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ABSTRACT

SIMULATION OF BIPED LOCOMOTION OF HUMANOID
ROBOTS IN 3D SPACE

Akal n, 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 thgpoese 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 babisigal 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 thot &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 Rgalr 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 ddplocomotion 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 desigodgt of a humanoid robot

construction.

Keywords: Bipedal Locomotion, Humanoid Robots, Sation, Computed

Torque Control



Oz

NSANSI ROBOTLARIN 3 BOYUTLU UZAYDA 2 AYAKLI
HAREKET N N BENZET M

Akal n, Gokcan
Yiksek Lisans, Makina MihendisiiBolumi

Tez Yoneticisi: Prof. Dr. M. Kemal Ozgdéren

Eylul 2010, 281 sayfa

Bu tezin ana amac, 4 temel hareket evresini kapsayirdurulebilir bir 2 ayak
yurtyl U gercekletirebilmesi amac yla belirlenmiolan bir kontrol algoritmas
kullan larak, bir insans robotun tepkisinin simuélilmesidir. nsans robot
modelini oluturan temel vicut parcalar, belirlenmiolan temel fiziksel
parametreler ve varsaylm olan kinematik modeller doultusunda

ekillendirilmi tir.

Ce itli hareket evrelerinde dé meyen ve 14 0 sanal olmak Uzere toplam 27
parcadan oltan kinematik model, 26 serbestlik derecesi olanitsans robot
modelini oluturmaktad r. Robot modeli i¢in sdzkonusu olan kiagrili kiler
yenilemeli formulasyonlar ile elde edilmir. Dinamik denklemlerin tiretilmesi

Newton-Euler formulasyon ile gercekteilmi tir. Kalca ve kalca kitle merkezi,

Vi



ayak ucu ve ayak ucu noktas icin konumlar ,ackeslumlar , dorusal ve ac sal

h zlar n tan mlayan bir yoriinge tan mlama algoasnoluturulmu tur. Ongoruli

en iyi komut ivmesi hesaplanmas ve hesaplanan koritrol yontemi tabanl bir
kontrol stratejisi uygulanmt r. Similasyon MATLAB Simulink’te yuratilmekte
ve similasyonun géruntilenmesi MATLAB Simulink \al Reality Toolbox ile
sanal bir ortam icinde gercektegilmektedir. Similasyon sonuclar ve kullan c
taraf ndan tan mlanm olan referans girdisi sanal ortamda ayn anda

gOsterilmektedir.

Bu cal mada insans robotlar n iki ayakl hareketi icirr Bimulasyon ortam
kurulmutur. Bu tezin yard myla kullanc, similasyonun dider yapsn
de i tirerek ceitli kontrol stratejilerini test edebilir ve insandir robotun
yap Imas n n 6ntasar m cainas igin gerekli olan bilgiyi elde edebilir.

Anahtar Kelimeler: ki Ayakl Yurlyl , nsans 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 StandardmatiThe Robotics Institute of
America and many other robot societies. A machirieciv 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 hunfi@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 andrnisitee 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 becaneonstituent 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 madrusocieties like tutoring
children, working as tour guides and private disyeloing 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 unpredictaislkey 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 asp#chumans 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 treall 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 \thih least possible changes.
Employment of humanoid robots into repetitive, anasi and dangerous jobs
instead of humans will provide better life condmsoand more spare time for
humans to pursue their own interests. Furtherntargyanoid 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 due umdns’ 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 complicaiowriginated 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 hupiapsd locomotion is possibly

the most important ability to be imitated for thewvement 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 atyilito 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 behaviorinomggan 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 ofieattng 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 andcde of the right foot contacts the
ground while ankle is considered to be approxinyaielneutral position. At the

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

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

begins and ends with the contralateral toe leavhrgy 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 contaeaaof 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 ctsitthe 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 ph@ékesswing 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 naidsé phase.

The terminal swing phase is the last phase of theaycle. 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 oftrab 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 damgssistems 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 modelhuman gait capable enough to
achieve predicted gait characteristics by using slistem 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 motiorw. 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&freks of freedom with

16 segments where head and arm properties arédistt 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 theiredion 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 wallahgprithm 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 sttt a forward falling phase is
devised as an additional phase to single suppadqsh[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 footrd interaction is modeled
by spring and damper components scattered to ®ofethe hindfoot and distal
end of the toe part. The solution of optimizatiomlgem 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. iltexaction 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 appesaor assumptions involved in
the simulation depending on the application areaynputer resources and
feasibility.

Although the division of biped locomotion into vams phases and the extent of
assumptions for defined phases vary, biped locamotan 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 th 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, simuatistudies 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 ethtrel 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 mathéicel 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 sbbto 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 insarable boundaries is a
challenging and popular engineering problem ingeséid 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 tlerkiwg environment by
ensuring the stability criterion imposed and congaging side effects sourced
from tracking errors of the controller or disturibbas 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 millisecondead. 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 produgettdjectory 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 oémn&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 cowal reference trajectory
database for biped locomotion in a practical tifftee suggested method optimizes
necessary control torques based on an energy lwastdfunction, ensures the
postural stability by evaluating ZMP and frictioonglitions of the support foot

and additionally keeps joint angles and controtjtes in given boundaries. The
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generated trajectories are intended to be linkgdtheer to support the adaptation

of step lengths to changing conditions [21].

__ Ti-path

____ COM-path

T -path T°r- path

/ ——
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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 investaghais 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

14



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 CaPefiter 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 fnot tolerated or ZMP criteria
to the foot rotation is not applicable due to thevement of contact boundary
which restricts the level of resemblance to hunkenfjaits 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 referencgectmies 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 agmio 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 denwequely. 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 rhytliminotions are generated by
tuning parameters of the neural oscillator netwakstituting the central pattern
generator. However, tuning of parameters for aizalle biped locomotion and

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

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

periodic gait patterns, modify the locomotion cluteaistics like locomotion speed
or direction by adjusting various parameters armesadvantages of CPGs.
However, designing CPG controllers and adjustingGCpfarameters 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 implemetedtHonda 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 measureakction forces induce zero
moment (called C-ATGRF in this study) by adjustsigpport 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 aclmauitable position by

inducing strong acceleration on the upper bodyhange the direction of total
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inertial forces, thus generating a recovering mdméioot 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 controllee system is actuated by 16
muscular actuators including the related muscutéuadgion model. The transition
from the present state to the next state is acHiéyemaking the next state an

equilibrium point while present state is continugwetached [38].

In a different study, offline generated optimalj@ciories are controlled by local
PD joint controllers. Moreover, required modifieats in task space trajectories
are calculated in order to decrease the differ&eteeen 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 &iplby a heuristic compensation
algorithm [39].

In order to investigate different control strategiemployed in the biped
locomotion, a comprehensive theoretical study isrie@d out. In this study,
different control strategies which are grouped &gh hlevel 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 ratgton toe point and the system is

underactuated [11].

In a different study, computed torque control mdtheith an optimization
algorithm to supply command accelerations basea @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 implemefigzizy

neural network controller consists of nonlinear ayic system learning, H
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control for close loop stability and variable stire 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 nlieeehumans 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 wedgiat 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 applicatiotesads 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 aoarrying 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 technologii@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 inrses 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 configaratof the humanoid robot is

introduced in chapter 2. The procedure to deternti@ephysical 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 thise 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 ®rgontrol 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 evalubtgafficiencies 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 mechanicabdesf 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:

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

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

All joints are assumed to be able to perform fathtion. In other words,
any mechanical systems to impose limitations omt jpositions are not
existent.

All joints 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 whereglaee 4 bodies for each
leg, 2 bodies for the chest, one body for eacharctone body for the
head.

A revolute 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 lowemrik@nd uppertrunk
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body, a universal joint for the shoulder and a siphéjoint 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 avamg 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 55nkiglab m by considering
popular and most advanced humanoid robots in thédvd2, 43, 44, 45, 46, 47,
48, 49]. After the selection of these basic paramsetbody 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 thigBody 11, Body 12) and the
shank (Body 9, Body 10) with respect to the tobabdrlimb mass are assumed to
be the same as their length proportions to the toteerlimb length with an

additional assumption of 15 percent bias for theghth

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, |15) 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 aidkdwing) 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, Jo, ) (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 dowtes 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 explaineshawn below:

- « . Point of origin of the body coordinate systentlor reference frame for Body
K

.«. Mass center vector of Body K with initial poin$ a- and terminal point as
CoM of Body K

I+ Distance vector between body coordinate systdrBedy K and Body Z with

initial point as- » and terminal point asy

() - 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 akxpd in Table 2.6.

Table 2.6: Explanation of Joint Space Variables

3 3 1 (
4 4 2 ( 11
5: 5 3 ( 12
6 6 4 ( 13
7 7 5 ( 24
8: 8 6 ( 25
o: 9 7 ( 6
10: 10 8 ( 7
11: 11 9 ( 18
12: 12 10 ( l9
i Rotation 13 with 11 (1
14: of 14 respect to 12 about (,*
15 Reference 15 Reference 13 ( 2
" Frame 16 Frame 14 ( 3
iy 17 15 (.,
171 17 16 ( 25
18: 18 17 ( 16
19: 19 18 ( 27
20: 20 19 ( 8
21: 21 20 ( 19
2 22 20 (1
23: 23 21 ( 11
24: 24 22 ( 111
25 25 20 ( 219
26: 26 25 ( 114
27 27 26 ( 15

As an example, the definition and the positive sagmvention of joint space
variable j;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 Variable 3

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

Figure 2.7 for Body 9, Body 10, Body 11, Body 12d$ 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
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Figure 2.6: Dimensions of Body 2, Body 4, Body 6 drBody 8

35



\
J g

10 |

E‘IO

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
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Figure 2.9 Dimensions of Body 20, Body 21, Body 2Rody 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:

. 8
.8.>. 8(2

lga:> g(2 >16(5 >/4(,

. 9
.9.>. 9(2

loz >l o(, >17() >1s(,

>0 (,
g > (,
1 -2 1(2l
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le > oy >ler (0 >14(" >15()
ls1 > 60() @ler(° >/5(y >13(,

) 19
.19 0> 19( 5

, 19 8 7
loe 1> 100(5 >1g(, >/7(,

l191 >/ 19?(119 >/ (11
l1911 : @/ 19?(119 @/11(111
12 - - 12(212

lo1 =@ 120(5° @h2o(1”
$13 - - 13(213

ha11: @ az0( 5" >l130(
$16 + > 16(216

. 16 15 14
he1e - > 16(5 >/115(5 >114(5

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

defined by .. and/; ;.

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 ¥Ba8@ are virtual/,, /s, /¢,

I7,05,13,14,15,17,1g,11 ,/11,/14 @and/,5 are taken as zero. Therefore,

'2,'4and'6
-3,- s and- ;
- ,-pand- 4

-1,-3 and- g

“61°" 7 and'g
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- 19, 14 and- 15
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 fmagehapter.

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 nbeiacope of the thesis. On the
other hand, generating reference trajectories hgpictording 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 sitnatlike 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

words, components in the plane formed (b(g)/, (19 and in(29 direction are

defined separately.
3.1. Locomotion Definition

Locomotion parameters to be supplied into the egfee trajectory generation

algorithm are shown and explained under this hepdin
3.1.1. Rip

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:

I:AI
r

L
Agy< - rAlF v whereA: is the matrix representation of position vectorresolved
r 3

(A (

in the inertial frame for P(Point K).

Desired positions of CoM of Body 17 are expressggdints R, P.,..., B.. 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
~ - -

~P

~1.2

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. Mip
General form of W, can be described as:

J
J1
NI
F + where \{ and \fk+1 are the magnitude of desired velocities (both
J

rd b

CJ

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

I
E

- | | | 7

and R x+1 shown in Figure 3.2.
3.1.3.R
General form of R can be described as:

K

K:L Ké Mwhere R is the radius of curvature of the projected CoNhp Body

K

17 to the plane formed mlg and( 19 between points fPand R.; as shown in
Figure 3.3.

Figure 3.3: Labeling of Radius of Curvatures
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3.1.4. gspand PTR

General form ofdspcan be described as:

Nyop: L = Mwhere §sp«is the duration time of SSP that occurs during the

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

AQK
AQK : L A?:Kl Mwhere PTR is the ratio of the duration time of SSP to the
AQK
duration time of DSP that occurs during the motdérCoM of Body 17 between
points R and Ru;.

3.1.5. SW
General form of SW can be described as:

RS
RS,
F
RS

motion of CoM of Body 17 between pointgd?d R k1.

RS:L Mwhere SW is the step width for the swing leg in SSP durtting

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

RT
RT,
F
RT

the specified time during the motion of CoM of Botly between pointsyRand

RT:L Mwhere SH is the specified step height of the swing leg 8PSor

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

+
F OU

+ . . . . .
+ou: | Oll:” t where ky is the ratio of specified step height time to the

r
(tou (C
duration time of SSP44p ) during the motion of CoM of Body 17 between psint

Pcand Rk+1.
3.1.7. ki

General form of kg; can be described as:

+
FVWXI

.1 tvwxar - - : - : :
Hwx: rE 4 where lggjx is the desired adjustment time ratio during the

Chwwx
motion of CoM of Body 17 between pointgdd R y+1.

3.1.8. pinand ap3

General form of pyand apj can be described as:

Y 7y e Y Zal
R 71 or Y At

Y oL = MY 5 rF there pun_k for SSP and  apy «
Y zp Y ap

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

between pointsand R.;.

General form of §;, can be described as:

Qu)
Qy L QNI): 1 Mwhere Tirk IS turning direction indicator for the motion ob/™
Qu)

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

rightward direction as shown in Figure 3.4

r

di,,

+1 ............. 5

7

z Tar

o

;jb-d

®

Figure 3.4: Turning Direction Convention

3.2. Trajectory Definition

The path of CoM position of Body 17 lying in theapé formed by 9 and( 19 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 & andAy, , 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

A A =
ForA :cA>d A, 1cAp2 d Okerxand Qusryare( ® and( 19 components
Ag Ayp o

of point Qk+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:

1 1 1
eA:>'**b: f @eA? > xxp o f :eA*b: > wwp = f

@ehy > >- o i (3.1)
1 1 1
eA: > - *xp = f @eA? >_**b? fm K« (32)

Since there exist 2 sets of solution to equatiorl)(3and (3.2) such as
@-isp = -xxpo fande-«q = 1 -uap o °f, an algorithm is devised to choose

the correct center of arc for a giveg, [ value.
Using atan2 function, described@shNhijklg mkg for>nogon [61]:
g :hNhije- +4p o >Aso -wsp = >AS
gyt hNhije- oy o P> Ain —wup = P> A

g :hNhijeA s« » >Aco Ap = >A«f

Pseudo code of the algorithm is shown below.
Version 1:

IF qu og >go %r {

s:g >0}

ELSE {

IFpg >gt> Ir {
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s:g >g@jn}
ELSE {

s:g >g>jn }

}

IF eQy) « : @Quf {

IF sv! {

Arc Center €-++y - -+spo f}
ELSE {

Arc Center @-usp = * -sspo f}

}

ELSE {

IF st! {

ArcCenter e-««p - -xspo f}
ELSE {

Arc Center @-ssp = L -suyo 1f}
}

Version 2:

IFp-0g;>go 7r{

w:gi>9g}

ELSE {
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IFpgy>gt> 7r{
wigi;>g@jn }
ELSE {

w:gi1>g>jn }

IF eQy) « : @Quf {

IF wv! {

Arc Center @-ssp = L -sup o 1f}
ELSE {

ArcCenter e-««xp= -xspo f}

ELSE {

IF wt! {

1 1
ArcCenter e-««p = = -xspo T}
ELSE {

Arc Center e-««p - -xspo f}

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 &énc center for the path
between Rand R+, with an orientation with respect the inertial frauigs 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 Fegi6 is explained below.

gp* X*]*b hNhlJe- **p 9 >A*? T kxp = >A*:f

. q
gyo*]*b -0 p* X*T*b > I
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$8' s the component transformation matrix from fran® 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:

g@ yO*T*b 4 {1} ~epe,

PHOTDO .5 (1€} ~ge T gincePBYOTD  FHOTHI . %

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

defined as:

O*]*b
Ay yO*]

eAb = > - **ph = fﬁ)/&o*]*b 9 ( @ eAb 5 > - b 2 f$0/&o*]*b 9 (l

O*]*b
Ay yO*]

C=( @ .94 foOr
vz 1Ay = > wuy = ffmKegopy, T@eEA; » >- +up 5 ffKlEQyompy T
o TeAp 5 >- wuy o ffmKegopy T>€Ax = >- wup = ffKlegyompy ff

As aresultgg. ¢ «pp  : hNhije... - >..of
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3.2.2.2. For Turning Rightward Direction

Local coordinate system CSk k+1 is positioned a&t &énc center for the path
between Rand R+, with an orientation with respect the inertial frauigs 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.
gP*X*]*b . hNhUe' **b 7 >A*9 -**b = >A*:f

. q
Gyopb 9 poeph @7

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

frame can be expressed as:

Myo*]*b 4 {1} ~epe, , then%o*]*b 9 4 {1e} ~ge, f
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The position vector of point R in local coordinate system CSKk_k+1 can be

defined as:

O**b
Ay yO*]

€Ay = >- ey = FPAOTPO (@eh , -, fPHOTPO ()

vzl TeAy = > wwy - ffmKegopy, T@eEA; » >- +up 5 ffKlEQyompy T
(3.3)

o TeAy o > wup o ffmkegoyy f>€As - >- wup - ffKlegyompy ft
(3.4)

yoI*b

For equations (3.3) and (3.4, C=( @ 9(1

As aresultgg. ¢ ++p  : hNhije... = ..»f
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 \\\\

()
> u

Figure 3.8: nssp k pun kand  apy k for Turning Left During a LFFSSP
and RFFDSP pair

__(CSk_k+1)
1

Figure 3.9: nhssp k  pin kand  apy 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)

»H(O)
o) Y

Figure 3.10: nhssp k  pun kand  apy k for Turning Left During a RFFSSP
and LFFDSP pair

Figure 3.11: hssp k  pun ka@nd  apy k for Turning Right During a RFFSSP
and LFFDSP pair
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Then, nsspk between points P and R+ can be calculated as:
Osoorr: 0 B & b > €0 pus @ Oy f

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

eee £
PZ¢'

Nop » :

3.2.3.1. The Definition of (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.

g N:. ;’ ) N@,'N@. " N@y between points Pand Ry for ' o N o

Nyop «With conditions to be satisfied such as:

O+ ! !
Oe~ENoprf: 0 Boop
Whe, . le

W, ! Z€
Whe . . ee

W; - 2€

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

. F |

! ! ! U 2, r9800PH
Nop#?  Nop+d Mopr U rr T ot

L M 10 r L
! | u LTkt
‘fNopd ifMNops U ! (¢ rdw
( Ko C

Similarly, gg« N:” , N@", N@” N@3} between points 1 and R

for!' o N o Nop« with conditions to be satisfied such as:

s+ ! 0 Boopr}
gs+~eNop+f: Qg B 1
Whe , . e,
w9z
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w eee £ Z€

. ¢ 9sooPr |
! [ I u f21 OB o

2 1 ,
. . . ur L r Jes L
L NO:D NOlP Nop Un 1T b :
! ! TR T A
“fNop+t  jf Nop+ u e ST Jup b
( K« (

Since the velocity component of CoM of Body 17('5% is always assumed to be

W} ¢
W, can

zero (which will be shown in the trajectory defiait for ( 29 direction),

. " )?
be expressed directly gs_Z&iW)_A
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

Awp ¢, andJ w_ ¢ , the reference position and velocity vector of CoMBody

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

between pointsPand R.1can be described as:
A ™ 6 A ™]- 6= *( @ ATM]_ 67 : ( 1 @ ATM]_ 60 : ( 2 (35)
J ™ 6 0 J ™]- 6= *( @ \]TM]_ 67 ’ ( 1 @ \]TM]_ 60 i ( 2 (36)

Although R , and R.1 ; are given by the inpu wy_ o~ in equation (3.5) is

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

*

ATM]—6O*:A*O:A*bO andJ ™]- 60 o

*

According to the definition of hk(t) and local coordinate system&;m;_ ¢-

Awl g ,J m = andd m_ g  is calculated.
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3.2.3.2.1.1. For Turning Left

ATM]_6 .
iz (( @wpr (1@AwL g0 (L @Kfklpg, r$®YTd (>

K« f m k Ps, r§/@ yorTb ( 1 (37)
From equation (3.7), equation (3.8) and equatio®) (@n be derived such as:

Awmp = - - @Kfkleg, @goyp f (3.8)

*

Ampgr - xspo >Kifmkes, @goqgp f (3.9)

Using equation (3.8) and (3.9):

*

J ™) 6= 'K *f &> fm keé) @ g’O*]*b f (310)

*

J ™]- 67 'K *f &, fk le &> @ g’o*]*b f (311)
3.2.3.2.1.2. For Turning Right

ATM]_ 6 .

cipz (( @-pr (1@Aw g (2 @Kfklpg, 18T (@

Kefmkps, r&®yoTe () (3.12)
From equation (3.12), equation (3.13) and equdBal¥) can be derived such as:
Awmp = - +m- @KfKleg, >gyorpp f (3.13)
Awl g7 1= smo @KfmKes, >gyoqp | (3.14)
Using equation (3.13) and (3.14):

J ™ = - K *f s> fm keg) >gyO*]*b f (315)

Jmp g >K «fs, fkles, >0yopo f (3.16)

60



3.2.3.2.2. Angular Position and Angular Velocity Dienitions 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

(° and(; .

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

inertial frame, is to be found by the definition:

@6] ™ . V\%YT']C%}M 96 (317)

(2 GBgm™ (1
Using equation (317)36] m oL ( 6] ™ (zM (3.18)
(1 gy m (

3.2.3.2.2.1. For SSPs

The angular position definition betweep &d R .1 usinggg = N definition for

turning left
$4.°° $%WOTD fgOTD 6
.z (1h—ge fhitee s 1z (P Dheeir
Similarly for turning right:
rz {1} -ee fi'p} e i T, (Pt ge } e T

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:

gom 96 : $ 04 yO*I*b f £| }owle -7 {16 ~gree, D} oveje f
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At the end of DSP or for N op « :

9, 96 $98YODIDL . 5 {|} e e

96 :
In a more general forn®/a. cz Ulaeee

Forgg; » N:o, N@g N@a"N@g with conditions to be satisfied such

as:
O] * ! O yoprb @ Goopp
gg] + eNop+f:Q yorbpb1
Whie. e . - "ee,
W; 9 Zg

If the turning direction for the next phase isuﬁi’rdsvﬁ'ﬁ\;j—; .~

Ze.

. . . L Whigee
If the turning direction for the next phase is t\ghrds—]T e

> _—
Ze.,

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

Gyoro @ & oopyy

! ) ! ) ! u 2 r gyO*b]*bl L

L Nop Nop+~ Nop:= UNP%* LT 'ce L

! . ! u b Tt T Ze L

“fNop=~ Jjf Nop+ U " @'¢c " e i e b
_— > _—

% ( Ze., ¥| Ze., (

3.2.3.2.2.1.1. For Turning Right

Similarly at the beginning of DSP or for t=0:
@, °° - g%y fa1e) vmie Tz (1S gen ) eme |
At the end of DSP or for N op « :

9, 96 $98YODIDL . 5 {|} e e
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96 :
In a more general forn®/a. cz Ulaeee

Forgg; » N:o, N@g N@=a"N@g with conditions to be satisfied such

as:
O8] + ! O yopb > 9B oOOP
Oe] + eNbp+f: Q0 yornpoi
Whis.e .y o> ’€,€"
W; ! Z€
If the turning direction for the next phase isueitdsW}']f'T?; e
e
Ze.

s €

If the turning direction for the next phase is tiglardsw—}']ﬁ;v?—; ..
S
Ze.,

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

Oyo b > 9B OOP,

! X ! ) ! u EQZ 1 r gyO*b]*bl L
Nop « Nop«~ Nopx U ro;"t e L
L | | | NI' x 1 . > —
! ) L u : ol r Ze L
“fNop«~  jf Nop+ u ' @*¢c " e v et
_— > _—
% ¢ Ze ¥ Ze., (

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

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

Acry” andAcy,y, Aczw and Ay, w are points showing the initial and final
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

gz .~ for LFFSSP andy, .~ for RFFSSP are calculated by using the definitions
shown in Figure 3.12, Figure 3.13, Figure 3.14,FegRi15.
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_,(CSk_k+1) _,(CSk k+1) p k

S(\CSk:l;;Ty\

_u2 \\\\
’_,(0)
0 4
0
Figure 3.12: The definition of x and during LFFSSP for Turning Left
L (CSk_k+1) (CSk_k+1)
u u

\‘.\t\pL,i
_}(\CSkkarTT\
-u2 \\\
>_,,(0)
0, *

Fig 3.13: The definition of  and during RFFSSP for Turning Left
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>0 Ok k+1
O, >,
Fig 3.14: The definition of  and during LFFSSP for Turning Right
k

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

Fig 3.15: The definition of  and during RFFSSP for Turning Right
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Then,g; .« 9 goopr@ Y zp, >9 )« and similarlygy, .+ 9 goopp@
Yoz §>9)-

gy« is calculated as shown below:

Since the projection o$<z)* onto the plane formed liy9 and( 19 5

considered, its componentag9 direction is disregarded. Then:

« 9 . .
Azy Az ( @A) (1 (3.19)
For equation (3.19):

* YO*I*b

\<Z)

eAz) > wuy = TPAOTPO (@ Ay, >y, fPAOTDO ()

e

Te;A;zz)* > - *xp = ffm ke%*]*b f@ ep;gz?) ¥ > - *xp 2 ffk |egyo*]*b f:t
(3.20)

77

TeA;z?) : > - kg o ff m ke%*]*b f>eA;<2:)* > - xap = ffk |egyo*]*b ff
(3.21)

Using equation (3.20) and (3.21):

* yO*]*b
Az fz=( @ 30(1 (3.22)

Then,g)« can be obtained by equation (3.23) for turningdetd equation (3.24)
for turning right.

g)+ :hNhije... = >..5,f (3.23)
gy« :hNhije... 7= ..z f (3.24)

The same procedure is employed for calculading.
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“ Y=
Te;A;%Q: )* > - *xp = ffm ke%*]*b f@ ep;g%o? )* > - **p 2 ff k Iegyo*]*b f:t
(3.25)

72 .

Te&%‘,? )* > - kg 2 ff m ke%*]*b f>EA;<%°:)* > - wxp = ff k Iegyo*]*b f+

(3.26)
By equation (3.25) and (3.26):
« yO*J*b
Actio) Dok @ g1 (3.27)

Then,gy« can be obtained by equation (3.28) for turningdetl equation (3.29)
for turning right.

g)- : hNhije... yg=>..5.4 (3.28)
gy« : hNhije... o= . g f (3.29)

Forg.. N:", N@71 N@ " 'N@g with conditions to be satisfied such

as.

g.» ! !
9. eNopf:g 7.~ forLFFSSPg.. eNopf: Q9 4 .« for RFFSSP

Wheoe § O
W; 9 -

Wheoe ; .. -
W, 11 eee £

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

*

! ! T !
*2 *1 * U r: *L 2 % ! 0, - %
L N)(IJP N)lop IE)op | VR 0z - }fl 9% M
el o ) r :
fNop# jfNop+ U b !
Cy' ¢
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A function named ak: « N is defined to ensure the adjustment of step wilth

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

Ko« N N oIy~ Noop +

Ko « N :« "N«
KTM* %OP*_INVM* N _® N

o . 1 o1
For RFFSSPK « : €-xxp = > A;<%O:) f @ €y o > A;<%o?) f (330)
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FOr LFFSSPK « : e vup= >Acge) f @epr >Acoy f (3.31)

During RFFESSP for turning left and LFFSSP for tagiright:

Ko o2 K o > 228 (3.32)

During RFFESSP for turning right and LFFSSP for togrieft:

Ko s K @°j€ (3.33)

Then a functiol_- N:2 ,"N @2,"N @2 "N @3§" is defined with conditions

shown below:

K.« ! K «,whereK . is defined by equation (3.30) or (3.31)
K_«eN«f: K s whereKw «is defined by equation (3.32) or (3.33)

Wie ; .

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

! ! L u 22, K.

2 1 *

* * * u r2 TM *
LM s s M 1 LK

Lo u b e

“ X 1 H L
fN«S JfFN- U e e !
A polynomial function is introduced to express fusition of toe point ir 29
direction.

AN HsN@p N@u N@p N@g with conditions to satisfy:

Ay« ! Ifluf  m (Height of the toe point with respect to thenglaf( 9
and( 19 while the toe part of the foot for the correspmgdioe point is

flatly fixed to the ground)
Ap«eNopd:Ifluf m
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Ay~etoy«f Dopf: RT «

WP€ ) ° |

—W; 9 .

WP€ ; ° O
W, ,‘, oee £ "t

Then, the problem of finding proper polynomial deénts becomes:

i ! ! ! ! u s

r Nop? Noop # Noop # Noop « Uorp, b
3 2 1 -

retouf Bopd~ etou«f Bopd etousfBopf etoysfBopf U t;M t :

P! | | u oy

C fNop? “f Nop # if Noop « u 'apy™ ¢

el

At

r RT* L

rio

1

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 CoVBody 17 between points
P« and R+1as shown below.

For turning left:

A<2 v._* N YO*eb -k ., filieg)* @g;* f (

zY

>Ka * f¥’eg)* @g;* f(l@%*(z

A<Z] ™ ’ N 9 CTKa « fkleg)* @g;* @g'o*]*b f@-**b: i( @
T>Ka « fmkeg* @g;* @g’o*]*b f@'**b? i(l@'%*(Z (334)
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Jz,, N°O:

Tk« fklegy» @g.» @Go+p @

Ka « feg+ @Q.,+ @Ggorph ffmkeg- @g.« @Qgo+p fH{ @

T>Ke » fmkege @g.« @Goppn @

Ko« fegr @9.» @Gop ffKlegyx @g.« @gGopn fH1@A-(2

(3.35)
Ay NYOeP Ko, fkleg: @g.+ f(
>Ka » fmkeg- @g.~ f(1@A(2
A<%0] TM* N 9 cTKa « fkleg)* @g;* @g'o*]*b f@-**b - :t( @
T>Ka « fmkeg* @g;* @90*]*b f@'**b ? i(]_@/%*(z (336)

Jsyy N9

Tk « fkleg» @9.« @Gop T@

Ka « feg- @9.+ @@gopn ffmkeg- @g9.« @QGopp fH @
T>Ke « fmkeg- @9.» @Gopp @

Kax feg« @9.;« @Gopb ffklegys @9:x @Gopn fH1@A-(2

(3.37)
For turning right:
A,<2-1Y* N yO*eb K a o« fkleg)* @g;* f(
@K » fmkeg- @9g.» f(1@A(2
Agym N :1tKa . fkleg: @0« >0yogp T@-+sp= 1 @
Tk« fmkeg: @0;« >gyorpp F@-+p 2 F(1 @A+(2 (3.38)
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Jz,, N°O:

Tk « fkleg @g.« >gyopn @

Ke « feg+ @9, >gyorpp ffmkeg- @9g.+ >gyorpqn fH @

Tk « fmkeg- @9.+ >gyorpn >

Ka« fegs @9;» >0gyo ffklegy- @9, >gyoqp fH1 @A(2

(3.39)
Acey NYO'SP K. fkleg. @g.- f(
@K » fmkeg @9g.- f(1@A(>
Acggm N 11Ka « fKleg @9.+ >Jyopp T@-+p= 1( @
Tk « fmkeg* @g;* >gyo*]*b f@-**b 2 i(l@%*(z (340)

Jsyy N9
Tk « fkleg» @9.«+ >gyopn @

Ka « feg- @9.+ >dyorpqn ffMkeg- @g.« >gyorpp fH @

Tk « fmkeg- @9.+ >gyorpn >

Ka« feg- @9g;» >0yoqpn ffklegy- @9;« >gyopn fH1@A(2

(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 giventaims of component

transformation matrices and defined such that Bbdgnd Body 2 are always

parallel to the plane formed h§y9 and(l9 :

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

® V‘%+f%4M ° (3.42)
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¢
o 2 g, (3.43)

Wi

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

(2 g m (1
g L( ogw (oM (3.44)
(1 08w (

(2 o8y (1
ogyw L ( ogymw(2M (3.45)
(1 08y (

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

If Qy~ :@u,
9, 9 ¥t %, 0L . (1% ~ee BPhew ¢, B} wiso 1A {1} pac (3.46)
If Qy- :>u ,
. o ¥ $%,, o1 1z {1° ~esje P} e ¢, D} wiges, Ir3/4: z Li}eene (3.47)

The final orientationl| : Npop 4§ Of Body 1 or Body 2 is defined as:

ForQy » : @Qu,
$h. ° ¥ $N,, 91 g U e BPRe (DY wane 1 o ()} eve (3.48)
ForQy » :>u ,
9, 9 y! %, 91 - {1°} —etee, P} eee D} .1/41/2]€r3/4: 2 {1} eeve (3.49)

Then, &b, ° ¥ $,, ' can be defined by functiagy, -~ N asz{I}ee-e .
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gi )+ andgg ~« values are added or subtracted withifznecessary, in order to
reducegs y» andgs -+ values to — and + interval. Additionally after the
reduction,egs ~+ >Qg4 )+ f is reduced to —and + interval if necessary by

subtraction or addition of 2to g4 y» .
Forgs « N:A, N@AN @AN @A with conditions to be satisfied:

Oa » ! 10 a)~ ,wheregs )~ is defined by (3.46) or (3.47)
Oa « eNopf:g 4 m=+,wWheregs ~« is defined by (3.48) or (3.49)

W}isoe
W,
Whee © -1
W, 11 eee £

.., |

Then, the problem of finding proper coefficients ¢ee described as:
! ! I u A Oa -
*2 *1 * u A 4 ™ *
L N)OIP N)IOP NJOP | MQM : LgA. M

“FNopd ifMNops U | A |
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CHAPTER 4

MATHEMATICAL MODELING

In this chapter, mathematical model behind the ktran is introduced.
Mathematical modeling is achieved in three stepseiatic equations are derived
in order to find kinematic characteristics of badieDerivation of dynamic
eqguations 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 calcutatbjoint 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 neigg the locomotion phase
are avoided. Hence, the application of these assongpis 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 implementgdshpplying 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 itsvaig phase.

Kinematic equations are shown according to theravfleecursive calculations. In
double support phases, calculations begin from HButly 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:
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s A2 4 6 e 2 a4 eA/E (4.2)

%o]U - As 5 7 o 1 3 5 6 A/E (4.3)
ZAz 3 4 5 6 7 8 9 1 2 3 4 5 6A 6AMLE
(4.4)

_ee Ay 8 19 1 11 12 13 14 15 16/ (4.5)

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 usechm thesis, some frequently used

basic properties related with them are shown below:
en8f :en 8f :o C}:n G} o @

0@ mGeE- g GegGa- g GO} &

a@i:i i 09 ;|
we EEf

‘Co @ ;o G
m 0 (0

eEQ+f o] Qlo G

oA (x:( xmkg @eflfklg ,(x o : ( x mkg @ efl)f klg,

where(y and(x are basis vectors in matrix form. Also, the tikdenbol is used as

a skew symmetric matrix operator such that:

R ) ! >+2 +1A ) +A
L >+ Jfor+:1 +1
>+, o+ I +,
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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:

$02 .o —h
$63 1o —h
§R4 - g —lo
PBS5 g i
46 - a1}
$67 g 1ho
68 g o
79 a1t
¥ g ol
@O 1 g e
o 2 g T}
613 g i
P24 gl
O35 g —ti

Q46 g i
56 g )0
P57 g o
78 .5 1lo
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—lte

Q819 - 4

391 . p —le
A9 - g —lee
P12 g —che
PALI3 - g —cha

6914 . 5 heo
gd-“ 15 o —¢} ¢R
$’/d.5 16 xel —}e

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®##af™? in RFFDSP an@® 61™%

in LFFDSP are used 4% 6 |

®OT U6 P67
968 g% T P78
@O -9 8 819
POL g1 491
012 g1 PB 12
PO . o919 $91L1
PO13 . gUP 11 $H113
P14 . $9919 $H914

O15 . U914 G415
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P16 . $9915 PH516
4.1.1.1. For RFFSSP

Considering that Body 1 is assumed to be rigidtedi to the ground and contents
of ¥ 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:
$02 3% 7
$4 592 g
P06 - 504 g6
PO8 - 3906 P8
9 3989
02 %W P2
$6 4§92 2 4
O6 U4 P46
$H5 g% 6 Ps
$63 g% 5 P25
PO g3 ol 3
YOO g1 $9 1
$O7 %9 6 °
$S W7 967

963 15965 P65
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oL . $%93 P63
4.1.1.2. For LFFSSP

Similarly, Calculation of transformation matriceggins from body coordinate
system of Body 2, wher®®1 is supplied to LFFSSP. The procedure is shown

below:

§o3 .$W1 943
$65 ;3963 96
$67 %S Y67
$6O U7 7 9
gL 3% P
963 $% 1 i3
965 $% 3§
966 $% 5 Yo
96 $% 0 Pt o
92§ ¢ $2 4
o 392 P2
Poe g% P8
$6° ;5908 P68
g6+ 590 Po

oB2 g4 PB4
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PO %02 P2
4.1.1.3. For RFFDSP and LFFDSP

Calculation of transformation matrices, whe$@

shown below:

02 5% $o2
904 392 9o
$6° 594 Po
$08 ; $960 P
PO s PH
2 5% b2
g4 $ 2 P24
PO ™2 U9 4 QA 6
963 1591 $63,
$65 ;$963 P
BT S90S Y67
g9 $%7 9
$OL 590 o1
963 5% 1 P13
965 $% 3 P

QO 61™% - U9 5 5 6
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4.1.2. Position Relations

A_. is a vector describing the position of mass ceot@ody K in matrix form of
A «, resolved in the inertial frame (Frame B)y andA.y, are matrix forms of

A,y and Ay, 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 upperbodiesasmmon for all phases, noting

that$® ™2 A gz in RFFDSP an@®® o™% A oq.in LFFDSP are used as

$P 6 andA_ g in these expressions.

A:A_6>.6>l196 @9

A A_s@.6()" @hoo>.19(5

Ap:A_g@.¢90° (L@ /190> 10 9 (5

Applying the similar procedure for other positiaiations:

A1iA_19@ 10901 (55110, 90 (L @¥ 2 115>/ 120 (211221t
A13iA_19@ 1099 (L, @40 PP (1 @¥ B 113>/ 150 (2 @ ks (1t
A1giA_19@ 1090 (L, @ 116> . 16 FP° (

4.1.2.1. For RFFSSP

Calculation of position relations for RFFSSP is whaobelow, whereA.; and

$® are supplied.

A As@. > 9 (

As:A_ > 8 ( @%2A >/ ( @ 10> 20 (L&
Ag:A_>882 o ( > (., @82 Ig>.5(;

A :A_g@.gg&s(z@g@ [ >. (2
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Asg:A. @. 9% (L% tien>. 5 (2@l (11
AL A @ T. 5>/ (2@l (11>..991 (5
Ag:A_1@.,.>/, L (,>. 90° (,
As:A_q@%° g5/ (L@F3 .5( >. 30(5
A1:A_;@FP3AI>. 5o (@ .30> /30 (4D PO (
Ace:A_3 @3 AI>. oo (@ .50>/30 (D RO (
4.1.2.2. For LFFSSP

Calculation of position relations for LFFSSP is whobelow, whereA.y, and

$01 are supplied.

ApiA . @ . > $81(

Ag:iA_1> 901 @¥3A a>/5 ( @ 130> 30 (2
Ag A _3>803 (> .5, @%° /9>.4 (5

AL A_o@o%° L@¥" /1> 1 (2

AgiA_1 @10 LOFC® 1t/ >.6 (2> (1f

A AL @F°T.6>/6 (2716 (1E>. $F (,

Ag:A_ @% . >/ (,>..908(,

A, A_g@%°8 35/ (L, @%2 .0( >. (>

A A_,@FP2AI->. o ( @ .20>/20 (AD. P (

Ag A, @%2A.> oo (@ .20>/20 (ADIFP (
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4.1.2.3. For RFFDSP and LFFDSP

Calculation of position relations for RFFDSP andFDSP is shown below; also

A, A, € and$®! are supplied.

A As@. > 0 (

AyiA_ > 98 ( @F2A. .51 ( @ 1> 20 (LFE
Ag:A_,>802 L, (> . (, @¥8 Ig>.5(,

A A_@ L@ | > (,

Agnuz:A. @. 0 (L@¥ I 1/6>. 6 (2@ (11
ApiA @ 1> $O1(

Ag:iA_1> 900 @¥3A >/5 ( @ 130> 30 (2
Ag:iA_3>883 (>3 @¥° /9> 4 (2
ALA_g@.9° @¥*! /,>.1 (5

Agmu A1 @150 (L@F Tt/ >. 6 (2>/6 (17
4.1.3. Angular Velocity Relations

o is a vector describing the angular velocity ofnfea K with respect to the
inertial frame in matrix form obe , 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 a2 | 0ggmz i RFFDSP
and$® €1™%  cegimy,in LFFDSP are used & © andoeg in expressions shown

below.

g7 5(56@97(16
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. e @G FPC (4
Applying the similar procedure for other angulaloegy relations:
g ie, @I (;,
co:0e g @Qge¥?P 2 (
0| (e @g $P(
o8y i0e1e @4 P (
|, e, @490 (4
cmsiey @gsPPM (4
0B, e @ Qa8 (,
g5 e, @gsFP (4
86 1 15 @ gePP ™ (
4.1.3.1. For RFFSSP

Calculation of angular velocities for RFFSSP isvshdelow, wheree , $¢  are
supplied to RFFSSRe is supplied as, in the simulation since Body 1 is
assumed to be rigidly fixed to the ground during-BBP.

e @g% (1,
e, @q¥P2% (4

e, @g¥9%% (5

3 88 8B 8

:@6@%9@6(

Teg@g 9@8(1

3

o e @ (4
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oo, e, @ P02 (
® e, @g 994 (5

| ik >gs PO (5

B 8 B 8

4.1.3.2. For LFFSSP

Calculation of angular velocities for LFFSSP iswhdelow, whereg , §®1 are
supplied to LFFSSPo is supplied ad , in the simulation since Body 2 is
assumed to be rigidly fixed to the ground during-BISP.

i @gPP(,
003 @gHP° (4
o es @ag¥P5 (;
® ;@ PP (
| ey @090 (4
e e @0 (4

o5 i @ P03 (
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e s @g $P° (,
ey ieg>gs $O (
0 14 >0, 90 (
e 1, >g,902 (4
e >g 90 (4
102 g>gePP8 (

10 >0s9P8 (5

38 8 8 8

1004 >04904 (4
®e,>g,902% (4
4.1.3.2. For RFFDSP and LFFDSP

The procedure of calculating angular velocities RFFDSP and LFFDSP is
shown below; wheree, cg, ¥ , $P1 are suppliedoe andog are supplied as
', in the simulation since Body 1 and Body 2 are amexiito be rigidly fixed to
the ground during RFFDSP and LFFDSP.

e @g¥® (4
e, @gPP2(,

e, @g¥9%% (5

8 8 8 8

s @gPPO(

eg@g 98 (4

8

o e @ (4

oo, e, @ P02 (
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egmy 10 4 @ PP 4 (,

e, @g¥0t (,

080 @aPP3 (4

o ies @agPP (,

ey (7@ PP (

e ey @ PP (4

| e @ (g

e ey @ PP 3 (

By, @ 5 @G FP° (,

4.1.4. Translational Velocity Relations

J_« is a vector describing the translational veloatythe mass center of Body K

in matrix form ofJ_., 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 fdrpilases, noting tha® 6™Z
gz IN RFFDSP and® ©1™* | geg g, in LFFDSP are used &P © andoes

in expressions shown below.

® @ /190> 10 (A9 ( 219

J19:d 6 @60 ( 2
J19:d 6 @.605908 (,@ /190> 10 TP (,

Applying the similar procedure for other translaabvelocity relations:

1200 _19@ 1908001 (5511570809010 (1 @ 12>/ 150 8L FP2 (5>
112> 08,9012 (4
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J_13:3 _10@ 10089FP 0 (, @ h9r PP (1 @ 13> /130 @I (L, @
/13?09_L3§/‘913(1

J 161 _10@ 40089 FP L (L, @ /16> 16 PP (,
4.1.4.1. For RFFSSP

The procedure of calculating translational velesittor RFFSSP is shown below;
where ce, J.cz, $®  are suppliedce and J..; are supplied as, in the
simulation since Body 1 is assumed to be rigidkedi to the ground during
RFFSSP.

I Jos@. > e (

Jo:d_ > @ (@ .0->/- P2 ( @ /yn>. 5 ®PP2(,
Jg:d _2>. 0902 ( @002 (L,@/g>. 3 mPP8(,

I ) _s@sm®Pe,@/ > o (,

Jegid. @. 9 (,@hr P06 (1@/g0>. 6 I (,
J 1) _ 6@l ¥P8 (1@ .6>1g0 906 (>, 100,901 (,
g d_ 1@ .1>/1 oy FPL (> g P00 (,
J3:)_ 9@ .9>/g ¥0° (,@3-09F3( >. 3903 (,

J 11 3@ /3=>.3- ®@FF3( @ .50>/30 ®IF3(, @ 00901 (
Jasge' J 3@ [3=>.3- ®FF3( @ .30>/3 I3 (, @4 PP (
4.1.4.2. For LFFSSP

The procedure of calculating translational velesitfor LFFSSP is shown below;

where a8, J.oy, $¥1 are suppliedog andJ., are supplied as, in the
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simulation since Body 2 is assumed to be rigidkedi to the ground during
LFFSSP.

J11d %@ .1 >/ g $P 1 (

JI3:3 1> 1001 ( @ .3->/3- @FP3( @ /30> 35 ®IP3(;
Lg:d_3>.5-0903( @453 (L,@/>. 9 %° (,
L1110 _g@.0®P° L@/1>. 1 &% (,

L6:d_ 1@ 1@ (,>/60F° (1 @16 > 6 RO (,
L 1) _6>1600P0C (1@ .6>/60 P (,>. @ 0 (,
Jgid_ @. > @ (,>. 908,

I2:) _g@ .5>/5 @FFE (L@ 092 ( >. 0902 (,

I 0@ /p=>. - P02 ( @ .50>/20 I (,@. 9P (
Jez 1d @ [p=>. - ®FP2( @ 50>/ ®IP2(L,@/PP (
4.1.4.3. For RFFDSP and LFFDSP

The procedure of calculating translational velesittor LFFDSP and RFFDSP is
shown below; wheree, a8, J.cy, J.co, ¥ and$P? are suppliede, g, J.;
and J..«, are supplied as, in the simulation since Bodyl and Body 2 are
assumed to be rigidly fixed to the ground during-REP and LFFDSP.

L Jao@. > e®f (
Jo:d_ > @ (@ .->/- ®IP2( @ Iyn>. 2 @FP2(,
Jg:d _2>.,:0902( @002 (,@/g>. 5 agPP8(,

I ) _g@gmPPe(,@/ >. o 9 (,
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J_ 6]™Z .

L @ @ (L@l (1@ >. ¢ agPP I,
J11d %@ .1 >/ g $P 1 (

JI3:3 1> 10901 ( @ .3->/3- @FP3( @ /30> 5 ®IP3(;
Jg:J_3>. 3903 ( @30mP3(L,@/y>. ¢ PP (;
L1130 _g@.0$P° L@/,>. 1 & $?! (,

J_ 6]TM%0:

L1 @400 (1560 POV (, @ /g >. 5 0 PO O1"%(,
4.1.5. Angular Acceleration Relations

O is a vector describing the angular acceleratiofrashe K with respect to the
inertial frame in matrix form o6, 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
$0 ™2 cegmz, Ogz in RFFDSP and®® ™% cagg, Ogmy, in LFFDSP

are used a®® 6 e, andOg in expressions shown below.

6

C~)7366@(5?(1 @ g7 ceg (16

0; :0 @é'?g@s (1@ 0905 (4
Applying the similar procedure for other angulaceleration relations:

O 0, @K LOgE, 7 (,

05 @KRTP8 ( @gooes $P 8 (

@Qz

01,@PY( @9 @e¥P ™ (

Qz

:010@QYP0( @gy0e9P1(

L\Qz
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G,:0, @R (1@am I (4
Gi:01, @ B (1, @ gz, 90 (4
G010 @BIP (, @ qm@FPY (,
Ois: 014 @ RO (1, @ g5 (4
G610 15 @ RIP ( @ gsms IO (
4.1.5.1. For RFFSSP

Calculation of angular accelerations for RFFSSBhiswn below; wher® , ce,

$0 are suppliedd andece are supplied as, in the simulation since Body 1
is assumed to be rigidly fixed to the ground duiRfgFSSP.

6:0 @4¥° (1@ge®l (,

0 :0,@¢¥0%(,@gm¥P2(,
G:0,@¢%0 (, @gm¥P (,
G:0@¢HP° ( @goa$he(
0,@P98(,@9 @IS (,
0,:0 @P (L@xpe ¥ (,
0,:0, @K% ( @g w92
O :0,@% $° L@ ®IP* (,
Os :06>0Q $0° (,>96 @I (,
Oy :05>90905 ( >gg0e 905 (
0, :0;3>9980° (1>9;0,80° (4
Og :0 1 >gQ80 ! (1>g,00, 801 (4
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04> ( >ggaey OO (
Q3©7>9W@7(2>97@/§/‘97(2

G :05>g¥05 (1 >g5m$0° (,

G :0;3>95¥08 (1>9300802 (,
4.1.5.2. For LFFSSP

Calculation of angular accelerations for LFFSSRBHewn below; wheré,, o,

$P1 are suppliedd, andog are supplied as, in the simulation since Body 2
is assumed to be rigidly fixed to the ground dulifd-SSP.

G:0,@4%0 (,@am®P(,
&:0,@¢¥03 (, @gmPP3(,

5 :05@d¥%° (, @ g5 (,

0 :0,@K7( @ eI (

0, :0, @P° (1@q o $P° (4
0;:0, @0 (1@gE ! (4
05 :0; @ ( @g e $03 (
O :0:@% 5 (L,@g &IPS (,
0, :06>99 $0° (,>05 09 (,
0, :0,>9Q80* ( >g,00, 804 (
& :0,>99802 (159,000,902 (,
%:0 >gO0%¥ (1>9 @ $¥ (4
G :05>gf¥P8 ( >ggm®P8(
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64:66>gg§/&6(2>96%§/&6(2
@3©4>9@/‘94(1>94®1§/&4(1
0 :0,>g¥02(,>g,802(,

4.1.5.2. For RFFDSP and LFFDSP

The procedure of calculating angular accelerationsRFFDSP and LFFDSP is

shown below; wher® , O, ce, 08, ¥ and¥®! are suppliedd , §,, ;e and

og are supplied as, in the simulation since Body 1 and Body 2 are amslito
be rigidly fixed to the ground during RFFDSP and-CiSP.

0 @¢¥P (,@ged? (,

,Qz

:0,@48%%2(, @gm$P?(,

Qz

10 ,@¢80 (, @ g0 (,

on

0,@¢¥P° ( @godPo (

Opz

(@]}

:0s@PI8(,@9 w2 (,
6, :0 @Y (L@poe ¥ (,

0,:0, @K% ( @ae$P?

Ogmz : O 4 @F 94 (L,@g P4 (,

:0,@4¢¥°! (, @ga®P!(,

pz

0, @4¢¥03 (, @ga®P3(,

Lpz

05 @4¢¥05 (, @ g P05 (,

Qz

By 0, @& ( @g PP (

~

O, 369 @(Qg@g (1@91(1'3‘9$)/‘99 (1
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0; : 0, @Qg@l (1@moee $P (4

s 0: @3 ( @g e 903 (
OG]TM%O:G 5 @Q 5 (L,@g =s90° (,
4.1.6. Translational Acceleration Relations

h_. is a vector describing the translational accellenadf the mass center of Body
K in matrix form ofh_«, 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
$0 ™2 | cegimz, h_ gmz in RFFDSP and® ™%, cegmy, h_ gjmyin LFFDSP

are used a¥® ¢ e andh_ ¢ in expressions shown below.
6 6

6

h.19:h_6@.6 X0 ( > @og peg (26rg

@lg0>-10 *Qs (2 @0gy PRy ( 5 1D
hoo:h_ ¢ @.cT@ @ '$80° (L, @ /100> . 10 T@ @ 0y +802° (,
Applying the similar procedure for other translatbacceleration relations:

ho12:h 19>/10T@% @ 0o $801° (1 @ .12 >/ 120 T @ 08, " 18012 (, >
l1201@ @ 0, $8012 (1, @ 491 @ ary' 18020 (,

ho13:h _10@her 1@ @ 0 $¥0° (1 @ 13> /130 TE @ & '1$0 2 (, @
113> 1@ @ 033 18013 (1 @ 10 T@ @ 0y 18020 (,

ho16:h _16@ 10T@ @ 02" 180 ° (, @ /16> . 16 T@ @ ogs" 18020 (,
4.1.6.1. For RFFSSP

Calculation of translational accelerations for RBPSs shown below; whete.; ,

O, e and$® are suppliedh.;, O andce are supplied as, in the
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simulation since Body 1 is assumed to be rigidkedi to the ground during
RFFSSP.

ho :h@. > 1CO="1$ (

h_,:h_ >. T@;@(Elig@ ( @ .o->/5 T@@@lig@z( @
20> 20 T@@(Elig@z(z

h—8: h _2>. 2:1-@@ @11:%&2 ( @ -ZOT@@ @11:@/@2 (2
@/g>.g T@@fﬁlig@&g(z

h. :h_s@ sT@@'t¥e (, @/ >. 1@ @ce'1¥® (,

he:h. @ 1@T@e't¥ (L0kTG @x't¥° (L0
leo >. 6 T@@G%li%m(z

hoy:h_ @l 1@ @R 1806 (1@ .6 >/ TG @ g '1$0° (,>
1TG~E @(ﬁ_lig@l (2

ho:h_1@.:>/; 1@ @a't%?! (,>. o 1@ @ '+ ° (,

hos3th_og@.9>/9 16 @ '1¥° (, @ o-1T@ g'+803 ( >
.301'@@ @11:%/&3 (2

hopih _3@ /3> 52 TE@@ g'3$03 ( @ .50>/30 T@O@ §'1$0° (, @
ATTO e'1801 (

4.1.6.2. For LFFSSP

Calculation of translational accelerations for LIEFSis shown below; whete.y,
O, oa andPP! are suppliedh..,, O andog are supplied as, in the

simulation since Body 2 is assumed to be rigidkedi to the ground during
LFFSSP.

hoi1:h @ ..>/; 1@ g 1801 (
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hozg:h_1>. 1 1@@ g'1¥P1 ( @ .5->/5- T@@ B'1¥°3( @
I30>. 30 T@@@lig@s(z

h_g :h _3>. 3:1-@@ @lig/@s( @301-@@ @lig/@g (2
@lg>. 9 1@ @f@li%’g (2

hoy:h_¢@ TG @x't¥° (,@/,>., T @x't¥* (,

h_s 5h—1@-1T@@031¢$@1 (2> 6 1@ @%1¢%’6 (1@
leo >. 6 1@ @180 (,

h_ 5h—6>/6?T@@0%1¢%)6(1@-6>/60 T@@%1¢§@6(2>
1@ @ce 1P (,

hg:h. @. > 1€ @e't¥ (,>. 1@ 5182 (,

h_z:h —8@ '8>/8 T@@@lig@s (2@-2:1-@@ (El:tg/&z( >
20tE@ @lig@z (2

ho th @ /> - TB@ @182 ( @ 20>/ TE@Q@ ®'1$2 (, @
. tT@@ e'1$0 (

4.1.6.3. For RFFDSP and LFFDSP

Calculation of translational accelerations for REFDand LFFDSP is shown
below; wheren..3 , h.cg,, 0,0, 08,08, 9® and$P?! are suppliedh.c;, h.oy,
O, O, e andaog are supplied as, in the simulation since Body 1 and Body 2
are assumed to be rigidly fixed to the ground dyR#FDSP and LFFDSP.

h. :h.o@. > 1€ =% (

ho,:h_ > t1@@x't% ( @ ..->/,- T@@ x'1¥P2( @
l20>. 20 T@@Qlig@z(z
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h_g: h _2> . Z:T@@ @11:@/(92( @ -ZOT@@ @11:@/(92 (2
@/g>.g T@@fﬁlig@&g(z

h. :h_s@ sT@T@ 1% (, @/ >. 1T @ce'1¥® (,

h_6]TMZ:h_ @ T@@(El:tg@ (2@/6?1'@@%11:%/@6]“”2(1@
leo >. 6 1@ @og 180 ™2 (,

h_opih @ 1>/ t1C@ (Elig@l(

hozg:h _1>. 1@@ @'t$1 ( @ .5->/5 T@@ 8'1$P3 ( @
30> 30 T@@@lig@s(z

h_g :h _3>. 3:1-@@ @lig/@s( @301-@@ @lig/@g (2
@lg>. 9 1@ @f@li%’g (2

h_q1:h _yg @-9T@@®1¢%)9 (@1, >. 1 1@ @Gili%” (2

h_ gy h 1 @ .1 T@ @ 1§61 (2>/ ¢ T@ @ g 11§ 6]TM%"(l @
leo >. ¢ T@E @ ag 11§06 ™% (,

4.2. Calculation of Jacobhian Matrices and Their Tine Derivatives

The analytical expression of jacobian matrices langithy, requires careful and
laborious work due to the complexity of system. rElfiere, 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 , is taken to be zero during jacobian matrix caftofes, », can be

reduced to 71y as shown below:

F 4
r 6 L
r L
r 8 L
Zu r k. (4.6)
r L
r 2 L
r 4
C gAC
By using equation (4.3) and (4.6) , it can be esped that:
For 7, U 2V
%o]U
-60: Oy 3 .
U]oes U: Yogmz 7u (4.7)
lj](;z/oﬂ ?éoK%o Z]%o (48)

g . . - .
$Bee 7h2ps % rivihece .$O7 fimpzoxy B 288" v (4.9)
S :Yoé)s]rmz Z]u (410)

® Yl  In (4.11)

Using equation (4.9), (4.10) and (4.11):
96
e Y Pywesoremz 21U (4.12)

01 .
e YPyweon 71 (4.13)
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Yemzy and¥P.,, matrices can be extracted from equation (4.14)4rib):

Yoz
Yoy B | (4.14)
6™z
. %K%n,\
Y.t | @ . (4.15)
<%0

In summary: ¥ gimz, V.ce Bywyasorepmz and Yyweaop are jacobian matrices

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

Since 3 is taken to be zero during jacobian matrix caltoles, o,y can be

reduced to ¢,y as shown below:

F 51
r 7 L
r L
r 9
%o0]U Sr 1L (416)
r L
r 3 L
I 5 ¢
C gAC
By using equation (4.2) and (4.16) , it can be egped that:
For gmz: U U
Z]u
B 6 ’ . 0 TMO, 0 .
020 Wogumnay (4.17)
<z YO._5 o s 4.1
O20: Wy w2 (@.18)
@ Y@ %U (4.19)
ce . Y04);<Z %o]z (420)
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Using equation (4.9), (4.19) and (4.20):
96
Blfen L Y% w)ze9] 6% %]U (4.21)

9 .
$\%) g2 . Yoéoyw) &9]  %ol2 where (4 22)

%)mm%o and %’;<2 matrices can be extracted from equation (4.23) (@r24):

. %’6]TM%0A
Y oy | B | (4.23)
6]™ %o
. %KZ, o
Y. s %, I, (4.24)
<Z

In summary: ¥ gymo, ¥z, Bywyaso) sy and Pywnzagy are jacobian matrices

that are needed to be calculated during RFFSSP.
4.2.1.3 For RFFDSP

In addition to ¥ gz and ¥yw)esq 6wz as defined in RFFSSF ggje and
%)yw)&ag] 6]™u%je are required in RFFDSP with definitions shown iquation
(4.25) and (4.27).

O]_ 6]TM%O . ?0 ™O o 4.25
Cegprs 0 6156l kel (4.25)
Bgpmisgel YB oisiale, %4a]U (4.26)

Using equation (4.9) and (4.26):

9 6]™%o

$lhes

L YPywea0) 6]mkele  %aU (4.27)

9 6™z _ 96
J_ gmz, gz and$lRga are used instead of ¢, g and$fga for

the definition of¥ gz and ¥y w)ga0) 6w -
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Y emuge  Ccan be extracted from equation (4.28):

Y 6]™%o0]& » ;

%G]TM%O]& o (428)

¥ 6]™9%0]&

In Summary:%o 6]™Z; OyW)&ag] 6]™Z » %) 6] ™%o]& and %yw)&ag] 6]™%0]& are jaCObian

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

In addition tO%G]TM%Oand %)yw)&ag] 6]™%o as defined in LFFSSF%)G]TMZ]& and
%)yw)&ag] emz1e.  are required in LFFDSP with definitions shown iquation
(4.29) and (4.31)

'J]_ 6]TMZU . 90 ™7 7 429
Cegymz 0 6mze 27U (4.29)
mG]TMz . Y%)6]TMZ]& Z]U (430)

Using equation (4.9) and (4.30):

9 6]™Z

Blfea  Y®yweeq emzie 7U (4.31)

6

9 6]™% , 9
are used instead df ¢, ogg and$\',§)&a for

J_ 6]™%» QG]TM%O and $\%)&a

the definition of¥ e, and ¥ w)zag) 6

Yemze  can be extracted from equation (4.32):

. %’6]“”2]& J

(4.32)
Y emze

Y omze

In summary:¥ g, Vywyzag) 67 B opmzie  and Wywyesg eymze.  are jacobian

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

Calculation procedure of jacobian matrices numdyicegs explained by an
example. Exemplary calculation procedure%g]mz and%yw)&ag] g™z IS shown

below:

At any instant of the simulatiorlﬂ]o‘[_:‘6 Ucan be calculated for a givepyy since

6
u
FI |
ri L

. . rL 0] 61

all transformation matrices are known. Sofgf;, @ sy : rly, o_e Ucan be
rnte 6
rk
(¢

calculated from kinematic equations of RFFSSP, Wligcalso the % column of

%)6]TM2.

%0 6]TM2 .
. . 1 o 2 3 4 5 o 6
Moz Bemz  Bopz® Bomz™ Womz Bemz Wepmz 1(4.33)

If %OWMZ is described as shown in equation (4.33):

. Y[@G]Tmz .

F 1 Fi I
FuL rL
! u
. —_ 6 , 1, "t 2, ot .
calculatlng(J] Ufor each 7y given as z;y " rly, 7y ~© v and vice
s L rL
rk rk
Gac Gac

versa.
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The similar procedure is followed for the calcubatiof%)yw)&ag] gymz With a slight

96
difference tha&@)&a is calculated for eachy), using the equation shown

below:
96 . E
$\%)&a : "lh2oxyY %)6]TM2 Z]U W@ 6 3

4.2.3. Calculation Procedure of Time Derivatives odacobian Matrices

Using forward finite divided difference formula dexd from truncated Taylor
Expansion off® The time derivative of jacobian matr#is calculated as shown

below:
N 3 B E (4.34)

Where¥ N is defined as:
N
U;eMU.\oé)Mf N . (4.35)

N@Na N @ N f'N (4.36)

After recalculating all transformation matrices forN @ "N by using equation
(4.36), %N @ "Nis obtained in the same manner explained in pusvieading.

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

Newton-Euler formulation is used for deriving dyrnanequations which are
written in a general manner. Therefore, these @mustan be used for all phases.
However, additional equations are inserted into theect 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:
, +fh«: @a (4.37)
2.80@c Ya.4de: a® (4.38)

In matrix form, equations (4.37) and (4.38) areohe=d in the body coordinate
system of Body K:

90T h.cA . . ST oA, P s L2880 (, (4.39)

B AR = B P e

* * b ~ * * ~ *b
@&s « >SPBP m @¢a. . >lg.$7 & .,

(4.40)

All forces and moments are expressed with respethé same convention by
using Newton’s action-reaction law as shown in ¢équa4.41):
é*b * ’ - *p ' 1 >$ % *b A *p b (441)

* *

~ b b .
Where,a: «, andae: «, are the resultant force and moment acting

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

. * ~ *b
3 and B« are corresponding moment arms #@¢r « and & «,

Also, Yo " is the inertia tensor matrix of Body K with respéx the mass center

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

For Body 1:
L 90 n A, >$0%2a,° >, W (, (4.42)

v 9% 0% e Y ¥ e, >U2x,’@
o2 5,7 (4.43)
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For Body 3:

L% h oyl @, 0 >85>, 282 (,

0,292 0,082 2%, 2 n e, @x, >
8 _ A X 2 . 8

s @E >.0fd, " @ £9P° 5,

For Body 9:

e 908 n gid Lt S8 5 >, 28908 (,

¥ 908 0,@%° P ¥ 908 mim, > x

Y ~ 8 ~

e, > Gfa, s @ 9% &

For Body 11:

¥ ho g Sg% 6 5, %>, W (,

¥ B O ¥ e ¥V P e e,
$6 @ 6@@8>-(}fés @c$° &, i

For Body 2:

< . 3
a0 hodg >$834,° >, 2P (,

(4.44)

(4.45)

(4.46)

(4.47)

(4.48)

(4.49)

(4.50)

%119‘91 O @%* @Lg@l%llg@l oq:aegll >$‘)/(1333133 @

G934, °
For Body 4:

Ca¥P3 hogidgs” @as >0 &, >, 283 (,

%339‘93 O, @%3 %9@3%339‘93 %13{9933 @8@33 >
9 5 . 3 . 9

P82 ey g @&,>.¢fa;° @F° &,
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For Body 10:
L o¥00 hogilge C >POL Ag; T o>, oW (, (4.54)

%999‘99 O, @%°° Oegg&g%ggg@g 0y & 39 ° >

PO g, ' @ &5 > .Gofls g ° @.¢9°1 ay, ! (4.55)
For Body 12:

, 1g(91 h—l ra 91 ! >§A)l6 élG 6 >, 12$0/(91 (2 (456)
Vo, ' 901 6, @91 0, 0L W, P L o ey, & >
P16 24 ° @& g >.¢ g, ' @.¢9016 a5, ° (4.57)

For Body 17:

. 6 . 6 . 19
, 69PC hog:a ¢ @& ¢ >89 549 >, 2896 (,
(4.58)

%66§/‘96 O @%°° w6§/@6%66$/@6 B & ¢ ° @

6 19 X - 6
®1 6 >$NP 19 o6 g @& >.csfa ¢ @

X . 6 . 19
efs 1 >cefagg @ .g 901 a4, (4.59)
For Body 20:

, 10901% h_19:8 619 o >$8912 3.5, 2 >$918 5195 B>
. 16
P09 35,6 >, 1028010 (, (4.60)
19 ~ 19
Yo 07 FPY O @%° 0¥ W0, PP g
2619 > g98912 2219 12 2 > g98013 21913 B> g%8016 2219 16 )

X . 19 s . 12

efig 6 > .Gofd 1o >efg; > -919f$%l9 12 81912
5 . 13 . 16
>efg11 > .GofS78%18 G913 @ PO G946 (4.61)
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For Body 23:

. 12
, 129012 h_p:8 0910 7 >, 128012 (, (4.62)

12 x 12 12
Yo, 912 O,@¥? @, PP W, 9012 m, ® 9 @

; ~ 12
efio1 > .Gofdigin (4.63)
For Body 24:

~ 13
, 3P0 ho318 9137 >, 38 (, (4.64)

13 ~ 13 13
Yo, 7P O, @ 090 W, T PP ;i g3 @

X . 13
efi311 > .q3faig13 (4.65)
For Body 27:

. 16
, 169018 h_j15:8 1916 >, 16287016 (, (4.66)

16 ~ 16 16
Yo FP® O @%° g¥0 W, PP’ g 95 @

10 (4.67)

efis 19 > G610 16
4.4. Direct Dynamic Solution

A generalized vector of forces and moments is @efimcluding reaction forces,
reaction moments and actuator torques presentnardic equations by equation
(4.68).
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b B B B B B B e B By M B B M M M B o |
N
e}

by

=
~ T TT TTT T T TT TT TT T™TT™T™T™T™T™T™T™T™T™TTT™T™TT™T™T™T™T™ T T T TTTTTTT T T T T T —

e.)l

*b =
~ *b
For & « 'L

eJl

o ?

e.)l

*h 0

*b

*b

*b

M

oSN

*p
and & « 'L e

B

*b

*b

*b

0

(4.68)
*b
*h M
*b

actuating torques can be defined by using a mattined as# for extraction as

shown in equation (4.69).
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F &22
; Xy g=
r ®2g?
Q) I &350
r
rQ k r Xy 7
FQ‘ k ree g-
FQ For
rQy [* e
rgz 3 ree eo
2 r
x1 37
[+ o °13
rQr ree3o=
! e
&
FQ P 93 90
o 19 =
(2 e
Q&
r>r T
(%, ®160
rQ7 b T38g 10-
619
rQ8 i X6 197
rQ9|- r 619
rQ + resio
:81:: Faelg 12=
2
rQar  r®19122
rQqt ;3919 13=
Q-=(
Qs 119 137
Feeg 16=
r
19 162
(819 160

19

19

19

12

12

13

13

16

16

16

63 (4.69)

A ™ T T T T T "T!T T T T T T T T T T T T T T T T T T T T T T T T T T T T T —

Dynamic equations for Body K can be arranged iheoform as shown below:

el O: .6 a

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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Fo7) P
rél, ré
rélt &gt
ral v ;.é. t
I ARk &
re& r -(?1 3
resy rSst
el reld,, &. ;.égt (4.70), (4.71)
refd v (€1,
:é%t réet
a re
r?%’k r9
re F r'e'12|_
r?%l' ['.e.13|.
@RC (B¢
e 0. & a (4.72)

Further arrangement is required to perform dirgoiathic solution as such:
el O @w . a

Although all dynamic and kinematic equations ar@awied, it is a time consuming
and complicated process to obtain analytical exgiwes of@ andw. Furthermore,

it is unlikely to document and implement their amighl expressions in open form
due to the complexity of system. So, numerical @slof@ andw are calculated at

each solution step.

During the simulation, and are known at any instant.

By implementing the vectorQ 9 i A which contains zero values only, the
!

numerical value ofv can be found sincétan be calculated for a known set of
and O

Rt QOw LW

It can be showed th& : A &, | @ 5&
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For a vector ©which contains 1 for thekrow and zero for remaining row8fl

can be calculated wheve is already calculated &
R O@w e @&
Then,a. : & B>éf

&  matrix can be constructed at any instant by appglyhe procedure shown
above for all k values from 1 to 26; since the disien of Qs 26 as specified

before.

All unknowns to be solved during the direct dynaswtution procedure ardéand

~

a.

Then,Q¥Nh/ i(,fa! ¥ ii+i¥cei, : |0 t9@ « AEuj

Newton-Euler equations for 13 bodies :

£ G& a:>w (u* j “:fo equations) (4.73)
Equations for assigning actuator torques :

&3 : Q (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 dometract 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:

-
w

] (4x3=12 equations) (4.75)
[

B
O

N
%(
o\
o
B

Y

|
L
~ . 93
) L
1|—
(kg1 (

&5 5ia00p IS @ matrix for the extraction of related groursation 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 supplyiraper$?® | A, ,0e,l,
O, h..; to kinematic equations of RFFSSP. For Body 3, tkiatic constraints are

implemented in order to satisfy the assumption:

h_,can be expressedhs,:s% @ w
Similarly, ®, can be expressed 85 :s %, @ w,
Then, kinematic conditions can be described as:

é)é) O>W 2 andé)/éﬁ O>W 82

b : :
However, rank of matrixJ, ~ Uis always found as 1 due to the kinematic strectur

?

S
I SW,

for system of linear equatiorisé)é)u QU W2 U If unnecessary equations are

4 >Wg2

eliminated, kinematic conditions are reduced(?o I which can be described as:
€ 5WWo ZAAOOFQ! (1 equation). (4.76)

€ swwe 2AAoofS a row vector for the extraction dffrom O
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According to the assumption of Body 1 and Body tdeigidly fixed to the
ground, reaction forces and moments between thesked such asi, 2,
®,- 2,@, 2 can not be determined unless additional equafiensodeling
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,

d, 1 , ande,. ® i@ 5 2 :!

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

as:
~ 2
ao I
&7 7an00@ 1 Lz ,. 2 M : [ H (5 equations) 4.77)
2 !
€ 20

&4 5 ai00piS @ Matrix for the extraction &, -, & ,- 2 andae 5o 2
Then,Q¥Nh/ i(ia! ¥ + ("\N™¥i : A0 @6 @ U @ U@ T : Uj

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):

[ #5715 >.€67 85 I >

r # dt L W67
15 15 15 85 ) r Q .

g oSS SN - S LR

r 115 067 ZAAOOPl 85 L Ua8 U r | 1 L

r 5 5 L 5
415 &z ZAAOOR, g5 11 ri,

r j C 1 C

A ey # : 11
(€ 5Wwo ZAAOOR 5 85 (1

(4.78)

# and! are matrices and vectors with zero components. @iso, 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:

g ag tAgy, @gp i

Fdgo |
r 2L |
& oo s x . r®92 i = _ .
667 %AAOCOR - -1 H (4x3=12 equations) (4.79)
rag L |
r P
(& (

&5 o AsoopiS @ matrix for the extraction of related groureghation forces and

moments.

During LFFSSP, Body 2 and Body 4 are assumed tigldly fixed to the ground.
This assumption is ensured for Body 2 by supplyirgper$® 1 | Ay, o8, J.oy,
O, ..y to kinematic equations of LFFSSP. For Body 4, kia#ic constraints are

implemented in order to satisfy the assumption:

h_scan be expressedbs;:s% @ w
Similarly, & can be expressed @ :s %; @ ws
Then, kinematic conditions can be described as:

é)/op O>W 3 andé)/é)‘:; O>W 83
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However, rank of matrixJ, > Uis always found as 1 due to the kinematic strectur

%
S

. e SW .
for system of linear equatiorid 3OU Qu Ws U If unnecessary equations are
Ay >Ws3

eliminated, kinematic conditions are reduced@o I which can be described as:
& swwe %asoo® ! (1 equation). (4.80)
€ 5WWo %AAod® @ row vector for the extraction d?from O

According to the assumption of Body 2 and Body 4#deigidly fixed to the
ground, reaction forces and moments between thesked such as?1133,

%@ 3- >, a3 ° can not be determined unless additional equafienmodeling

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

3 . .. .
assumed thafi; 3 ° :! , andae;a-> :@ 130 ° :! without examining this

modeling problem. Then, this assumption can beridestas:

. 3
a3 I

%5 %iio0d | L @y 4. M1 H (5 equations) (4.81)
|
2130 ° '

éh5 o ioodS @ matrix for the extraction @5 ° , @y s. 3 andae s 3 . Then,
Q¥NN/ i(ia! ¥' = ("NY¥i_ A0 @3 @ Uuj @ u @ T : uj

Likewise, the final form of system equations of ISFP for direct dynamic
solution procedure is such that by using equatbn3), (4.74), (4.79), (4.80) and
(4.81):

[ 57 15 >.€67 85 I W
r 22 é L e
1515 1585 y rQg v
r H @t o < L N0y >
. F11s 667 %AAOOR g5 | u®™ U AP
L ! .
. o L dgs
i 415 &7 %AAOOPgs . t rly, ¢+
A # C 1y
(€ 5Wwi %AAOCR " 85 (g1

(4.82)
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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:

This condition can be described as:

~ 3 !
&1 zamopd il 0% 111 F (2x3=6 equations) (4.83)
&9 3 !

&5 5ia0p 1S @ matrix for the extraction of related groumation 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

P A, Ay, &, @8, oz, Joy, O, O, hey, h.g, to kinematic
equations of RFFDSP. For Body 3, kinematic constsaare implemented in order

to satisfy the assumption:

h_,can be expressed hs, : s % @ W
Similarly, &, can be expressed 85 :s %, @ w,
Then, kinematic conditions can be described as:

% O>w , and¥s O>w 5,
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N
However, rank of matrixJ

% Uis always found as 1 due to the kinematic strectur
(0]

. . \é)/f AN W .
for system of linear equationd,” U QU U If unnecessary equations are
4 >Ws2

eliminated, kinematic conditions are reduced(?o I which can be described as:
€ 5WW6 ZAAOP Q1 (1 equation). (4.84)

é swwe 7AAopiS a row vector for the extraction dpfrom O

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

(3%x2=6 equations)

h_ gmz 1 h _ grugandOgmyz : O gmy, Where

h_gmyz s % (@ U4 andh_ gymy,: S Yo (@ W59%, )
OG]TMZ 1S %Wz @ V¥ 67 and@G]TM%O: s Bex, @ V¥ 6%o

Following that, kinematic constraints can be expedsas:

ed; > %yt OW g >Wey (4.85)
eor > %enf OW 565 > W52 (4.86)

s, o, ez Poo,, Wez , Wene Wsz  and Wy g, are found numerically
despite the possibility of expressing them anadyyc by taking into account that
analytical derivation becomes unpractical due te tomplexity of equations.
Calculation of these matrices and vectors is erplhby an example:

At any instant, and are known. By using, and applying Qs O 9 i A
[

which contains zero values onlys; can be calculated; sinte mw; is obtained

from kinematic equations of RFFDSP for known and given Q
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hogmzy:s %z P@wz 1w ez

Fords : AR 1 s Bs.5 Aand a vectorOwhich contains 1 for the'krow

and zero for remaining rows, gmyz, S % O@ws :s Bye @h 612

Then, 28> matrix can be constructed at any instant by apghg®Rs. :

h_ gmz, >h_ 6™ for all k values from 1 to 26; sin¢e gwy, is calculated for

known , and given Ofrom kinematic equations of RFFDSP. Thé§y , s>

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

2

~ 2 . .
&, °, @, 2,8, 2 can not be determined unless additional equations

modeling the interaction between Body 1 and Bo@dyeintroduced. Therefore, it
is assumed thd@t, © ;! , ande, 2 i@ 4 2 :! without examining this

modeling problem. Then, this assumption can berdestas:

)
an I

&5 saaopd i Lae,. 2M: A (5 equations) (4.87)

2 !
e 20

s 5xi0p IS @ matrix for the extraction @, °, & ,. 2 andae .o 2. Then,
Q¥NH/ i(ia! ¥' = ("NY¥i - A0 @3 @3 @u@3 @ T : uj

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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r -#15 15 é¢15 85 s
r oy -
c Fs 15 &2 2AA0P 585 | )
r ¥, 15 &2 24h0P a85 " U & U
r , 8 ags
r €6Wwo ZAAOP 15 ¥ g5 L 1
r edh, >s% # !
> !
; esh; >s%uf, . 285 :
5 % #
ees > sWgy f .
(t9062 06% 515 285 G111
F >We7 |
r Q5 L
e i
| 4.88
T, L (4.88)
r ! -
r Wex>Wez 2
(Wse% >Wsez 2 (4

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 arecteghe¢o be zero given as

shown:

This condition can be described as:

~x 2 I
&7 wihord %2 , 1:1 H (2x3=6 equations) (4.89)
X9 2 !
&5 o Asop IS @ matrix for the extraction of related grouration 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
0 P A, Ay, &, @8, oz, Joy, O, O, hoy, h.g, to kinematic
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equations of LFFDSP. For Body 4, kinematic constsaare implemented in order

to satisfy the assumption:

h_scan be expressedhs;:s% @ w
Similarly, ®; can be expressed @5 :s %, @@ ws
Then, kinematic conditions can be described as:

% O>w ;5 and?e O>w 5

N
However, rank of matri>U59A°p Uis always found as 1 due to the kinematic strectur

%

. SWa
for system of linear equatiorisé)é)u QU Ws U If unnecessary equations are
4 >Wa3
eliminated, kinematic conditions are reduced@o I which can be described as:
édWWé%OAA<OpQ! (1 equation). (4.90)

€ swwe %wAiolS @ row vector for the extraction @@ from O

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

(3%x2=6 equations)

h_ gmz 1 h _ gmgandOgmyz : O gmy, where

h_ gmyz :S %5 @ A4 andh_ gy, S Y%, @ W%, ,
C~)s]TMZ 1S W6z @ V62 and@s]m%o: s D%, @ V¥ 6%o
Following that, kinematic constraints can be expedsas:

edhy >s%yf OW g4 >Wez (4.91)
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. )
eHer >SBenf QW 56% > W6z (4.92)

For LFFDSP, 95 , By, 05 » e, Wez » Wen, Wsez andWw gy, are found

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

According to the assumption of Body 1, Body 2 amdly34 being rigidly fixed to
the ground, reaction forces and moments betweery Rodnd Body 4 such as
a; 3 3 , @3- 0, @ 3 > can not be determined unless additional equations
modeling the interaction between Body 2 and Bodyetlintroduced. Therefore, it
is assumed thét 5 > ;! , andee,s. 3 @ 1402 ! without examining this

modeling problem. Then, this assumption can berdestas:

. 3
a3 I

%5 woisord | L @y 5. 3 M1 H (5 equations) (4.93)
3 !
130

éh5 o saopiS @ matrix for the extraction & 5 ° , &4 3 andae; 50 3
Then,Q¥Nh/ i(ja! ¥ = ("NN¥i. : 10 @3 @3 @ U @3 @ 1 : Uij

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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r #5 15 éi()()Z %OAA(OP5 85 L .
r ¥, 15 &z %AAOP g5+ ‘Ng U
ro, - dgs
r ©6WWo %AAOR 5 ¥ g5 L 1
r edh, >s% # !
> !
. esh; >s%uf, . 285 :
0,
0.5 >c% H
@6z >s D6%f 5 15 7285 (11
F >We7 |
r Q5 3
.o i
| 4,94
T, : (4.94)
r ! -
r Wex>Wez 2
(Wse% >Wsez 2 (4

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 bydmérol effort. As a consequence,
desired collision free contact of foot with the gnd is never accomplished. This
situation occurs at the instant of phase transtifisom 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 canstwhich 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

For p,: U 2V ) defined by using equation (4.3) and (4.6):
%o]U

2150 and 2y A€ 2k at the end of RFFSSP and the beginning of LFFDSP.
In the same manneﬂ,<%ow , J;<%3) » 08y » OBl areJ..4, andog at the end of

RFFSSP and the beginning of LFFDSP.

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

J. !
0w gid
@y

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

|
\\]-<0/ - PN
Y.coto 7100, U TN UIA, 5! (4.95)
9) o), |

After dropping 3 and the related column frony, and %;<%a the equation

o))
(4.95) becomes:

[
Ui A (4.96)
A) !

e
%);<%0 Z]%t) ) U

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 while 7 is manipulated to bey, with the condition shown

%9)
by equation (4.96) to be satisfied. Therefore atnopation problem arises such

that:

%OW

Minimize $: -° 7 S aWxX ZAA0OP%AAOP 7% » SUbject to ..o, 2%y )
|
J. %, - J: % . . J. % e A
U™ G whereU'™) Uis supplied a8l ™) U : { A.
B) B) B)
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N

oo\ oy T 2% , where 7y, is the reduced form after dropping

3 from 1% \y -
Sawx 7AAOOPI%AAIS @ diagonal matrix including weighting coeffiote such as
S i !

Sewx zAdooPmAsccrl F U FIL.
I 1 S
! 3

~

By applying the method of Lagrange Multipliers [63]

Zyy)
Zy, W @ Sgwx ZAAOGR ;e Yoro PP Sawx ZAAOGR ;.. Yooso T
‘]' % e A

FAUT) 0> By, 210, O (4.97)
B)

At the beginning of LFFDSP, joint space variablas jy, are switched with

2%y ) (where 3 in 2hy ) Is taken as zero).

4.5.2. From LFFSSP to RFFDSP

A similar procedure is carried out.

%o]U -

For gmz: U U defined by using equation (4.2) and (4.16):

Z]u

%z, and %5y Are gz at the end of LFFSSP and the beginning of RFFDSP.

ce,, arel..; andce at the end of

In the same manneX.y W J;<z)) 08 s

))
LFFSSP and the beginning of RFFDSP.

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

At the instant when RFFDSP begins, the followingditons must be satisfied:
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o3z :
Yz wiz, U Oe)>))u.|'n, 20! (4.98)
After dropping , and the related column from@]z)) and %’;<z, the equation
(4.98) becomes:
J |

¥..; gy U :ez)) U:i A (4.99)
)) !

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 while %o]Z \y is manipulated to be%o]%) with the condition shown

by equation (4.99) to be satisfied. Therefore atindpation problem arises such
that:

Minimize $ : T %2 Fawx %AA0OPIZAAOP %2 » Subject to¥..r kol |

Jo_s ; Joos ; Joos .
U ) g whereU' ™)) Uis supplied a8l ’~*) U: 1 H.
%)) %)) %)) !

N

WIZ S %2y O W) , where .7, is the reduced form after dropping

> from %ol -
Sawx %AA0OP)ZAAS a diagonal matrix including weighting coeffiats.
By applying the method of Lagrange Multipliers:
"))
%\ @ Sawx %oAACQP... Y.ir: PPz Sewx %oAACRP.. Yo v

, \J;<Z . "
”er)))) U>¥z %z, 0 (4.100)

At the beginning of RFFDSP, joint space variables 4,;; are switched with

5ol ) (where ; in %ol ) is taken as zero).
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CHAPTER 5

CONTROL STRATEGY

Tracking of reference trajectories which define releteristics 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 @caéibns Oin the thesis must
be supplied. Due to the redundant kinematic strectd the biped robot, it is not
able to find unique joint space accelerations wilsalisfy 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 locamngbhases, are created [68].

Future tracking errors are estimated in the lighpr@sent values of joint space
variables; for instanc€Azaaoopr- 6™ Y zahooriem @nd p-K zasoopyem in
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 wittater values are penalized such
as by the expressi0|=11 QU N f@ZAAOOP]GZ]UWV\f QU N 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 somecisiggjoint space variables from
their initial positions is penalized by an addisbicomponent in cost functions in

order to avoid excessive rotation in several jointsuch as

7P zas0oPizu ™ fSan00p15210 f P 24h00PIZIU for RFFSSP. Joint space
variablesg, andg,, g; andgs; being different from zero is penalized during $ng
support phases by a cost function sucrfzgssf Sy % andIAg 3f Sy %

for RFFSSP; because Body 1 and Body 3 at the eh&BSSP, Body 2 and Body

4 at the end of RFFSP are expected to have the saamation, where reference
orientations are supplied for Body 1 and Body 2.

Optimum command acceleration® are calculated in two separate headings.
Calculation procedure of optimum command accelenatof joint space variables

regarding upper bodief.. _is the same for all phases. On the other hand, the

procedure for optimum command accelerations oft jspace variables regarding

lower bodies O 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 seécstep, optimum command
accelerations for joint space variables from Bodyt@ Body 2 are calculated
according to determined command accelerations @ filrst step and given
reference inputs for Body 2 and its toe point. 8e talculation of optimum

command accelerations for RFFSSP can be dividedipiarts.
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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 accelerati& 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.

Nis the present phase time which is elapsed timm fthe beginning of current
phase andNjz4400p is the prediction time range used in the firspsi€optimum

command acceleration calculations in RFFSSP.
"Azisoorl- e A s EN @ "Nasoorf>A_ ¢ N @ "Nasoorf

A s eN @ "Nasoopf is the reference value #f ¢ at phase tim&l @ "Naaoop-

A G&eN @ "Naaoorf is the predicted actual value 8f s at phase timeN @
"Nyza400p-
Using the truncated Taylor ExpansionAafg &EN @ "Naaooef and the definition

of zu by equation (4.6):

A 6 &N @ "Naoopf

1
ZAAOOP
aA_ 6, N@JIgsy, Nf 'Nzasoor @h s, Nf]—

tA_6g N @%egmz, Nfzu Nf Nzasoop

1
]ZAAOOP

@%emz, Nf 2y Nf

1
2 7AAOOP
@%emz NfYy Nf—] j
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Then,
"AZAAOOPI- 6]™:

A ¢ eN@ Nasoorf>A_6, N>Wgmz Nf zu Nf Nzasoor >

5 Jigeee = 5 qigeee
Yoz Nfzu N f*]u“l—> Yoemz, NfSy N f—’]l— (5.1)
The same convention and procedure are used for défi@itions.
Y zisoopi g YBs €N @ "Nasoopf > Y% (€N @ "Nasooef , for

. R < J_seN @ "Naioopf -
18 eN @ Wasoopf : 0 - 21 & Masoorty,
g5 eN @ "Naaoopf

Then,

Y 7AA00P] 6™
yB eN @ "Wasoorf> Y emz Nf 70 N>Ygms Nf 7y Nf "Nzasoop >
Yoz Nf QU N f "Nzasoop (5.2)

For

6

9 . 96 .
b-K za400p 61 $ Byaa eN @ "Waaoopf > $ \%)&a& eN @ "Naaoopf,

it can be expressed that:

P-K 7a400pP] 6]™
96 . 96
$\%)&a eN @ HAAOOPf > $ \%)&a& N >

3 1l s eee ¢
Yowesaemz Nf 70 Nf "Nzasoor > Yywyesq ez NT 21u Nf#]”“l—>

. “o e
Lowezoemz Nf Sy Nfdu“l— (5.3)

P zadoorizium:  zu g€N @ "Nasoorf > 7y o Where 7y 4 is the vector of
basic joint space positions fog,;, . Joint space position deviations, which are

penalized in the cost function, are calculated watspect to 7, 9" Initial values
of 7y are used asyy o S0, 71U 4 is taken as a vector with zero components

only in the simulation.
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Then,

~ 3 Tl g eee ¢

b zasoopzurm: 2w N @ zu Nf'Nzasoor @ §y Nf-Hee=—>

ZlU g (5.4)
The cost function for the first step of optimum coand accelerations calculation
in RFFSSP is defined as shown below:
$74400p :
7 Azaaoor)- e f S ano00pp of “Arasoop 6@
7P-K za400p 61 f S as00pixz 6 f P-Kzasoop) 6@
7 Y zAdoor g™ f & aa00p] 6 [ Vzasoop] 6] @
7P zascorizum f & asoopisziu [ P zascopzu 1 @

I QU N & ss00rs710 Wi QU N (5.5)
5.1.1.1.1.2. Calculation Procedure

For optimum cost valué“}g?% S (5.6)

optimum command accelerations can be calculated. 8quation (5.6) can be

converted into the form QU &isoop ¢  Riscop by using row vector
convention for the differentiation of a dimensisdevariable by a vectof : x 1@

as shown below:

Zox2 g
= = =¢
— Rbwheredls a symmetric matrix
LN
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Therefore,

~ ¢
yu“...’ LA > 3 U oo
— - A zAsoor]- e [ Erascopip 6f xS gz, N e — 2@

¢ F TG geee ¢
P-K zasoop) 6™ fSradooriz 6 f x>%yW)&ag] evz N foliee ~”6¢1 %)@
Y sasoor e [ &asoor) 6 f ¥ emz NF QY Nf "Nzasoort @

. ~o e . .
P ziaoorizu ™ fSrasooriszIU f*lu“l—@ W N fSssooppzuww  (5.7)

After inserting derived expressions 0fAzaicopl- g P-K zas00p] 6)™
Ay ZAAOOP] 6]™ andb ZAAOOP]Z]U ™ Wh|Ch are equation (51), (52), (53) and (54)

into equation (5.7), the equation can be expreased

QU &saoor © Busoor (5.8)

Then, components of equation (5.8) can be expressed

%&AOOP :

Aes eN@N,,. f>A_g, N >Yoemz, Nf 7 Nf ™Nzasoop

c d

"NyzAs00p
>YO gz, Nf 20 Nf]j—

& ! ZAAOOP1
fSasoorp 6f Pemz, N f]j—

B eN@°N,,.. f>YPgmz Nf zu N

. T S sa00r) 6 [z Nf Nzasoop
>YWemz Nf 21y Nf Nzasoop

96 . 96
) eN @ "Maaoorf > $ By 2 N

@L AN]ZAAoole
>YOywesg emz N 20 N "Nzasoor > Y0ywyeag epmz N 210 ij—
> 3 Tl s eee ¢
f & amoorpz 6 f Bywsag eymz N f*]u“l— >
o 3 Tl eee ¢
Tau N> zu oF FSasooriziu f*]u“l—>
v N fSas00risziu f;]u“l— (5.9)
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é?é’AAOOP :

$ 24400p16210 W@ S24800P162]U f—]”°°3—I @

Yomz N fSascorp of ¥ emz, Nf_JUccS_' @
Yywesgsmz N f&ascopz 6 f ¥ywyseoremz N fJu(,(})_l @

Yoz N f&4a500r) 6 [¥emz Nf Nrasoor' (5.10)

Ssai00pP 6 S7ak00P7 6. SzAk00P] 6. SzAsooPszIU AN $z4a00pP1671U WW

are diagonal matrices with weighting coefficients.

With derived expression, optimum command accelemati for joint space
variables from Body 3 to Body 17 during RFFSSP barcalculated by equation
(5.11):

N _N:x Bsioor [Buioor @ (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 segmentieg tise definition of 4, in

chapter 4 as shown below:

lj].<ly .- - %);<%D]Z]U ) %);<%o]%o]U A~ Z]U -
Y| U U
%’;<%o]2]u %’x%o]%o]u %o]U

91 ~ZlU -
$\f/§)&a ot %yW)&EQ]l]Z]U %)yW)éicaQ]l]%o]U;t o™ u
%o]U

Nis the present phase time aM;74400piS the prediction time range used in the

second step of optimum command accelerations eionlin RFFSSP.

"Az4400P <o A <0 EN @ NrasooH > A <t €N @ "Nranood
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Using the truncated Taylor Expansion /Qt%o&eN @ "Nasoof and segmented
jacobian matrices mentioned aboVé,;asoop<%,mCan be expressed as shown
below where optimum command acceleratior@u( _) that are calculated in the

first step and unknown joint space acceleratior%d[ are expressed in separate

terms.

A 7 AA00P];<%q] ™

Ao €N @ "Nradood > A<, N > YO.cn, Nf 219 Nf "Npzasoop

(of e © d>
>?60;<%o N f Z]%o N f_]ci—
. . e
ez, NFHy N @Bcopguqu N Ryu N@ﬂuéi— (5.12)

The similar procedure is applied for other defoms.
Y zisoopyym Y31 €N @ "Nasood > YR N @ "Nasood , for

J. %N @ "Nasood 0

yReN @ "Ny asz U A
yie Wasood caeN @ Wrasood

Then,
Y 7AAooP) ™

xW3eN @ "Wasood > YP.coo N 7150 N > Y0.con, N 2195 N f "Njzas00HD >

%y NFHQ N @PocopguN f Dou NENyzascop (5.13)

91 . 91 .
For p-K zascopm $ Byes eN @ "NWasoof > $ \%)&a& eN @ "NaiooH
P-K z4a00pPj11™

91 . .
$Bea  eN @ Wasood > $ \%)&a& N >YQymeson Nf 2% Nf I\i]ZAAoopd
C

= (1 ; eee ¢
>YOywyeean N 7 N f’—quﬁ—

91

.. . S
>t Wwesauziy NF Yo - N @ Bywyesoppmgu N qu Ni’—q%{— (5.14)
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p ZAAOOP]%]U]™ %O]U&eN @AhIZAAOOFf> %o]Lly where %o]LLy is the vector of
basic joint space positions fog,, Initial values of ,, are used aSyy- SO,

%ol Ll is taken as a vector with zero components ontiiénsimulation.

Then,

. e
b zas00Ppaui® %u N @ su Nf "Njzasoor@ KU Nf’—¢]L‘°i—> %oy

(5.15)

gz and gz being different from zero is penalized by usingressions shown

below in the cost function.

~ = 1Tl s eee ¢
93:93 N } fauN@ jf suNf Mzasoor@ 1y, f Qu Nfe=—
(5.16)

g3:93 N 1, feuN@ f Q]u N f "Mjzaso00p (5.17)

The cost function for the second step of optimunmm@and accelerations
calculation in RFFSSP is defined as shown below:

$24400p 1

T AzaAooP];<so™f & a400P1P <o PYAAOOP]<%]"@

7P-K zadoopyym f & as00p)z 1f P-Kzasoop)@

IAV ZAAoop]l]TMf @ZAAOOP] 1f AVZAAOOP]l]"@

7P zarocopie U & aa00P16% 0 P 2AA0OPIU @1 "9 3f S} f ' @

2°93f Sy 6@ QuN f&ascorpsqunin@u N (5.18)
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5.1.1.1.2.2. Calculation Procedure

Yiig e

For optimum cost vaIueT , (5.19)

optimum command accelerations can be calculated. ejuation (5.19) can be

converted into the form:

g?o]u B%s00p 1 Bracop1 (5.20)

Components of the equation (5.20) are as showmbelo

Asi, N @ "Noadood > A<, N > YO.cn, Nf 721 Nf "Nyzasoop

A A ' C ANLos 1 d

>?é);<%m Nf 2]%0 Nf J

1)7AA00P
f & a400pp <o B-<stalotalu Nf]J—

3

2 1)17AA00P

> Qu N f®agzu. N FSai00pp <d B:<sboliolu Nf]—

I,)'/@ eN @ "Nrasoor > Y8.con, N 71, NT
>YO. 0 N 719 N f "Njzasoop

> Qy N fWaszy N [Sas00p) 1f B.<siopiuN f "Njzasoos

f &4400p] 1f W-<onagouuN f "Nyzasoop

91 . 91
e eN @ "Naiood > $ \%)&a&

@L Nl]ZAAOOPlM
>YOywyesoin N 71 N F "Nizasoor™ Yyweasyr N 7% NfJ—

f @ZAAoop]xz 1f %ij)&ag]l]%o]U N f—¢1“¢i—¢ >
QN Bweomzy N F&anooriz 1f Wywesoppequ N 28— tliggen 'S
ToaquN> ot f @ZAAOOP]G%O]JM[JC;"—'¢>
slu N f @ZAAOOP]d%o]lﬁA;J]%f;l> wuuN [y Sy f_l]_A? Ucol ‘ >
wuN fy, FSyf f_llul_'> woN Fo Sy f 1 f Nizasoor

(5.21)
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@00 1:
& 2ar00P 5% UV g’ZAAoop]b%o]Hc;_ @

@ - (g ¢ eee !
Y.coioy N S aa00pp <o B-comapray N f’—qu“;— @

s - (g ¢ eee !
Loweopmu N & asooryz 1f ®ywyesopmgu N f’—qu‘;— @

Y. <sioprguN & 4400p] 1f B <onpuouN f "Njzasoor @

b FSnf oy P @ 3, £S) f ), f Mizasood (5.22)

S AR00PIP <% S7AAOOPKZ 1 S7AAOOP] 11 SzAkOOPIKJW SpPyis Sy and
§ZAAOOP]G%O]UWVare weighting coefficients or diagonal matriceshwiveighting

coefficients.

With derived expression, optimum command accelematirom Body 17 to Body
2 for RFFSSP can be calculated by equation (5.23):

Qo]u_ N :x Biaoop f Basoor1 D (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 asmanass center. In the second
step, optimum command accelerations for joint spagebles from Body 17 to
Body 1 are calculated according to determined jg@ce accelerations in the first
step and given reference inputs for Body 1 andtas point. Command

acceleration 9 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

Nis the present phase time diNly,4a00piS the prediction time range used in the

first step of optimum command acceleration calcoihet in LFFSSP.
"Awianoor]- 6" A — 5 €N @ "M.aso0b>A_ 6 8N @ "M.aa00b

Using the truncated Taylor Expansion/fofg &EN @ "M,Aa00h and the definition

of «,)u by equation (4.16):

A%AAOOP]- 6]

A s eN@ Masoob>A_6, N> YO 6, N osqu N "Nuoasoor™

U Wi o S
Yoo Nf sy NFE—> Vg, Nf Gy N fEes— (5.24)

The same convention and procedure are used for d¢fiaitions.

A

Y %Ahoor] 6™ YBs €N @ "M.as00b > YR (€N @ "M.4a008, for

.J_seN @ N ax .
R eN @ Mossook: 0 N & Mf‘f\oortu
s eN @ "N.ah008

Then,

Y %AAOOP] 6]™
yB eN @ "M.aa008> Y@ 6moNf gy N > Y0 g Nf o0 N "Nusuisoor™
Yo Nf Qu Nf "Nyasoop (5.25)

For

6 6

9 . 9 .
b-K sweasoopem $ Fhsa eN @ "M,aa006> S \%)&a& eN @ "MN.aio00b,
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P-K %.a400p] 6]

96 . 96
B)ea eN @ "M,aa006>$ \%)&a& N >

o ; ; eee ¢
Yoz 6% N sgu N "Nowasoor” Yywyeso emose N[ oqu N f_]“i— >

~ o ; ; eee ¢
Y w)z007 6% N f €250 Nf#]”“i— (5.26)
P sAsoorizu™  %u €N @ Dhoasook>  %u 4 Where o), is taken as a
vector with zero components only.
Then,

~ ~ - 15 oo ¢
P %a4a00P iUl %u N @ %gu NF Nuisoop@ Gy N firee=— > %lug
(5.27)

The cost function for the first step of optimum aoand accelerations calculation

in LFFSSP is defined as shown below:

$x.4400p

T Aswisoor]- emf Saroorlp € Awiioor] 6"@

7 P-K %aa00p) 6 f Srasoorxz o P-Kuasoop] 6@
1Y %eahoor] 6jf Suasoor)s f Veasoor) 6@

7P %AsooPu I SAk00P 5% P %0AA00PIIU T@

I Qu N F8si00rmuvinily N (5.28)
5.1.1.2.1.2. Calculation Procedure

For optimum cost value‘%% S (5.29)

optimum command accelerations can be calculated. efuation (5.29) can be

converted into the form@, &fascor:  Bascor
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Therefore,

—y/og] A sisoor]- 6 Suasoopp € X g, N files /“i ) @
P-K %psoor] o)™ Srasooriz & *Hyw)ea] 6. N f—]l/“i—(rg @
Y soih00pP] 6] Seoasoor]s [ T e, N f Q)]U N f "Nw.Asoor @
P %ak00PI%oIU I (E‘%OAAOOF>]cs%o]Lb’L]%Li';¢ @ g)o]u N f&a400p1%uww (5.30)
After inserting derived expressions 0fAysioopi- 6 P-K %.is00p] 6w

Y whhoor] e;maNd P y.4400P%u Which are equation (5.24), (5.25), (5.26) and

(5.27) into equation (5.31), the equation can ljEessed as:

Q)]U b ssoor:  Basoor (5.31)

Components of the equation (5.31) are determineld as:

g’oAAOOP
A s eN@ M.asoob>A_6, N> YO emse Nf oqu N "Newssoor
' C 1 d
%AAOOP
>Yf gymose Nf opqu N f]J—
%AAOOP
fSanoorip EF 6z, N f]J—

%’@ eN @ "Moaso00f > Y 6moN [ opqu N

T FSaa00r16 [ ¥ 61m%N f "Nooasoop
>YO gmos N f o N f "Nosoasoop

$B)ea "eN@ "Moadook > $ \%)&a °° N

L 1M
@ >Yywyesor 6730 N sy N "Nuwssoor™ Yywyaze) 619 N s N F M
f &sasoorz d Bywess] 6% N f_]ui_‘n S
Tou N> squgt f @%oAAooP]O%o]lﬁL]%éf;(B>

wu N gAoﬂ\/*ooplé%o]lIfLP/"Lf;l (5.32)
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&2, as00p :
) ) ]
S %AA0OP %:]U W S%OAAOOP]@%U][F]/S_ @
) —
%06]“"%0 N fSis00pp ¥ 6|™% N f#]/3— @

> - Yié 0 000 J
Lowezo) 61 N [ Sasooriz d Bywyazo) e N fJ/3— @

Y omN [ 8si800p16 [ 6% N f "Nuoasoor (5.33)

S %AL0OPIP 6 S %AA00PIXZ 6 S%AACOP]6 1 F%Ak00PI6%UANT S%,A400P] 6%]U WRIE

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):

Q]U_ N :x Bisoorf Basoor 9 (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 proceduredseofirist step are implemented.
However, several jacobian matrices are segmentieg tise definition of 4, in

chapter 4 as shown below:

U]KZ 0 %’x%o]%o]u, %x%o]Z]u, 10 %Y
%’;<%o]%o]u %’;<%D]Z]u Z]u

9 ~%0]U (-
$\%)&a t %)yW)&EQ] 1%0]U %yW)&E@] zu U V] U
Z]u

Nis the present phase time diNjx.4400dS the prediction time range used in the

second step of optimum command acceleration cdicolan LFFSSP.

"Ageppoorr<zmi A <z €N @ Nepsook> A<z €N @ "Neanook
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Using the truncated Taylor Expansion Af; &eN @ "Neasook and segmented
jacobian matrices mentioned aboVé.y.siocop).<zmcan be expressed as shown
below where optimum command acceleratior%]lg _) that are calculated in the

first step and unknown joint space acceleratio@JQ are expressed in separate

terms.

A%.AAOOP]:<Z]™

Az eN @ Nyasook> A<z, N> YO.c5, N gz Nf "Niasoop

c o ClVag ¢ oo ¢ d >
>z, Nf gz N frme—
y y SO
.y, NFu N@®.zu. NFYy N@ﬂ/‘w’l‘— (5.35)

Applying the similar procedure for other definition
Y wohhoopr]™ YR €N @ "Nasooh™ VB ge€N @ "Noasook: for

, R « J.<z eN @ "Ny.asoob -
yReN @ Neasock: U o U
e eN @ Ny.aa00b

A

y % AAOOP] ™
xYReN @ "Weasooh™ Y.z Nf oq2 N >YO. .5 Nf o7 Nf "Npssoo >

1%.<squ Nf g'/:)o]u_ N@®.zu Nf Qu N3 "Njx%.Ad00pP (5.36)

9

. 9 .
Forp-K w.a400p)1m $ (e eN @ "Ny.aa00b> $ \%)&a& eN @ "Ny.As00b:

P-K %.aso0pP] ™
9 . 9
$Bheas N @ Neasoch>$ fyes, N
C

gé f ~ d >
0 A, - ¢
> yW)& ag N % ]Z N 1 Ij!]o/ A A 0O C? ?f()yw) ] N f %elZ N F, ¢4 P

N ’ . S
T®wesomqu NF 20 N @Bywyeagzu N Qo N¢'—¢]/l— (5.37)

P wAkooPZIUI™  Z)U &EN @ Nuhsoock™>  7u 9" where 4 ° is taken as a vector

with zero components only.

143



y SR
b sisocoriziue zu N @ 20 Nf Npasoo® Hu Nfﬂ/“l“—> AU

(5.38)

g, and g, being different from zero is penalized by usingressions shown

below in the cost function.

o - ; ; eee ¢
"92:92N: 3 fzu N@ y fzu Nf Nasoo@ y [ Hu NfF=e—
(5.39)

92:92N: 3 fau N@ }|f9u N f "Mj.Adoopr (5.40)

The cost function for the second step of optimummm@and accelerations

calculation in LFFSSP is defined as shown below:

$x.4400p 1

T Adsoopy<zmf SasoorIP <F “Prasoor]:<2 @
7P-K swhsoorymf Sanoori [ P-Keuasroor) @
7 Y %oasoop] i f Sanoor] [ VeAsoor] 7@

7P %ascorizUf SrAsoopioz)l P %Ah0OPIZIU @7 9 2f Sy TR @

2°02fSy 2@ Y N [8asooriszuwivdu N (5.41)
5.1.1.2.2.2. Calculation Procedure
y%éé."¢ '

For optimum cost value;———

i , (5.42)

optimum command accelerations can be calculated. ejuation (5.42) can be

converted into the form:

QU Bhasoori  MAsoop 1 (5.43)

Components of the equation (5.43) are shown bytequéb.44) and (5.45).
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%goAAOOP 1

~. T
~ L. . o L. . y ¢ 1/ ; ) eee
S%.A00P15Z1UWD g%oAAOOP]C’)Z]lﬁ_]—4<; @

> o 144"("..' |
Yru. N FSuanoopp <F®.<n7u . Nf’—w—@

Lomeoziu N fShasooryz [ yweso 710 Nf—]%“—@

Y0 N 8am00r [¥izu Nf N]%oAAOOP@

Sy f }lf—“/““—@ 3, Sy f 3, f Npasoop (5.44)

Az eN @ Nasooh> A<z o N> YO..5, NF gz Nf "Niasoop

AA iC ~ o1 d
B asoop i N1j%.AA0OP

>?4);<Z , N f %o]z N f J

-- “Nij.ahooP
f Swasoorp <F@.<nzu. N f]]—

3

. } 1]%-AAOOP

> QN f®opgu. N [Suasoopp <F B.nizu . Nf]—

lS’B eN @ "Neasoch> Y.<z N sz NT
>YO.c; Nf o2 Nf "Nossoor

> g'/:)o]u_ N f¥®smgu N [Suasoor; B0 N Nysoasoop

f Suasoor) [®.<zu N Npuasoor

$\%)&"=1 ° eN @ Ahl}{mAAOOtD> $ \%)&a& o N

@L R\ AAoolplvI
>YOupesp NT oz N "Nossoor YWywiesep N sz Nfojo—

A = Vi, 000 ¢
f Sanoorixz f Bywpesqziu N f’—wl— >

o @ - Yai, i o0 !
Qu_ N FBywegmu N fSuascornz [Pywyesgizy N fF-H—>

P = Vs, 000 ¢
Tzu N> 7yt f%Ao/:\AOOP]dz]H/l—>
" 3 G e | U e
7zu N f%Ao/:\AOOP]dz]H/l—> 20 N fy ISy f }|f—u/1—>

- Y4é ¢ 000 | ~
20 Ny, Sy fy, FEE—> 20 N £y, £Syf 3, f Myasoor

(5.45)
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S%A00PIP <z S%AR0OPKZ: S%As00P] s SwudAdooplpziy Spy s Svy, and
Suisoorzum@re 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):

QU_ N :x Bisoorh®iscop1 D (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#pacost functions. In order to
calculate feasible command accelerations, thesefeostions are combined and
subjected to kinematic constraint equations. Ottsswphysically 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 torquerabblock 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 atomscious control of the biped

system.

Optimum command accelerations for dropped jointcepaariables are taken as
zero due to locomotion phase assumptions. Commerelexation 9 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

Nis the present phase time diMys4.0p IS the prediction time range used during

the calculation of optimum command acceleratiorRHFrDSP.
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‘Azaaopr mzm i A_ g N@ Bhaor >A- gmz, N@ Bhaor

Then,
"AZAAOP]- 6z

A e N@Dhaor >A_gmz, N> Yoemz, Nf 7y Nf MNasop >
oz, Nfzu NFSe“sWhon, NFGy Nt~ (5.47)
Similarly:
‘Aziaopr kg A6 N @ Bhaor > A- gy, N @ Dhacor
Then,

AZAAOP]- 6™%]™

A g N@Dhaor >A_ gmy, N> YO gymonge. N ogqu Nf Nascop >

R ¢ ~ A; {ig,¢ 000 ¢
Y ovonge. N U Nf'u%>%’ smwge. NT @ N f—=<— (5.48)
Y zhdopremzim i YBe N @ Bhaop > Ylmz, N @ Dhacop . for

. - ~J_6 N@ Bhaor |-

N @ "Pia. U . U
ve Bhacor s N @ Bhaor
Then,

Y 7AAP] 6™Z]™ -
Y& N@ Bhaor >Yeamz Nf 2y N>Ygmz Nf 20 Nf Nasop >
Yoz NF Qu N Nasop (5.49)

Similarly:

Y zaaop e YBs N @ “Bhaor > Yigmy, N @ "Bhaor
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Then,

Y ZAAOP] 6™%] ™

Y8 N@ Bhaor >Wemuge Nf uiuN>Wemsge Nf s Nf Nasor >

Y omnge N QuNF "Masop (5.50)
Considering

_ 96 . 9 6]™Z .
b-K z440p 6mzm : $ e N@ Phacor > $\%)&a& N @ "Dhaorp -
it can be expressed that

_ 96 . 9 6]™Z
b-K z440p smzm : $ Bea N@ Phacor > $\%)&a& N >

5 ; eoe ¢
%)YVV)&EQ] 6]™Z N f Z]u N f A&AA(OP > ?é)yW)&ag] 6]™Z N f Z]u N f—7 u“l >

Gpupwayoz Nf Gy N~ (5.51)
Similarly,

b-K 7440P] 6o $ Ry °° N@ Maor > $\f/xz7)&a& "% N @ "Bhacor
b-K 7440P] 6o $ Ry °° N@ Phaor > $\f/xz7)&a& O N >

Uig, ¢ o0

A ¢
Yowyeso emomge NT squ N "Nasor > Yyweaoysismge N sgqu N f=—>

.. ~ooo ¢
Yowyecoremuge N LU N f=eem— (5.52)
P ziaoPiZUI™ ¢ ZU 2 N@ Phaor > 7u 9" where 7y ° is taken as a

vector with zero components only.

Then,

.. SO
b zasorzur ¢ zu N@ zu Nf ™Nasor @ Hu Nf=<=—> zu
(5.53)
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Similarly:

P 2AAOPI%UI™: %ol N@ "Nisop > %oy where %]l is taken as a vector

with zero components only. Then,

= 3 U g ee ¢
b zasoPpequ™: %u N @ %qu Nf Nasor @ @)U Nf=m—> )y (5.54)

As a result, cost functions for optimum commandeaations calculation in

RFFDSP are defined as shown below:

$z4hc0p & ¢ 7 AzAAOP- emzm f S anorp o6& [ Prasop smzm @
1P-K zadopriemzym | & aaoprpz s | P-Kzaaop)emzm @

IAV ZAAOP] 6™Z]™ f @ZAA@P] ee I AVZANOP] gT™Z]™ @

b zaaorzu [&asopiziu f D zasopiziu™ @

1 gu N f@ZAﬁ«OP](’jZ]UWWfQU N (5.55)

$z4h0p 1 T AzAAOPL 6™ Szancorp & [ ArAAOPE 6m%™@
7P-K zaAop) 6 f Szaacorpz 6 [ P-Kzaaop) 6@
IAV ZAAOP] 6TM%O]TMf gZAA<0F>] e f AVZANOP] 6TM%O]TM@

7P zaaoPmu™ f & aaoplosauf P 2aaoPI%U™@

1 g?o]u N f @ZAA@P]G%O]UWVf g?o]u N (5.56)
$74a0p % zaho0P e @ $asop: (5.57)

Construction of kinematic constraint equationshisven below.

,h_ ™7 .. Ah_ ™.
For U "0 0 "%y

3 equation (4.85) and (4.86) of the direct dynamic
OG]TMZ OG]TM%O

solution of RFFDSP can be used such that:

s 3 g L . . .
Ué)gz U G L‘yVGZ - Ué)g%o U G L‘Y\’Mm U

Az Ws 67 S/ Ws 6%
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Which can be simplified into the form as shown belo

A, HAE) U@ v L A, Z43) U@ Wy,

—<< —<<

(5.58)

U Z]U
%o]U

For 1. Uthe final form of the equation (5.58) is found as:

A

S & _J7AA©OP oot W gzaAOP (5.59)

Reconfiguration of equations from equation (5.58§3.59) is achieved according
to the equations (5.60) and (5.61)

T8 >s%y 1fO s s zasor [ S (5.60)
W gzaAoP CW % >W g7 - (5.61)
5.1.1.3.2. Calculation Procedure

In consequence, finding optimum command accelaratior RFFDSP results to

an optimization problem such that:

Minimize $z440p , SUbject t0s ¢ _jz4a0P f S "W gzaAoP

Using the method of Lagrange Multipliers, optimummemand accelerations for
RFFDSP are determined.

éz . f(é)AA@P&
%o]U f(é)AA@P‘
(5.62)

9%0_ 't Braore @ Biaorr @ 7S 6 yzasop if

Components of equation (5.62) are shown by equattoé3), (5.64), (5.65),
(5.66), (5.67), (5.68), (5.69) and (5.60).
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W o € Biiore @ Biaop:f g
.Cc .
fe: . f%’AA@P& @€y, f(éANOP‘ rs -

U¢ ¢ o0

& . (%
~ Z . AAOP & ~
fCse_zhacor [ f's 6 jzAacop d (5.63)

%au [ ®ia0p

éZ]u andé%n]U are matrices for extraction, defined by equatm64) and (5.65):

€5 fQ%o: QU (5.64)
o 9%01 g?o]u (5.65)
Q@AA@P& .

Saaorpzuww @ Sraac0ppziu E21U f*u# @
8 a Fy g geee !

Yoz N fSasopp ca [Pemz Nfezy [ —@

'r

Yomeoemz N [&isorpe oa [Bywsg ez Nz fu“T@
Yoz N [&ssor e f®emz NPzu [ Nasop' (5.66)
ssop

%5 44 oPI%uWW® 8244 0P15%UTE t’/]ufmTl @

%)6]“”%0]&ID N F&asorp 6 [ 6™ Nfé%o]uf%@
Loweco immge N fSasorpz 6 [¥ywyeso)emmge N feﬂ/]ufu“TI @

Yoz N [&aaor) 6 [®emoge N Coud Nasop' (5.67)
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%&A(OP &

Ae N@Dhaor >A_gmz, N> Yoemz, Nf zu Nf Maaop

-C AA(OPl d
>YOeqmz, Nf 20 ij—

1
ZAA(OP

F&asorp 6a ez, Nz f

%’/fé N@ Mipop > Yoz Nf au N )
| 7 A A > N fEs "NAs.
O o Wpaur Nf o NfWagop | w0 se e N [hakcr

Bl * N@ “Phacop > $\%)&a N
@L 1M

Nz aAop
>YOwesg ez N zu N "Nasor > YWyweso ez Nf 70 ij—

9 6)™Z

@ .. ~ooo ¢
fShasoriz 6e f %’yvv)&ag] ez Nfexu f*u%>
¢

Tau N> zu oF FSaaoriezu s fu“T>

2w N [Sasorpzu Pau F45— (5.68)

%AA(OP '

A e N@Dhaor >A- gmy, N> YO o) TM%]& Nf o%qu Nf Niaop
- C "NzAaoP d
>YO gymosje. Nf squNF j

1
ZAA(OP

[ aaorp & 6™z Nfe%o]uf
@ x¥3 N @ Dhaor > Y0 gmone Nf %u N
>V grusmge. NF swoqu Nf Masor T [&asor) 6 [ emmga N ol "Makop

96 . 9 6]™%o
Bl)ea N @ "Phacop >$\%)&a :
@L 1M

NzAAoP
>YOpmeaoremse NT wgu N "Masor > Yywyeeo 6;suge. N ou Nf j
. W e ©
[Srsoriz 6 [ Byw)zeg) 6oz N fesauf—<—>
e a s ; eoe ¢
ToguN > gt fSasorssaulCegi—<—>
%u N [ SrascopiossufC w5 (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 acceleratior? 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

Nis the present phase time diNj, s4.0piS the prediction time range used during

the calculation of optimum command accelerationsHRDSP.
"AgohhoPl- 6MumA — 5 N @ Nasor > A grmy, N @ Naaor

Then,
"A % AAOP] 6™%0]™

A g N@Nasor >A- gmy, N> YO emsse Nf qu Nf " Mopscop™

B N o N> W g, Nf QN2 (5.70)
Similarly:

"Agossorl- emzm A N @ Nasor >A- gmz, N @ Nasor
Then,

A%AAOP]- 6™Z]™

A e N@ Nasor >A-gmz, N> Yo emze . Nf zu Nf "Moasopr™

A, L. A, e ¢
Yomze . Nf zu NfLees— A’“ >%° emze . Nf Sy Nf'/%# (5.71)
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Defining "y .adcop 6 YBs N @ "Naaor > YEmu, N @ Nasop. for

. - ~J_6 N@ "WNaiop -
N iiop - U 7 U:
y& N @ "Wiaop @ N @ Nisop

A

Y %AAOP] 6™%o] T
Y8 N@ Nasor > WemuNf squ N >WamsNf squ N Mossor>
YormuNf Qu Nf Masop (5.72)

Similarly:

A

Y wohhorremzm YBs N @ "Nasop > Yigmz, N @ "Naior

Then,

A

Y %.AAOP] 6™Z]™.

Y& N@ Nasor >Wemza Nf zu N>YWgamze Nf 2y Nf "Masop>

Yormze Nf Yy Nf Masop (5.73)
Considering

_ 96 . 9 6]™% .
P-K stah0P] ™% S (g N @ "Wiaop > $\%)&a& N @ "Naiop
it can be expressed that:

_ 96 . 9 6]™%
P-K stAh0P] ™% S (g N @ "Waiaop > $\%)&a& N >

o ; ; eee ¢
Yowyeea 6o N agu N "Mossor™ YOpmzaore1ms N[ oqu N f’/“+ >

~ o ; ;) eee ¢
Y w)z207 6% N f €250 Nf'/‘"# (5.74)

Similarly:

6 9 6]™Z

9 . .
b-K spacop) 6z $ By N @ "Waiaop > $\f/§)&a& N @ "Naaop

Then,
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6 9 6]™Z

N @ "Nasor > $fas, N>

9
b-K woasopsmzm $ Byes
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Yomesaemze Nf zu N Moasor™ Yywpesqemzie N 70 Nf’/"‘+>

~ o ; ; eee ¢
Loweo emzie N Sy Nf’/“+ (5.75)

P sasoPmu™  %ju g N @ Nasor > wug Where o, is taken as a

vector with zero components only.

Then,

~ = ; ; eee ¢
P shioPiau™  %u N @ %qu N Masor@ Lyu Nf’/“+> %]U

(5.76)
Similarly:

P whhoPZIu™: 7ug N @ "Wisop > 27U > where 27U is taken as a vector

with zero components only.

. SOV
Then,p wisorzium:  zu N @ 20 Nf Maaor@ Yy Nf'/%#> 71U g
(5.77)

As a result, cost functions for optimum commandesaations calculation in

LFFDSP are defined as shown below:

%oAAOP &

$x.haoP &

T As%ehAoP 6™%" BrAdorip 6af AAAoPL 6™%] @
7P-K seiicor) 6% Soaacorixz e [ P-Kanahor) ™% @

T Y %AA0P] 6™%] ™ Sasor] 68 [ YorAoP] ™% @

7P seAsoPU ™ [ Shadopisnuf P seAsoPoU ™M@

I Q]u N f @%oAA(OP]d%o]UW\K/Q)]U N (5.78)
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Sooiscor: $ %isor 8@ Bahop (5.80)

For 7j.: U YU constraint equations are expressed similar to FSHRs
%0]U

shown:
S 6 _J%AAOP f Sl W ephoP (5.81)
5.1.1.4.2. Calculation Procedure

In consequence, finding optimum command acceleratior LFFDSP results to

an optimization problem such that:

Minimize $y,44.0n SUbjECt tOS ¢ _j%.AhcOP f Do W paphcor

Using the method of Lagrange Multipliers, optimuonunand accelerations for
LFFDSP are determined.

e%o. f%oANOP &

Q/L ot %AA@P @ g’oAA@P' @ f'se- Yig oo =
@ﬁZ]U f%’oAA@P'

(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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€yu and€y, are matrices for extraction, defined by equat®84) and (5.85):

é%o]ufg%oi Q]u (5.84)
éZ]UfQ%oi 9U (5.85)
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5.1.2. For UpperBodies

Calculation of optimum command accelerations fdntjspace variables from
Body 17 to Body 27 (from ; to 4¢) 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 variablag-, present phase timéand its prediction time rang&. the

cost function is defined as
. 1 . 1
$c1 7St N@'N >g. ot @S ;g N@'N >g. 1 (5.90)

whereg. 4 andg- 4 are initial values o andg-. g- 4, g- 4 are taken as zero in the

simulation andSp, ., Sy , are related weighting coefficients.

Using truncated Taylor Series Expansion ¢f N@ N and g- N@ "N

Wye . - . .
W}g—:! for optimum cost value as similar to calculatiofts lowerbodies;

optimum command acceleration for joint space véeigb is calculated as:

go

2

N "N .
Spyef TAN>9-3f7—@Sp) f9 NfF7— @S, fTgN>g.3f N

"N 2 .
SP}ef. @S}ef N
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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:
el O:.. ¢ a

Using calculated command acceleratiogand known joint space variables :

(?B 0. -Ué' -
s ViU U (5.91)

—_ Dl

él and €. are constructed according to assumptions of theerulocomotion
phase. Using equation (5.91), necessary forcesnamdents 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 expre@siéia which is explained in

the direct dynamic solution procedure of chapter 4.

Actuator torqueQ is always calculated to be zero during RFFSSPRIFEDSP,

2 . .
as long ase , “ is assumed to be zero. Howewer, 2, which is eventually,

can be assumed different from zero within reas@naplits in order to manually
increase or decrease the magnitude of ground omafdrces and moments on

Body 1 and Body 3 for various purposes. The simiggrpretation can be made

for Q and the assumption ed; 3, ° 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:

- =1 T
8 o
N N
w oo N

-
8)1
w

1. & pascod & € Byaacopfor €8z4400p: !

_I@_I
w
Lo w
/N T T"T T T TTT T -

—_
&
=

[N

(&g 1

é933 , 88933 , Ag 1 ! , &91 ! anda , 2 , &0 ® are taken as zero; since it is
assumed that Body 2, Body 4 do not interact with ¢ghound and interaction
between Body 1, Body 3 are negated due to beindlyidixed to the ground
during RFFSSP.

After determining.('i]ZAAoopandéQZAAOOP required actuator torques can be found

by:

& . 8RB O,
Q: 6%y u 8, ~U (5.92)
~.1ZAAOOP €47AA00P

5.2.2. For LFFSSP

Forces and moments that are assumed to be zemgdufFSSP are as shown

below:

|
k
L
F .
ko€ ueasoobd: € By.asoodor 88y.as00p !
€2
L
F
(
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ag o 2 , &9 9 2 , 89 , &g and a; 3 3 , &1 3 ° 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 determining.'e;]%oAAOOFandé_l?]%oAAooprequired actuator torques can be found

by:

8 aB O
QMY U fU, U (5.93)
22]%AAO0OP €L%.AA00P

5.2.3. For RFFDSP

Forces and moments that are assumed to be zemgdRRFDSP are as shown
below:

1. & 7aa0p f 8 € Braaop for8Bzaacp 1!

dg3 ® , 893 ® anda > 2 , &5 ? 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 groundrmy RFFDSP.

After determining.'eL]ZAA@p and éf}]z,;;\(op, required actuator torques cannot be

found due to redundancy of unknowns in the systérinear equations shown

below:
é%AA(OP e]ZAA<OP a (595)
. .eB 0. . & .
whereéaaop U Uand €700 : U 4 U
&B7a40p €.74A0P
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In order to cope with the redundancy, an optimaratproblem based on the

minimization of forces and moments includediirs introduced such that:
Minimize $y yjzas0r 78 & jzascop f 8

subject to€y7440p [ &: € Basop

Where§&_;]zA'A(op is a 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:

Q:
éf @&—;]ZAAQP fé--]zAA<0P f FQ]ZAA@P f @&—;]ZAAQP f é--]ZAA<OP rf éf’ZAA@P

(5.96)
5.2.4. For LFFDSP

Forces and moments that are assumed to be zemgdufFDSP are as shown

below:

1.8 jasorf a1 € Byasopfor 88y sa0p: !

ag o 2 , &g 2 2 anda 3 3 , 813 * 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
.'e;]%OAA(Op and éf_ﬁ%oAA(op due to redundancy of unknowns in the system aalin

equations shown below:

€'%oahor ¢ --FmAacopf @ (5.97)
A O . &
whereély, ssop 1 U Uand € aa0p : U g U
e‘—%%aAA(OP ~11%.AAOP

In order to cope with the redundancy, an optimaratproblem based on the

minimization of forces and moments includediiims introduced such that:
Minimize $, yj.isop @ 78 f & JmAiopf 3

subject to€ . aac0p f &: € Basop.
Wherefé&_;]%oAA@p is a 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:

Q:

& isor [Cimisor [ Pimisorf & pmisor [Ciwisor I [ Suisop

(5.98)
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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, simulagi and analyzing dynamic
systems. Since Simulink is fully integrated with NIBAB; in addition to

Simulink’s own applications, it is possible to immpient 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 yes inverse dynamics,

kinematics and trimming[65].

In the thesis, SimMechanics Toolbox is not usedntmel 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 moatethe 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 impleintbe control strategy. After
considering all possible problems related with gsi8imMechanics in the
simulation, mathematical modeling of the biped ttalcachieved by user defined

functions in Simulink model.

Numerical values of important variables are stdsgdData Store blocks. Using
Data Store blocks brings several advantages ardidistages 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 cayehylusing 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 timeugd 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 resude observed. However, selection
of the most efficient solver and step size mayediffith 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 procedurdaegd 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

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 currghiase 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 —
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Figure 6.6: Phase Selector

The procedure behind phase shifting decision stbsysare 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 LFFF§ 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€uoir Phase”. 2 conditions are
specified in order to make a decision about endimg current phase. Both

conditions have to be satisfied for phase change.

A<V = A<%0:
ForAcy : L A<z ,MandA_«, : L A<, M
A,<Z A,<%oo

0

pA<zo¥: A;<%(Or>!f!u‘ﬂ tflu m
pA<Z _¥ A;<%o_r pA<Z 5 ¥ A;<%07r
C - B d @c ’ ’ d Vv !fu
>pAczy ¥ Aol >pAcz) ’ ¥ A;<%°)?r

1 1 9f4
PA<z _ ¥ Acy, ml PA<z w,, ¥ Aoyl
Cc - T d@c ' '
> pA;<2) _ ¥: /A\;<%o ):r > pA;<Z) N ¥: A;<%o )?r

A7y or Ay, yis the toe point position at the beginning of eatrphaseA.;  or

Ay, miS the expected toe point position at the encliofent phase.

Athor A<n,, aNdAy, are used for RFFSSP. Similady; _, Az, andA.z & are

%0 %q

used for LFFSSP. In the first condition, the toet pd foot is assumed to be in
contact with the ground Whe@z9 component of toe point position is less than
Ifluf m which is a dimension of the modeled body withitolerance off!lu m.
The second condition is imposed to avoid phasetishifat 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 plagfendd by( ’ and( 19 .
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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 cooditis specified in chapter 4 are
applied for bodies assumed to be in contact, negted 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 simaihatime 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 igopandAQK 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 showigumd=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 R6PSto 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 iollbwing phases. External reset
values of integration blocks used in the integratsobsystem are changed by the

subsystem shown in Figure 6.14.

>
Product
Mew Reset Values
Values
oo
4
Constant
Figure 6.14: Changing of Reset Values for the Initlization of 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:

1 1 1
opA6:>A_6m:r @pA6?>A_6TM?I’ @pA60>A_6TMOr t

I,
eN>Mp-fVIfu N op-

The first condition implies that the double suppphase ends if the distance
between expected position of the mass center of 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 tildgp « for the related double support phase.
If the phase change is decided; phase numberiigased by one in the subsystem
“Changing Phase Number”. Otherwise, the same phasder is supplied back by
“Maintaining Current Phase Number” subsystem. Thidsgstem “Expected
Resultant Hip and Toe Point Locations for the Qurr€hase” is the same

subsystem used in single support phases as shaowgure 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 Defingn 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 acceleraadulations, the prediction
time for Body 17 and its mass center is used inaf8atory Definition DES”
subsystem; also the prediction time for the toetpand 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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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

eqguations in optimum command accelerations caioulaif double support phases
are calculated in this subsystem too. Moreovergratic 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 spac#iqqos and velocities are supplied
to the subsystem of optimum command acceleratiaf@il@ation. 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 andlhgogpmodified 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 conditizalues is done in phase shifting
decision subsystems of the phase selector.

Figure 6.31: Overall View of Integration Subsystem
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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
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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 modelrdomte system is also the mass
center, where these details are essential in ¢odedjust position and orientation of
bodies easily before manipulating in the virtualiemnment. 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 origircadrdinate 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 mafldditionally the motion of Body
1, Body 2 and Body 17 according to given referepasitions and orientations is
attached to the animation. Therefore, tracking qerhnce 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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Gotol1b
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Body Inertis Tensors wrt Body Mass Centers (Jo)

Body Inertia Tensor Definitions
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Body_Inertia_Tensors

Figure 6.46: Definition of Physical Parameters
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Figure 6.48: Body Mass Definitions
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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@eathfferent types of reference input
are given for demonstration. For Simulation Numbbem 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 patamset 1 can be illustrated by
Figure 6.51, Figure 6.52 and Figure 6.53. Greenldack colored curves represent

the reference trajectory fogRand Ry,.. Red, blue, magenta and cyan colored curves
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represent the reference trajectory for the massecai 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 fromzto ¢
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Figure 6.56: Joint Space Positions fromi;t0 14
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Figure 6.58: Joint Space Positions fromigto 2
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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 inrbeial frame.
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% :
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0 1 2 3 4 5 [3 7
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Figure 6.61: Position of Mass Center of Body 17 witlts Reference Input
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Figure 6.62: Position of Toe Point on Right Foot (Bdy 1) with Its Reference
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
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Figure 6.68: Actuator Torques from T;7t0 Tig
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Figure 6.70: Actuator Torques from T4 t0 Toe
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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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| —— RO x| -
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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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Figure 6.75: Simulation Output for Simulation Numbe 1 in Virtual Reality
Environment
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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 reqirése
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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Figure 6.77: Reference Trajectories on X-Y Plane fdParameter Set 2

Figure 6.78: Reference Trajectories on X-Z Plane fdParameter 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 inrbeial frame.

Figure 6.79: Position of Mass Center of Body 17 witlts Reference Input

Figure 6.80: Position of Toe Point on Right Foot (Bdy 1) with Its Reference
Input
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Figure 6.81 Position of Toe Point on Left Foot (Bogl2) with Its Reference Input
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Figure 6.82: Simulation Output for Simulation Number 2 in Virtual Reality

Environment
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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-885P, 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 fdParameter Set 3

6.2.3.2. Task Space Positions

Simulation results with their reference inputs sinewn by Figure 6.79, Figure 6.80

and Figure 6.81. All components are resolved inrbeial frame.

Figure 6.85: Position of Mass Center of Body 17 witlts Reference Input
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Figure 6.86: Position of Toe Point on Right Foot (Bdy 1) with Its Reference
Input

Figure 6.87 Position of Toe Point on Left Foot (Bog?2) with Its Reference Input
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Figure 6.88: Simulation Output for Simulation Numbe 3 in Virtual Reality

Environment
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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 dwnitations, 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 anclimation, 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 plasiwodel, too. Therefore, dynamic
effects of upper bodies to the biped locomotion raeled 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 igractical for a complex system
with 26 DOF and to calculate reaction forces andanewts between bodies which
might be beneficial for the preliminary stage ofaim&nical design.

Time derivatives of jacobian matrices which are kEygd 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 andpoational 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 loatoon for an infinitely long time.

In order to achieve that, a high level controllehieth can modify reference
trajectories and weighting coefficients online torm feasible ones for adapting to
changing conditions during the locomotion is regdirln this thesis, such kind of a
high level controller does not exist. Therefores tontrol 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 duringbiped 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 ateel upper bodies which are frony

to ,; 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 methodriotento 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 comstiuny polynomials, selection of
parameters which are supplied to the trajectorindefin 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 foacgsmoments 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 readtacces and moments on Body
1 and Body 2 compensate forces and moments ordietewith 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

negative(, component of related body coordinate system caoltained; which
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actually means the contacting body is to part ftbeaxground 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 momérft cand(; components can
not be achieved witli, component of calculated ground reaction force withe
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
( and( 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 ibvestigated 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 rfexhanical 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 functiorse 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

245



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 taskntaik instead of calculation

oriented.

All in all, a simulation environment is constructémt the biped locomotion in 3D

space of humanoid robots with a proposed contrategyy. 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
Tair TurningDir
tesr tSSP
PTR PTR
SW SW
SH SH
Kadi KAd]
kSH kSH
PLN DeltaTethaPLN
ADJ DeltaTethaADJ
PTPR, PR|
PrpLi PLi
$° e FRO i
91 e FLO i
)& g_initial
& qd_initial
q
qd
A TPRF
Ay, TPLF
Jes TPRFd
J. s TPLFd
h< TPRFdd
h.s TPLFdd
g g
" M 1%eAnoc Delta_t1_LFFSSP
" Mi%asoc Delta_t2_LFFSSP
" Mi%eanoc Delta_t3_LFFSSP
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Table A.1: Equivalance Table (Continued)

" Mzas001 Delta_t1l_RFFSSP
" Myzasool Delta_t2_RFFSSP
" M1zaA00l Delta_t3_RFFSSP
" M iswAacor Delta_t1_LFFDSP
" Mi%eador Delta_t2_LFFDSP
“Mzaaop Delta_t1l_RFFDSP
" MyzAaop Delta_t2_RFFDSP
SoAi00P 6 Wp_fa_LFFSSP

§ZAA'oon P6 Wp_fa_RFFSSP

g%oAA(OHP 6 &

Wp_fa_LFFDSP

$440P1P 6 &

Wp_fa_RFFDSP

S%hiioq 6

Wv_fa LFFSSP

§ZAA'oon 6

Wv_fa_RFFSSP

§%0M<OF] 6 &

Wv_fa_LFFDSP

Wv_fa_RFFDSP

$440P] 6&

?%OAAOC] 8% U W\ Wa_a_LFFSSP
SZAAOOUGZ] U Ww Wa_a_RFFSSP
9,401 6% U W Wa_a LFFDSP
3 Wa_a_RFFDSP

§ZAA'<OP]62] U ww

9%0AAOC] P.<Z

Wp_fb_LFFSSP

$744000P <%

Wp_fb_RFFSSP

Wp_fb_LFFDSP

9%QAA<OH P6'

92AA<OP]P 6 Wp_fb_RFFDSP
§%oAAoq Wv_fb LFFSSP
$74h001 1 Wv_fb_RFFSSP
Syiion 6 Wv_fb_LFFDSP
$440P] 6 Wv_fb_RFFDSP
§%oAAoqéZ]UW\ Wa_ b LFFSSP
S5 4400755UMW Wa_b_RFFSSP
§%DAA<0F] 6Z]UW\ Wa_b LFFDSP
; Wa_b_RFFDSP

§ZAA'<OP] 6% UW\

S%.Abodx? 6

Wor_fa LFFSSP

$s44000x2 6

Wor_fa RFFSSP

§%0M<OF] X2 6 &

Wor_fa_LFFDSP

9ZAA<0F>]XZ 6 &

Wor_fa_RFFDSP

Wor_fb_LFFSSP

S%Al0qxZ
$s44000x7 1

Wor_fb_ RFFSSP

9%QAA<OH xZ 6"

Wor_fb_LFFDSP

9ZAA<0F>1XZ 6"

Wor_fb_RFFDSP

Spy, Wp_Tetha3 LFFSSP
Sy Wv_Tetha3_LFFSSP
Spy; Wp_Tetha4d RFFSSP
Sy Wv_Tetha4 RFFSSP
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Table A.1: Equivalance Table (Continued)

g&—; 1%0AAOF

Wact_LFFDSP

Wact_RFFDSP

Se17ah0P
So.ALOC6% U
10%]

WqL_H_LFFSSP

Su.A40067]U

WgH_R_LFFSSP

§ZMOOI] 671U

WgR_H_RFFSSP

§ZAA'OO|] 6% U

WgH_L_RFFSSP

S%.AAONEH U

WqL_H_LFFDSP

S'y.AAON67]U

WgR_H_LFFDSP

WQR_H_RFFDSP

S 4A0P167]U

gZAA<OP]6%]U WqL_H_RFFDSP
Spy. WpTethal8
S pi Z WpTethal9
Spy, WpTetha20
Spy, WpTetha2l
SPyee WpTetha22
Spy WpTetha23
Spig WpTetha24
SPye WpTetha25
SPye WpTetha26
Spy,, WpTetha27
Sy, WvTethal8
Siyq WvTethal9
Sy, WvTetha20
Sy, WvTetha2l
S e WvTetha22
S g WvTetha23
S g WvTetha24
S e WvTetha25
S 1 WvTetha26
Sy, WvTetha27
B\ Delta_t18
"Pg Delta_t19
T Delta_t20
M Delta_t21
"My Delta_t22
" Mo Delta_t23
" M3 Delta_t24
" Mg Delta_t25
" Mg Delta_t26
" Mg Delta_t27

Wadj_qdot_LFFSSP_to_RFFDSP

Sew %AAO( ZAAOP
Sew ZAAOOI %AAOI

Wadj_qdot_ RFFSSP_to_LFFDSP

256




Table A.1: Equivalance Table (Continued)

A Pc 1
A, Pc 2
A, Pc_3
As Pc_4
As Pc 9
A g Pc_10
A Pc 11
A, Pc 12
A g Pc 17
A 19 Pc_20
A1 Pc_23
A3 Pc 24
A 16 PC_27
J_ Ve 1
J_q Vc_2
J_o Vc_ 3
J_3 Vc_4
J_g Vc 9
N Vc_10
J_ Ve 11
J_q Vc_12
J 6 Ve 17
J_19 Vc_20
J_ 12 Vc_23
J_13 Vc_ 24
J_16 Vc_ 27
wl
(03] w2
(03 w3
03] w4
CEg w9
g w10
03 wll
€, wl2
g wl7
GE19 w20
(o 3P w23
13 w24
16 w27
h_ ac_1
h_q ac_2
h_, ac_3
h_3 ac 4
h_g ac 9
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Table A.1: Equivalance Table (Continued)

h_o ac_10
h_ ac_11
h_ 4 ac_12
h_ ¢ ac_17
h_19 ac_20
h_1» ac_23
h_13 ac 24
h_ 16 ac_27
C Alphal
G Alpha2
G Alpha3
Cs Alpha4
G Alpha9
Co Alphal0
C Alphall
Cy Alphal2
Ce Alphal7
Cio Alpha20
Ciz Alpha23
Ca Alpha24
Ci6 Alpha27
$° Co_1
§o! C0_2
$92 CO_3
$ 93 CO_4
§ o8 C0 9
§o° C0_10
$§° Co 11
$o! CO_12
§oe Co_17
$o10 CO_20
$o12 CO_23
gous C0_24
goie C0_27
L JIVTPRF
% . JVTPRFdot
%oom IVITIL
\ Jv17fLdot
qbyW)&aQ] 61™: JvCdiag0_17fL
% ywsag) 6 1 JvCdiag0_17fLdot
%yW)&aQ] JvCdiag0_1
% yw)zao) JvCdiag0_1dot
%% JVTPLF
$ <% JVTPLFdot
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Table A.1: Equivalance Table (Continued)

%om: WITIR
% 6qm: Jv17fRdot
qbyW)&aQ] 61™; JvCdiag0_17fR
% ywsag) 6 1 JvCdiag0_17fRdot
%yW)&aQ]l JvCdiag0_2
% yw)zaoy1 JvCdiag0_2dot
% 618 JV17fR_all
% Jmig Jv17fR_alldot

qbyW)&aQ] 6]1™:&

JvCdiag0_17fR_all

qbyW)&aQ] 61™;&

JvCdiag0_17fR_alldot

% 6 1™q8&

Jv17fL_all

% 6 1™98&

Jv17fL_alldot

‘qb yW)&?9] 6 ]™&

JvCdiag0_17fL_all

qbyW)&aQ] 61™1&

JvCdiag0_17fL_alldot

4 FO_1
a,° F1 3
a5, MO_1
@ ,> M1 3
a,° FO_3
8,5 ° F3 9
_ MO_3
. M3 9
A F9 11
a8 M9 11
a0 F11 17
® g ° M11_17
A g ° F12_17
g 10 F17_20
@y g ° M12_17
®g 10 M17 20
By, F10 12
@ M10_12
Gy O F4_10
@ g M4_10
a,° FO 4
Byq° F2 4
. MO_4
_ M2_4
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Table A.1: Equivalance Table (Continued)

T FO_2
. MO_2
Big1p 2 F20_23
P F20_24
Big1s 0 F20_27
10 1p M20_23
rq1s M20_24
1015 M20_27
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APPENDIX B

SIMULATION PARAMATERS

B.1. Simulation Number 1
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QaNpuhj“:u! ;S QuNphj“:u" , o/Nh]Nj*:If* (s)
QaNphj-:u! ;S QuNphj-:ull | ©/Nh]Nj-:If* (s)
QaNphjT :u! ;S QuNphjf :ul! |, =/Nh]NjY :1f* (s)
QaNphjo : u! ;S QuNphjd : ull , ©/Nh]Njo : !If* (s)
QaNphjii - u! ;S QuNphji :ull |, =/Nh]Nji : 1f* (s)
Sh’A] "¥N] A3RRA]N¥]K&4 RA

LVuOuuLuLLLLL O

u u “ ufo ufo ufo u u u “ ufo ufo

Sh’A]"¥N] &34RRA]N¥]K&4 RA :

Al u u “ ufo ufd ufdo u u u “ ufd ufo o
RhAN(hN¥ : A>“1“IEif, , RhN(ChN®¥u : Asuf! uf' £ if ,
RhN(hN¥j : ASuf! uf!E if, , RhAN(hN2¥* : Asuf! uIE if,
RhAN(hN¥- : A>ufl uf!E if, , RANChNW¥T : ASuf u&Eif,
RhAN(HhNL¥i8 : ASuft u' £ if, , RAN(ChN¥f : ASuf u &£ if,
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RhN(hN¥io : A>*1 “IE if

RhN(hN¥iu! : A>uf! uf!£E if,
RhN(hN¥iuj : A>uf! ufIE if,
RhN(hN%¥iu- : A>uf! ufl&E if,
RhN(hN¥iud : Auo!uo! Af,
RhN(hN¥iuo : Auo! uo! ZA&f,
RhN(hN¥ij! - A>ull ull &£ if,
RhN(hN¥ijj : A>ull ull £ if ,
RhAN('hN2¥ij- - A>ull ullE

lfud!!

if

, RAN(ChN2¥ : Asuft ul £ if,

, RAN('hN¥iuu : A>uf! & if,
, RAN('hN¥iu® : A>uf! uIE if,
, RAN(hN®¥iuf : A>uf! uf' £ if,
, RhN('hN%¥iufi : Auo! uo! Af,
, RhN(hN®¥¢iu : Asull ull&E if,

, RhN(hN®¥iju : A>ull ullE if

, RAN(hN2¥ij* : Asull ull&E i f

, RAN(hN2¥ijT : Asult ull & if,

Alu:i tfuqgT (m),J.Ju:ceu:hlu:s/ phu:! , (m/s, rad/s, mfs
LU
rad/g)
>!fud!
Adi:T tfumg T (m),d]j:cej:hlj:sl/ phj:! 5 (m/s, rad/s, mfs
LU
rad/$)
| Fud!!
Al T 1fjed T (m),J] :e“:h]:s/ ph*:1 , (m/s, rad/s, mfs
HE
rad/$)
SHIGI
Al:T 1ftjes 1(m),Jd] :ce-:h]-:s/ ph-:! 5 (m/s, rad/s, mfs
MR
rad/$)
1 Fud!!
Al it T@m),Jd] :ce :h] :s/ ph :! , (mfs,radls, mfs
lfj-on
rad/g) f
>1fud!
AJut:i e T (m),JdJu! s ceul : h.ul:s/ phu! -1 5 (m/s, rad/s,
Ifj-on
m/<, rad/§)f :
Ifud!!
AlJuu:i 1fun T (m),Jd.Juu: ceuu: h.Juu:s/ phu:! , (m/s, rad/s, mfs
'f djuj
rad/<)
>1fud!
AJuj: T e T(m),JdJuj:ceuj: h.]uj:s/ phuj:! 5 (m/s, rad/s,
| BjUj
m/<, rad/$)
yany
AJuf i 1tfun T (m),J.Jufi : ceudi : h.Juf : s/ phufi ;! ,  (m/s, radls,
lf 900
m/<, rad/§{
'Fun
AT 1fim T (m),djt: cejt: hjt: s/ phjl : 1 5, (m/s, rad/s,
i
m/<, rad/é;fJ :
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IfJ 1

Al !!!! T (m),J.]j*: aej*: h.]j“ : s/ phj“: 1t 5> (m/s, rad/s,
m/s, rad/éj)
>Ifj 1l
A1 e T (m), )i cej-: hlj-: s/ phj-: ! > (mls, radls,
e
m/<, rad/§)f E
yau
AT 1fun I(m)J]Jn cejii : h.]ji s/ phj: !, (m/s, rad/s,
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$Nu:$i: a1 T I I TR B |
| |
us o joIfIRS (), U S LI : (m), © : - :Ifuu™ (m)
“on . If1aM ¢ 0% Ifjool (m), s % cIf P (m)

Sooub g (m), $ SSul s fuut (m), uu: uj!feuj! (m)
$uu:$uj:!fu 10 (m), ui :!fud! (m), ui :!fj “6 (m)
$uii :Ifu-6o (m), j' UM (m), j* :Ifj "0 (m),$!:!fudo (M)
jicc ! (m), g : fully  (m), o - UMY (m)

| C § 1o TR (1 0) PR TN il 1B (m)
U fu (kg),, 1, ' fMju (kg),, :,ul:uf A (kg)
uu Ly fju” (kg), ,uf : ,j! : u-fon- (K@), ,j“ i .- ifofu (kg)

Jiz-fito (ko)
LFUNA  Lfune renn

Yu:Y.dicl o ot orfung o g T (kg.nf)
JALIIT S g T
Fiike  [fimnr 1ty

YOO afane fuan o 1fnn T (kg.nf)

o i T i

Y] oYQuicioorfmn o orfgen rfmn T (kg.nf)
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Yuu:Yuji:iooipmn orfiio o woafmm 1 (kg.nf)
FOI LFIE LIyl
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N[V A [T T ATTTINT AT (TR ATIIY T (kg.nf)
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Fuujit Hfnin i
Y Yl LI Ifuujlt  1fN T (kg.nf)

L E A R
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B.2. Simulation Number 2
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r>ufllal If10 If [elo] i+
r>ufjill IFT If 00k i) s
r>uf“ad! 103! !'f ook rfit v
ISuf. “ IfI0 1f ook il v
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nfjt
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QQitiz 4

Ay @u @u @u @u @u @u @Qu @u @u @& @u
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Afis If1a 1f18 If18 1f18 If18 1f18 IF18 If18 118 If1s 1fls A
(m)
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+RTDAFT UFT T T T T T T T T T A

a/NhQoeNphA :
6f4q 6f4q 6f4q 6f4q 6f4q 6f4q 6f4q 6f4g 6f4q 6f4qg 6f4q 61‘4q®
79 79 79 79 79 79 79 79 79 79 79 79
(rad)
a/NhQaNphsY :
>(>5i >5i >5i >5i >5i >5i >5i >5i >5i >5i >5i >5ig
79 79 79 79 79 79 79 79 79 79 79 79
(rad)
AK!:QAKA : Afusl! Ifudiid !fluf! Am), QAKE": QAK&™:! , (m)

A1:QA &: Alfusl! Ifuoiid !flufl Am), QA& QA &AV:! , (m)
I >u | ' >u !

1 N ST U S B - T 3 A VIR
Fbou Frou

~

ype - "JHINTh/ 15 (rad),2:  fou(m/s)

"I¥oea!JtNh/[Ka, aN

Al U U U UUUUUUUUUUUu uk
a/Nh]Nu]adRRA : ©/Nh]Nu]KaaRRA : !'fus)

o/Nh]Nj] 88RRA : ©/NhINjJK&4RRA : o/Nh]Nu]dd RA:
o/Nh]Nj] 88 RA: o/Nh]JNu]K&4 RA: o/NhINjJKaa RA:!f1Y (s)

o/Nh]N] 88RRA :  o/NhIN“]KA&RRA : If]j (s)

ull! ul!!

S 'h] d4aRRA:{ um' 1,S TJ'hJK&ERRA:i unm T,
filll! filll!
ult! ull!

S T'h] 8 RA:fum 1,8 T'hjK&& RA:iunn 1
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S I'h]

S Th]

shih]

Shih]

S T1]

S 11

S 1]

! o!!
F I F I
il il
83RRA : " LS Th]KaaRRA: Ut
rull o ull
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G ¢ G €
ull ull
ful | ful |
I I
a3 RA: ™ 'S ThKaa RA: ™Mb
rull v rull v
fult + futt +
Gn ¢ GQn ¢
'fu Ifu
F' .l F° .l
rufJI. rufjl.
ff i
38RRA : rIffi, SNIN[KAERRA : r!ffi
rif e rifee
rf.+ rf.+
Gfqc AN
| |
Fi;‘l{jl Fi;tjl
r “L r “L
i i
438 RA: rIff., Shh]K&4 RA: fIffL
rif-+ rif-+
rf.+ rf.+
Gfol Gfol
il ji
33RRA : 1 juit 1,5 T1K&aRRA: i jm
ol ol
ulll ullt
48 RA:T unmt 1,S JiKaa RA:T uml
“I111 gl
ulh! ulh!
Fam | Fulll
ax Ceunne . _orulnn
aaRRA : e L,S J1IKaaRRA : e
rqu t roqu
Cqm € Cqm
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u!l ull

F l F |
ult ull
o xx Corull ) Cull oy
S IM & RA: [, .S JlKaa RA: [
full + full +
Gn ¢ Qn ¢
Fo Foy
iy e
Fufjl- rufll.
M oax i MR A Corf
Sh]il &38RRA: [y Sh]ilKaaRRA : fe
rf-+ rif.+
rfqr rf o
Gryqc Gfqc
| LI
Fren! Frp ol
F!f‘l,Jl- r!f‘l‘JL
r:']: L r:l; L
N 33 . e k MK S . r: L
Sh]i] &a RA: . ShlilKaéa RA: FifoL
rifotr rifer
rifot rifak
( u ( ( u C
ult! ult!
S¥'h]  &3RRA:Tul 1,S¥ThlKaaRRA: 1 unt 1
ult! ult!
mH qn
S¥i'h] aa RA:iqn 1,S¥l'hjkaa RA:iqm 1
mH qn
ol!! ol
S¥I1]  &3RRA:i1oMm 1,S¥]TKaERRA: 1 om 1
ol!! ol
utlt ulll
S¥IM &3 RA:fumm 1,s¥]1Kaa  RA:fum 1
utlt ulll

S ]QuNph‘] 38RRA: -l 'S ]QuNph]K&ERRA : -l
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Sh.N] 88 RA:Sh.N]JKd&a RA:[111111111110001111111111
1000 100010001111100011111000100010DQ 1111000 1000 1000
1000 1000100011111000111110001000100@111111110001111
111111111111 1000 1000 11000 1000 D 100 1000]

Ifu Ifu
F“!!!'!c ! F“!!!]; !
Ty Ty
S |T] @&RRA: rulll |, SK|TJK&G&GRRA: rulll
Tl rUfj
roaf. + roaf. +
C1fe ¢ Cife ¢
F!fjlj F!fjl f
r!fbl. r!fOL
ruy ru.
S JT] aa@ RA: fIf“, SK|T]IK&A RA: fIf“:L
r!f. L r!f. L
rfoqk rfok
(y (u
| |
F Ifu | F Ifu |
LTI e
STIK] &RRA:"T Y FsT] |K#aRRA: T Y +
rulll 1 rull
rfj rUf
r If- I- r 'f - F
(Foiﬁo I( F((‘)!!!!foI (
r i e
r!fo, r!fo,
xx .1 U xx . U
SK]T] && RA: . L,S ]TIK&a RA: F I
r !f“ 3 r !f“ 3
r !fﬂ F r !fﬂ F
Cifo ¢ Cifo C
QaNphuo : “I' ;S QuNphuo : uj! , ©/Nh]Nuo : If* (s)
QeNphu:j' S QeNphu:d! , o/Nh]Nu:!f* (s)
QeNphj!:j! ;S QeNphj!': 8! , o/NhINj!':If* (s)
QaNphju : u! ;S QuNphju:u!ll |, ©/Nh]Nju:!f* (s)
QaNphjj:ul ;S QuNphjj:ul! | =a/Nh]Njj:If* (s)
QaNpuhj“:u! ;S QuNphj“:u" , o/Nh]Nj*:If* (s)
QaNphj-:u! ;S QuNphj-:ull | ©/Nh]Nj-:If* (s)

QaNphjf :u! ;S QuNphjf :u!! |, a/Nh]NjY :1f* (s)
QaNphjo : u! ;S QuNphjo : ull |, ©/Nh]Njo : !If* (s)
QaNphjii - u! ;S QuNphji :ull |, =/Nh]Nji : If*“ (s)

h"A] "¥N] &3RRA]N¥]K&3 RA :

u u “ ufdo ufo ufdo u u u “ ufo ufo &o

SN0V LLLLOOKOY

Sh’A] "¥N] &3RRAIN¥]K34 RA :
u u “ ufdo ufo uféo u u u “ ufo ufo &o

272



RhN(hN¥ : A>“1 “IE if

RhN(hN¥j : A>uf! ul&E if,
RhN(ChN¥- : A>uf! ufI&E if,
RhN('hN¥ia : A>uf! ul £ if,
RhN('hN%¥io : A>“1 “IE if

RhN(hN%¥iu! : A>uf! ufl&E if,
RhAN('hN®¥iuj : A>uft u £ if ,
RhN(hN®¥iu- : A>uf! ufl&E if,
RhN(hN¥iud : Auo!uo! Af,
RhN(hN¥iuo : A-uo! uo! Af,
RhAN(hN¥ij! - A>ull ull &£ if,
RhN('hN2¥ijj : A>ull ulE if ,
RhN('hN¥ij- - A>ull ull &

lfud!!

if,

Alu:i
!
>!fud!

Hufig T (m),d.]j: cej: h.]j
Lf1uf!

I fud!!

rad/<)
Alj:l
rad/<)

Al
11U

>Ifud!

rad/$)
Al i
Lf1“qu
Ifud!

rad/$)

Al i T(m),J] :ce
rad/$)
>1fud!!

on

Alul i T (m),J.]u! : ceu!
Ifi.

m/<, rad/g) f
Ifus!!

Aluu i t1fim

'fdjuj
>Ifud!!

T (m),J.Juu : ceuu
rad/g)

Aluj:i T (m),J.]yj : ceyj

o
m/<, rad/§)f o

T (m),J.Jufi : ceuf

If 900
m/<, rad/§{

Hfuqe T (m),J.Ju:ceu:hlu:s/

1f1j08 T (m),J]*: ce“:h]*

1F1j08 1(m),J.]-: ce-:h] s/

- h.]

, RAN((hN*¥iu : A>uf! u' & if ,
, RANChN¥i* : Asuft ul &£ if ,
, RANChNW¥| : ASuf! u £ if,
, RAN(hN2@¥if : Asuf! ufI&E if ,
, RON(ChN®¥i : Asuft ulE if ,
, RAN('hN¥iuu : A>uf! uIE if,
, RhN(hN®¥iu® : Asuf! u £ if,
, RAN(hN®¥iuf : A>uf! uf' £ if ,
, RhN('hN%¥ijufi : Auo! uo! Af,
, RhN(hN®¥iu : Asull ull&E if,
, RhN(hN®¥iju : A>ull ullE i f
, RAN(hN2¥ij* : Asull ull&E if
, RANChN2¥ij{ : A>ull ullE

if,

phu:! , (m/s, rad/s, mfs

. s/ phj:! 5 (m/s, rad/s, mfs

. s/ ph“:! 5 (m/s, rad/s, mfs

ph-:! 5 (m/s, rad/s, mfs

s/ uph :! , (mls,radls, mfs

“h.u! s/ phu! =1t 5, (m/s, rad/s,

:h.uu : s/ phu:! , (m/s, rad/s, mfs

sh.uj: s/ phuj: ! 5> (m/s, rad/s,

h.]ufi : s/ phuii ;v 5, (m/s, rad/s,
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Ifllll

AJt:T fim T (m), it cejt - hl)j! o s/ pht: 1t 5 (m/s, rad/s,
m/<, rad/éj)f i
IfJ 1
Al !!!! T (m),J.]j*: aej*: h.]j“ : s/ phj“: 1t 5, (m/s, rad/s,
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>'f] 1
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e
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e
Adii 1 1fnn I(m)J]Jn oejii : h.]ji s/ phj ;v 5 (m/s, rad/s,
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| |
u: o joIFIRS (m),Su S ] : m), “ : - :lfuu™  (m)

: 118" 0% Ifjoel (m),$ % cIfg P (m)
Sooub g (m),$ :$ul:!fuu* (m), uu: uj:!f-uj (m)
$uu:$uj:!fu 10 (m), ui :!fud! (m), ui :!fj “6 (m)
$uii :Ifu-6o (m), j' UM (m), jt :Ifj "0 (m),$j!:!fudo (M)
jic ! (m), $jf : fully (m), ¢ j- UL (m)

| C § o 1T TR (1 0) PR TN il 1B (m)
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uu Ly fju” (kg), ,uf : ,j! : u-fon- (K@), ,j“: .- 1 ifou (kg)

gz -fito (k)
LFUNA  Lfune renn

Yu:Y.dicl ot rfung o g T (kg.nf)
LFINE e i
[flilo  ff1 Ifn’uj

YOIl funr i rfnn T (kg.nf)
Ifllfulldjon'f!l!”!!!!!!'f"'u!|!'!!!

Y. cYQubclo rfue tftuelt 1fmm T (kg.nf)
LFUNE finn e
FIR 10 Tfmn” 1 fon

Yuu s YQupsioofmme e lf!!!!! T (kg.nt)
TR l(
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\A ST R [T BT ATTINT AT (TR ATIIY T (kg.nf)
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[Fuujlt tenne i
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B.3. Simulation Number 3
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roo jfmeo1f o qook rfe b
Cifiu  jFm f fook rfe v
1 jfmu 1f o qo0¢ v
rfer
rfe
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Gfe €

Kha(, o Afroqfr Gfr Ofr TfY 10 1 1 1 1E(m)
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NRRA Aifl If8 If6 If6 1fd Ifd 1fd 1fo 1fo f&(s)
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RT: Afla 1f18 1f18 1f1a 1f18 If18 1f1d 1f18 If18 118 AE(m)
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a/NhQaNphsY :

X>1f8q >1f8q >1f8q >1f8q >1f8q >1f8q >1f8q >1f8q >1f8q >1f8qg
79 79 79 79 79 79 79 79 79 79
(rad)
AKL: QAK&: Afusll !fuoid !fluf!l A&m),QAKA": QAK&™:! , (m)
A1:QA &: Alfusl! Ifuoiid !flufl Am), QA& QA AV:! , (m)
' >u | ' >u !
A R - B N AT A |
1 I
e - 7o THENTH/ ;) 15 (rad),2:  fou(m/s)

"I¥oea!tNth/]Ka, aN

Al U U UUUUUUUUUUUUu uk

o/Nh]NUJ&4RRA :  o/Nh]Nu]K&3RRA : o/Nh]N;j] 43RRA :
o/Nh]NjJK&ERRA : fu (s)

o/Nh]JNu]d48 RA: o/NhINj] 88 RA: o/Nh]Nu]K&4 RA :
a/Nh]NjJKa& RA : If1] (s)

a/NhJN“] 48RRA :  o/Nh]N]KAERRA : Iflj (s)

ulll ulll
S T'h] &&RRA:i ull! 1,S J'h]K&ERRA:i wulll T,
i i
ult! ull!
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i i
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ull utl

Fu” [ Fu” [
r-" L r-" L
. ~~ Corull . ~~ Corull
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Gt ¢ G ¢
'fu Ifu
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rufJI. rufjl.
ff i
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rif e rifee
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SR GfC
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Gfol Gfol
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S 11 &aRRA:i o&m 1,S T1K&ARRA:i s
ol ol
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i il
m o
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m o
ol!! ol
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ol!! ol
utlt ulll
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