(3) + F1,3(3) - C(g'g)Fsg(g) - msgc(os) Uz (4.44)
= 3 anT - 203~ A & (3 a7 — o 3 | = (3
Je3 c©3 az + ¢ W3C(0'3)]c,3 c©3 Ws=Mys ~+ M3 " —
A = (9 5 ~\5 B | 4 A = (9
C(3'9)M3,9 + (l3,1 - C3)F1,3 + C3C(3'9)F3'9 (445)
For Body 9:

aco.0T — = (9 A NCEY) N
m9C(0'9) Aco = F39 " — C(g’ll)F9,11 - m9gC(0'9) Uus (4.46)

a (9) 4 T _ ~ T _ & ~ (9) a4 T __ — (9 A — (11)
Jeo C©9 @y + €O W9C(0’9)]c,9 CO9" iy = Msq " — C(g'll)M9,11 +
7 ~\5 @, . A = (1)
(l9’3 - Cg)F3’9 + C9C(9'11)F9’11 (447)
For Body 11:
A T_ = (11) A = a7 A T_
my, €O Acan = Foqr " — 6(11'17)}711,17 —mygCOM (4.48)
~ (A1) A T_ A T _ A ~ (D) 4 T_ —  (11)
Je11 ¢ a1+ e W11C(0'11)]c,11 e Wi = Mg 14 -
A — @17) 7 ~ \s @1, . A = @17)
C(11’17)M11,17 + (111,9 - C11)F9,11 + C11C(11'17)F11,17 (4.49)
For Body 2:
A T — A — N T
mZC(O‘z) ac'z == FO,Z (2) - C(2'4)F2'4(4) - ngC(O,Z) 17.3 (450)

jc,z(Z)é(O’z)Taz + C(O'Z)TWZC(O'Z)jc,z(Z)C(O'Z)TV_VZ = MO,Z(Z) - 6(2'4)]‘712,4(4) +
&,C?HF, @ (4.51)
For Body 4:

A T_ = @, = @ A = (10) A T_
m4_C(0'4) ac‘4 = F0,4- + F2,4 - C(4'10)F4’10 - m4gC(O'4) U,3 (452)
jc,4(4)é (0'4)TCY4 + 6(0'4)TW4C(0’4)j c,4(4)€(0'4)TV‘_/4 =M 0,4(4) + 1‘712,4(4) -
¢, YO 4 (I, — e)F.™ + &,C@10F, % (4.53)
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For Body 10:

A T _ = (10) A = (12) A T _
mmC(O’lO) Ac1o0 = Fa0 - C(lo’lz)Fm,n - m1ogC(0’10) Us (4.54)
~  (10) 4 T_ A T__ 4 s (10) A T_ —  (10)
Jea0 ¢©10) Q1o + ¢(010) W1OC(O'1O)]C,10 ¢(010) Wio = My 19 -
A —- (12) 7 ~ \g (@0, . A = (12)
6(10'12)M10,12 + (110,4 - C10)F4,10 + C1OC(1O'12)F10,12 (4.55)
For Body 12:
A T _ = (12) A = 17) A T _
m1zc(0’12) ac12 = Fioa2 - C(12'17)F12,17 - m1ng(O'12) Us (4.56)
~ (12) A T_ A T A A (A2) 4 T_ _ (12)
Jea2 ¢(012) iy + ¢(012) W1ZC(O'12)]c,12 ¢(012) Wiz = Myp,12 -
A — @17) 7 ~ \5 12) |, . A = 17)
C(12’17)M12,17 + (112,10 - C12)F10,12 + C1ZC(12'17)F12,17 (4.57)
For Body 17:
A T_ = (17) = a7 A = (20) A T _
m17C(0'17) Ac17 = Fi117 + Fi517 - C(17'20)F17,20 - m17gC(0'17) Us
(4.58)
~ (A7) a T_ A T A ~ (D) 4 T_ _ (17)
Jea7 O g, + COA7) W17C(0'17)]c,17 CO iy, = My, +
17 A — (20) 7 ~ \5 17
My, " — C(17’20)M17,20 + (l17,11 - C17)F11,17 +
7 ~ \© a7n |, ~ A = (20)
(117,12 - C17)F12,17 + C17C(17'20)F17,20 (4.59)
For Body 20:
A T_ - (20) A = (23) 4 = (24)
mzoc(o'zo) Ac20 = Fi720 - C(20,23)F20'23 - C(20'24)F20,24 -
A _ A T
C(20’27)F20‘27(27) — Myg (020 7, (4.60)
~  (20) A T_ A T _ 4 ~  (20) 4 T_
Je20 C029" g, + (020 Wzoc(o'zo)]c,zo C020 i,y =
— (200 4 —- (23) A — 249) A — 27)
M7 20 - 6(20'23)M20,23 - C(20'24)M20,24 - C(20'27)M20,27 +
7 N (20) 7 ~ \A = (23)
(120,17 - Czo)F17,20 - (lzo,z1 - 020)6(20'23)on,23
7 . \A = 24 |, . A = 27)
_(120,22 - C20)6(20'24)F20,24 + C206(20'27)F20,27 (4.61)
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For Body 23:

o T — A T
m23C(0'23) Acoz = F20,23(23) - mzsgC(O’B) us (4.62)
~  (23) 4 T _ A T__ & &~ (23) 4 T_ — (23)
]c,23 ¢(©023) Q3 + ¢(023) W23C(0'23)]c,23 ¢(©023) Waz = My 23 +

7 N (23)
(123,21 - 023)F20,23 (4.63)
For Body 24:

o T — A T

m24C(0'24) Acoa = F20,24(24) - m24gC(O'24) us (4.64)
~ (24) A T_ A T _ 4 ~ (24) 4 T_ _ (24)
Jc 24 20" g,, + 02 W24C(0'24)]c,24 02V w,, = My os =+

7 ~ \E 24
(124,22 - 024)F20,24 (4.65)
For Body 27:

A T — N T

m27C(0'27) Aco7 = F20,27(27) - m27gC(O'27) Us (4.66)
~ @27 a T_ A T _ 4 ~ (@27 4 T_ _ 27)
Je27 c21" g,, + (027 W27C(0'27)]c,27 CO21 w,, = My o7~ +

7 ~ \E @7
(127,20 - 027)F20,27 (4.67)

4.4. Direct Dynamic Solution

A generalized vector of forces and moments is @efimcluding reaction forces,

reaction moments and actuator torques presentnandic equations by equation

(4.68).
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T

= (20)
Myz.20 (4.68)

+1)

k
= Mk,(k+1)y( ) '

(k+1)

k
= Mk,(k+1)x(

k
Fk,(k+1)x( .
+1

(k+1) k+1) and Mk,(k+1)

= Fk,(k+1)y(
(et ) M (k+1)
, z

For  Fi et
Fie (k4 1)z

actuating torques can be defined by using a matiined asp for extraction as

shown in equation (4.69).
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M1,3y(3)
Mz,
M3,9y(9)
T, M3,9z(9)
;3 M9,11y(9)
TS M11,17x(17)
T7 M 17)
9 11,17y
;11 M11,17z(17)
13 (4)
Tis Maay
T, M4,10x(10)
Ty M4,10y(10)
Ts M. .. (0
T 4,10z
— T My, 12y(12) ~=
7= |fof - |*ho — §F (4.69)
12 M 17
12,17x
Ti4 17)
M
Tie 12,17y
Ty My, 172(17)
Tig M17,20x(20)
T M (20)
Tyo 17,20y
T2 M, 202(20)
;22 M20,23x(23)
23 M (23)
Ty4 20,23y
Tys My 24
[T,

26 M20,24y(24)
M20,27x(27)
M20,27y(27)
M20,27z(27)-

Dynamic equations for Body K can be arranged iheoform as shown below:
Z_k(C_I; qu C_I) = kk(c_l)ﬁ

Then, dynamic equations describing the humanoidtralnich are from equation
(4.42) to (4.67) can be expressed by equation Y4with components described
by equation (4.70) and (4.71).
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Z [ K1
Z, K;
Zy Ky
Z_11 1?11
Z, K,
Zy K,
Z=\Z,,|. K =Ky (4.70), (4.71)
71, Kn
Zy7 K5
Z_ZO Kzo
Zz3 E23
Zz4 Kzz}
Za7 _@7_
72(3,q,q9) = K(@F (4.72)

Further arrangement is required to perform dirgoiathic solution as such:
2(3,9.9) = M@q + B(q,9) = K(@F

Although all dynamic and kinematic equations ari@amied, it is a time consuming

and complicated process to obtain analytical exsiwes of andB. Furthermore,

it is unlikely to document and implement their amighl expressions in open form

due to the complexity of system. So, numerical @alofM andB are calculated at

each solution step.

During the simulationg andg are known at any instant.

0

0
numerical value oB can be found sincg can be calculated for a known setgof

By implementing the vecto§ = g, = which contains zero values only, the

g andg.
Z_o = M(ﬁ)‘?o + E(C_I; ‘7) = E(C_I' ‘7)

It can be showed th#(q) = [M; M, .. M,
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For a vectorij, which contains 1 for the"krow and zero for remaining rows,

can be calculated wheB{(q, q) is already calculated &&:
Zy = M@qx + B(@q,9) = M, + Z,
Then,Mk = Z_k - Z_O

M(g) matrix can be constructed at any instant by appglyhe procedure shown
above for all k values from 1 to 26; since the disien ofg is 26 as specified

before.

All unknowns to be solved during the direct dynastution procedure aig and

F.

Then,Total Number of Unknowns = 26 [q] +32x3[F] =122

Newton-Euler equations for 13 bodies :

M(@)q — K(@)F = —B(g,3) (13 x 2 x 3 = 78 equations) (4.73)
Equations for assigning actuator torques :

¢F =T (26 equations) (4.74)
Remaining equations depend on the locomotion phase.

4.4.1. For RFFSSP

Since it is assumed that Body 2 and Body 4 dometact with the ground during
RFFSSP, several ground reaction forces and monartexpected to be zero

given as shown:
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This condition can be described as:

_FOA-
M (4) 0
®z6rRrFFssPF = _0'4(2) = [] (4x3=12 equations) (4.75)
Fo 0
o (2)
_Mo,z i

QBZGR,RFFSSP is a matrix for the extraction of related grourmgation forces and

moments.

During RFFSSP, Body 1 and Body 3 are assumed tmioky fixed to the ground.
This assumption is ensured for Body 1 by supplyirgper©b, Py, W1, Vipr,
@y, rpr 10 kinematic equations of RFFSSP. For Body 3, rkiaic constraints are

implemented in order to satisfy the assumption:

0
acz = az = |0
0

a.scan be expressed as; = 4;(q)q + B3(q, q)-
Similarly, @; can be expressed as = A,3(7)q + By (T, )
Then, kinematic conditions can be described as:

A3‘7 = —B; andl‘iaﬁ_l. = —Bg3

~

1A
However, rank of matrl{ .
a3

3 l is always found as 1 due to the kinematic strectur

_E3

B ] If unnecessary equations are
~Pa3

_ A ].
for system of linear equatlor{sA 3]6 = [
Ag3

eliminated, kinematic conditions are reduceé{e= 0 which can be described as:

(]qudZ,RFFSSP&_i = 0 (1 equation). (4.76)

gl_)qddZ,Rppssp is a row vector for the extraction &f from §.
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According to the assumption of Body 1 and Body thdeigidly fixed to the

ground, reaction forces and moments between thesked such asﬁl,g(g),

M, 3%, M, 5, can not be determined unless additional equafiansodeling
the interaction between Body 1 and Body 3 (likeuasag bodies are deformable
so that equations related with solid mechanic jples are involved) are

introduced. Therefore, it is assumed that,

— (3) —
Fi377 =035 andM1,3x(3) = M1,3z(3) =0

without examining this modeling problem. Then, tassumption can be described

as:
= (3
Fi3 0
bzr rrrsspF = | My 3P| = H (5 equations) (4.77)
M. .. 0
1,3z

& zr rEFssp 1S @ Matrix for the extraction (E_‘ﬁ,3(3), M, 5,.% andM, 5,
Then,Total Number of Equations =78+ 26+ 12+ 145 =122

The final form of system equations of RFFSSP faredi dynamic solution
procedure is as shown below by using equation {4(4374), (4.75), (4.76) and
4.77):

M78><26 _K78><96 B
- - [—B7gx1]
0
26x26 ®26x96 | T I
6 N ﬁ I 7&6X1 I
26x1 =
12x26 ¢ZGR,RFFSSP12X96 lﬁ l =| 012%1 |
0 96X11122x1 A
5%26 ¢ZR,RFFSSP5X96 0 ><1
_ 6 122x1
_¢qdd2,RFF55P1><26 1x96 122%122

(4.78)

0 and0 are matrices and vectors with zero components. éiso, matrices and

vectors are given with their dimensions for clarity
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4.4.2. For LFFSSP
A procedure similar to RFFSSP is followed.

Since it is assumed that Body 1 and Body 3 dometact with the ground during
LFFSSP, several ground reaction forces and momemetsexpected to be zero

given as shown:

0
= (@ = (1 = 3 = (3
F0,1 =Mo,1 =F0,3 =M0,3 =[0]
0

This condition can be described as:

[ Fos
i (3) 0
qSZGR,LFFSSPF = _0,3(1) = [] (4x3=12 equations) (4.79)
Foq 0
€Y
-MO,l |

QBZGR,LFFSSP is a matrix for the extraction of related grourghation forces and

moments.

During LFFSSP, Body 2 and Body 4 are assumed tiglly fixed to the ground.
This assumption is ensured for Body 2 by supplyiraperC©?, Py, , Wy, Vi,
@y, rpy, to kinematic equations of LFFSSP. For Body 4, kia#ic constraints are

implemented in order to satisfy the assumption:

0
Acqa = 0y = |0
0

a4 can be expressed as, = 4,(q)q + B.(q, 9).
Similarly, @, can be expressed & = A,4(§)q + Boa(T, )
Then, kinematic conditions can be described as:

A4‘7 =-B, andl‘iom&_l. = —Bg,
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~

1A
However, rank of matrl{ 4

l Is always found as 1 due to the kinematic strectur
a4

. [A,]1. [-B .
for system of linear equatlor{A‘*lc‘[ = [ _* ] If unnecessary equations are
“DPasg

eliminated, kinematic conditions are reduceé je= 0 which can be described as:

(ngddZ,LFFSSPé_i = 0 (1 equation). (4.80)
quddZ,LFFSSP is a row vector for the extraction &f from .

According to the assumption of Body 2 and Body deigidly fixed to the

ground, reaction forces and moments between thesked such asFZA(@,

M2,4x(4), M2,4z(4) can not be determined unless additional equafiemsiodeling

the interaction between Body 2 and Body 4 are thteed. Therefore, it is

)

assumed thak, , ~ = 03x; and M, 4, = M, ,,* = 0 without examining this

modeling problem. Then, this assumption can beridestas:

4)

Fy,4 0
bzr LrrsspF = M2,4x(4) = [] (5 equations) (4.81)
M, ., @ 0
2,4z

bzr Lrrssp 1S @ matrix for the extraction d_TZA(‘”, M, ™ and M, ,, . Then,

Total Number of Equations =78 +26+ 12+ 1+ 5 =122

Likewise, the final form of system equations of ISFP for direct dynamic
solution procedure is such that by using equatbon3), (4.74), (4.79), (4.80) and
(4.81):

M78><26 _K78><96

N r B 8><1]

026x26 ®D26x96 . | 7 |

a n g | f26x1 |

012x26 ¢ZGR,LFFSSP12X96 FZ6X1 =| 612><1 |

0 iy 96x1 _

O5x26 G ZRLFFSSP oy 0 1azx1 [ 051 J
_¢qddZ,LFFSSP1X26 01x96 122x1

T122X122
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4.4.3. For RFFDSP

Since it is assumed that Body 4 does not interdttt tive ground during RFFDSP,
several ground reaction forces and moments arecteghé¢o be zero given as

shown:
0
= @ = (4
F0,4 =M0,4 =[0]
0

This condition can be described as:

= @

0
®zcrrrrpsPF = (4)] = [] (2x3=6 equations) (4.83)
0

FOA-
MOA
QBZGR,RFFDSP is a matrix for the extraction of related grour@gation forces and

moments.

During RFFDSP Body 1, Body 2 and Body 3 are assuimée rigidly fixed to the
ground. This assumption is ensured for Body 1 aody® by supplying proper

COV COD pp, Py, Wy, Wy, Viprs Vip, @1, @2, Gepr, Ggpy, 10 Kinematic
equations of RFFDSP. For Body 3, kinematic constsaare implemented in order

to satisfy the assumption:

0
acz = az = |0
0

a.scan be expressed as; = 4;(q)q + B5(q, q)-
Similarly, @; can be expressed a@s = A,3(7)q + By (T, )
Then, kinematic conditions can be described as:

A3‘.7. = —B; andfiasi‘i = —By;3
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~

1A
However, rank of matrl{ .

a3

3 l Is always found as 1 due to the kinematic strectur

. . AA3 e _§3 .
for system of linear equatio 7 q=| =71 If unnecessary equations are
a3

—DPa3

eliminated, kinematic conditions are reduceé{c= 0 which can be described as:
(]qudZ,RFFDSP&_i = 0 (1 equation). (4.84)
éqddz,RFFDSP is a row vector for the extraction @:; from q.

Additional kinematic constraints are introduced order to ensure the
compatibility necessary for the closed kinematiaichformed during RFFDSP.

(3%x2=6 equations)

Ac17 fR = Q17 fL, ANAAy7 fp = @q7 51, Where

Ac17 fR = A17r(@§ + B17r(q, @) andac 7 s, = A7 (DG + B17.(T, D),
Q17 fR = Au17:(@q + Boa7r(T, Q) anda,; ¢, = Au17.(@G + Bo17. (T D).
Following that, kinematic constraints can be expedsas:

(A17R - AA17L)&_i = El7L - El7R (4-85)

(Aa17R - Aa17L)é_I. = Ea17L — Bai7r (4-86)

Ay, Ai7n, Agi7ry Agi7L, Bi7r, Bisr, Bai7r @nd By, are found numerically
despite the possibility of expressing them anadyiyc by taking into account that
analytical derivation becomes unpractical due te tomplexity of equations.

Calculation of these matrices and vectors is erpliby an example:

0
At any instantg andg are known. By using , g and applying asq = g, = []
0

which contains zero values onl;-,r can be calculated,; sin@g ;7 sg is obtained

from kinematic equations of RFFDSP for kno@ng and giveng,:
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C_lc,17_fRO = A17rqo + B17r = B1i7r

ForA;,z = [Aj7r1 - Ai7r26] @and a vectoij, which contains 1 for the'krow

and zero for remaining row8c 17 rr, = A17rGx + Bizr = Ar7px + Gca7 -

Then, 4,,; matrix can be constructed at any instant by appVly g =

Gc17 R, — Qa7 fR, for all k values from 1 to 26; sin(ﬁ%ﬂ_ka is calculated for

knowng, g and giveng, from kinematic equations of RFFDSP. This;x, B17x

and similarly others can be calculated numeridaylyhis procedure.

According to the assumption of Body 1, Body 2 ammly33 being rigidly fixed to

the ground, reaction forces and moments betweery Bodnd Body 3 such as

(3)

Fi3”, M3, My 3, can not be determined unless additional equations

modeling the interaction between Body 1 and Bo@yeintroduced. Therefore, it
is assumed tha‘?l,g(g) = 035, andM, 5, = M, ;,® = 0 without examining this

modeling problem. Then, this assumption can beridestas:

= (3
Fi3 0
®zrrrrpspF = M1,3x(3) = [] (5 equations) (4.87)
M. .. ® 0
1,3z

b zr rrFpsp 1S @ matrix for the extraction d?l,g(g), M, 5,® and M, ;,¥. Then,

Total Number of Equations =78 +26+6+1+6+5 =122

The final form of system equations of RFFDSP foreci dynamic solution
procedure is as shown in equation (4.88) by usqagon (4.73), (4.74), (4.83),
(4.84), (4.85),(4.86) and (4.87).
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M7gx26 —K7gx96

026x26 ®26x96

O6x26 ®ZGRRFFDSP gy 0 )

Os5x26 ®ZRRFFDSP oy o l%%xll _
®qaaz,RFFDSP |,y 01x96 96x1l122x1
(Ar7r = Aizn), o 03x96

|(Aa17r — Aa17L)3X26 03x96 L I,
—B7gx1

Tr6x1

Opx1

051 (4.88)

0
(B171 — B17r)3x1
L(Ba17 — Ba17r)3x1d15051

4.4.4. For LFFDSP
A procedure similar to RFFDSP is followed.

Since it is assumed that Body 3 does not inter#tt thhe ground during LFFDSP,
several ground reaction forces and moments arecteghdo be zero given as

shown:
0
= (3 — (3)
F0,3 =M0,3 =[0]
0

This condition can be described as:

= (3

0
®z6rLrrpsPF = (3)] = [] (2x3=6 equations) (4.89)
0

F0,3
MO,3
QBZGR,LFFDSP is a matrix for the extraction of related grourgation forces and

moments.

During LFFDSP Body 1, Body 2 and Body 4 are assutadk rigidly fixed to the
ground. This assumption is ensured for Body 1 aodyB2 by supplying proper

COV COD pp, Py, Wy, Wy, Viprs Vip, @1, @2, Gepr, Ggpy, 10 Kinematic
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equations of LFFDSP. For Body 4, kinematic constsaare implemented in order

to satisfy the assumption:

0
Acqa = 0y = |0
0

a4 can be expressed as, = 4,(q)q + B.(q, Q).
Similarly, @, can be expressed @ = A,4(§)q + Boa(T, )
Then, kinematic conditions can be described as:

Aﬁ = —B, andi‘iw}i—i = —By,

~

1A
However, rank of matrl{ .
a4

4 l is always found as 1 due to the kinematic strectur

_§4

_ A, 1.
for system of linear equatlor{ﬁ*lq = [
Aa4_ _Ba4

]. If unnecessary equations are

eliminated, kinematic conditions are reduceé jo= 0 which can be described as:
ngddZ,LFFDSP&_i = 0 (1 equation). (4.90)
gl_)qddZ,Lpstp is a row vector for the extraction &f from§.

Additional kinematic constraints are introduced order to ensure the
compatibility necessary for the closed kinematiaioshformed during LFFDSP.

(3%x2=6 equations)
Ac17 fR = Q17 pr, ANAAy7 pp = Aq7 1, Where
Ac17 fR = AR (@G + Bi7r(q, Q) andac 7 r, = A7, (@G + B17.(3, ),

®17 fR = Ap17( @G + Boa7r(T, ) anda,; ¢, = Ap17.(@G + Ba17(T ).

Following that, kinematic constraints can be expedsas:

(A17R - AA17L)é_I. = §17L - El7R (4.91)
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(Aa17R - Aa17L)é_I. = Ea17L — Bai7r (4-92)

For LFFDSP A7k, A171, Ag17rs Ag171s Bi7r, Bi7L, Bai7r @ndB,q,, are found

numerically too for the same reasons and by theegaocedure mentioned before.

According to the assumption of Body 1, Body 2 amly84 being rigidly fixed to

the ground, reaction forces and moments betweery Rodnd Body 4 such as

152,4(4), M2,4x(4), M2,4z(4) can not be determined unless additional equations

modeling the interaction between Body 2 and Bodyetlintroduced. Therefore, it

)

is assumed that, , “ = 04y, andM, ., @ = M, ,,® = 0 without examining this

modeling problem. Then, this assumption can beridestas:

= (4
Fp

0
Gzr rrpspF = M2,4x(4) = [] (5 equations) (4.93)
M, .. @ 0
2,4z

b2z LrFDsp 1S @ matrix for the extraction (5’5,4(4), My 4™ andM, ,, .
Then,Total Number of Equations =78+26+6+14+6+5 =122

Similar to RFFDSP, the final form of system equasioof LFFDSP for direct
dynamic solution procedure is shown in equatio@4¥by using equation (4.73),
(4.74), (4.89), (4.90), (4.91),(4.92) and (4.93).
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[ M78x26 —K7gxo6 |

026x26 $26x96

O6x26 ®ZGRLFFDSP ¢y 96 )

Os5x26 G ZRLFFDSP ¢ o I%26><1l _
®qaaz,LFFDsP o, 01x96 96x11122x1
(Ar7r = Aizn), o 0396

|(Ag17r — Aa17L)3X26 03x96 L ian
[ —B7gx1 1

T26x1

O6x1

051 (4.94)

0
(B171 — B17R)3x1
L(Ba17 — Ba17r)3x1d15051

4.5. Transition from Single Support to Double Suppd Phases

Reference trajectories are given in such a wayttieatelocity of contacting body

relative to the ground is planned to become zetbeainstant of contact. However,
there always exists a tracking error caused bydmerol effort. As a consequence,
desired collision free contact of foot with the gnd is never accomplished. This
situation occurs at the instant of phase transtifivom single to double support
phases. Since bodies and the ground are assurbeditpd, the impact happens in
an infinitely small amount of time interval. In ethwords, joint space velocities
are changed instantly to satisfy the contact camstwhich enforce zero angular
and translational velocity relative to the groumd the contacting body after the
impact. It is assumed that joint space velocitiesry lowerbodies are affected by
the impact. Modification of joint space velocitiaee carried out manually by an
optimization based algorithm, where weighting coefhts determine the

sensitivity of variation in joint space velocitigsthe impact.
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4.5.1. From RFFSSP to LFFDSP

qr_ur

Forgg , = l l defined by using equation (4.3) and (4.6):

qL n

dr.L,,, andqg_, . areqg_, at the end of RFFSSP and the beginning of LFFDSP.

In the same mannev_’tpLen arthpL andw, at the end of

d’ VtPLl'm ernd’ Wzml

RFFSSP and the beginning of LFFDSP.

It is impossible to provide a perfect landing caiaah for the left foot at the end of
RFFSSP. For this reason:

77 0
lvipL end| £ |:

W2end

0
At the instant when LFFDSP begins, the followingditions must be satisfied:

. v,

i g — | tPLini| —
vtpL YR Ly Wz- '
ini

O .

] 0,=0 (4.95)
0

After dropping8, and the related column fro@uini andf,,,tpL, the equation

(4.95) becomes:

v,
J g — | tPLini| —
v tpL R le V_VZ
mi

] (4.96)
0

Then, a cost function is employed to minimize tbwlt variation in joint space
velocities sourced from instant changes. The casttion is taken into the
consideration Whil@?R_Lend is manipulated to béR_Ll.ni with the condition shown
by equation (4.96) to be satisfied. Therefore atnopation problem arises such
that:

T -

L 1, -
Minimize € =-Agg,., Waaj rrrsse. LFFDSPAqRL , subject to]vtpL dr Lini, =

VepL . VepL
lipL””l Where[ L m‘l is supplied a VoL m‘l [ ]

W2ini 2ini W, ini
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= aR-Lendr —gr Lini, WhereéR_Lendr is the reduced form after dropping

VT/adj,RFFSSP_LFFDSP Is a diagonal matrix including weighting coeffigte such as
w, .. 0
Waajrrrssp Lrrpse = | 1 © :

0 .. Wil
By applying the method of Lagrange Multipliers [63]

Ry,
Lini,

-1
14 14 T
qRLeTld + Wad] RFFSSPLFFDSP ]‘U tpL, (]‘U tpL, Wad} RFFSSPLFFDSP ]‘U DL, )

Vept
<[ mll ]vtpL dr Lend > (4.97)

W, ini

At the beginning of LFFDSP, joint space variablesgy , are switched with

dr_1,,, (Whereb, ingg ,  is taken as zero).
4.5.2. From LFFSSP to RFFDSP

A similar procedure is carried out.

Forg, = [q_L Hr

5 l defined by using equation (4.2) and (4.16):
R_H

qLr,,, andq, r,  areq, p at the end of LFFSSP and the beginning of RFFDSP.

In the same manné?tpRend, v, areV,z andw,; at the end of

toR ' Wienar Wiini

LFFSSP and the beginning of RFFDSP.

It is impossible to provide a perfect landing caiaah for the left foot at the end of
RFESSP. For this reason:
7 0
[VipRend £ |:

Wiena

0
At the instant when RFFDSP begins, the followingditons must be satisfied:
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Jotor Qurpp; = 7y ””l [ ] 63 =0 (4.98)
ini

After dropping6; and the related column from_Rmi andf,,,tpR, the equation

(4.98) becomes:

v,
tPRini | —
Wy, ini

]v,tpRr AL Rip;, = l

0
] (4.99)
0

Then, a cost function is employed to minimize tbgalt variation in joint space
velocities sourced from instant changes. The castction is taken into the
consideration Whi'@_Rend is manipulated to béL_Rmi with the condition shown
by equation (4.99) to be satisfied. Therefore atindpation problem arises such

that:

T~

o 1,
Minimize C =5AQL_Rr Waaj LFFssp. RFFDSPAqLR , Subject to]vtpR qLR

lnl

Vepr. Vipr
lipR”“l Where[ ‘PR m‘l is supplleda Vior m‘l [ ]

Wiini lini Wiini

A?]L_Rr = c"[L_Rendr -q, Rini,. wherec'jL_Rendr is the reduced form after dropping

05 from LR oy
Wad]-,LFFSSP_RFFDSP is a diagonal matrix including weighting coeffiats.

By applying the method of Lagrange Multipliers:

iy, .
Rini,

-1
14 ~ o~ 14 T
- qLReTld + Wad] LFFSSPRFFDSP ]V tpR, (]‘U,tpR.rWadj,LFFSSPRFFDSP ]V,tpRr )

Vipr
([ mll . qLRendr> (4.100)

Z¥ ini

At the beginning of RFFDSP, joint space variablesjj  are switched with

dy r,,, (Whereb; ing, . is taken as zero).
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CHAPTER 5

CONTROL STRATEGY

Tracking of reference trajectories which define relsteristics of a biped
locomotion is achieved by a 2 step control stratedpch are computed torque

control and optimum command accelerations calanati
5.1. Calculation of Optimum Command Accelerations

As explained in chapter 3, reference trajectoriessapplied for Body 1, Body 2,
Body 17, toe points and the mass center of Bodyirlérder to apply computed
torque control method for finding actuator torquedesired joint space
accelerations which will be called as command &eaéibnsg, in the thesis must
be supplied. Due to the redundant kinematic strectd the biped robot, it is not
able to find unique joint space accelerations wisalisfy reference trajectories
given for bodies and points specified in chaptedn3.order to cope with this
problem, simple optimization algorithms based oadyatic cost functions, which

are formed according to the requirements of locamngthases, are created [68].

Future tracking errors are estimated in the lighpr@sent values of joint space
variables; for instance\Prrrssp c17 f+ AVrrrssp 17 ¢ and AORgprssp 17 ¢ N
RFFSSP. These estimated tracking errors form tkes ld cost functions. Along
with these estimated tracking errors, joint spaceekerations are added to cost
functions; so that joint space accelerations witbater values are penalized such
as by the expressioé Gr_ur(O Wrerssp_qr sraa- g ar(t) in RFFSP, since
higher joint space accelerations result highereslof actuator torques which is an
unfavorable situation for instrumentation and powensumption aspects. As
mentioned in previous chapters, full rotation dfjaints is available. Regarding
this, full rotation of specific joints is occasidlyaobserved during the simulation;
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because it is calculated to be feasible accordinipe control method within the
prediction time range. However, the control of bipebot becomes more difficult
and the tracking performance reduces in the lomg because online adjustment
of weighting coefficients to compensate signifitgrthanging conditions of this
nonlinear system, for instance the full rotationsome joints, is not available in
the thesis. Considering this, deviation of someci$iggjoint space variables from
their initial positions is penalized by an addisbicomponent in cost functions in

order to avoid excessive rotation in several jointsuch as
%A_CIRFFSSP_R_HTJT- WRFFSSP_qR_Hr-A_QRFFSSP_R_Hr_f for RFFSSP. Joint space
variablesd; andés, 6, andé, being different from zero is penalized during $ng
support phases by a cost function SUC%M4.WP’94.A94 and%AéL;.W1,,94.At9'4
for RFFSSP; because Body 1 and Body 3 at the eh&B$SP, Body 2 and Body

4 at the end of RFFSP are expected to have the saemation, where reference
orientations are supplied for Body 1 and Body 2.

Optimum command acceleratiorgg are calculated in two separate headings.
Calculation procedure of optimum command accelenatof joint space variables

regarding upper bodie'ﬁlpperc Is the same for all phases. On the other hand, the

procedure for optimum command accelerations oftjspace variables regarding

lower bodiefj,owerc depends on the locomotion phase.

5.1.1. Calculation of Optimum Command Accelerationgor Lower Bodies
5.1.1.1. For RFFSSP

Calculation of optimum command accelerations dufRig-SSP is accomplished
in 2 steps. In the first step, optimum command lacagons for joint space
variables from Body 3 to Body 17 are calculatedoading to given reference
inputs for Body 17 and its mass center. In the sécstep, optimum command
accelerations for joint space variables from Bodyt@ Body 2 are calculated
according to determined command accelerations @ first step and given
reference inputs for Body 2 and its toe point. 8e talculation of optimum

command accelerations for RFFSSP can be divideRipiarts.
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Optimum command accelerations for dropped jointcepaariables are taken as

zero due to locomotion phase assumptions. Sincg Bad assumed to be rigidly

fixed to the ground, command accelerat('iigrcl is taken as zero.

5.1.1.1.1. For Body 17 and the mass center of Bodly
5.1.1.1.1.1. Definition of Variables
Variables that are used in the cost function apressed.

t is the present phase time which is elapsed timn fthe beginning of current
phase andt; rrrssp iS the prediction time range used in the firspsieoptimum

command acceleration calculations in RFFSSP.
ERz~“1~“551>_c,17_f = pc,17r(t + Atl_RFFSSP) — Pc,17a(t + Atl_RFFSSP)

P17, (t + Aty grrsse) is the reference value 6f 1, at phase time + Aty grrssp-

P17, (t + Aty prrpssp) is the predicted actual value 8f;, at phase time +

Aty rrrssp-

Using the truncated Taylor Expansionf@fna(t + Atl_RFFSSP) and the definition

of gr y» by equation (4.6):

pc,17a(t + Atl_RFFSSP)

= _ Aty prrssp”
= Pea7,(t) + Vo7, (O). Aty rrrssp + ac,17a(t)-_T

= P17, () + jv,17_fRV(t)- qr_tr (t)- Aty rrrsse

2
Aty rrrssp

+jv,17_fRV(t)- Gr (0. >

2
Aty rrrssp

+jv,17_fRV(t)- qr (0. >
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Then,
ERz~“1~“551>_c,17_f =

Pc,17r(t + Aty grpssp) — Pea7,(8) _jv,17_fRV(t)- Ar_ur (). Aty grrssp —

A - At 2 S 20 At 2
]v,17_fRV(t)- qr_nr(0). % - ]v,17_fRV(t)- qr_nr(1). % (5.1)

The same convention and procedure are used for déffi@itions.
AVpppssp 175 = ‘717r(t + Atl_RFFSSP) — ‘717a(t + Atl_RFFSSP)! for

Vs (t + A751_1!31:1:5513)

V17 (& + Aty grrssp) = W17 (t + Aty grrsse)

Then,

A_VRFFSSP_17_f =
Vi7, (t + Atl_RFFSSP) - jv,17_fR (). Gg_ur (t) — jv,17_fR (). Gr_pr (). Aty pppssp —

jv,17_fR (). Gr ur(t). Aty grrssp (5.2)

For

(0,17) (0,17)

AORgprssp 17 f = C_diagr (t + A751_1!31:1:5513) - C_diag a (t + Atl_RFFSSP)!

it can be expressed that:

AORRFFSSP_17_f =

~ 0,17) _ (0,17)
Cdiagr (t + Atl_RFFSSP) - Cdiaga (t) —

R . A . At SS 2
Jv,caiago 17 frR(E)-Ar_ur(8). Aty gprssp — Jv,caiago 17 fr(0)-Qr_pr (T). % -

Aty RrESSP” (5.3)

jv,CdiagO_17_fR (t) aR_Hr (t) 2

Aqrrrsse_r_trf = Qr_ar a(t + Aty gppssp) = qr ur» Wheregg 4y  is the vector of
basic joint space positions f@; 5. Joint space position deviations, which are

penalized in the cost function, are calculated watpect g - Initial values
of g yr are used agp yr o S0,Gr r, Is taken as a vector with zero components

only in the simulation.
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Then,

2
Aty RFFSsP”
2

QR_HrO (5-4)

A_CIRFFSSP_R_Hr_f = qr ur () + Gr_pur (t). Aty gepssp + qr_ar (1)

The cost function for the first step of optimum acoand accelerations calculation

in RFFSSP is defined as shown below:

CRFFSSP,l =

1-— . _

EAP rFFssP_c17_f - Wrrrssp_p17- APrrrssp_c17 5 +
1—— T -
EAORRFFSSP_17_f -Wgrrssp_or17-A0Rgprssp 17 5 +
LAV % Av

5 BVRFFSsP_17_f -WrFrssp v,17- AVrrrssp 17 5 +

1— . _
> Aqrrrssp R Hr f - WrFrssp_qr Hr-A4rrFssp R Hr 5 +

1. —~ .
> dr_Hr @®"r. Wrrrssp_qr_tHraa- qr_ur (t) (5.5)

5.1.1.1.1.2. Calculation Procedure

For optimum cost valu&EErssPL — (5.6)

OqRr_Hr

optimum command accelerations can be calculated. 8quation (5.6) can be
converted into the forméj'R_HrTZARFFSSP,l=(7RFFSSP,1 by using row vector
convention for the differentiation of a dimensi@devariable by a vectar = [x;]

as shown below:

. W _ [y 0_Y]
ax  loxy ax,

a(xTA _
. % = 2xT A, whered is a symmetric matrix
. XE_ 4
X
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Therefore,

2
OCRFFssP1 FFSSP ] +

_ = T a5 o Atl_R
PE = APrprssp_c17.f - Wrrrssp_p,17- [_]v,17_fRV(t)- 2
4Ry

aTAD T 7 Aty rpFssp’
AORgprssp 175 - WrrFssp_or,17- [_]v,CdiagO_17_fR (®). — 7T

— T - -
AVgprssp 17 5 - WrrFssp v,17- [_]v,17_fR (t)-qr ur (0. Atl_RFFSSP] +

- T & Aty Rrrssp® | = T %
Aqrrrssp R Hr f -WRFFSSP_qR_Hr-—z + qR_Hr(t) -WRFFssp_qr Hrda (5.7)

After inserting derived expressions ORPgrrssp 17 f»  AORgprpssp 17 £
AVgprssp 17 5 @andAqgprssp g ur ¢ Which are equation (5.1), (5.2), (5.3) and (5.4)

into equation (5.7), the equation can be expreased

=  Tga -
dr_ur Zrrrsspa = Grrrsspi (5.8)

Then, components of equation (5.8) can be expressed

G_RFFSSP,l =
_ _ . . T
Pc,17r(t + At1RFF55p) - Pc,17a(t) _]v,17_fRV(t)- qr_r(t). Aty rrrssp

2
Aty rrrssp

_jv,17_fRV(t)- Gr ur (0. >

~ - Aty prrssp”
. WRFFSSP_P,l7-]v,17_fRV(t)- _T

- N . T

v17r(t + AthFFSSP) _]v,17_fR(t)- qR_HT(t) ,\ "

+ . . Wrrrssp v17-Jv,17 rr (). Aty rEEssp
—Jv,17_fR(D)- Qr_nr (£)- Aty _pprssp

~ (0,17) = (0,17)
Caiag, (t + Aty gprssp) — Caiag ()

' 2
] q i s Aty gpprssp
~Jocaiago 17 R (8)-Tr_nr () Aty gppsse — Jocaiago 17 fr(E)- Gr ar (t)-‘T
% J Aty rpFssp’
. WRFFSSP_OR,17-]v,Cdiag0_17_fR (t) R ——
q q "W Aty Rrrssp”
[qR_Hr(t) - qR_HrO] .WRFFSSP_qR_HT_% _

Aty Rrrssp® (5.9)

- T Y77
qr_1r(t)" . WrErssp gr_Hr- >
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Z RFFSSP,1 =

S > Aty rrFssp”
Wrrrssp_qr Hraa + WRrFrssp_qr Hr- —, 7T

7 T Y17 7 Aty RpFssp”
]v,17_fRV(t) . WRFFSSP_P,17-]V,17_fRV(t)- 1T +

4
Aty RFFssP +

. o .
Jv.caiago 17 fR(E)" - Wrrrssp or17-Jv,cdiago 17 fr(L)- "

jv,17_fR ®". WRFFSSP_V,17-jv,17_fR (t). A751_1!31:1:55132 (5.10)

WRFFSSP_P,17’ WRFFSSP_OR,17’ WRFFSSP_V,171 WRFFSSP_qR_Hr and WRFFSSP_qR_Hrdd

are diagonal matrices with weighting coefficients.

With derived expression, optimum command accelamati for joint space
variables from Body 3 to Body 17 during RFFSSP barcalculated by equation
(5.11):

- - o -117
qr_ur () = [GRFFSSP,l-ZRFFSSP,l ] (5.11)

5.1.1.1.2. For Body 2 and the toe point of Body 2
5.1.1.1.2.1. Definition of Variables

The same conventions and derivation procedureseofirtst step are implemented.
However, several jacobian matrices are segmenteg tise definition ofgy ; in

chapter 4 as shown below:

[thL] _ [jv,tpL_R_HrV jv,tpL_L_HV] [ﬁR_Hrl

W Ji vtpL_R_HT,, Ji vtpL LH, |L9LH

= (02 o > qr_nr
diag = [] v,Cdiag0_2_R_HT J v,CdiagO_Z_L_H] (7
LH

t is the present phase time afg rrrssp IS the prediction time range used in the

second step of optimum command accelerations egioolin RFFSSP.

APgrrssp tpr 5 = P, ter(t + AtZ_RFFSSP) — Py a(t + AtZ_RFFSSP)
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Using the truncated Taylor Expansion IE}gLa(t+AtZ_RFF55p) and segmented
jacobian matrices mentioned abO\ERFFSSP_tpL_f can be expressed as shown
below where optimum command acceleratioiijs_,,(rc) that are calculated in the

first step and unknown joint space acceleratigns;| are expressed in separate

terms.

ERFFSSP_tpL_f =
pter(t + AtZ_RFFSSP) - ptpLa(t) _jv,tpLV(t)- Gr (D). Aty rrrssp

/ = At 2
o epn, (6)- gy (£). SRS

[~ .. ~ o At 2

_] v,tpL_R_HrV(t)- dr_Hr, () + ]v,tpL_L_HV(t)- L H (t)] % (5.12)
The similar procedure is applied for other defons.

HRFFSSP_z_f = 17zr(t + AtZ_RFFSSP) - 17za(t + AtZ_RFFSSP)a for

thL(t + AtZ_RFFSSP)

v, (t + Atz_RFFSSP) = W, (t + At, RFFSSP)

Then,

A_VRFFSSP_z_f =
[Vzr(t + AtZ_RFFSSP) - jv,tpL (©).qr () — jv,tpL (®). gz L (©). AtZ_RFFSSP] -

[j wtpL R Hr (L) dr ur c ®) +7, vepLL 1 () duu (t)]AtZ_RFFSSP (5.13)

—_— = (0,2) ~ (0,2)
For  AORgrrssp_2 5 = Caiag, (t + Aty grrssp) — Caiag (t + Aty grrssp),

AORRFFSSP_Z_f =

(0,2) (0,2)

(t + AtZ_RFFSSP) - C_diaga ®) — jv,CdiagO_Z (). Gr 1 (). Aty gppssp

/ e At 2
_]v,Cdiago_z (). qr L (). %FSSP

Cdiagr

A e A o At 2
- [] v,cdiago.2 R Hr (£)-qr_nr c () + Ju,caiago21u(®)-qr_n (t)] %FSSP (5.14)
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Aqrrrssp_inf = C_lL_Ha(t + Aty prrssp) — qLu, Whereq,, is the vector of
basic joint space positions fqg 4. Initial values ofg, , are used agy u,- SO,

L u, is taken as a vector with zero components ontiiénsimulation.
Then,

_ _ . - At z
Aqrrrssp 1 n 5 = Qi u(t) + Gy (t). Aty grprssp + %_H(Q-%FSSP —qLH,

(5.15)

6, and @, being different from zero is penalized by usingressions shown

below in the cost function.

- — - . At 2
AB, = 0,(t) = Dg,.q, u(t) + Do, q1,_n(t). At grpssp + Do, qL_H(t)-%FSSP

(5.16)
AB, = 0,(t) = 694- g u(t) + 694- qL (). Atz grrssp (5.17)

The cost function for the second step of optimummm@and accelerations

calculation in RFFSSP is defined as shown below:

CRFFSSP,Z =

1-— T ~ —
EAP rEFSSP_tpL_f - WrrFssp_p,tpL- APRrFssp_tpL_f T

1

__ T ~ —_—

2 AORgppssp 2 f -Wrrrssp_or2- A0Rgprssp 2 5 +
1-— T —

EAVRFFSSP_Z_f -WrErssp v,2- AVRrEssp 2 5 +

1— T ~ — 1
> Aqrrrssp_in g - Wrrrssp_qr_n-A9rrrssp_ L0 g + > 0By Wpg,. 0O, +

1 . . 1 s —~ 2o
> A8y Wy, 00, + S4qLH ®". Wrerssp_qr_nad-qu_n (t) (5.18)
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5.1.1.1.2.2. Calculation Procedure

For optimum cost valug?;’g”ﬂ =0, (5.19)
L H

optimum command accelerations can be calculated. efuation (5.19) can be

converted into the form:

= Ta -
dru Zrrrssp2 = GRrrrssp,2 (5.20)

Components of the equation (5.20) are as showmbelo

_ _ . . T
Pter(t + AtZ_RFFSSP) - PtpLa(t) - ]v,tpLV(t)- qr 1 (t). Aty rrrssp

G = . 2
RFFSSP,2 B jv,tpLV (). G (D). Mzﬁ%
~ - Aty prrssp”
-Wrrrssp_ptpr-J v,tpL L Hy (®). _T
At *
- &_iR_Hr c O] v,tpL_R_HT, @®7T. WRFFSSP_P,tpL-j vtpL L Hy (t). %

_ - . T

Vzr(t + AtZ_RFFSSP) — Joep (0)-qr (O .

i . WrrEssp v,2-Joepr 11 (). Aty rppssp
—Jo,ep1. (£)- Gr 1 (t). Aty gFpssp

s > ~ > 2
— qr_Hr, ")y, tpr R _Hr(t) T Wrerssp v,2-Jo, tpr1_H(£). Aty RpFssp

= (0,2) = (0,2) T
Cdiagr (t + AtZ_RFFSSP) - Cdiaga (t)
+ : Aty rrrssp”
—Jv,caiago 2(t)-qr 1, (t). Aty rprssp — Jv.caiago 2(8)-qr 1 (£). ———— >
S ? At, rrFssp”
Wrrrssp_or2-Jv,caiago 211 (0)- -, -

4
At; RrFssp”

R nr c ®".J v,Cdiag0_2_R_Hr ()" Wrrrssp or2-J vcdiago_2.1 H () n

q a T At 2
[qL_H(t) - qL_HO] 'WRFFSSP_qL_H-%FSSP _

3 2
- T 7 At; RFFSSP — T T =  At3 RrFssp
qr,_u(t) -“’RFFSSP_qL_H-—2 — g, u(t)". 0, -“’P,G4-®94-—2 -

- - T — At 2. - T —
T _RFFSSP T
GLu(®). g, Wpe, 0g,.————q,y(t)".0g, .Wyg,.Dg,.At3 rrrssp

(5.21)
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Z RFFSSP2 =

S 7 At; rrFssp”
Wrrrssp_qi_naa + Wrrrssp_qL_H- —, 7T

(t). At; Rrrssp” +

. T -
]v,tpL_L_HV(t) -WRFFSSP_P,tpL-]v,tpL_L_HV 2

4
At; RFFssP +

. oo .
Jv.caiago 2.1 H(®)" - Wrrrssp or2-Jv,cdiago 2.1 1 ()- n

. o . )
Jotpr 1 ()" Wrrppssp v 2-Joepr 1w (). Aty gppssp” +

— T — At - T — 2
Do, -WP,94-®94-%FSSP+ Do, Wy, Do, Ats rrrsse (5.22)

WRFFSSP_P,tpL’ Wrrrssp_or2r WrrFssp_v,2: WRFFSSP_qL_Ha WP,94’ WV,94 and
VT/RFFSSP_qL_Hdd are weighting coefficients or diagonal matricegshwiveighting

coefficients.

With derived expression, optimum command accelematirom Body 17 to Body
2 for RFFSSP can be calculated by equation (5.23):

- = . -11T
qL_HC(t) = [GRFFSSP,Z-ZRFFSSP,Z ] (5.23)

5.1.1.2. For LFFSSP

Similar to RFFSSP, calculation of optimum commanzteterations during
LFFSSP is accomplished in 2 steps. In the firsp,steptimum command
accelerations for joint space variables from Bodyo4Body 17 are calculated
according to given reference inputs for Body 17 asanass center. In the second
step, optimum command accelerations for joint spagebles from Body 17 to
Body 1 are calculated according to determined jg@ice accelerations in the first
step and given reference inputs for Body 1 andtas point. Command

accelerationé4c is taken as zero by considering the assumption Body 4 is

rigidly fixed to the ground. Since the calculatiprocedure and the convention is

the same as RFFSSP’s, only the final form of equatare included.
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5.1.1.2.1. For Body 17 and the mass center of Bodly
5.1.1.2.1.1. Definition of Variables

t is the present phase time atd ; -rssp iS the prediction time range used in the

first step of optimum command acceleration calcoihet in LFFSSP.
EL1~“1~“55P_c,17_f =P, c,17r(t + Atl_LFFSSP) — P17 a(t + Atl_LFFSSP)

Using the truncated Taylor ExpansionRfy; (t + Aty ;rrssp) and the definition

of g, _u, by equation (4.16):

AP LFFSSP_c17_f =

pc,17r(t + Atl_LFFSSP) - 136'17(1(1:) _jv,17_fLV(t)- qr_ur(t). Aty prpssp —

A . At 2 a 2 At 2
]v,17_fLV(t)- qr._ur (0. %FSSP - ]v,17_fLV(t)- qr._ur (0. %FSSP (5.24)

The same convention and procedure are used for d¢fiaitions.
AVippssp 17 f = ‘717r(t + Atl_LFFSSP) - 1717a(t + Atl_LFFSSP)a for

Ve17 (t + Atl_LFFSSP)

1717(t + At1_LFFSSP) = v_v17(t + Aty LFFSSP)

Then,

HLF1~“55P_17_f =
Vi7, (t + Atl_LFFSSP) - jv,17_fL ®). 1 ur () — jv,17_fL ). Gr_ur (). Aty pppssp —

J w17 fL(t). L ur (). Aty prpssp (5.25)

For
(0,17) (0,17)

AOR ppssp 17 5 = C_diagr (t + Atl_LFFSSP) - C_diag a (t + Atl_LFFSSP)a
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AORLFFSSP_17_f =

= (0,17)

(0,17)
Cdiagr

(0 -

(t + Atl_LFFSSP) — C_diag a

R . A . At SS 2
Jv,caiago 17 fr.(0)-qr_pr (£). Aty 1rrssp — Jv,caiago.17_f1(0)-Qp_ur (E). % -

A e At 2
Jv,caiagoa7_rr.()-qr_ur (D). %FSSP (5.26)

Aqurrssp_rirf = Qu_nir (t + Aty yprssp) — G _Hry Where g gy, is taken as a

vector with zero components only.

Then,

_ _ . - At z
Aqrrrssp 1 ar £ = G ur(t) + G gy (0). Aty 1rrssp + 1 or (t)-%m — 4L nr,

(5.27)

The cost function for the first step of optimum aoand accelerations calculation

in LFFSSP is defined as shown below:

CLFFSSP,l =

1-— . _
> APy ppssp ca7 5 -Wirrssp pa7-APrrrssp c17 5 +
1—— . _

> AORprssp 17 f -Wirrssp or17-A0OR1prssp 17 5 +
1— . _

> Aviprssp 17 5 -Wirrssp v,17-AViprssp 17 5 +

1— T ~ —
> Aqirrssp_i_brs - Wirrssp_qr_tr-AqLrrsspi_br g T

1. A .
S Lr ®". Wirrssp_qi_nraa- Qu_nr (£) (5.28)

5.1.1.2.1.2. Calculation Procedure

For optimum cost valu&Erssea — (5.29)

4L Hr

optimum command accelerations can be calculated. effuation (5.29) can be

. 2= T 5 ~
converted into the form, y, Z,rrssp1 = GLrrssp1-

140



Therefore,

2
9dCLFFSSP1 FFSSP ] +

T 7 T Atl L
FFSSPA — AP W, _[_ £), Ata
4L ur LFFSSP_c,17_f LFFSSP_P,17 ]v,17_fLV( ) 5

aTAD T 7 Aty LFFssp’
AORprssp17 5 -Wirrssp_or17- [_]v,Cdiag0_17_fL (t). — |t

— T . -
Aviprssp 17 5 - Wirrssp v,17- [_]v,17_fL ®). q_ur (0. Atl_LFFSSP] +

- T & Aty [Frssp® | = T %
AqLrrssp 1 Hr f -WLFFSSP_qL_Hr-—z + CIL_Hr(t) Wirrssp gL _Hrdd (5.30)

After inserting derived expressions ORPrrssp 17 51 AORippssp 17 £,
AVippssp 17 ¢ and Aqppessp 1, ur ¢ Which are equation (5.24), (5.25), (5.26) and

(5.27) into equation (5.31), the equation can hj@essed as:

-  Tgs =
qr_ur Zirrssp,1 = GLrrssp1- (5.31)

Components of the equation (5.31) are determineld as:

GLFFSSP,l

_ _ . . T
Pc,17r(t + Aty Lrrssp) — Pe7,(8) = Jo17_p1, (- Gu_nr (8)- Aty pprssp

2 . Aty 1Frrssp 2
—Jva7 5Ly, (). qp_pr (0). —

~ N Aty 1rpssp’
. WLFFSSP_P,l7-]v,17_fLV(t)- _T

- N N T
V17r(t + Aty prrsse) = Jo17 (0. Qrur O] .
X . Wirrssp v17-Jva7 1. (8)- Aty Lrrssp
—Jo17 1. (0. Qp_nr (£). Aty _Lprssp

(0,17)

+

0,17) T

C_diagr (t + Atl_LFFSSP) — C_diag a ®)

- - 3 - Aty 1ppssp”
—Jv,caiago 17 L (E)-qr_pr (). Aty 1prssp — Jv.caiago 17 fr (). qr,_pr (E). _T

2
Aty 1rrssp”

Wirrssp_or17-Jv,cdiago17_fL (®). >

2
Aty 1rrssp”

_ _ T .
[qL_Hr ) — qL_HrO] Wirrssp_qi_nr- >

- -~ At 3
Q11 (O Wirpsse_qr_r- %FSSP (5.32)
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Z LFFSSP,1 =

7 > Aty LpFssp”
Wirrssp_qr_nraa + Wirrssp gL Hr- —, T

7 T Y17 7 Aty prrssp”
]v,17_fLV(t) . WLFFSSP_P,17-]V,17_fLV(t)- 1T +

? T 17 ? Aty rFFssp”
Jv,caiago 17 £1.(E)" - Wirrssp or17-Jv,.caiago 17 £1(E). —, T

J v,17_fL ®". WLFFSSP_V,17 J w17 1 (8)- Aty 1prssp 2 (5.33)

Wirrssp_p17v Wirrssp or17» Wirrssp v,170 Wirrssp_qr_nr @AW ppssp 1 praa @re

diagonal matrices with weighting coefficients.

With derived expression, optimum command accelanatirom Body 4 to Body
17 for LFFSSP can be calculated by equation (5.34):

- = . -11T
qL_HrC(t) = [GLFFSSP,l-ZLFFSSP,l ] (5.34)

5.1.1.2.2. For Body 1 and the toe point of Body 1
5.1.1.2.2.1. Definition of Variables

The same conventions and derivation procedurdseofirist step are implemented.
However, several jacobian matrices are segmenteg tise definition ofg; » in

chapter 4 as shown below:

[thR] _ [jv,tpL_L_HrV jv,tpL_R_HV] r[L_Hrl

Wi J vtpL_L_Hr J vtpLRH,, | IR H

= O o > qL nr
diag = [] v,Cdiag0_1_L_Hr J v,CdiagO_l_R_H] (7
RH

t is the present phase time ahg ;rrssp iS the prediction time range used in the

second step of optimum command acceleration caicolan LFFSSP.

APy rrssp tpr 5 = P, tpRr(t + AtZ_LFFSSP) — Pipr a(t + AtZ_LFFSSP)
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Using the truncated Taylor Expansion IE}gRa(t+At2_LFF55P) and segmented
jacobian matrices mentioned abo@Lppssp_tpR_f can be expressed as shown
below where optimum command acceleratio&‘iks_HQC) that are calculated in the

first step and unknown joint space acceleratians,) are expressed in separate

terms.

ELFFSSP_tpR_f =
P tpR,. (t + AtZ_LFFSSP) - P, tpR (t) — jv,tpRV (). q, (). Aty Lrrssp

/ ol At 2
~Joor v (). q,_r(0). %FSSP

- . . . A 2
_] v,tpR_L_Hr (®)-qL_nr c ) +J v,tpR_R_Hy, (t)-qr u (t)] tz'w% (5.35)

Applying the similar procedure for other definition
HL1~“1~“55P_1_f = 171r(t + AtZ_LFFSSP) - 171(1(t + AtZ_LFFSSP)a for

thR(t + AtZ_LFFSSP)

Vi (t + AtZ_LFFSSP) = v_vl( £+ At LFFSSP)

BLFFSSP_l_ f=
[171r (t + AtZ_LFFSSP) - jv,tpR ).y, r(t) — jv,tpR ®). g, r(0). AtZ_LFFSSP] -

[j v,tpR_L_Hr (T &_iL_Hr c GES! v,tpR_R_H () i‘iR_H (t)]AtZ_LFFSSP (5.36)

(0,1) (0,1)

For 40R,rrsse 1 = Caiag,,

(t + AtZ_LFFSSP) - C_diag a (t + AtZ_LFFSSP)a

AORLFFSSP 1.f =

— (0,1) ~ (0,1)
Cdiag (t + AtZ_LFFSSP) — Caiag a ()

i = At 2
~Jv.cdiago1(®)-Qu_r(t)-Ato Lrpssp = Jo.caiago1 (t)- Qo g (£). =222

2

At 2
CdlagO 10ar()-qr Hr, © + cdiago_1.r_H(£)- dr H(t)] %FSSP (5.37)

Aqurrssprif = Qrog(t + Ata 1rpssp) — Gr_i,» Wheregg y, is taken as a vector

with zero components only.
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_ _ - o At z
Aqrrrsspru s = Qru(t) + Gr (). Aty 1rrssp + Qron (t)-% —d4rH,

(5.38)

6, and 8, being different from zero is penalized by usingressions shown
below in the cost function.

R S - . At 2
AB; = 05(t) = Dg,.qr u(t) + Do, qr_n(t). Ats 1ppssp + Do, - QR_H(t)-%FSSP

(5.39)
AB; = 05(t) = 693- qru(t) + 663- qr n(t). Ats 1rrssp (5.40)

The cost function for the second step of optimummm@and accelerations

calculation in LFFSSP is defined as shown below:

CLFFSSP,Z =

1-— T _
EAP Lrrssp_tpR_f - Wirrssp_p,tpr- APLrFssp_tpr 5 T

1

—_— T —~ [
> AORprssp a5 -Wirrssp or1-A0Rprssp 1 5 +
1— T ~ —
EAVLFFSSP_l_f Wiprssp v1-AViprssp 1 f +

1— T .~ — 1
EACILFFSSP rRH f -Wirrssp_qr u-AqLrFssp R H f T §A93- Wp,. 005 +

1 . . 1 . —~ 3
> AB3. Wy g,.003 + SY9r.H ®". Wirrssp_qr nad- Gr_n(t) (5.41)

5.1.1.2.2.2. Calculation Procedure

For optimum cost valugeLErssez — o (5.42)

"34R H

optimum command accelerations can be calculated. ejuation (5.42) can be

converted into the form:

= Ta -
dr.u Zirrssp2 = GLrrssp2 (5.43)

Components of the equation (5.43) are shown bytequéb.44) and (5.45).
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Z LFFSSP2 =

7 7 Aty 1FFssp”
Wirrssp qr Haa + Wirrssp qr H- —,  t

4
At; LFFssp +

Jv,tpr R_H v ®". WirEssp_p,tpr-J v,tpR_R_Hy, ®). "

? T 17 ? Aty LrFsspt
Jv.caiago 1 R ()" - Wirrssp or1-Jv,cdiago 1 r 1 (t)- -, 7T
. o . )

Jotpr R 1 ()" Wippssp vi-Jutpr R 1 (). Aty 1ppssp” +

- T — At - T — 2
Do, -WP,93-®93-%FSSP+ Do, Wy e,-De,-Ats 1rrssp (5.44)

_ _ . . T
PtpRr(t + AtZ_LFFSSP) - PtpRa(t) - ]v,tpRV(t)- qr, r(t). Aty 1rrssp

> = 2
GLrrssp,2 {2 LFFssP

2 . A
_]v,tpRV(t)- q;, r(t). >

At z
~ - 2_LFFSSP
Wirrssp_p,tpr-J v,tpR_R_HV(t)- — 5

. . ~ N Aty 1rpssp
— 4L Hr, ®7.J v,tpR_L_HT @®7T. WirEssp p,tpr-J vtpR_R_Hy, (). _T

_ . . T

V1r(t + AtZ_LFFSSP) — Jo,epr (0. G (D) | __ .

. . Wirrssp vi-Jv,epr g1 (E)- Aty L ppssp
~Jo,epr (). 1, r(t). Aty 1rFssp

s 5 ~ & 2
— qL_nr, ®7.J v,tpR_L_HT T Wirpssp v1-J vtpR R H (). Aty [ prssp

- (0,1) - (0,1) T
Cdiagr (t + AtZ_LFFSSP) - Cdiaga )
+ : At; Lrrssp’
—Jv,caiago.1(t)-qr,_r (). Aty Lrrssp — Jv,caiago 1 (B)- qr_r(L). _T
> ? At; |Frssp”
Wirrssp or-Jv,caiago.1 r () -
2 T § T Yi7 # At; [rrssp”
qL_Hr C(t) Jvcaiago 1.1 mr()" - Wirrssp or1-Jv,cdiago 1 r 1 (t)- — .
_ _ T At SS 2
[qR_H () — qR_HO] -WLFFSSP_qR_H-% -

3 2
- T 7 Aty LFFSsP — T T = At3 |FFssp
qr u(t) -WLFFSSP_qR_H-—Z —qru(t). Dy, -WP,03-¢03-—2 -

. — T — At 5. T —
T _LFFSSP T
Gru(®)". 0o, Wpg,.0p,.———qr u(t)". B9, .Wye,.0p,-Ats 1rrssp

(5.45)
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WLFFSSP_P,tpRa Wirrssp or1s Wirrssp v, WLFFSSP_qR_Ha WP,93a WV,93 and
VT/LFFSSP_qR_Hdd are weighting coefficients or diagonal matricegshwiveighting

coefficients.

With derived expression, optimum command accelematirom Body 17 to Body
1 for LFFSSP can be calculated by equation (5.46):

- - o -11T
qr.u (t) = [GLFFSSP,Z-ZLFFSSP,Z ] (5.46)
5.1.1.3. For RFFDSP

Optimum command accelerations for joint space béetgafrom Body 3 to Body
17 and from Body 2 to Body 17 are calculated adogrtb given reference inputs
for Body 17 and its mass center by defining 2 s#patost functions. In order to
calculate feasible command accelerations, thesefeostions are combined and
subjected to kinematic constraint equations. Otlsswphysically unrealizable
command accelerations produce inappropriate actuatques from computed
torque control block, which enforce bodies to mawveompatibly with respect to
kinematic constraints formed by closed kinemati@ich Then, inappropriate
actuator torques calculated by computed torquerabhblock cause unpredictable
joint accelerations during the direct dynamic dolutwhich ensures specified
kinematic conditions as a part of the solution. S&muently, unpredictable joint
space accelerations practically lead to blind arzomscious control of the biped

system.

Optimum command accelerations for dropped jointcepaariables are taken as
zero due to locomotion phase assumptions. Commrzarrre:lmationé3C is taken as

zero as similar to RFFSSP, since Body 3 is assumdgk rigidly fixed to the
ground in RFFDSP too.

5.1.1.3.1. Definition of Variables

t is the present phase time aft-rpsp IS the prediction time range used during

the calculation of optimum command acceleratiorRHrDSP.
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ERFFDSP_c,17fR_f = Pc,17r(t + Atrprpsp) — Pc,17_fRa(t + Atrrrpsp)

Then,
ﬁRFFDSP_c,17 fRf =

136'17r(t + Atgprpsp) — Pc,17_fRa(t) _jv,17_fRV(t)- qr ur (). Atgrprpsp —

A . At 2 S 2 At 2
]v,17_fRV(t)- qr_pr(1). %DSP - ]v,17_fRV(t)- qr_pr(t). %DSP (5.47)

Similarly:
ﬁRWDSP_C,UfL_f = Pc,17r(t + Atrrrpsp) — Pc,17_fLa(t + Atrrrpsp)

Then,

ERz~“1~“Dsp_c,17fL_f =
Pc,17r(t + Atgrrpsp) — Pc,17_fLa(t) _jv,17_fL_allV(t)- L u(t). Atgprpsp —

2
AtrrFDSP

“ - At z
5 - ]v,17_fL_allV(t)- qr, u(t). % (5.48)

jv,17_fL_allV(t)- qL u(t).
AVrrrpsp 17fR £ = V17, (t + Atrrrpsp) — Va7 fR a(t + Atgprpsp), for

Ve17(t + Atgprpsp)

V17(t + Atgprpsp) = | =
W17 (t + Atgrprpsp)

Then,

AVgpppsp 17fR f =

V17, (t + Atgrrpsp) _jv,17_fR (). qg _ur(t) _jv,17_fR(t)- Gr 1r(0). Atgprpsp —
jv,17_fR (). qr_ur (). Atgrrpsp (5.49)

Similarly:

ERl~“1~“DSP_17fL_f = V17, (t + Atgrprpsp) — V17 51 a(t + Atrrrpse)
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Then,

ERl~“1~“DSP_17fL_f =
V17, (t + Atgrrpsp) _jv,17_fL_all(t)- g u(t) _jv,17_fL_all(t)- i u(t). Atgprpsp —

jv,17_fL_all (®). qy, 1 (). Atgprpse (5.50)

Considering

(0,17) (0,17_fR)

AORRgprpsp 17fR f = C_diagr (t + Atgprpsp) — C_diaga (t + Atgrrpsp),

it can be expressed that

(0,17) (0,17_fR)

AORRprpsp_17fR_f = C_diagr (t + Atgprpsp) — C_diaga () —

a . A - At S 2
Jv,caiago 17 frR(E)-r_pr(t). Atrprpsp — Jv,caiago.17_frR(E)- r_pr (T)- % -

. - At 2
]v,CdiagO_17_fR (t) QR_Hr(t)-% (5-51)

Similarly,

(0,17) (0,17_fL)

AORgpppsp 1771 f = Cdiagr (t + Atgprpsp) — C_diaga (t + Atgprpsp)

(0,17) (0,17_fL)

AORgpppsp 17fLf = Cdiagr (t + Atgprpsp) — C_diaga ) —

a . A R At 2
Jv,caiago 17 fr_au(®)-qp_u (). Atrrrpsp — Jv.caiago 17_f1_au(t)- qr_pu (6. %DSP -
i s AtrrFpsp®

Jv,caiago a7 fr_au(®)-qp_u (E). -, (5.52)

Aqrrrpsp_r_irs = Qruiir o (¢ + Atpprpsp) = Qr_ur,, Where G ur, is taken as a

vector with zero components only.

Then,

_ _ - - At 2
Aqrrrpsp R b £ = Qr ur(t) + Gr_pgr(t). Atrrrpsp + qr ur (t)-%m — qr_nr,

(5.53)
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Similarly:

Aqrrerpsp 1 u F = qL 1, (t + Atrerpsp) — Gi_n,, Whereqy y  Is taken as a vector

with zero components only. Then,

At _
Aqrrrpspin g = Qun(t) + Gun(0)- Atgrppsp + G (t). M qL u, (5.54)

As a result, cost functions for optimum commandeaations calculation in

RFFDSP are defined as shown below:

1-— . _
Crrrpspa = > APrrppsp ca7fr s - WRrFFDSP_P17a- APREFDSP c17fR f T+
1—— . _

> AORgrrpsp 17fR 5 - WrFrDsP_or17a- AORREFDSP 177R 5 T

1-— . _

> AVgeppsp 17fR f - WrFFDSP v,17a- AVRFFDSP 17fR £ +

1 —_— o~ —_—
> Aqrrrpsp R Hr_f -WRrrFDSP_qr_Hr A4RFFDSP_R_Hr £ T

1. - .
> qr_Hr ®". WrErpsp_qr_trad- Gr_ur (t) (5.55)

1-— . —
Crrrpspp = EAP RFFDSP_c17fLf - WRFFDSP_P17b- APRFFDSP ca7fL f +
1—— . _
EAORRFFDSP_17 fLf -Wgrrrpsp_or17b- A0ORgprpsp 1771 f +

1— . _
> AVppppsp 17fL f - WrFFDSPv,17b- AVREFDSP 1771 f T

1— T ~ —
> Aqrrrpspi v 5 -WrrrDsp_qi_H-A49rrFDspL b 5 T

1 - T 20
SqLn ®". Wrerpsp_qr_nad- Qu_n (t) (5.56)

CRFFDSP = CRFFDSP,a + CRFFDSP,b (557)

Construction of kinematic constraint equationshisven below.

ac 17_fR] _ [C_lc,17_fL

For [ _ _
d17 fL

], equation (4.85) and (4.86) of the direct dynamic
17 fR

solution of RFFDSP can be used such that:

[AUR(CD G+ lBl7R(q' CI)] IA17L(Q) I_§17L(CT' 7)
Ag17: (D) Bo17: (T, @) Ag17.(@) Bo171.(T, 9)
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Which can be simplified into the form as shown belo

~ — ~ C_I = — = ~ _ ~ C_I = — =
[AT17R(Q) 0] [C—IZ;M;Z] + Br17:(q, Q) = [AT17L(q) 0] [—lower] + Br17.(q, @)

Qupper
(5.58)
Forgg . = l?ﬂrl' the final form of the equation (5.58) is found as:
L H
mTlW‘ec_RFFDSP (C_I).q_'R_L = ET17_RFFDSP (q' C_I) (559)

Reconfiguration of equations from equation (5.58§3.59) is achieved according
to the equations (5.60) and (5.61)

[AT17R - AT17L]- é_I.lower = mTUrec_RFFDSP- .q_'R_L (560)

ET17_1!3FFDSP = ET17L - ET17R- (5-61)
5.1.1.3.2. Calculation Procedure

In consequence, finding optimum command accelaratior RFFDSP results to

an optimization problem such that:

Minimize Crprpsp, Subject tﬂTlﬁ’ec_RFFDSP (@. é_I.R_L = ET17_RFFDSP @ .

Using the method of Lagrange Multipliers, optimummemand accelerations for
RFFDSP are determined.

-1

~ T .
- (A - - DRy, -ZRFFDSP,a
drL, = [GRFFDSP,a + Grrrpspp + B- AAT17rec_RFFDSP]-< .

T A
LH - ZRFFDSP,b
(5.62)

Components of equation (5.62) are shown by equatto63), (5.64), (5.65),
(5.66), (5.67), (5.68), (5.69) and (5.60).
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N T — —
ﬁ ABT17RFFDSP - (GRFFDSP,a + GRFFDSP,b)
/a2 T, ~ T 4 -1 T
' (¢RHT -ZRFFDSP,a + ¢LH 'ZRFFDSP,b) AAT17T€CRFFDSP
-1 -1

T

~ T 4
Q)RHr . ZRFFDSP,a S
. AATl 7rec_RFFDSP (5 . 63)

. AAT17rec_RFFD_S‘P- —~ T A
+@L n -ZrFFDSPp

@R_Hr and@L_H are matrices for extraction, defined by equatm64) and (5.65):
6R_Hr- dr1 = dr.nr (5.64)
aL_H- Ar1 = qin- (5.65)

Z RFFDSP,a =

S > = Atgrrrpsp®
Wrrrpsp qr araa + WrFrrDsP_qr Hr- OR Hr- — T

2 T 7 2 = Atrprpsp®
]v,17_fRV(t) . WRFFDSP_P,17a-]v,17_fRV(t)- DR Hr- — T

7 T D 7 = Atrprpsp”
]v,Cdiag0_17_fR (t) . WRFFDSP_OR,17a-]v,Cdiag0_17_fR (t) ¢R_Hr- 4 +

jv,17_fR ®". WRFFDSP_V,17a-jv,17_fR (®). 6R_Hr- Atprrpsp” (5.66)

Z RFFDSP,b =

S . = Atrprpsp*
Wrrrpsp_qr_naa + Wrrrpsp_qr_n- 91 n- —, T

? T 1% » = Atgrrrpsp*
]v,17_fL_allv(t) . WRFFDSP_P,17b-]v,17_fL_allV(t)- @y H- -4 +

. - . ~ At 4
T RFFDSP
Jv,caiago17_f1_au(t)”- Wrerpsp_ora17b-Jv,caiago_17_fr_aun(t)- O y-———— +

7 A7 T = 2
Jo17 1 an(®)" - Wrrrpsp v170-Jv,17 £1.au (). Bp, y. Atrpppsp (5.67)
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GRFFDSP,a

_ _ . . T
Pc,17r(t + Atgrrpsp) — Pc,17_fRa(t) _]v,17_fRV(t)- qr_ur(t). Atgrppsp

2
Atrrrpsp

_jv,17_fRV(t)- CLIR_Hr(t)- >

~ - ~ Atgprpsp”
. WRFFDSP_P,17a-]v,17_fRV(t)- Dr mr- — 5

- . - T
V17,.(t + Atgprpsp) = Ju17_ rR(0)-Qrour (O

+ 4 - . WRFFDSP_v,17a-jv,17_fR (®). 6R_Hr- Atgprpsp
— Jo17 frR(E)- qr_pr (). Atrprpse

i = 0,17) = (0,17_fR) T
Cdiagr (t + Atgprpsp) — Cdiaga ()

+ : Atgrrpsp’
—Jv,caiago.17_FR()- Ar_nr (). Atrrrpsp — Jv.caiago 17 R (). Gr_nr (E). —

% 7 i) Atgprpsp®

- Wrrrpsp_or17a-Jv,caiago.17_fr (L) O _pr- >

_ _ T = At 2

[QR_Hr (t) — qr ur 0] -WrFrDSP_qR HY Q)R_Hr-% -

= T 1% = AtRFFDSP>

qr 1r(t)" - Wrrrpsp qr tr-Or pr-——— (5.68)

2

GRFFDSP,b

_ _ . - T
Pc,17r(t + Atgprpsp) — Pc,17_fLa(t) - ]v,17_fL_allV(t)- q1, 1 (t). Atrprpsp

2

- 5 - Atgpppsp
_]v,17_fL_allV(t)- qr, u (0. —
~ A ~  Atgpppsp’
: WRFFDSP_P,17b-]v,17_fL_allV(t)- Dy H- —

+ [1717r(t + Atrrrpse) = Ju17 ran(@®)- Gr a1 (0)

A . T _ N ~
— Joa7_f1au(®). g u(t). AtRFFDSP] Wrrrpsp v,17b-Jv,17 f1_aun(®)- Oy Atgrprpsp

(®)

(0,17) (0,17_fL)

Cdiagr (t + Atgprpsp) — Cdiaga

+ 2
RFFDSP

o . 2 . At
—Jv,caiago 17 fL_au(®)-qr_u (). Atgrrpsp — Jv,caiago 17 £1_au(®)- qr_u (). —

2
Atprrpsp”

. WRFFDSP_OR,17b-]v,Cdiag0_17_fL_all (t) Q)L_H' 2

2
Atrrrpsp”

_ _ T ~
[QL_H ) - QL_HO] Wrrrpsp gL n- 91 H- P

. -~ =< At 8
qL H @®". Wrrrpsp gL u- 91 - %DSP (5.69)
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5.1.1.4. For LFFDSP

Optimum command accelerations for joint space béetgafrom Body 4 to Body
17 and from Body 1 to Body 17 are calculated adogrtb given reference inputs
for Body 17 and its mass center by defining 2 sspacost functions. These cost

functions are combined and subjected to kinemainsiraint equations.

Command accelerati(ﬁhC Is taken as zero as similar to LFFSSP, since Bbidy

assumed to be rigidly fixed to the ground in LFFIX8®&. The procedure similar to
the one shown in RFFDSP is applied in LFFDSP.

5.1.1.4.1. Definition of Variables

t is the present phase time abg -psp IS the prediction time range used during

the calculation of optimum command accelerationsHRDSP.

EL1~“FDsp_c,17fL_f = pc,17r(t + At pppsp) — pc,17_fLa(t + At prpsp)

Then,
FLFFDSP_c,17fL_f =

pc,17r(t + At rrpsp) — Pc,17_fLa(t) _jv,17_fLV(t)- qr (). Aty pppsp —

A - At 2 ~ 20 At 2
]v,17_fLV(t)- q1,_ur (0. % - ]v,17_fLV(t)- qr,_ur (0. % (5.70)

Similarly:
ELFFDSP_c,17f1'e_f = 136'17r(t + Aty rrpsp) — Pc,17_fRa(t + Aty prpsp)

Then,

ﬁLFFDSP_c,17 fRf =

136'17r(t + At pppsp) — pc,17_fRa(t) _jv,17_fR_allV(t)- Gr u(t). Atiprpsp —

A . At 2 S 2. At 2
]v,17_fR_allV(t)- qr (). %DSP - ]v,17_fR_allV(t)- qr (). %DSP (5.71)
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Defining  Aviprpsp 17715 = V17, (t + Atigppsp) — 1717_fLa(t + Aty pppsp),  for

Va7 (t + Atppppsp)] .

V17(t + Atypppsp) = | = :
Wy7(t + Aty prpsp)

ELFFDSP_17 fLf =
V17, (t + Aty pppsp) — jv,17_fL ®). qp,_ur(t) — jv,17_fL ®). qy,_ur (). AtLprpsp —
jv,17_fL (). qr_pr (©). Atypppsp (5.72)

Similarly:
AVipppsp 17 fRF = V17, (t + Atipppsp) — Va7 fR a(t + Aty rrpsp)

Then,

AVipppsp 17fR f =

V17, (t + Aty prpsp) _jv,17_fR_all(t)- Gr u(t) _jv,17_fR_all(t)- gr 1 (). Atirrpsp —

jv,17_fR_all (). qr u(t). Aty rrpse (5.73)

Considering

(0,17) (0,17_fL)

AOR prpsp 1771 f = Cdiagr (t + Aty pppsp) — C_diaga (t + Atprrpsp),

it can be expressed that:

S (0,17) = (0,17_fL)
AORprpsp17fLf = Cdiagr (t + Aty pppsp) — Cdiaga ) —
A - A - At 2
Jv,caiago 17 L0 qr_pr (8)- Atppppsp — Ju,caiago 17 £1(E)- L _pr (t)-% —
? 2o At rrpsp”
Jv,caiagoa7_rr.()- qr_ur (D). —, (5.74)
Similarly:

(0,17) (0,17_fR)

AORrppsp 17fR f = C_diagr (t + Aty rrpsp) — C_diaga (t + Aty rrpsp)

Then,
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(0,17) (0,17_fR)

AOR rppsp 17fRf = C_diagr (t + Aty rrpsp) — C_diaga () —

~ - A = At S 2
Jv,caiago 17 frau(®)-qr (). AtLprpsp — Ju,caiago 17 fr.au(®)-qr_u (). % -

S o At z
]v,CdiagO_17_fR_all(t)- qr_H (t)-% (5-75)

Aqurrpsp 1 nr £ = G nr,(t + Atipppsp) — i nr,, Where g,y is taken as a

vector with zero components only.
Then,

_ _ . . At 2 _
Aqrrepsp i brf = qu_nr(©) + qu_pr (©)- Aty pepsp + qu_ur (t)-% — 4L _nr

(5.76)
Similarly:

Aqurrpsp_ri_g = Qe (t + Atipppsp) — Gronys Wheregyg y  is taken as a vector

with zero components only.

_ _ - o At z
Then, Aqrrpsp r 1 f = Qr u(t) + qr u(6). At rrpsp + qr p(t). =2

_R_H_ 2 —9qr.H,

(5.77)

As a result, cost functions for optimum commandesaations calculation in

LFFDSP are defined as shown below:

CLFFDSP,a =

1-— T ~ —
> APipepsp ca7fL f - Wirrpsp_pa7a- BPLrrpsp_ca7fL f +
1—— T S
> AOR prpsp 1771 f -Wirrpsp or17a-A0Rprpsp 1771 f +

1— T ~ —
> AVipppsp 17715 -WLFFDSP v,17a- AViFFDSP 17fL f T

1— T _
> Aqrrrpsp 1 Hr f -Wirrpsp qi Hr-AqLFFDsp L Hr § T

1. - .
4L nr @®". Wirrpsp_qi_nraa- Qu_nr (t) (5.78)
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CLFFDSP,b =

1-— T ~ —
> APypepsp ca7fr f - Wirrpsp_p,170- APLEFDSP c177R f T

1

—_— T —~ [—
> AOR prpsp 17fR f -Wirrpsp.or170- AORprpsp 177R 5 +
1-— T _
> AViprpsp 17fR £ - Wirrpsp v,17b- AVirrDsp 177 5 T

1— T _
EACILFFDSP RHf Wirrpsp qr H-A4LrFDsP R 0 f T

% qru(@®". WLFFDSP_qR_Hdd- qr u(®) (5.79)

CLFFDSP = CLFFDSP,a + CLFFDSP,b (580)

For gp . = [gR-Hl, constraint equations are expressed similar to FSHF[as
L_Hr

shown:

mTlﬁ”ec_LFFDSP (C_I) aR_L = ET17_LFFDSP (CT, q) (581)

5.1.1.4.2. Calculation Procedure

In consequence, finding optimum command acceleratior LFFDSP results to

an optimization problem such that:

Minimize Cpgrpsp, SUbject tﬂTlW‘ec_LFFDSP (@). .q_'R_L = ET17_LFFD5P @ .

Using the method of Lagrange Multipliers, optimuonunand accelerations for
LFFDSP are determined.

~ T A -1
Dr,, -ZLFFDSPa )

r,, = |GLrrpsp,a + Girrpspp + ﬁ-AAT17recLFFD5p]- T
+@r u -ZirrDSP b

(5.82)

Components of equation (5.82) are shown by equatto83), (5.84), (5.85),
(5.86), (5.87), (5.88), (5.89) and (5.81).
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S T —_ —_
ABr17,pppsp (GLFFDSP,a + GLFFDSP,b)]

_ ~ T 4

B =| @Lm -ZLFFDSP,a XA T

l' ~ T 4 T17recLFFDSP J
+@r, -ZLFFDSPb

-1
T

— ~ T A ~ T A -1 __
. [AAT17rec_LFFDSP-(®LHr -ZLFFDSP,a + Q)R_H 'ZLFFDSP,b) -AAT17rec_LFFDSP

(5.83)

@L_Hr and@R_H are matrices for extraction, defined by equati®®4) and (5.85):

aL_Hr- é_I.R_L = é_I.L_Hr (5-84)

aR_H- Ari = Arn- (5.85)

Z LFFDSP,a =

S > = At prpsp”
Wirrpsp qi nraa + Wirrpsp qr_sr- D1 - — 7T

£ T 17 £ = At prpsp®
]v,17_fLV(t) . WLFFDSP_P,17a-]v,17_fLV(t)- Dy pr- — T

? T D 7 = Atyprpsp”
]v,Cdiag0_17_fL (t) . WLFFDSP_OR,17a-]v,Cdiag0_17_fL (t) Q)L_Hr- 4 +

jv,17_fL ®". WLFFDSP_V,17a-jv,17_fL (®). 6L_Hr- Atypppsp’ (5.86)

Z LFFDSP,b =

S . = Atyprpsp®
Wirrpsp_qr Haa + Wirrpsp_qr - DR _H- —, T

2 T 17 2 = At rrpsp”
Jv17_fR all v(t) : WLFFDSP_P,17b-]v,17_fR_allV(t)- Opru-——, —+

4
? T % » = AtLFFDsP
Jv,caiago17_fr.au(®)” - Wirrpsp_or17b-Jv,caiago 17 fr au(t)- O - — T

7 A7 T = 2
Jo17 R at(®)T - Wirrpsp v170-Jv,17 fr ann(t).Or 4 Atirrpsp (5.87)
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GLFFDSP,a

Pea7, (¢ + Atprpsp) — Pc,17_fLa(t)

N - 5 - Aty pepsp’
_]v,17_fLV(t)- 41, ur(t). Aty pppsp — ]v,17_fLV(t)- qr,_ur (0. — s

~ - ~ Aty gppsp”
Wirrpsp_pa7a-Jva7 5L v (). D1, pr- -5

- . . T
V17, (t + Atipppsp) — Jo17 1(8)-qu,, (O]

+ 2 . Wierpsp vi7a-)i a7 £ (). 6L_Hr- Aty prpsp
~Jo17 18- q1_pgr (). At prpsp

0,17) (17_fL) ®) T

Ediagr (t + Aty rrpsp) — C_diaga

A N 5 - Atyprpsp”
—Jv,caiago17_fL(O)-qr_ur(8)- AtLprpsp — Jv.caiago 17 1 (). q1_ur (0). —

2
Atirrpsp”

. WLFFDSP_OR,17a-]v,Cdiag0_17_fL(t)- ¢L_H7" 2

2
Atirrpsp”

_ _ T ~
[QL_Hr ) — QL_HrO] Wirrpsp_qr_vr- DL _pr- P

. -~ =< At 8
dr ur @®"r. Wirrpsp qr_tr- DL mr- %DSP (5.88)

GLFFDSP,b

Pea7 (t+ Atypppsp) — pc,17_fRa(t)
| = F - Aty rppsp”
_]v,17_fR_allV(t)- qr (). At prpsp — ]v,17_fR_allV(t)- qr_u(t). —

~ o ~  Atipppsp’
: WLFFDSP_P,17b-]v,17_fR_allV(t)- Dr H- —

_ o - T
N [V17r(t + Aty rrpsp) = Jva7_fr.au()-qr (t)]
_jv,17_fR_all (t). CLIR_H (t). Aty rrpsp

. WLFFDSP_V,17b-]v,17_fR_all(t)- Q)R_H' AtLFFDSP

(0,17)

= = Q7fR) T
[Cdiagr (t + Aty rrpsp) — Caiag ®]

+ _jv,Cdiag0_17_fR_all (). qr u (). Aty rrpsp |

|

|
3 - At;pppsp’
—Jv,caiago.17_fr at(£)- Gr_u (£). -

158



2
Atirrpsp”

Wirrpsp_or170-Jv,cdiago 17_fR_all (). Or u- P

~ - T = Atpprpsp’

[QR_H ) - QR_HO] -WirrDsp_qr_H- (Z)R_H-T -

= T W a At rrpsp’ 5.89
qr ()" - Wirrpsp qr 1 RH ™ 5 (5.89)

5.1.2. For UpperBodies

Calculation of optimum command accelerations fantjespace variables from
Body 17 to Body 27 (fromd,4 to 08,-) is explained under this heading. Since there
are no reference trajectories defined for any upgaies, all upperbodies are
expected to maintain their initial position and eottation with respect to its
adjacent bodies. Then, optimum command accelestion upperbodies are
calculated locally to keep related joint space fomss and velocities close to their

initial values.

For a joint variable,, present phase timeand its prediction time rangg; the

cost function is defined as
1 2 1 . . 2
Coy =5 W9, [0k (t + At) = Op ] + 5. Wy g, [0k (t + Aty) — Oy (5.90)

wheref, , andy, are initial values of, anddy. 6y, 6, are taken as zero in the

simulation and¥p g, , Wy g, are related weighting coefficients.

Using truncated Taylor Series Expansion @f(t + At,) and 6, (t + Aty),

dgk

5= 0 for optimum cost value as similar to calculatioftss lowerbodies;
k

optimum command acceleration for joint space véeifp is calculated as:

By,

At At,? .
 Weo [0(®) = Bicp]- F— + Who, 81c(6)- T3 + Wi [61(8) — B |- At
- Bt,*
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Using this procedure, all command accelerationscateulated for upperbodies

such that:

5.2. Calculation of Actuator Torques

Computed torque control method is applied to caleulactuator torques [64].
Using kinematic equations related with the currleebmotion phase, dynamic
equations can be expressed in the form presentediréct dynamic solution

procedure of chapter 4 as shown below:
Z2(q,49,q9) = K@F

Using calculated command acceleratigpsnd known joint space variablgsg:
Z, K,

Z. and K, are constructed according to assumptions of thieerculocomotion
phase. Using equation (5.91), necessary forcesnandents between bodies in
order to achieve supplied command accelerations bearcalculated. Required
actuator torques are found by extracting relevamponents of moments that are
needed to be acted upon bodies using the expreBsiopF which is explained in

the direct dynamic solution procedure of chapter 4.

Actuator torqueT; is always calculated to be zero during RFFSSPRIFEDSP,

— 3) . . .
as long a$/11,3( ) is assumed to be zero. Howe%él(gy(3), which is eventually;,
can be assumed different from zero within reas@naiits in order to manually
increase or decrease the magnitude of ground omafdrces and moments on

Body 1 and Body 3 for various purposes. The simigerpretation can be made

for T, and the assumption M2,4y(4) during LFFSSP and LFFDSP.
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5.2.1. For RFFSSP

Forces and moments that are assumed to be zemgdRRFSSP are as shown

below:

_ " | = Kerrrssp-F = Zc_grrssp for Z; rrrssp = 0.

5 @ () ( (3) (3)

F0,4 ' MO,4

assumed that Body 2, Body 4 do not interact with ¢ghound and interaction

4 . .
“) are taken as zero; since it is

— — 2) — —
, Foo "y Mo, and Fy 377, M3
between Body 1, Body 3 are negated due to beirndlyidixed to the ground

during RFFSSP.

After determiningk,. grrssp aNdZ. grrssp, required actuator torques can be found

by:

—~ -1 — .« e
[ R@ 7(3,4,§
7 ¢'lA @ [ (2,9, 4c) (5.92)
KC_RFFSSP ZC_RFFSSP

5.2.2. For LFFSSP

Forces and moments that are assumed to be zemgdufFSSP are as shown

below:

_  (3) = c_LFFSSP-F = Z(;_Lppggp for ZC_LFFSSP = (.
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150,3(3), 1\710,3(3), Fo,l(l), 1\710,1(1) and 152,4(4), 1\712,4(4) are taken as zero; since it is

assumed that Body 1, Body 3 do not interact with ¢gmound and interaction
between Body 2, Body 4 are negated due to beindlyidixed to the ground
during LFFSSP.

After determiningK, ; prssp @aNdZ. ppssp, required actuator torques can be found

by:

r_ Al K@ l lZ(q,q,qc) (5.93)

C _LFFSSP C LFFSSP

5.2.3. For RFFDSP

Forces and moments that are assumed to be zemgdRRFDSP are as shown
below:

_ ") | = Kcrrrpsp-F = Zc_rrFDSP for Z, rprpsp = 0.

FM(‘L), MOA(‘L) andF1,3(3), M1,3(3) are taken as zero; since it is assumed that Body

4 does not interact with the ground and interachetween Body 1, Body 3 are
negated due to being rigidly fixed to the groundriy RFFDSP.

After determiningK, rrrpsp and Z. grrpsp, required actuator torques cannot be

found due to redundancy of unknowns in the systérinear equations shown

below:
Z_T_RFFDSP = RT_RFFDSPF (5.95)
_ 2(4,49,9.) K@
whereZr grrpsp = l = ¢ andKT RFFDSP =
Z¢ RFFDSP K. _RFFDSP
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In order to cope with the redundancy, an optimaratproblem based on the

minimization of forces and moments includediis introduced such that:

L _lsr I
M'n'm'ze CCTC_RFFDSP —_ EF 'WaCt_RFFDSP'F’

subject td?T_RFFDSP- F =71 rerpse.
whereW,.; rrrpsp is @ diagonal matrix with weighting coefficients.

Since minimization of actuator torques is signifitg important, weighting
coefficients related with actuator torques are nakensiderably big relative to
others. Using the method of Lagrange Multiplieegjuired actuator torques can be
expressed as:

T =

-1
T (+ ~ -1 = T =
' (KT_RFFDSP' Wact_RFFDSP ' KT_RFFDSP ) . ZT_RFFDSP

(5.96)

~ -1 =
. Wact_RFFDSP ' KT_RFFDSP

AS

5.2.4. For LFFDSP

Forces and moments that are assumed to be zemgdufFDSP are as shown

below:

= (3 = C_LFFDSP'F :ZC_LFFDSP forZC_LFFDSP = 0.

150,3(3), 1\710,3(3) andFZAM), 1\712,4(4) are taken as zero; since it is assumed that Body
3 does not interact with the ground and interacbetween Body 2, Body 4 are
negated due to being rigidly fixed to the groundmy LFFDSP.
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Similar to RFFDSP, required actuator torques catweofound after determining
K. .rrpsp @ndZ,  rrpsp due to redundancy of unknowns in the system @falin

equations shown below:

Zr 1rrpsp = Kr_1rrpsp- F (5.97)
~ Z(q; q;) q ) 74 K(C_I)
whereZr  rrpsp = l > “’| andKr_1rppse = | -
Zc LFFDSP Kc 1rrpsp

In order to cope with the redundancy, an optimaratproblem based on the

minimization of forces and moments includediis introduced such that:
... 1 =7 —
Minimize Cere 1rrpsp = EF Wact Lrrpsp- F,

subject td?T_LFFDSP- F =Zr 1rrpse.
whereW,, . rrpsp is @ diagonal matrix with weighting coefficients.

Weighting coefficients related with actuator torguee taken significantly bigger
relative to others, considering that minimizatioh artuator torques is more
important. Using the method of Lagrange Multipliersquired actuator torques

can be expressed as:

T —

-1
~ -1 = T (= A~ -1 = T =
. Wact_LFFDSP ' KT_LFFDSP . (KT_LFFDSP' Wact_LFFDSP . KT_LFFDSP ) ' ZT_LFFDSP

(5.98)

ASH)
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CHAPTER 6

SIMULATION ENVIRONMENT AND RESULTS

The computer simulation of the biped locomotionasried out by Simulink which
is a tool of MATLAB software for modeling, simulagg and analyzing dynamic
systems. Since Simulink is fully integrated with NMIBAB; in addition to

Simulink’s own applications, it is possible to irapient MATLAB'’s specialized

functions in a Simulink model.

There are various reasons to use Simulink for ithelation of a biped locomotion
in 3D space. Function library of Simulink and MATBAare rich enough to render
the need of writing additional functions for varsocalculations unnecessary. Also,
the method which Simulink models are built by eeabh modular structure; so
that arrangements or changes in the model can loevad without affecting the
general order of the model. Furthermore visualmatf the simulation, which is
essential to provide a general impression aboutvesudl feedback of the modeled
dynamic system to the user, can be done by usimyaliReality Toolbox of
Simulink. Also, SimMechanics Toolbox of Simulink leeneficial for simulating
mechanical systems with rigid bodies. SimMechanic®lbox can analyze a
mechanical system in 4 modes which are forward ycs inverse dynamics,

kinematics and trimming[65].

In the thesis, SimMechanics Toolbox is not usedntmdel the biped robot for
various reasons. First of all, all SimMechanics eisdire adjusted to their “home
configurations” at the beginning of simulations. Ither words, setting
SimMechanics models to their home configurationsictvhare defined by
parameters in Body blocks is performed at the begg of simulation; even if
conditional subsystems that these SimMechanics Indadong to are not active.

For this reason, it is not able model all phaseshef locomotion in the same
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simulation model by using SimMechanics; because en@onfiguration of the
SimMechanics model related with the current phasetb be set at the beginning
of each phase, not at the beginning of simulatiince it is not possible set the
home configuration of a SimMechanics model at dgife than the beginning of
simulation, each phase has to be simulated in agp&imulink models. So, the
simulation of biped locomotion can be achieved loyning a M-file which starts
simulation models of each phases orderly, supphukition outputs recorded to
MATLAB workspace by previous simulation models twetcurrent simulation
model for home configuration of SimMechanics moatelhe beginning of related
Simulink model. This kind of simulation method iartl to implement, because it
requires the transfer of many simulation outputsvben simulation models and is
problematic to supply simulation results to the ruse terms of continuous
animation. On top of that, the mathematical modsdcdibing the biped robot is
not supplied by SimMechanics. However, kinematid dpnamic equations of the
biped robot have to be derived in order to impleintee control strategy. After
considering all possible problems related with gsi8imMechanics in the
simulation, mathematical modeling of the biped talkcachieved by user defined

functions in Simulink model.

Numerical values of important variables are stdsgdData Store blocks. Using
Data Store blocks brings several advantages ardiiistages to the simulation
model. The requirement of loading numerical valoévariables to MATLAB

workspace prior to the simulation is eliminated;tise simulation model includes
all necessary information. Also Data Store blocksrease orderliness and
flexibility of the simulation model, since numericzlues can be read from or
written to these blocks at any part of the simalatHowever, reading and writing
order of Data Store blocks must be checked cayehyll using Data Store block
diagnostics. For this reason, execution order disgstems or blocks must be
taken into the consideration. Moreover, changeslata store blocks are not
reflected during minor time steps of fixed steptowmous solvers. Therefore, few
blocks related with conditional subsystems areriake “fixed in minor step” by

setting the sample time as “[0,1]".
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The simulation continues as long as the traject@fnition subsystem supplies

reference inputs. Therefore, simulation stop tilmeusd be adjusted accordingly.

Variable step continuous solvers are not used & dimulation; because of
unidentified problems resulting from the selectadrstep times. The accuracy and
the computation time of simulation depend on theespits step size and model
dynamics. Computational complexity and accuracyhef simulation increase by
solver number, such as from odel(Euler's Method)otle5(Dormand-Prince
Formula) [66]. Firstly the solver number and sedgrile step size is increased
until no visible differences in simulation resudie observed. However, selection
of the most efficient solver and step size mayediffiith respect to the nature of
reference input and weighting coefficients of tlomteol strategy too. Therefore,
solver ode3 and step size 0.01 seconds are seliectatl simulations instead of
using trial and error based selection procedurdaexgd previously for each

simulation.

For convenience, different names or expressionssed in Simulink model of the

simulation. For this reason, there exists an edgmne table shown Appendix A.

All numerical values are transferred in column vest{expressed with “1D” in the
simulation model), so several minor operations peeormed for conversions

throughout Simulink Model.

lllustrations are limited to exemplary subsystems dimplicity. Therefore whole

simulation model is not illustrated by figures.
6.1. Simulation Model
The simulation model consists of 11 major subsystem

* Phase Selector

» Trajectory Definition

e RFFSSP, LFFSSP, RFFDSP and LFFDSP
¢ Results of Dynamic Solution

* Integration
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* Visualization
» Definition of Physical Parameters

* Reading and Arrangement of Several Variables

Most of Data Store Memory blocks are located intthelevel system in order to
ensure reading and writing accessibility from amgation in the model. Overview

of top level system of the model is shown in Figbire
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6.1.1. Phase Selector

At any step of the simulation, firstly phase sedecubsystem runs to determine the
current locomotion phase. According to the currphiase number of biped

locomotion, basic phase number and consequentlserdutocomotion phase is

detected. Then, related conditional subsystem whekes the decision if phase
change is required or not is activated by a switake block. Outputs of phase
selector subsystem are supplied to trajectory digfinsubsystem and activate the
conditional subsystem of the current locomotiongghevhich is located in the top

level system (like RFFSSP).

FHASE_N

Data Store

Read case[1]: +
g case[2] —
40.3 : med ut | Fhase Mumber ©252:{}
" case[3]: Phass Mumbar Out —
—e] Dimensions
Gonstant Fur::,ttiln case [0 4
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Figure 6.6: Phase Selector

The procedure behind phase shifting decision stdsysare explained for single

and double support phases separately.
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6.1.1.1. Phase Shifting Decision for Single Suppdrhases

According to supplied phase number and parametdnghware used for the
definition of reference trajectories, expected poss for the toe point of swinging
foot (for example, the toe point on Body 1 for LFFFS and mass center of Body 17
at the end of current phase are calculated in tibsystem labeled as “Expected
Resultant Hip and Toe Point Locomotions for ther€uotr Phase”. 2 conditions are
specified in order to make a decision about endimg current phase. Both

conditions have to be satisfied for phase change.

PtpR PtpL
ForPtpR = andPtpL = :

PtpR PtpL

. (PtpRZ or PtpLZ) —0.015 < 0.001 m

12 2) 05
(PtpR or Py, ) (PtpR or Py, )
. x x + Y Y > 0.3 X
- (PtpR,ix or PtpL,ix)_ __ (PtpR,iy or PtpL,iy)_
_ 42 _ 22 0.5
(PtpR,fx or PtpL,fx) s (PtpR.fy or PtPL,fy)
- (PtpR,ix or PtpL,ix)_ __ (PtpR,iy or PtpL,iy)_

Ppr;i OF Py is the toe point position at the beginning of eatrphaseP,,x ; or

P,y ¢ is the expected toe point position at the encduafent phase.

Pepr, PtpLy andPtpLZ are used for RFFSSP. Similamprx, PtpRy andPtpRZ are
used for LFFSSP. In the first condition, the toet pd foot is assumed to be in

contact with the ground Wheﬁgo) component of toe point position is less than
0.015 m which is a dimension of the modeled body withitolerance 00.001 m.
The second condition is imposed to avoid phasetirshifat the beginning of
locomotion phase; because the first condition isfsad since the swinging foot is
almost flatly in contact with the ground at the in@gng of SSPs. According to the
second condition, the toe point of swinging footsinmove more than at least 0.3

times of total expected displacement in the plafandd byﬂ’io) and_’(o).
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To summarize, only the position of toe point is sidered for phase shifting
decision. Moreover, the orientation of contactingdies is ignored. When these
phase shifting conditions are met, kinematic coodifis specified in chapter 4 are
applied for bodies assumed to be in contact, nggted contacting bodies are flat
or not relative to the ground as illustrated inUfey6.10 and Figure 6.11. Therefore,
it is left to the user’s responsibility that thaemrtation of contacting bodies should

be eventually parallel to the ground at the ensimgle support phases.

'8
— 3

2

Toe Point

Ground Level

Figure 6.10: Contacting Bodies Before Phase Change

L.
ol
|

Toe Point
Ground Level

w7

Figure 6.11: Contacting Bodies After Phase Change
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In the subsystem where expected positions are lagdcias shown in Figure 6.8, a
numerical value bigger than expected total simothatime is supplied to ensure that
the trajectory definition function calculates itatput for the end of the current
phase. The trajectory definition function calcutaits output for the beginning of
the current phase if the simulation time is smalhem the specified time for the
beginning of current phase. Similarly, the trajegtdefinition function calculates
its output for the end of current phase, if thewdation time exceeds specified time
for the end of current phase. For example, asshatdhe specified time for the end
of phase which is numbered as 5 is 6 seconds wtachbe calculated by using
numerical values included s, andPTR. At the instant where the current phase
number is 5 and simulation time is 6.4 seconds,tridectory definition function
will calculate its outputs for the end of phase bem5 until the phase number is
changed. So by supplying numerical values big endagxceed specified end time
for the current phase, it is ensured that thedtarg definition function will supply

expected positions at the end of current phase.
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Figure 6.12: TD2 Function Output Definition for DES
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Figure 6.13: Subsysteml1

Required outputs, which are positions, are extdhatethe subsystem shown in
Figure 6.12 and arrangement of some inputs intactheémn vector format is done
in the subsystem shown in Figure 6.13 labeled ashs$steml”, where these

subsystems are included in the subsystem showigume=6.8.

If the phase change is decided; in addition toaasing phase number by one, the
related subsystem shown in Figure 6.9 is run téoparoperations for the transition
from single support to double support phases exgthin Chapter 4; otherwise
phase number is supplied back without being chamhgetthe subsystem labeled as
“Maintaining Current Phase Number” . Calculations earried out by user defined
function Adj_qdot LFFSSP_to RFFDSP or Adj_qdot REPSto LFFDSP.
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Computed values are written into the data storekbtqd_initial” to be used as the

initial condition source for integration blockstime integration subsystem. Also the
simulation time at the instant of phase changee¢®nded in the data store block
“Time_Rec” to assist determining elapsed time inlde support phases for phase
changing decision subsystems of double supportgshddoreover, position and

orientation of toe point and its related body a #nd of phase are stored to be
supplied to the trajectory definition function inllbwing phases. External reset
values of integration blocks used in the integratsobsystem are changed by the

subsystem shown in Figure 6.14.

vy

Froduct

Mew Reset Values
Values

ad
i -

Constant

Figure 6.14: Changing of Reset Values for the Inidéilization of q;,,,., at the
Beginning of RFFDSP

6.1.1.2. Phase Shifting Decision for Double Suppohases

Expected position of the mass center of Body lthetend of the current phase is
calculated in the subsystem labeled as “ExpectesulRat Hip and Toe Point
Locomotions for the Current Phase” which is exattly same subsystem used in
single support phases. 2 conditions are specified.
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At least one of these conditions has to be satisbephase change:

2

. (Pc,17x - Pc,17,fx)2 + (Pc,17 —Pearyr ) + (Pc,17z - Pc,17,fZ)2 <
y y

0.05m

o (t—tpspi) > 0.1 X tpspy

The first condition implies that the double suppphase ends if the distance
between expected position of the mass center oy B@cat the end of current phase
and current position of the mass center of Bodyslléss than 0.05 m. Due to the
second condition, the double support phase endkeifcurrent phase lasts ten
percent longer than given duration timgp , for the related double support phase.
If the phase change is decided; phase numberiigsased by one in the subsystem
“Changing Phase Number”. Otherwise, the same phasder is supplied back by
“Maintaining Current Phase Number” subsystem. Thi#sgstem “Expected
Resultant Hip and Toe Point Locations for the Qurr@®hase” is the same

subsystem used in single support phases as shawgure 6.8
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6.1.2. Trajectory Definition

Once the trajectory definition subsystem is supbigth basic phase number and
phase number, 2 sets of reference input are cédculd&Reference inputs for 2
different times are calculated due to the usag@ different prediction times in

single support phases.
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Figure 6.16: Overall View of Trajectory Definition
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Inputs to trajectory definition functions are pregghin 2 subsystems named as
“Trajectory Definition DES” and “Trajectory Defindn DES2”. The only
difference between “Trajectory Definition DES” afitajectory Definition DES2”
is the time information to be supplied to trajegtalefinition functions. In single
support phases during optimum command acceleraadpulations, the prediction
time for Body 17 and its mass center is used inaf8atory Definition DES”
subsystem; also the prediction time for the toetand its related body is used in
“Trajectory Definition DES2” subsystem. In doublepport phases, the same
prediction time is used for both subsystems sincly @ne prediction time is
employed during optimum command accelerations tatiom. Also, there exists an
additional subsystem labeled as “Trajectory Defnitfor Current Time” which
supplies reference input for the current simulatiome to be used in the virtual

environment for animating the reference input.
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Arrangement of some inputs into the column veabomfat is done in the subsystem
shown in Figure 6.13 labeled as “Subsysteml1” whscl part of the subsystem
shown in Figure 6.18.

Outputs of trajectory definition functions are extied in subsystems labeled as
“TD2 Function Output Definition for DES”, “TD2 Fution Output Definition for
DES2” and “TD2 Function Output Definition” which & the same structure other
than output label names.

Figure 6.19: TD2 Function Output Definition for DES
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6.1.3. Models Related with Locomotion Phases (RFFBSLFFSSP, RFFDSP,
LFFDSP)

Application of mathematical models regarding locdiom phases are achieved in
these subsystems. These subsystems are divided bdsic subsystems which are
calculations related with kinematics, optimum comuahaccelerations, computed
torque control and direct dynamic solution. The ralleview of the subsystem

“LFFSSP” is shown in Figure 6.20, Figure 6.21 aiguFe 6.22
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Figure 6.20: Overall View of LFSSP
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Direct Dynamic Solution
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Calculations of jacobian matrices and kinematiaugalwhich are supplied to the
computed torque control subsystem are done inubgystem regarding kinematics.
Also, matrices and vectors used for the constroctd kinematic constraint

eguations in optimum command accelerations caioulaif double support phases
are calculated in this subsystem too. Moreovergrkatic equations are called
internally in various user defined matlab functioméich can not be observed on

Figure 6.21: Part B of LFSSP

the Simulink model.
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Figure 6.22: Overall View of LFSSP Kinematic Equatbns

Jacobian matrices, reference inputs, related nestrand vectors for constraint
equations in double support phases, joint spacéiqqusand velocities are supplied
to the subsystem of optimum command acceleratiaf@ilation. Then, optimum
command accelerations and required kinematic valbsch are calculated
according to command accelerations are supplietthdocomputed torque control
subsystem. Also magnitudes of computed actuatquées are limited to certain
values by using saturation blocks. After supplysuator torques to the direct
dynamic solution subsystem, results are sent tsubgystem labeled as “Results of

Dynamic Solutions”.
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6.1.4. Results of Dynamic Solutions

Joint space accelerations, reaction forces and miznage extracted from the output
vector of direct dynamic solutions in this subsgsteExtracted joint space
accelerations are sent to the integration subsystem
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6.1.5. Integration

Using continuous time integration blocks, joint apavelocities and joint space
positions are found from joint space acceleratid®dsadjustment of several joint
space velocities during the transition from singbe double support phases is
achieved by changing external reset values andlgogpmodified initial joint
space velocities to the integrator block. So as dhkternal reset value of the
integrator block changes according to specifietedd, the output of the integrator
block is initialized to the initial condition valuerhich is externally supplied.
Modification of external reset and initial conditi?alues is done in phase shifting
decision subsystems of the phase selector.

Figure 6.31: Overall View of Integration Subsystem
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Figure 6.33: Part B of Integration Subsystem




6.1.6. Visualization

According to the current locomotion phase, theteglasubsystem runs to calculate
task space positions, velocities and acceleratwimnsh are stored by Data Store
Write blocks by using outputs of integration sulbegs and direct dynamic
solutions which are joint space positions, velesitand accelerations. Computed
task space positions are used for animation inttiirReality Interface” subsystem
by using components of Virtual Reality Toolbox.

Virtual environment is constructed by using V-RedBuilder 2.0 as shown in
Figure 6.34

File Edit View MNodes Libraries Manipulators Mode Window Help
Dl#iE) s[Rle] #]]] 20| 5|5|u|n|s|n] 5]s]ijo|T|u|s|s|
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B material
@ Material
texture
[0 textureTransform
= geomet;
L[ ElevationGrid

5 Leftf
4

|For Help, press FL INAVIGATION Speed: 1 |3:23 PM

Figure 6.34: V-Realm Builder

The orientation of model coordinate system in tAg (A model with respect to the
body is the same as the orientation of its bodydioate system with respect to the
body shown in chapter 2 and the origin of modelrdo@te system is also the mass
center, where these details are essential in ¢odeajust position and orientation of
bodies easily before manipulating in the virtualismnment. CATIA models of
bodies are converted into wrl file format. Thenfwal reality model of these bodies
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are added to the object library of V-Realm Buildémom the object library, virtual
reality models of bodies are inserted to virtualitg model of the simulation. Mass
centers of all bodies are located at the origirca@drdinate system of the virtual
reality model. As the simulation starts and neagsgarameters are initialized,
bodies are moved to their proper positions andntateons. Mass center positions
of bodies and body orientations with respect virteality coordinate system are
supplied to “VR Sink” block for animation. Sinceethnertial and virtual reality
coordinate systems are different from each othegessary transformation of
results to virtual reality coordinate system is madldditionally the motion of Body
1, Body 2 and Body 17 according to given referepasitions and orientations is
attached to the animation. Therefore, tracking qverhnce can be observed by

comparing resultant and reference motion of bodies.
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6.1.7. Definition of Physical Parameters

Necessary dimensions, mass and inertia tensor miepef bodies are defined in

and supplied from this subsystem.
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Figure 6.46: Definition of Physical Parameters
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Figure 6.49: Body Inertia Tensor Definitions

6.1.8. Reading and Arrangement of Several Variables

(1)
Body Inertia Tensors
wrt Body Mass Centers (Jc)

Some minor operations in the top level system atkaged into this subsystem.
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Figure 6.50: Reading and Arrangement of Several Vaks

6.2. Simulation Results

Simulation results for 3 parameter sets are gi@ethfferent types of reference input
are given for demonstration. For Simulation Numbbeml reference input with no
general order is given. A reference input to trackcircular path is given in
Simulation Number 2. In Simulation Number 3, a éinpath which does not require
turning of the robot body is defined. Detailed tesware given for Simulation

Number 1. For the rest, reference input and trekiing performance are shown.
6.2.1. Simulation Number 1

Simulation results for parameter set 1 which issghn Appendix B.1 are illustrated

under this heading.
6.2.1.1. Reference Input

According to numerical values of parameters whiefing the nature of locomotion,
the trajectory generation algorithm creates refegemput information for the

simulation model. Reference trajectories for patamseet 1 can be illustrated by
Figure 6.51, Figure 6.52 and Figure 6.53. Greenldack colored curves represent

the reference trajectory fogRand R,.. Red, blue, magenta and cyan colored curves
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represent the reference trajectory for the masseced Body 17 during LFFSSP,
RFFDSP, RFFSSP and LFFDSP respectively.

Y (m) 0 o2

0.1

Figure 6.52: Reference Trajectories on X-Y Plane fdParameter Set 1
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Figure 6.53: Reference Trajectories on X-Z Plane fdParameter Set 1

6.2.1.2. Joint Space Positions
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Figure 6.54: Joint Space Positions fronds to 0
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Figure 6.56: Joint Space Positions frond11 to 014
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Figure 6.58: Joint Space Positions fronf1g to 0,
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6.2.1.3. Task Space Positions

Simulation results with their reference inputs sttewn by Figure 6.61, Figure 6.62

and Figure 6.63. All components are resolved inrbdial frame.
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Figure 6.61: Position of Mass Center of Body 17 witlts Reference Input
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Input
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Figure 6.63: Position of Toe Point on Left Foot (Bdy 2) with Its Reference

Input
6.2.1.4. Actuator Torques
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Figure 6.64: Actuator Torques from T; to Ty in the Right Leg
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Figure 6.66: Actuator Torques from T, to Tgin the Left Leg

227



Actuator Torques (N.m)

Actuator Torques (N.m)

80

120 i i i \ i i
0
Time (s)

Figure 6.67: Actuator Torques from Tyoto T in the Left Leg

25
A5 I \ I I \ I
0 1 2 3 4 5 6 7
Time (s)
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6.2.1.5. Ground Reaction Forces and Moments

Components of ground reaction forces and momeatsesolved in body coordinate

systems by regarding the convention for forces amaments in Newton-Euler
equations in chapter 4.
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Figure 6.71: Ground Reaction Forces for Body 1 an@ody 3
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Figure 6.72: Ground Reaction Forces for Body 2 an&ody 4
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Figure 6.74: Ground Reaction Moments
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6.2.2. Simulation Number 2

Simulation results for parameter set 2 which issghn Appendix B.2 are illustrated

under this heading.
6.2.2.1. Reference Input

Reference trajectories for parameter set 2 canllsrated by Figure 6.76, Figure
6.77 and Figure 6.78. Green and black colored sumepresent the reference
trajectory for R and Ry.. Red, blue, magenta and cyan colored curves reqmirése
reference trajectory for the mass center of Bodydiring LFFSSP, RFFDSP,
RFFSSP and LFFDSP respectively.

---------

Figure 6.76: Isometric View of Reference Trajectors for Parameter Set 2
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6.2.2.2. Task Space Positions

Simulation results with their reference inputs stiewn by Figure 6.79, Figure 6.80

and Figure 6.81. All components are resolved inrbdial frame.
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Figure 6.80: Position of Toe Point on Right Foot (Bdy 1) with Its Reference
Input
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6.2.3. Simulation Number 3

Simulation results for parameter set 3 which issghn Appendix B.3 are illustrated

under this heading.
6.2.3.1. Reference Input

Reference trajectories for parameter set 3 canllbgtrated by Figure 6.83 and

Figure 6.84. Green and black colored curves reptebe reference trajectory for
Ppr and Ry.. Red, blue, magenta and cyan colored curves remrése reference

trajectory for the mass center of Body 17 during=65P, RFFDSP, RFFSSP and
LFFDSP respectively.

Figure 6.83: Isometric View of Reference Trajectors for Parameter Set 3
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Figure 6.84: Reference Trajectories on X-Y Plane faParameter Set 3

6.2.3.2. Task Space Positions

Simulation results with their reference inputs sitewn by Figure 6.79, Figure 6.80

and Figure 6.81. All components are resolved inrbeial frame.
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Figure 6.85: Position of Mass Center of Body 17 witlts Reference Input
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CHAPTER 7

DISCUSSION AND CONCLUSION

In this chapter, the thesis work is evaluated geaeral manner. Deficiencies of the

simulation model and the related future work asedssed.

Firstly, a decision is made for the physical maafethe humanoid robot where other
steps of the thesis study are based. In order aa dnitations, provide flexibility
for a variety of locomotion tasks and imitate hunggit more realistically, each leg
includes a kinematic configuration enabling 8 DORhwespect to the hip (Body
17). This kinematic configuration of legs, whichveaedundant DOF with respect to
the hip, brings both advantages and disadvantagethe locomotion problem.
Ground friction conditions, ground elevation anctlimation, avoiding internal
collision between bodies and exterior collision hwitbstacles, being exposed to
external forces and moments and various other @@ circumstances impose
restrictions on possible biped locomotion patterAsat is why the realization of
biped locomotion in 3D space requires flexibilitymotions, which is an advantage
of having legs with redundant DOF. However, the wvailability of simple
conversion of task space variables into joint spameables results to additional
computational burden which is not a preferableasitun for online applications. In
addition to bodies directly related with the bigedomotion which are from Body 1
to Body 17, upper bodies are included in the plasitwodel, too. Therefore, dynamic
effects of upper bodies to the biped locomotion raeeled instead of a lumped
body modeling all upper body characteristics; whiglone more step closer to the
realistic simulation. After deciding the kinemationfiguration, physical parameters

of the humanoid robot is found.

During the derivation of mathematical models esgBcifor dynamic equations,

differences sourced from different locomotion plsasee modeled by additional
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equations which are included in direct dynamic sotu procedures as much as
possible to keep equations general for all locoomphases. Using Newton-Euler
equations enable the computation of dynamic egustimmerically without going

through analytical derivation procedure which ignactical for a complex system
with 26 DOF and to calculate reaction forces andnewts between bodies which
might be beneficial for the preliminary stage ofaima&nical design.

Time derivatives of jacobian matrices which are kyed in the calculation of
optimum command accelerations are obtained nunilgricdy simple

approximations. However, application of advancednemcal methods can be
implemented for more accurate calculations esggcfal movements with high
accelerations; where significant computation erronsty lead to unpractical
command accelerations during the procedure of aptintommand accelerations

calculation.

For a given reference input, 490 numerical valuestotal are supplied to the
simulation model; where most of them are weightingfficients used in the control
strategy and remaining ones are for modeling andpotational purposes.
Therefore, it requires a lengthy trial and erroogadure for finding appropriate
numerical values for a given set of input suppliedthe reference trajectory
generation algorithm. Both generated referencedtajies and supplied weighting
coefficients must be proper so that a sustainaipledolocomotion is achieved for a
given reference input. However, it is observed thasingle set of weighting

coefficients may not be able to sustain biped lomtoon for an infinitely long time.

In order to achieve that, a high level controllehieth can modify reference
trajectories and weighting coefficients online torefeasible ones for adapting to
changing conditions during the locomotion is regdirln this thesis, such kind of a
high level controller does not exist. Therefores tdontrol strategy eventually begins
to show poor tracking performance or fails by uswgghting coefficients that are
constant throughout the simulation, especially rieference trajectories defining a

motion including significantly different charactstics.

In this study, reference trajectories are defir@dde points and their related bodies,
Body 17 and its mass center. However, motions peupodies like Body 20, Body
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23, Body 24 and Body 27 play active role during bigeed locomotion too. Since the
assessment of upper bodies’ contribution to thedipcomotion is directly related
with an in depth reference trajectory generatiardgtwhich is not in the scope of
this thesis, reference joint space positions afteel upper bodies which are frdag

to 6,7 are defined as 0. In other words, it is desired tipper bodies maintain their
initial positions with respect to each other throogt the simulation. At first, zeros
as command space accelerations for joints relatéd these upper bodies are
supplied to the computed torque control methodrotento keep upper bodies in
their initial positions. However, it is observedtithe deviation from initial positions
for upper bodies due to cumulative errors beconggsfieant enough to affect the
control of biped locomotion. As a result, (similamt simpler to the one used for
lower bodies) an optimization problem about presicjoint space position and
velocity error is used to define command space lactens for each joint space
variable concerning upper bodies.

Since generated reference trajectories are comstiumy polynomials, selection of
parameters which are supplied to the trajectorindefn algorithm must be handled
carefully. Unrealistic definitions like high durati times for small distances and high

velocities can result to oscillatory solutions floe considered time interval.

It is expected that dynamic effects and weightadibs are compensated by ground
reaction forces and moments which are spread opodiles contacting the ground.
However, spreading of these ground reaction foacesmoments do not include toe
part of the flat foot like Body 1 during RFFDSP aR&FSSP or Body 2 during
LFFSSP and LFFDSP. In other words, ground readticces and moments on Body
1 and Body 2 compensate forces and moments ordtetewith their own weights
regardless of other bodies. The reason for thisgumenon is due to the assumption
that reaction forces and moments between Body 1Baly 3 during RFFSSP and
RFFDSP, Body 2 and Body 4 during LFFSSP and LFFB®Pzero. Calculation of
reaction forces and moments between these bodiesreéean additional modeling
effort which is not accomplished in this thesis. risfaver, it is possible to obtain
unrealistic ground reaction forces and momentstdulee assumption that contacting
bodies are rigidly fixed to the ground. For exampeground reaction force with

negativeu; component of related body coordinate system caotbained; which
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actually means the contacting body is to part ftbeanground but unable to do it due
to the kinematic constraints imposed on the bodyil&rly, it is possible to obtain a
ground reaction moment where its resultant moméni, candi, components can
not be achieved withi; component of calculated ground reaction force iwithe
contact area of the related body for related baatyrdinate system; which actually
means that the contacting body is to roll but ueabl do it due to the kinematic
constraints imposed on the body. Also, ground readorces in the plane formed by
U, andu, of the related body coordinate system are assumbd supplied without
any limitations imposed by the friction between tamting body and the ground. In
this thesis, considerations for unrealistic groveaction forces and moments are left
to user’s responsibility in the thesis. As a futstedy, a detailed model to find forces
and moments which simulate the interaction betwgrenind and contacting bodies

can be devised for a more realistic simulation.

The most critical part of the simulation is thelugince of the impact of swinging
foot to joint space velocities during the trangitivom single to double support
phases. Therefore, proper modeling of the impactssential for a realistic
simulation; which is a modeling problem that must investigated in a detailed
fashion. In this thesis, joint space velocities radified manually based on a simple
optimization problem where weighting coefficientetermine aftereffect of the

impact.

Depending on the selection of actuators during rifexhanical design, actuator
dynamics can be included in the simulation as aréutvork. In this study, actuator
dynamics is neglected and actuator torques aredsmlbetween certain values by

saturation blocks in the simulation.

Each second is equivalent to 100 seconds in thelaiion with a “Intel Core 2 Duo
P8400 2.27 GHz” central processor unit. The sinnutatime is fairly high due to
many calculation loops for numerical computations user defined MATLAB
functions. Also, most user defined MATLAB functiorsre written to work
independently in calculation-wise. Therefore theser defined MATLAB functions
recall other MATLAB functions as subroutines. Siatidn time can be decreased by

reducing the independency of user defined MATLABdions and converting
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shared calculations into common user defined fonsti However, this kind of a
simulation structure requires major editing efféor even small computational
modifications and much effort to track operation®. summarize, computational
burden for the simulation can be more than necgsdae to the existence of
repeated calculations in different user defined MAB functions; because the
arrangement of user defined functions are taskntatik instead of calculation

oriented.

All in all, a simulation environment is constructém the biped locomotion in 3D

space of humanoid robots with a proposed contrategy. In this thesis, the devised
simulation environment covers an important porfiena comprehensive simulation
tool for humanoid robots. Since the integrationdetailed models which are not
covered in this thesis study into the simulatiomiemment is possible, a complete
simulation tool for various studies related withntanoid robots can be formed.
Also, by the help of task oriented user defined NLAB functions different control

strategies can be tested by necessary rearrangefoerd more general simulation

structure.
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APPENDIX A

EQUIVALANCE TABLE FOR DATA STORE BLOCK AND
USER DEFINED MATLAB FUNCTION LABELS IN THE
SIMULATION MODEL

Table A.1: Equivalance Table

In the Thesis In the Simulation Model

Phip Phip

Vhip Vhip

R Radius

T gir TurningDir
tesr tSSP

PTR PTR

SW SW

SH SH

Kadi KAd]

Ksh kSH
ABpn DeltaTethaPLN
ABapy DeltaTethaADJ
Preg. PRI

PrpLi PLi

COV il FRO_

CO? nitiar FLO_i
Qinitial g_initial
Jinitial qd_initial

q q
_q qd
Pipr TPRF
P, TPLF
Vipr TPRFd
VipL TPLFd
Aepr TPRFdd
Arpl, TPLFdd

g g

Aty Lrrssp Delta_tl LFFSSP

At, Lrrssp Delta_t2 LFFSSP

Atz 1rrssp Delta_t3_LFFSSP
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Table A.1: Equivalance Table (Continued)

Aty Rrrssp Delta_tl_RFFSSP
At; rrrssp Delta_t2_ RFFSSP
At3 rrrssp Delta_t3_RFFSSP
Aty Lrrpsp Delta_t1 LFFDSP
At; 1rFpsp Delta_t2_LFFDSP
Aty rrrpsp Delta_t1_RFFDSP
Aty rrrpsP Delta_t2_RFFDSP

WLFFSSP P17

Wp_fa LFFSSP

WRFFSSP P17

Wp_fa_RFFSSP

WLFFDSP P,17a

Wp_fa_LFFDSP

WRFFDSP P,17a

Wp_fa_RFFDSP

WLFFSSP v,17

Wv_fa LFFSSP

WRFFSSP v,17

Wv_fa_RFFSSP

WLFFDSP v,17a

Wv_fa_LFFDSP

WRFFDSP v,17a

Wv_fa_RFFDSP

WLFFSSP_qL_Hrdd Wa_a_LFFSSP
WrrFssp_qr_Hrdd Wa_a_RFFSSP
Wirrpsp_qL_Hrda Wa_a_LFFDSP
v Wa_a_RFFDSP

WRFFDSP_qR_Hrdd

WLFFSSP_P,tpR

Wp_fb_LFFSSP

WRFFSSP_P,tpL

Wp_fb_RFFSSP

WLFFDSP P,17b

Wp_fb_LFFDSP

WRFFDSP P,17b

Wp_fb_RFFDSP

WLFFSSP v,1

Wv_fb_LFFSSP

WRFFSSP v,2

Wv_fb_RFFSSP

WLFFDSP v,17b

Wv_fb_LFFDSP

WRFFDSP v,17b

Wv_fb_RFFDSP

WLFFSSP_qR_Hdd Wa_ b LFFSSP
WrrFssp_qL_Hdd Wa_b_RFFSSP
WLrFDsP_qr_Hda Wa_b_LFFDSP
v Wa_b_RFFDSP

WRFFDSP_qL_Hdd

WLFFSSP OR,17

Wor_fa LFFSSP

WRFFSSP OR,17

Wor_fa RFFSSP

WLFFDSP OR,17a

Wor_fa_LFFDSP

WRFFDSP_OR,17a

Wor_fa_RFFDSP

WLFFSSP OR,1

Wor_fb_LFFSSP

WRFFSSP OR,2

Wor_fb_ RFFSSP

WLFFDSP OR,17b

Wor_fb_LFFDSP

WRFFDSP OR,17b

Wor_fb_RFFDSP

W, Wp_Tetha3 LFFSSP
Wy 6, Wv_Tetha3_LFFSSP
W, Wp_Tethad RFFSSP
Wy.e, Wv_Tetha4 RFFSSP
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Table A.1: Equivalance Table (Continued)

—~

Wact LFFDSP

Wact_LFFDSP

—~

Wact RFFDSP

Wact_RFFDSP

WqL_H_LFFSSP

Wirrssp_qL_nr
Wirrssp_qr 1

WgH_R_LFFSSP

WgR_H_RFFSSP

Wrrrssp_qr_Hr
Wrrrssp_qL_H

WgH_L_RFFSSP

WLFFDSP_qL_HT

WqL_H_LFFDSP

WQgR_H_LFFDSP

WLFFDSP_qR_H
WRFFDSP_qR_HT

WgR_H_RFFDSP

WRFFDSP_qL_H

WqL_H_RFFDSP

Wpo.. WpTethal8
Wpo., WpTethal9
Wp.0,, WpTetha20
Wpe,, WpTetha2l
Wpe,, WpTetha22
Wpe,. WpTetha23
Wpe,, WpTetha24
Wpo,. WpTetha25
Wpo,. WpTetha26
Wpe, WpTetha27
Wyo,. WvTethal8
Wye,, WvTethal9
Wye,, WvTetha20
Wye,, WvTetha2l
Wy e, WvTetha22
Wy .6, WvTetha23
Wye,, WvTetha24
Wy 6, WvTetha25
Wy 6, WvTetha26
Wy e, WvTetha27
Atyg Delta_t18
Aty Delta_t19
At,, Delta_t20
Atyq Delta_t21
At,, Delta_t22
At,3 Delta_t23
At,, Delta_t24
At,s Delta_t25
Atye Delta_t26
Atyy Delta_t27

—~

Wadj,LFFSSP_RFFDSP

Wadj_qdot_LFFSSP_to_RFFDSP

—~

Wadj,RFFSSP_LFFDSP

Wadj_qdot_ RFFSSP_to_LFFDSP
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Table A.1: Equivalance Table (Continued)

Iic'l Pc 1
ch,z Pc 2
Pes Pc_3
sz—', 4 Pc 4
Peo Pc_9
126,10 Pc 10
1},11 Pc 11
ch,l 2 Pc 12
1},17 Pc 17
Ij c,20 Pc 20
13 23 Pc 23
ch,z 4 Pc 24
P_C,27 Pc_27
Kc,l Vc 1
Ve Vc_2
KC'3 Vc_ 3
Vea Vc_4
YC,‘? Vc 9
Veao Vc_10
YC'“ Ve 11
Veaz Vc_12
‘fc,17 Ve 17
Vez2o Vc_20
YC'B Vc_23
Veza Vc_24
Vo Vc 27
Wy wl
w, w2
W3 w3
Wy w4
Wo w9
Wi w10
Wyq wll
Wi, w12
Wy w17
W2 w20
Woy3 w23
Wag w24
Wy w27
ac, 1 ac_l
Acp ac_2
ac3 ac_3
A ac_4
Qo ac_9
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Table A.1: Equivalance Table (Continued)

Ac10 ac 10
A1 ac_11
Ac,12 ac 12
Ac17 ac_17
Ac20 ac 20
Ac23 ac_23
Gc2a ac_24
Qc,27 ac_27
a Alphal
) Alpha2
as Alpha3
Ay Alpha4
42 Alpha9
@19 Alphal0
a1 Alphall
@12 Alphail2
a7 Alphal7
20 Alpha20
a23 Alpha23
A24 Alpha24
Aa7 Alpha27
cov Co_1
¢ Co_2
¢ CO 3
com C0_4
¢ C0 9
010 C0_10
¢ Co_11
c©12) Co_12
(O C0_17
€020 C0_20
¢z C0_23
¢4 CO_24
¢27) C0_27
Jo,epr JVTPRF
Jotor JVTPRFdot
jv,17_fL Jv17fL
Joa7 £1 Jv17fLdot

~

JvCdiag0_17fL

]v,Cdiag0_17_fL

]v,CdiagO_17_fL

JvCdiag0_17fLdot

Jv.cdiago_1 JvCdiag0_1
P JvCdiag0_1dot
]v,CdtagO_l
jv,tpL JVTPLF
JotoL JVTPLFdot
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Table A.1: Equivalance Table (Continued)

Jva7 R

JV17fR

]v,17_fR

Jv17fRdot

JvCdiag0_17fR

]v,CdiagO_17_fR

JvCdiag0_17fRdot

jv,CdiagO_17_fR
Jv,cdiago_2 JvCdiag0_2
Ju,cdiago 2 JvCdiag0_2dot
] WVI7fR_all

]v,17_fR_all

]v,17_fR_all

Jv17fR_alldot

~

]v,CdiagO_17_fR_all

JvCdiag0_17fR_all

]v,CdiagO_17_fR_all

JvCdiag0_17fR_alldot

Jva7 fLaul

Jv17fL_all

Jv17 fLall

Jv17fL_alldot

]v,Cdiag0_17_fL_all

JvCdiag0_17fL_all

]v,CdiagO_17_fL_all

JvCdiag0_17fL_alldot

7y, FO_1
S F1 3
i, MO_1
i, > M1_3
F,5® FO 3
Fyo F3 9
M, ® MO_3
s, M3_9
Fouy ™) F9 11
My, M9 11
Py F11_17
iy, .07 M11_17
Fiyir” F12_17
Fry g0 F17 20
50,07 M12_17
My 7.50@% M17_20
Froin F10_12
Ty, M10_12
R F4_10
TR M4_10
7, FO_4
7, F2_4
i,," MO_4
i,," M2_4
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Table A.1: Equivalance Table (Continued)

@ FO_2
0,2
i, ,® MO_2
) F20_23
20,23
) F20_24
20,24 -
Fo@D F20_27
20,27 -
Ty003 %) M20_23
M2 M20_24
i G M20_27
20,27 —
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APPENDIX B

SIMULATION PARAMATERS

B.1. Simulation Number 1

-0.00
0.20
0.25
0.0000 0.0000 0.9588 8-%2
0.1000 0.1300 0.9588 050
0.1800 0.2500 0.9588 030
0.2800 0.3500 0.9588 0.35
Phip =|0.4000 0.4200 0.9588|(m),Vhip =|0.35| (m/s), PHASE_N=1
0.5300 0.4700 0.9588 0.40
0.6800 0.5200 0.9588 8-28
0.8400 0.5400 0.9588 040
10.9900 0.5450 0.9588! 0.40
0.40
0.40
0,40

Radius = [1.600 1.200 1.100 0.865 1.100 1.500 1.100 1.200]" (m)
TurningDir=[+41 -1 -1 -1 -1 -1 -1 -1]7

tSSP=[0.8 09 08 0.7 06 07 0.7 0.7]" (s)

PTR=[6 6 6 6 6 6 6 6]"

SW =1[0.32 040 032 032 032 0.28 0.32 0.32]" (m)

SH =[0.06 0.08 0.08 0.06 0.08 0.08 0.08 0.08]" (M)

kAdj =111 11 11 11 11 11 1.1 1.1]7

kSH=1[05 05 0.5 05 0.5 05 0.5 05]T
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6.1 19.t 30w 12.t 247 o 14t 121

R L L L —]T(rad)

DeltaTethaPLN = [
180 180 180 180 180 180 180 180

DeltaTethaAD] =
[ 5. 18.w 28. 11.w 23. 8.1 13.w ll.ﬂ]T (rad)
180 180 180 180 180 180 180 180

PRi = TPRF =[0.1600 0.1876 0.0150] (M), TPRFd = TPRFdd = 034, (M)

PLi = TPLF =[-0.1600 0.1876 0.0150] (M), TPLFd = TPLFdd = 034, (M)

0 -1 0 0 -1 0
FROi=|1 0 O|,FLO.i=(1 0 O
0 0 1 0 0 1

q = Qinitiar = qd = qd_initial = 0,4, (rad),g = 9.81 (m/sz)

qgdlower_initial_Reset

=1t 11 111111111111 1]

Delta_t1_LFFSSP = Delta_t1_RFFSSP = 0.1 (s)

Delta_t2_LFFSSP = Delta_t2_RFFSSP = Delta_t1_LFFDSP =
Delta_t2_LFFDSP = Delta_t1_RFFDSP = Delta_t2_RFFDSP = 0.05 (S)

Delta_t3_LFFSSP = Delta_t3_RFFSSP = 0.02 (S)

1000 1000
Wp_fa_LFFSSP = |1000|, Wp_fa_RFFSSP = | 1000 |,
1000 70000
10000 100
Wp_fa_LFFDSP = (10000|, Wp_fa_RFFDSP = 100
90000 300000
r 600 1 r 500 1
600 500
_ 11000 |1 10
Wv_fa_LFFSSP = 100 | Wv_fa_RFFSSP = 100
100 100
L1000 110000
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11007 11007
100 100
100 _ 100
Loo| Wv-fa_RFFDSP =
100 100
1100/ 1100/

Wv_fa_LFFDSP =

10.17 10.17
1.2 0.8
0.9 0.9
Wa_a_LFFSSP =10.7|, Wa_a_RFFSSP =10.5
0.3 0.3
0.4 0.4
L0.5- -0.8-

10.17 10.17
0.3 0.3
0.3 0.3
Wa_a_LFFDSP =10.5|, Wa_a_RFFDSP = 0.5
0.4 0.4
0.4 0.4
L0.8 L0.8

2000
Wp_fb_LFFSSP = ’ 2000 ] Wp_fb_RFFSSP =
100000

10000
1000000

10000 ]

1000 [ 100
Wp_fb_LFFDSP =] 1000 |, Wp_fb_RFFDSP = | 100
30000 110000

1 10000 7 40000 7
10000 40000

_|100000 _|200000
Wv_fb LFFSSP = |"c " | Wv_fb_RFFSSP = |“c o

5000 5000
L 5000 A L 5000 -

1007 1007
100 100

_|100 _ 100
Wv_fb_LFFDSP = | 0|, Wv_fb_RFFDSP = -
100 100
1100/ 1100/
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1 1
0.1 0.1
1.2 0.8
oo _loo
Wa_b LFFSSP = | | Wa_b_RFFSSP = | '
0.4 0.4
0.5 0.5
0.5 0.9
10.057 -0.017
0.1 0.1
0.3 0.3
|03 o3
Wa b LFFDSP = | o | Wa_b_RFFDSP =
0.6 0.6
0.6 0.6
L 1 A L1
10000 200000
Wor_fa_LFFSSP = [10000|, Wor_fa_RFFSSP = |200000
10000 200000
1000 5000
Wor_fa_LFFDSP = |1000|, Wor_fa_RFFDSP = [5000
1000 5000
8000 100000
Wor_fb_LFFSSP = (8000, Wor_fb_RFFSSP = [100000
8000 100000
1000 3000
Wor_fb_LFFDSP = [1000|, Wor_fb_RFFDSP = {3000
1000 3000

Wp_Tetha3_LFFSSP = 1000000, Wp_Tetha4_RFFSSP = 100000
Wv_Tetha3_LFFSSP = 100000, Wv_Tetha4_RFFSSP = 40000

Wact_LFFDSP = Wact RFFDSP =[111111111110001111111111
1000 100010001111100011111000100010DQ 1111000 1000 1000
1000 1000100011111000111110001000100@111111110001111
111111111111 1000 1000 11000 1000 D 1000 1000]
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r 0.1 r 0.1
30000 30000
1 1
WqL_H_LFFSSP =] 1000 |, WqR_H_RFFSSP =] 1000
0.2 0.2
0.4 0.4
L 0.6 - L 0.6 -
r0.27 r0.27
0.8 0.8
1 1
WqL_H_LFFDSP =1{0.3|, WqR_H_RFFDSP =10.3
0.4 0.4
0.5 0.5
[ 1 [ 1
 0.05 7  0.05 7
0.1 0.1
25000 25000
1 1
WqH_R_LFFSSP = 1000 ,WqH_L_RFFSSP = 1000
0.2 0.2
0.4 0.4
L 0.8 - L 0.8
8000 1007
0.4 0.4
0.8 0.8
WqR_H_LFFDSP = 015 ,WqL_H_RFFDSP = 015
0.3 0.3
0.5 0.5
L 0.8 - L 0.8

WpTethal8 = 300, WvTethal8 = 120, Delta_t18 = 0.3 (S)
WpTethal9 = 200, WvTethal9 = 60, Delta_t19 = 0.3 (S)
WpTetha20 = 200, WvTetha20 = 60, Delta_t20 = 0.3 (S)
WpTetha21l = 10, WvTetha21 = 100, Delta_t21 = 0.3 (S)
WpTetha22 = 10, WvTetha22 = 100, Delta_t22 = 0.3 (S)
WpTetha23 = 10, WvTetha23 = 100, Delta_t23 = 0.3 (S)
WpTetha24 = 10, WvTetha24 = 100, Delta_t24 = 0.3 (S)
WpTetha25 = 10, WvTetha25 = 100, Delta_t25 = 0.3 (S)
WpTetha26 = 10, WvTetha26 = 100, Delta_t26 = 0.3 (S)
WpTetha27 = 10, WvTetha27 = 100, Delta_t27 = 0.3 (S)
Wadj_qdot_LFFSSP_to_RFFDSP
=111 3 18 18 18 1 1 1 3 18 18 18]

Wadj_qdot_LFFSSP_to_RFFDSP =

[1 1 1 3 18 18 18 1 1 1 3 18 18 18]"
Saturation = [—30,30](N.m), Saturationl = [—150,150](N.m)
Saturation2 = [—150,150](N.m), Saturation3 = [—150,150](N.m)
Saturation4 = [—150,150](N.m), Saturation5 = [—-150,150](N.m)
Saturation6 = [—150,150](N.m), Saturation7 = [—-150,150](N.m)
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Saturation8 = [—30,30](N.m), Saturation9 = [—150,150](N.m)
Saturation10 = [—-150,150](N.m), Saturation1l = [—150,150](N.m)

|
Saturationl12 = [—-150,150](N.m), Saturation13 = [—150,150](N.m)
Saturationl4 = [—150,150](N.m), Saturation15 = [—-150,150](N.m)
Saturation16 = [—180,180](N.m), Saturation17 = [—180,180](N.m)
Saturation18 = [—180,180](N.m), Saturation19 = [—-100,100](N.m)
Saturation20 = [—100,100](N.m), Saturation21 = [—-100,100](N.m)
Saturation22 = [—-100,100](N.m), Saturation23 = [—100,100](N.m)
Saturation24 = [—-100,100](N.m), Saturation25 = [—-100,100](N.m)
[0.1600
Pc_1 = [0.1505| (M), Vc_1 = wl = ac_1 = Alphal = 034, (M/s, rad/s, mfs
10.0150
rad/<)
[—0.160
Pc_2 = [0.1505 | (M), Vc_2 = w2 = ac_2 = Alpha2 = 03, (m/s, rad/s, mfs
10.0150
rad/$)
[0.1600
Pc_3 = [0.0286| (M), Vc_3 = w3 = ac_3 = Alpha3 = 03, (M/s, rad/s, mfs
10.0351
rad/g)
[—0.1600
Pc_4 =1 0.0286 | (M), Vc_4 = w4 = ac_4 = Alpha4 = 035, (M/s, rad/s, mfs
[ 0.0351
rad/$)
[0.1600
Pc_9 = [0.0000| (M), Vc_9 = w9 = ac_9 = Alpha9 = 03y, (M/s, rad/s, mfs
10.2487
rad/<)
[—0.1600
Pc_10 = | 0.0000 | (m),Vc_10 = w10 = ac_10 = Alphal0 = 03, (m/s, rad/s,
| 0.2487
m/s, rad/s)
[0.1600
Pc_11 = [0.0000| (M), Vc_11 = wll = ac_11 = Alphal = 034, (M/s, rad/s, mfs
10.6212
rad/<)
[—0.1600
Pc_12 =| 0.0000 | (m),Vc_12 = w12 = ac_12 = Alphal2 = 03, (m/s, rad/s,
. 0.6212
m/<’, rad/$)
[0.0000]
Pc_17 = [0.0000( (M), Vc_17 = w17 = ac_17 = Alphal7 = 034, (m/s, rad/s,
10.9588.
m/<, rad/é))
[0.0000]
Pc_20 = [0.0000( (M), Vc_20 = w20 = ac_20 = Alpha20 = 034, (m/s, rad/s,

[1.2524]
m/<, rad/§1)
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[0.2900
Pc_23 =10.0000

1.0452
m/<, rad/gl)

(M), Vc_23 = w23 = ac_23 = Alpha23 = 034, (m/s, rad/s,

[—0.2900

Pc_24 =| 0.0000 | (m),Vc_24 = w24 = ac_24 = Alpha24 = 03, (m/s, rad/s,
[ 1.0452

m/<, rad/$)
0.0000

Pc_27 = [0.0000( (M), Vc_27 = w27 = ac_27 = Alpha27 = 034, (m/s, rad/s,

11.4997
m/<, rad/§1)

0 -1 0
€C0.1=002=--=C€027=(1 0 O
0 0 1

L1 =12 = 0.0743 (m),C1 = C2 = 0.0372 (M), L3x = L4x = 0.1133 (m)

L3z = L4z = 0.0630 (m), C3x = C4x = 0.2860 (M), C3z = C4z = 0.4290 (M)
L9 = L10 = 0.3220 (M), C9 = €10 = 0.1513 (M), L11 = L12 = 0.4120 (m)

€11 = €12 = 0.1908 (m), L17y = 0.1600 (M), L17z = 0.2936 (M)

€17 = 0.1468 (m), L20y = 0.2400 (m), L20z = 0.2936 (M), C20 = 0.1468 (M)
L27 = 0.2010 (m), 27 = 0.1005 (m), L23y = L24y = 0.050 (m)

L23z = L24z = 0.7080 (m), C23 = C24 = 0.3540 (m)

m1l = m2 = 0.130 (kg), m3 = m4 = 0.521 (kg),m9 = m10 = 1.979 (kg)

m11 = m12 = 5.213 (kg), m17 = m20 = 14.674 (kg), m23 = m24 = 2.651 (kg)
m27 = 4.708 (kg)

70.00007 0.00000 0.00000]
Je1=Jc_2=[0.00000 0.00007 0.00000]| (kg.nf)

0.00000 0.00000 00012 |
[0.00048 0.00000 0.00012]

Jc_3 =Jc_4=10.00000 0.00100 0.00000 | (kg.nT)

10.00012  0.00000 0.00100.
0.01800 0.00000 0.00000

Jc_9 =Jc_10 = [0.00000 0.01800 0.00000 | (kg.nf)

0.00000 0.00000 0.00300
[0.07900 0.00000 0.000007

Jc_11 =Jc_12 = [0.00000 0.07900 0.00000 | (kg.nf)

0.00000 0.00000 0.01200.
[0.35300 0.00000 0.00000]

Jc 17 = Jc_20 = [0.00000 0.13500 0.00000 | (kg.nf)

L0.00000 0.00000 0.27700.
[0.11200 0.00000 0.000007

Jc_23 =Jc_24 = [0.00000 0.11200 0.00000] (kg.nt)

10.00000 0.00000 0.00300.
0.02300 0.00000 0.00000

Jc_27 =0.00000 0.02300 0.00000] (kg.n?)
0.00000 0.00000 0.01500
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B.2. Simulation Number 2

-0.007
0.15
0.20
0.20
0.20
- 0.0000  0.0000 0.95887 8;%8
—0.0270 0.1300 0.9588 0.20
—0.1070 0.2500 0.9588 0.20
—0.2340 0.3500 0.9588 0.20
—0.4000 0.4200 0.9588 0.20
—0.5930 0.4700 0.9588 R
Phip =|-0.8000 0.5200 0.9588|(m),Vhip =|q'50| (m/s), PHASE_N=1
—1.0070 0.5400 0.9588 0.20
—1.2000 0.5450 0.9588 0.20
—1.3660 0.5660 0.9588 0.20
—1.4930 0.4000 0.9588 0.20
—1.5730 0.2070 0.9588 0.20
L—1.6000 0 0.9588- 0.20
0.20
0.20
0.20
0.20
L0.20-

Radius =[0.8 08 08 0.8 08 08 0.8 08 08 0.8 0.8 08]" (m)

TurningDir =

[+1 +1 +1 +1 +1 +1 +1 +1 +1 +1 +1 +1]7
tSSP=[09 0.7 0.7 07 07 0.7 07 0.7 07 07 0.7 0.7]7 (s)
PTR=[6 6 6 6 6 6 6 6 6 6 6 6]"

SW =
[0.32 032 032 032 0.32 032 032 032 032 032 032 0.32]"
(m)

SH =
[0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06]"
(m)

kAdj=[11 11 11 11 11 1.1 11 1.1 1.1 1.1 1.1 11]”
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kSH=1[05 05 05 05 05 05 05 05 05 05 05 0.5]

DeltaTethaPLN =

[7.5)(77.' 7.5Xm  7.5Xm 7.5Xm 7.5Xm 7.5Xm 7.5Xm 7.5Xm 7.5Xm 7.5Xm 7.5Xm 7.5><7T]T
180 180 180 180 180 180 180 180 180 180 180 180

(rad)
DeltaTethaAD] =
6XTT 6XTT 6XTT 6XTT 6XTT 6XTT 6XTT 6XTT 6XTT 6XTT 6XTT exm]T
180 180 180 180 180 180 180 180 180 180 180 180
(rad)

PRi = TPRF =[0.1600 0.1876 0.0150] (M), TPRFd = TPRFdd = 034, (M)

PLi = TPLF =[-0.1600 0.1876 0.0150] (M), TPLFd = TPLFdd = 034, (M)

0 -1 0 0 -1 0
FRO.i=|1 0 Of,FLOi=|1 0 O
0 0 1 0 0 1

q = Qinitiar = 9d = qd_initial = 0,4y, (rad),g = 9.81 (m/<)

qdlower_initial_Reset

=1t 1 1111111111111 1
Delta_t1_LFFSSP = Delta_t1_RFFSSP = 0.1 (s)

Delta_t2_LFFSSP = Delta_t2_RFFSSP = Delta_t1_LFFDSP =
Delta_t2_LFFDSP = Delta_t1_RFFDSP = Delta_t2_RFFDSP = 0.05 (S)

Delta_t3_LFFSSP = Delta_t3_RFFSSP = 0.02 (S)

1000 1000
Wp_fa_LFFSSP = I 1000 ] Wp_fa_RFFSSP =| 1000 ]
70000 70000
10000 10000
Wp_fa_ LFFDSP = ’10000], Wp_fa_RFFDSP = 10000]
90000 90000
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r 600 T r 600 T
600 600
_ 11000 _ 11000
Wv_fa_LFFSSP = 100 ,Wv_fa_RFFSSP = 100
100 100
L1000- L1000-
11007 11007
100 100
_ 1100 1100
Wv_fa_LFFDSP = 100 ,Wv_fa_RFFDSP = 100
100 100
L100- L100-
r0.17 r0.17
1.2 1.2
0.9 0.9
Wa_a_LFFSSP =10.7|, Wa_a_RFFSSP =10.7
0.3 0.3
0.4 0.4
L0.5- L(0.5-
r0.17 0.1
0.3 0.3
0.3 0.3
Wa_a_LFFDSP =10.5|, Wa_a_RFFDSP =10.5
0.4 0.4
0.4 0.4
L(0.8- L0.8-
2000 2000
Wp_fb_LFFSSP = | 2000 |, Wp_fb_RFFSSP =| 2000
800000 800000
1000 [ 1000
Wp_fb_LFFDSP = | 1000 |, Wp_fb_RFFDSP =] 1000
30000 30000
- 10000 1 - 10000
10000 10000
_ 1100000 _ 1100000
Wv_fb_LFFSSP = £000 , Wv_fb_RFFSSP = £000
5000 5000
L 5000 - L 5000 -
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11007 11007
100 100
_ 100 _ 100
Wv_fb_LFFDSP = | /o | Wv_fb_RFFDSP = | | o
100 100
1100/ 1100/
1 1
0.1 0.1
1.2 1.2
_loo _loo
Wa_b_LFFSSP =| .|, Wa_b_RFFSSP = =
0.4 0.4
0.5 0.5
0.5 0.5
10.057 -0.057
0.1 0.1
0.3 0.3
|03 o3
Wa b LFFDSP =| o | Wa_b_RFFDSP =|
0.6 0.6
0.6 0.6
L 1 A L1 4
10000 10000
Wor_fa_LFFSSP = |10000|, Wor_fa_RFFSSP = |10000
10000 10000
5000 5000
Wor_fa_LFFDSP = |5000|, Wor_fa_RFFDSP = |5000
5000 5000
8000 8000
Wor_fb_LFFSSP = [8000|, Wor_fb_RFFSSP = [8000
8000 8000
1000 1000
Wor_fb_LFFDSP = |1000|, Wor_fb_RFFDSP = (1000
1000 1000

Wp_Tetha3_LFFSSP = 100000, Wp_Tetha4_RFFSSP = 100000

Wv_Tetha3_LFFSSP = 40000, Wv_Tetha4_RFFSSP = 40000
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Wact_LFFDSP = Wact RFFDSP =[111111111110001111111111
1000 100010001111100011111000100010DQ 1111000 1000 1000
1000 1000100011111000111110001000100@111111110001111
111111111111 1000 1000 11000 1000 D 1000 1000]

01 - 01 -
30000 30000
1 1
WqL_H_LFFSSP = | 1000 |, WqR_H_RFFSSP =| 1000
0.2 0.2
0.4 0.4
L 06 L 06
0.2] 0.21
0.8 0.8
1 1
WqL_H_LFFDSP =|0.3|, WqR_H_RFFDSP = 0.3
0.4 0.4
0.5 0.5
L 1 L 1 4
S0 0
0.1 0.1
25000 25000
1 1
WqH_RLFFSSP =| | WqH_L RFFSSP=| I
0.2 0.2
0.4 0.4
L 038 L 0.8
8000 8000
0.4 0.4
0.8 0.8
WqR_H_LFFDSP = 015 WqL_H_RFFDSP = 015
0.3 0.3
0.5 0.5
| 0.8 | 0.8

WpTethal8 = 300, WvTethal8 = 120, Delta_t18 = 0.3 (S)
WpTethal9 = 200, WvTethal9 = 60, Delta_t19 = 0.3 (S)
WpTetha20 = 200, WvTetha20 = 60, Delta_t20 = 0.3 (S)
WpTetha21l = 10, WvTetha21 = 100, Delta_t21 = 0.3 (S)
WpTetha22 = 10, WvTetha22 = 100, Delta_t22 = 0.3 (S)
WpTetha23 = 10, WvTetha23 = 100, Delta_t23 = 0.3 (S)
WpTetha24 = 10, WvTetha24 = 100, Delta_t24 = 0.3 (S)
WpTetha25 = 10, WvTetha25 = 100, Delta_t25 = 0.3 (S)
WpTetha26 = 10, WvTetha26 = 100, Delta_t26 = 0.3 (S)
WpTetha27 = 10, WvTetha27 = 100, Delta_t27 = 0.3 (S)
Wadj_qdot_LFFSSP_to_RFFDSP =

1 11 3 18 18 18 1 1 1 3 18 18 1.8]"

Wadj_qdot_LFFSSP_to_RFFDSP =
[1 11 3 18 18 18 1 1 1 3 18 18 18]"
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Saturation = [—30,30](N.m), Saturationl = [—150,150](N.m)
Saturation2 = [—150,150](N.m), Saturation3 = [—150,150](N.m)
Saturation4 = [—-150,150](N.m), Saturation5 = [—150,150](N.m)
Saturation6 = [—150,150](N.m), Saturation7 = [—-150,150](N.m)
Saturation8 = [—30,30](N.m), Saturation9 = [—150,150](N.m)

Saturation10 = [—-150,150](N.m), Saturation11l = [—150,150](N.m)
Saturationl2 = [—150,150](N.m), Saturation13 = [—-150,150](N.m)
Saturationl4 = [—150,150](N.m), Saturation15 = [—-150,150](N.m)
Saturation16 = [—180,180](N.m), Saturation17 = [—180,180](N.m)
Saturation18 = [—180,180](N.m), Saturation19 = [-100,100](N.m)
Saturation20 = [—100,100](N.m), Saturation21 = [—-100,100](N.m)
Saturation22 = [—-100,100](N.m), Saturation23 = [—100,100](N.m)
Saturation24 = [—100,100](N.m), Saturation25 = [-100,100](N.m)
[0.1600
Pc_1 = [0.1505| (M), Vc_1 = wl = ac_1 = Alphal = 034, (M/s, rad/s, mfs
10.0150
rad/<)
[—0.160
Pc_2 = [0.1505 | (M), Vc_2 = w2 = ac_2 = Alpha2 = 03, (m/s, rad/s, mfs
10.0150
rad/g)
[0.1600
Pc_3 = [0.0286| (M), Vc_3 = w3 = ac_3 = Alpha3 = 034, (M/s, rad/s, mfs
10.0351
rad/$)
[—0.1600
Pc_4 =1 0.0286 | (M), Vc_4 = w4 = ac_4 = Alpha4 = 03, (M/s, rad/s, mfs
[ 0.0351
rad/$)
[0.1600
Pc_9 = [0.0000| (M), Vc_9 = w9 = ac_9 = Alpha9 = 03y, (M/s, rad/s, mfs
10.2487
rad/$)
[—0.1600
Pc_10 = | 0.0000 | (m),Vc_10 = w10 = ac_10 = Alphal0 = 03, (m/s, rad/s,
| 0.2487
m/s, rad/s)
[0.1600
Pc_11 = [0.0000| (M), Vc_11 = wll = ac_11 = Alphal = 034, (M/s, rad/s, mfs
10.6212
rad/<)
[—0.1600
Pc_12 = | 0.0000 | (m),Vc_12 = w12 = ac_12 = Alphal2 = 03, (m/s, rad/s,
. 0.6212
m/s, rad/s)
0.0000
Pc_17 = [0.0000| (M), Vc_17 = w17 = ac_17 = Alphal7 = 034, (m/s, rad/s,

0.9588
m/<, rad/é;
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[0.0000]
Pc_20 = [0.0000( (M), Vc_20 = w20 = ac_20 = Alpha20 = 0534, (m/s, rad/s,

1 1.2524
m/s, rad/gl)
0.29007 )
Pc_23 =10.0000| (M),Vc_23 = w23 = ac_23 = Alpha23 = 03,4 (m/s, rad/s,

1.0452]
m/<, rad/gl)

[—0.2900

Pc_24 =1 0.0000 | (M),Vc_24 = w24 = ac_24 = Alpha24 = 034, (m/s, rad/s,
| 1.0452

m/<, rad/$)
0.0000

Pc_27 = [0.0000( (M), Vc_27 = w27 = ac_27 = Alpha27 = 034, (M/s, rad/s,

1.4997
m/<, rad/§1)

0 -1 0
€C0.1=¢€02=--=C€027=(1 0 O
0 0 1

L1 =12 =0.0743 (m),C1 = C2 = 0.0372 (M), L3x = L4x = 0.1133 (m)

L3z = L4z = 0.0630 (m), C3x = C4x = 0.2860 (M), C3z = C4z = 0.4290 (m)
L9 = L10 = 0.3220 (M), C9 = €10 = 0.1513 (M), L11 = L12 = 0.4120 (m)

C11 = €12 = 0.1908 (m), L17y = 0.1600 (M), L17z = 0.2936 (M)

€17 = 0.1468 (m), L20y = 0.2400 (m), L20z = 0.2936 (M), C20 = 0.1468 (M)
L27 = 0.2010 (m), €27 = 0.1005 (m), L23y = L24y = 0.050 (m)

L23z = L24z = 0.7080 (M), C23 = C24 = 0.3540 (m)

m1l = m2 = 0.130 (kg), m3 = m4 = 0.521 (kg),m9 = m10 = 1.979 (kg)

m11 = m12 = 5.213 (kg), m17 = m20 = 14.674 (kg), m23 = m24 = 2.651 (kg)
m27 = 4.708 (kg)

70.00007 0.00000 0.00000]
Je.1=Jc_2=[0.00000 0.00007 0.00000]| (kg.nf)

0.00000 0.00000 00012 |
[0.00048 0.00000 0.00012]

Jc.3 =Jc_4=1{0.00000 0.00100 0.00000] (kg.nT)

10.00012  0.00000 0.00100.
0.01800 0.00000 0.00000

Jc.9 =Jc_10 = [0.00000 0.01800 0.00000 | (kg.nf)

0.00000 0.00000 0.00300
[0.07900 0.00000 0.00000

Jc_11 =Jc_12 = [0.00000 0.07900 0.00000 | (kg.nf)

L0.00000 0.00000 0.01200.
[0.35300 0.00000 0.00000]

Jc_17 = Jc_20 = [0.00000 0.13500 0.00000 | (kg.nf)

L0.00000 0.00000 0.27700.
[0.11200 0.00000 0.000007

Jc_23 =Jc_24 = [0.00000 0.11200 0.00000] (kg.nt)

10.00000 0.00000 0.00300.
0.02300 0.00000 0.00000

Jc_27 =0.00000 0.02300 0.00000] (kg.n?)
0.00000 0.00000 0.01500
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B.3. Simulation Number 3

10.007
0.25

0.30

0.30

- 0.0000 0.0000 0.95881 8:28
0.0001 02500 0.9588 030
0 05000 0.9588 0.30
—0.0001 0.7500 0.9588 0.30
0 1.0000 0.9588 0.30

Phip =| 0.0001 1.2500 0.9588| (m),Vhip =|9-30[ (m/s), PHASE_N=1

0 1.5000 0.9588 030
—0.0001 1.7500 0.9588 0.30
0 2.0000 0.9588 0.30
0.0001 2.2500 0.9588 0.30
0 2.5000 0.9588 0.30
0.30

0.30

0.30

0.304

Radius =[50 50 50 50 50 50 50 50 50 5.0]7(m)
TurningDir =[+1 -1 +1 -1 +1 -1 +1 -1 +1 -1]”
tSSP=[10 06 06 0.6 06 0.6 0.6 06 0.6 0.6]"(s)

PTR=[6 6 6 6 6 6 6 6 6 6]"

SW =1[0.40 0.32 032 032 032 032 032 0.32 032 0.32]" (m)
SH =[0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06]" (m)
kAdj =111 11 11 11 11 1.1 1.1 1.1 1.1 11]7

kSH=1[05 05 05 05 05 05 05 05 0.5 0.5]"

3Xmw  3Xm  3Xm  3Xm 3Xm 3Xm 3Xm 3Xm  3XT 3XH]T

DeltaTethaPLN = [
180 180 180 180 180 180 180 180 180 180

(rad)
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DeltaTethaAD] =

[ 29X 2.9xX1 2.9XTm 29X 29X 29X 2.9x1 2.9Xm 29X 2.9><1r]T

180 180 180 180 180 180 180 180 180 180

(rad)
PRi = TPRF =[0.1600 0.1876 0.0150] (m),TPRFd = TPRFdd = 63><1 (m)

PLi = TPLF =[-0.1600 0.1876 0.0150] (M), TPLFd = TPLFdd = 034, (M)

0 -1 0 0 -1 0
FRO.i=|1 0 Of,FLOi=|1 0 O
0 0 1 0 0 1

q = Qinitiar = 94 = qd_initial = 0,4y, (rad),g = 9.81 (m/<)

qdlower_initial_Reset

=1 1111111111 11111]

Delta_t1_LFFSSP = Delta_t1_RFFSSP = Delta_t2_LFFSSP =
Delta_t2_RFFSSP = 0.1 (s)

Delta_t1_LFFDSP = Delta_t2_LFFDSP = Delta_t1_RFFDSP =
Delta_t2_RFFDSP = 0.05 (s)

Delta_t3_LFFSSP = Delta_t3_RFFSSP = 0.02 (s)

1000 1000
Wp_fa_LFFSSP = | 1000 |, Wp_fa_RFFSSP = | 1000 |,
90000 90000
10000 10000
Wp_fa_LFFDSP = |10000|, Wp_fa_RFFDSP = (10000
90000 90000
- 900 T - 900 T
900 900
1200 1200
Wv_fa LFFSSP = |0 ’\,Wv_fa_RFFSSP = |0
100 100
11000/ 11000/
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11007 11007
100 100
_ 100 _ 100
Wv_fa_LFFDSP = | o | Wv_fa_RFFDSP = | o
100 100
1100/ 1100/
0.1 0.17
1.2 1.2
0.9 0.9
Wa_a_LFFSSP =|0.7|, Wa_a_RFFSSP = 0.7
0.3 0.3
0.4 0.4
0.5 0.5
0.17 0.17
0.3 0.3
0.3 0.3
Wa_a_LFFDSP =|0.5|, Wa_a_RFFDSP =0.5
0.4 0.4
0.4 0.4
0.8 0.8
60000 60000
Wp_fb_LFFSSP = | 60000 |, Wp_fb_RFFSSP =| 60000
80000000 80000000
1000 1000
Wp_fb_LFFDSP = | 1000 |, Wp_fb_RFFDSP = | 1000
30000 30000
-180007 -180007
18000 18000
_ | 8000 | 8000
Wv_fb LFFSSP =| oo | Wu_fb_RFFSSP =| 0
5000 5000
L 5000 A L 5000 A
1007 1007
100 100
_|100 _ 100
Wv_fb_LFFDSP = | 0|, Wv_fb_RFFDSP = -
100 100
1100/ 1100/
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1 1
0.1 0.1
1.2 1.2
oo _loo
Wa_b LFFSSP = | | Wa_b_RFFSSP = | '
0.4 0.4
0.5 0.5
0.5 0.5
10.057 -0.057
0.1 0.1
0.3 0.3
|03 o3
Wa b LFFDSP =| o | Wa_b_RFFDSP =|
0.6 0.6
0.6 0.6
L 1 A L1
2000 2000
Wor_fa_LFFSSP = |2000|, Wor_fa_RFFSSP = |2000
2000 2000
5000 5000
Wor_fa_LFFDSP = |5000 |, Wor_fa_RFFDSP = |5000
5000 5000
8000 8000
Wor_fb_LFFSSP = [8000|, Wor_fb_RFFSSP = [8000
8000 8000
1000 1000
Wor_fb_LFFDSP = |1000|, Wor_fb_RFFDSP = (1000
1000 1000

Wp_Tetha3_LFFSSP = 100000, Wp_Tetha4_RFFSSP = 100000
Wv_Tetha3_LFFSSP = 40000, Wv_Tetha4_RFFSSP = 40000

Wact_LFFDSP = Wact RFFDSP =[111111111110001111111111
1000 100010001111100011111000100010DQ 1111000 1000 1000
1000 1000100011111000111110001000100@111111110001111
111111111111 1000 1000 11000 1000 D 1000 1000]
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01 - 01 -
30000 30000
1 1
WqL_H_LFFSSP = | 1000 |, WqR_H_RFFSSP =| 1000
0.2 0.2
0.4 0.4
L 06 - L 06
0.2] 0.21
0.8 0.8
1 1
WqL_H_LFFDSP =|0.3|, WqR_H_RFFDSP = 0.3
0.4 0.4
0.5 0.5
L 1 L 1 4
S0 0
0.1 0.1
25000 25000
1 1
WqH_RLFFSSP =| | WqH_L RFFSSP=| I
0.2 0.2
0.4 0.4
L 038 L 0.8
8000 8000
0.4 0.4
0.8 0.8
WqR_H_LFFDSP = 015 WqL_H_RFFDSP = 015
0.3 0.3
0.5 0.5
| 0.8 | 0.8

WpTethal8 = 300, WvTethal8 = 120, Delta_t18 = 0.3 (S)
WpTethal9 = 200, WvTethal9 = 60, Delta_t19 = 0.3 (S)
WpTetha20 = 200, WvTetha20 = 60, Delta_t20 = 0.3 (S)
WpTetha21l = 10, WvTetha21 = 100, Delta_t21 = 0.3 (S)
WpTetha22 = 10, WvTetha22 = 100, Delta_t22 = 0.3 (S)
WpTetha23 = 10, WvTetha23 = 100, Delta_t23 = 0.3 (S)
WpTetha24 = 10, WvTetha24 = 100, Delta_t24 = 0.3 (S)
WpTetha25 = 10, WvTetha25 = 100, Delta_t25 = 0.3 (S)
WpTetha26 = 10, WvTetha26 = 100, Delta_t26 = 0.3 (S)
WpTetha27 = 10, WvTetha27 = 100, Delta_t27 = 0.3 (S)
Wadj_qdot_LFFSSP_to_RFFDSP
=111 3 18 18 18 1 1 1 3 18 18 18]

Wadj_qdot_LFFSSP_to_RFFDSP =

[1 1 1 3 18 18 18 1 1 1 3 18 18 18]"
Saturation = [—30,30](N.m), Saturationl = [—150,150](N.m)
Saturation2 = [—150,150](N.m), Saturation3 = [—150,150](N.m)
Saturation4 = [—150,150](N.m), Saturation5 = [—-150,150](N.m)
Saturation6 = [—150,150](N.m), Saturation7 = [—150,150](N.m)
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Saturation8 = [—30,30](N.m), Saturation9 = [—150,150](N.m)
Saturation10 = [—-150,150](N.m), Saturation1l = [—150,150](N.m)

|
Saturationl12 = [—-150,150](N.m), Saturation13 = [—150,150](N.m)
Saturationl4 = [—150,150](N.m), Saturation15 = [—-150,150](N.m)
Saturation16 = [—180,180](N.m), Saturation17 = [—180,180](N.m)
Saturation18 = [—180,180](N.m), Saturation19 = [—-100,100](N.m)
Saturation20 = [—100,100](N.m), Saturation21 = [—-100,100](N.m)
Saturation22 = [—-100,100](N.m), Saturation23 = [—100,100](N.m)
Saturation24 = [—-100,100](N.m), Saturation25 = [—-100,100](N.m)
[0.1600
Pc_1 = [0.1505| (M), Vc_1 = wl = ac_1 = Alphal = 034, (M/s, rad/s, mfs
10.0150
rad/<)
[—0.160
Pc_2 = [0.1505 | (M), Vc_2 = w2 = ac_2 = Alpha2 = 03, (m/s, rad/s, mfs
10.0150
rad/$)
[0.1600
Pc_3 = [0.0286| (M), Vc_3 = w3 = ac_3 = Alpha3 = 03, (M/s, rad/s, mfs
10.0351
rad/g)
[—0.1600
Pc_4 =1 0.0286 | (M), Vc_4 = w4 = ac_4 = Alpha4 = 035, (M/s, rad/s, mfs
[ 0.0351
rad/$)
[0.1600
Pc_9 = [0.0000| (M), Vc_9 = w9 = ac_9 = Alpha9 = 03y, (M/s, rad/s, mfs
10.2487
rad/<)
[—0.1600
Pc_10 = | 0.0000 | (m),Vc_10 = w10 = ac_10 = Alphal0 = 03, (m/s, rad/s,
| 0.2487
m/s, rad/s)
[0.1600
Pc_11 = [0.0000| (M), Vc_11 = wll = ac_11 = Alphal = 034, (M/s, rad/s, mfs
10.6212
rad/<)
[—0.1600
Pc_12 =| 0.0000 | (m),Vc_12 = w12 = ac_12 = Alphal2 = 03, (m/s, rad/s,
. 0.6212
m/<’, rad/$)
[0.0000]
Pc_17 = [0.0000( (M), Vc_17 = w17 = ac_17 = Alphal7 = 034, (m/s, rad/s,
10.9588.
m/<, rad/é))
[0.0000]
Pc_20 = [0.0000( (M), Vc_20 = w20 = ac_20 = Alpha20 = 034, (m/s, rad/s,

[1.2524]
m/<, rad/§1)
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[0.2900
Pc_23 =10.0000

1.0452
m/<, rad/gl)

(M), Vc_23 = w23 = ac_23 = Alpha23 = 034, (m/s, rad/s,

[—0.2900

Pc_24 =| 0.0000 | (m),Vc_24 = w24 = ac_24 = Alpha24 = 03, (m/s, rad/s,
[ 1.0452

m/<, rad/$)
0.0000

Pc_27 = [0.0000( (M), Vc_27 = w27 = ac_27 = Alpha27 = 034, (m/s, rad/s,

11.4997
m/<, rad/§1)

0 -1 0
€C0.1=002=--=C€027=(1 0 O
0 0 1

L1 =12 = 0.0743 (m),C1 = C2 = 0.0372 (M), L3x = L4x = 0.1133 (m)

L3z = L4z = 0.0630 (m), C3x = C4x = 0.2860 (M), C3z = C4z = 0.4290 (M)
L9 = L10 = 0.3220 (M), C9 = €10 = 0.1513 (M), L11 = L12 = 0.4120 (m)

€11 = €12 = 0.1908 (m), L17y = 0.1600 (M), L17z = 0.2936 (M)

€17 = 0.1468 (m), L20y = 0.2400 (m), L20z = 0.2936 (M), C20 = 0.1468 (M)
L27 = 0.2010 (m), 27 = 0.1005 (m), L23y = L24y = 0.050 (m)

L23z = L24z = 0.7080 (m), C23 = C24 = 0.3540 (m)

m1l = m2 = 0.130 (kg), m3 = m4 = 0.521 (kg),m9 = m10 = 1.979 (kg)

m11 = m12 = 5.213 (kg), m17 = m20 = 14.674 (kg), m23 = m24 = 2.651 (kg)
m27 = 4.708 (kg)

70.00007 0.00000 0.00000]
Je1=Jc_2=[0.00000 0.00007 0.00000]| (kg.nf)

0.00000 0.00000 00012 |
[0.00048 0.00000 0.00012]

Jc_3 =Jc_4=10.00000 0.00100 0.00000 | (kg.nT)

10.00012  0.00000 0.00100.
0.01800 0.00000 0.00000

Jc_9 =Jc_10 = [0.00000 0.01800 0.00000 | (kg.nf)

0.00000 0.00000 0.00300
[0.07900 0.00000 0.000007

Jc_11 =Jc_12 = [0.00000 0.07900 0.00000 | (kg.nf)

0.00000 0.00000 0.01200.
[0.35300 0.00000 0.00000]

Jc 17 = Jc_20 = [0.00000 0.13500 0.00000 | (kg.nf)

L0.00000 0.00000 0.27700.
[0.11200 0.00000 0.000007

Jc_23 =Jc_24 = [0.00000 0.11200 0.00000] (kg.nt)

10.00000 0.00000 0.00300.
0.02300 0.00000 0.00000

Jc_27 =0.00000 0.02300 0.00000] (kg.n?)
0.00000 0.00000 0.01500
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