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ABSTRACT

In recent years, the operational area of the robots started to extend and new
functionalities are planned for them in our daily environments. As the human-robot
interaction is being improved, the robots can provide support in elderly care, human
assistance, rescue, hospital attendance and many other areas. With this motivation, an
intensive research is focused around humanoid robotics in the last four decades.

However, due to the nonlinear dynamics of the robot and high number of
degrees of freedom, the robust balance of the bipedal walk is a challenging task.
Smooth trajectory generation and online compensation methods are necessary to
achieve a stable walk.

In this thesis, Cartesian foot position references are generated as periodic
functions with respect to a body-fixed coordinate frame. The online adjustment of these
parameterized trajectories provides an opportunity in tuning the walking parameters
without stopping the robot. The major contribution of this thesis in the context of
trajectory generation is the smoothening of the foot trajectories and the introduction of
ground push motion in the vertical direction. This pushing motion provided a dramatic

improvement in the stability of the walking.
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Even though smooth foot reference trajectories are generated using the
parameter based functions, the realization of a dynamically stable walk and
maintenance of the robot balance requires walking control algorithms. This thesis
introduces various control techniques to cope with disturbances or unevenness of the
walking environment and compensate the mismatches between the planned and the
actual walking based on sensory feedback. Moreover, an automatic homing procedure is
proposed for the adjustment of the initial posture before the walking experiments. The
presented control algorithms include ZMP regulation, foot orientation control, trunk
orientation control, foot pitch torque difference compensation, body pitch angle
correction, ground impact compensation and early landing modification.

The effectiveness of the proposed trajectory generation and walking control

algorithms is tested on the humanoid robot SURALP and a stable walk is achieved.



INSANSI ROBOT SURALP’IN
YURUME YORUNGESI SENTEZI VE KONTROLU

Evrim TASKIRAN
ME, Master Tezi, 2009

Tez Danismani: Yrd. Dog. Dr. Kemalettin ERBATUR

OZET

Son yillarda, robotlarin ¢aligma alani genislemekte ve giinlik yasamimizda
belirli gdrevler almalari planlanmaktadir. Insan-robot etkilesimi gelistikce bu robotlar;
hasta ve yasli bakimi, kurtarma gibi bir ¢ok alanda hizmet verebileceklerdir. Bu yiizden,
son kirk yil igerisinde insans1 robotlar konusunda yogun bir arastirma yiiriitiilmektedir.

Ancak, robotun dogrusal olmayan dinamigi ve yliksek sayida serbestlik derecesi
sebebi ile iki bacakli yiiriimede dengeyi saglamak olduk¢a zordur. Dolayisiyla, kararli
bir yiirimeyi saglamak icin yumusak bir yoriinge olusturulmasi ve g¢evrimigi telafi
yontemleri gerekmektedir.

Bu tezde, Kartezyen ayak pozisyonu referanslari, viicut kordinat ekseninde ifade
edilmis periyodik fonksiyonlar kullanilarak olusturulmaktadir. Bu parametrik
yorlingelerin ¢evrimici degistirilmesi, yilirime parametrelerinin robotu durdurmadan
ayarlanmasi1 gibi 6nemli bir olanak sunmaktadir. Yoriinge sentezi kapsaminda, bu tezin
en Onemli katkisi; ayak yoriingelerinin yumusatilmasit ve dikey yonde zemin itme
hareketinin 6nerilmesidir. Bu itme hareketi, yilirimenin kararliliginda ciddi bir ilerleme
saglamistir.

Parametre tabanli fonksiyonlar kullanilarak yumusak ayak referans yoriingeleri
olusturulsa bile, kararli yiirliylisiin saglanmasi ve dengenin korunmasi i¢in yiiriime
kontrol algoritmalar1 gerekmektedir. Bu tez, diiz olmayan zemin kosullarina adapte

olmak ve planlanan ve gergek yliriiyiis arasindaki farklari telafi etmek i¢in sensor geri
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beslemesine dayanan cesitli kontrol teknikleri sunmaktadir. Bunlara ek olarak, yiiriime
deneylerinden Once robotun baslangi¢ durusunu ayarlamak i¢in otomatik bir sifirlama
prosediirii 6nerilmistir. Sunulan kontrol algoritmalari; Sifir Moment Noktas1 ayarlama
kontrolii, ayak yonelim kontrolii, viicut yonelim kontrolii, ayak yunuslama moment
farki telafisi, viicut yunuslama agisi iyilestirmesi, zemin darbe telafisi ve erken basma
referans iyilestirmesini igermektedir.

Onerilen yériinge sentezi ve yiiriime kontrol algoritmalarinin etkililigi insansi

robot SURALP iizerinde denenmis ve kararli bir yliriiyiis basarilmistir.
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Chapter 1

1. INTRODUCTION

Robots have been playing a significant role as automation devices in industrial
environments. In recent years, their operational area started to extend and new
functionalities are planned for them in our daily environments, like hospitals, offices
and homes. As the human-robot interaction is being improved, the robots can provide
locomotion and manipulation support to people, such as elderly care, human assistance,
rescue, hospital attendance and many others. With this motivation, an intensive research
is focused around humanoid robotics in the last four decades.

One of the major reasons of the interest in humanoid robotics is the adaptability
to human environment due to the anthropomorphic structure of bipedal robots. So, they
can avoid obstacles and function properly in human environments like humans do.
Furthermore, humanoid robots can operate a variety of difficult and hazardous tasks in
rough work environments as a result of the capability of performing human actions,
such as fire rescue, radioactive environments and space applications.

However, due to the nonlinear dynamics of the robot and high number of
degrees of freedom, the robust balance of the bipedal walk is a challenging task. Many
studies on humanoid robotics are focused around humanoid robot walking control in the
last decades.

In addition to achieving a stable bipedal walk on flat surfaces, it is also
important to keep the robot stable during walking on an unstructured environment.
Since one of the major objectives of humanoid robotics research is the adaptation of the
humanoid robots to human environment, the stability of the humanoid robot must be
maintained during walking on uneven or inclined planes, which are very typical ground

conditions encountered in human daily life. Furthermore, the robot should move
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robustly during the interaction with the environment, such as manipulation tasks and
human-robot interaction.

Smooth trajectory generation and online compensation methods are necessary to
achieve a stable walk. Many different approaches in reference generation and control
techniques on the bipedal walking are presented in the humanoid robotics literature. The
contribution of this thesis is both on trajectory generation and walking control
algorithms.

In this thesis, the reference trajectories are generated as periodic functions of the
Cartesian position references for coordinate frame centers attached to the two feet, with
respect to a coordinate frame attached to the trunk of the biped robot. The joint
trajectories are computed using the inverse kinematics, based on these reference
positions of the feet.

The mathematical functions used in the generation of foot trajectories are easy to
compute and this trajectory generation method enables the smoothing of these
trajectories at specific instants of the walk. Furthermore, the online adjustment of these
parameterized trajectories is possible and this flexibility of changing all the variables
online provides an important opportunity in tuning the walking parameters without
stopping the robot.

The major contribution of this thesis in the context of trajectory generation is the
smoothening of the foot trajectories and the introduction of ground push motion of the
feet in z-direction. This pushing motion provided a dramatic improvement in the
stability of the walking.

Even though smooth foot reference trajectories are generated using the
parameter based functions, the realization of a dynamically stable walk and
maintenance of the robot balance requires walking control algorithms. This thesis
introduces various control techniques to cope with disturbances or unevenness of the
walking environment and compensate the mismatches between the planned and the
actual walking based on sensory feedback from force/torque sensors at the ankles and
an inclinometer mounted on the robot torso. The control methods proposed in the thesis
modify the walking trajectory generation or directly act to the computed joint
references. Moreover, an automatic homing procedure is proposed for the adjustment of
the initial posture before the walking experiments. The presented control algorithms

include ZMP regulation, foot orientation control, trunk orientation control, foot pitch



torque difference compensation, body pitch angle correction, ground impact
compensation and early landing modification.

The walking experiments are carried out on the humanoid robot platform:
SURALP (Sabanci University Robotics ReseArch Laboratory Platform), which is
designed in Sabanci University in the framework of a project funded by TUBITAK
(The Scientific and Technological Research Council of Turkey). The effectiveness of
the generated reference trajectories and the presented online compensation algorithms is
tested on SURALP and a stable walk is achieved.

The rest of the thesis is organized as follows. Chapter 2 presents a brief history
of the humanoid robots in the world, the terminology used in bipedal locomotion and a
literature survey on reference generation methods and walking balance control
algorithms. Chapter 3 presents the bipedal humanoid robot model, the sensory system
and the controller hardware structure. The reference trajectory generation method used
throughout this thesis is introduced in Chapter 4. Chapter 5 describes balance control
algorithms applied during the homing process and biped walking. Experimental walking
results and performances of the employed control algorithms are discussed in Chapter 6.

Finally, the conclusions and future works are presented in Chapter 7.



Chapter 2

2. LITERATURE REVIEW

2.1. Examples of Humanoid Robots

In late 1960’s interest of researchers on humanoid robotics increased and many
experimental robots started to be developed. During these years, Professor Ichiro Kato
who pioneered robotic studies in Japan started studying human locomotion and in 1967
constructed an artificial lower-limb biped walker WL-1 in Waseda University [1]. With
this fundamental design, basic analysis of bipedal locomotion started (Figure 2.1). After
other prototypes WL-3 and WL-5, in 1973 world’s first full-scale anthropomorphic
robot; WABOT-1 is constructed. This robot was able to walk statically, change
direction while walking and interact with the environment like measuring the distance
and communicating with human in Japanese with artificial external receptors. After
studies on the realization of quasi-dynamic walking with WL-9DR and plane walking
with WL-10R, in 1984 by Takanishi et al. first dynamic walking is succeeded with the
WL-10RD prototype, which used torque feedback from the torque sensors attached to
the ankle and hip joints [2]. These studies continued with the hydraulic biped robot
family WL-12 and still continue with parallel mechanism prototypes WL-15 and WL-16.

With the aim of creating a human-size robot, which is actuated by electric
motors and has the same walking speed with human, WABIAN (WAseda Blped
HumANoid robot) was created in 1996 consisting 35 D.O.F. As studies on robot-
environment interaction are conducted with this prototype, in 1999 WABIAN-RII is
introduced, which was able to follow human motions by the parameterization of body
motions [3]. After the prototype WABIAN-RIII created to absorb impact during landing
of the foot, in 2004 WABIAN-RIV is presented, which is able to mimic some abilities

4



of human senses with the help of its vision and voice recognition system. WABIAN-

RIV has 43 D.O.F., a 1.89 m height and 127 kg weight (Figure 2.2).

igure 2.1 First examples of humanoid robots from Waseda University: WL-1, WL-3,
WABOT-1 and WL-10RD (from left to right)

©Takanishi Lab{il

Figure 2.2 WABIAN-RII (left) and WABIAN-RIV (right) Waseda University

In addition to the studies of Waseda University, JSK Laboratory at the
University of Tokyo humanoid prototypes H5, H6 and H7 (Figure 2.3). H5 was a child-
size full body humanoid robot (30 D.O.F., 1.27 m and 33 kg) built for study of dynamic
bipedal locomotion and dynamically balanced trajectory generation [4]. Then, with the
motivation of the research on perception-action integration, the humanoid platform H6

(35 D.O.F. 1.36 m and 51 kg) is created with the features like 3D vision and voice
5



recognition systems. Similar to H6, which is a human-size robot capable of operating
autonomously within human environments, the last prototype H7 has 30 D.O.F., 1.468
m height and 57 kg weight [5]. Research on humanoid prototypes H6 and H7 is
currently conducted at the JSK Laboratory.

Figure 2.3 H5 (left), H6 (center) and H7 (right) of University of Tokyo

In 2002, Korea Advanced Institute of Science and Technology introduced the
new humanoid robot platform KHR-1, which had 21 D.O.F., was 48 kg and 120 cm tall.
Stable walking performance is achieved via the use of force/torque and inertial sensors
[6]. The 41 D.O.F. second prototype KHR-2, which updated the previous prototypes’
mechanical and electrical design followed in 2004. KHR-2 succeeded in vision guided
walking and walking on uneven and inclined planes [7]. The final prototype in this
context is KHR-3 with the objective of having more human-like features and human-
friendly movements, like walking in a self-contained manner powered by embedded
batteries, shaking hands and manipulating objects with its five fingered hands [8]. All
these three prototypes are shown in Figure 2.4. On the other hand, the same group
developed an android type humanoid robot Albert HUBO, which is able to imitate a

large variety of facial expressions and HUBO-FX; a human carrying bipedal system.



Figure 2.4 KHR-1, KHR-2 and KHR-3 (HUBO) of KAIST

JOHNNIE, a biped jogging robot by the Technical University of Munich can be
mentioned as another successful humanoid research platform [9]. Main objectives of
this project are the 3D dynamically stable walking on even/uneven surfaces and fast
walking motion up to 2 km/h also called as jogging. The robot has 1.8 m height, 40 kg
weight and 17 joints, where the upper body kinematic arrangement consists of only one
D.O.F. in the vertical pelvis axis. With the help of its lightweight anthropomorphic
structure and feedback from rate gyros and accelerometers at the trunk, stable fast
walking and jogging with flight phases up to 2.4 km/h is verified. Then, a performance
enhanced version of this prototype; LOLA is developed with an addition of 7 links
including elbows, waist and toes to improve walking quality. Current research is
conducted on vision guided walking with its multi-focal vision system with four
cameras and 6 D.O.F., which will provide a high quality perception and precise
navigation in large environments [10].

Since 1986, HONDA has a significant place in the research on humanoid
robotics and aroused world’s interest by developing the most fascinating humanoid
robots (Figure 2.5). With the initial prototypes EO, E1, E2 (by which the first dynamic
walking is achieved), E3 the fundamentals of bipedal walking is analyzed and with
prototypes E4, ES and E6 the stability of the walking is increased further by the control
techniques developed for posture balance [11]. After the development of the first



human-like model P1, in 1996 the next prototype P2 is introduced to public, which is
known as the first self-regulating humanoid walking robot by wireless techniques. P2
was able to walk independently, go up and down stairs and perform various
manipulation tasks without wires. With this stunning development, the next prototype
P3 was focused on the increase on the robot’s reliability and the evolution in size and
weight to be more suitable to human environment. The height of the robot is reduced
from 1.82 m to 1.6 m and the weight is reduced from 210 kg to 130 kg by this

downsizing and the change of the construction material from aluminum to magnesium.

Figure 2.5 HONDA humanoid robots family; (from left to right) E0-6, P1-3, ASIMO

After the experience gained by P2 and P3, the last humanoid robot ASIMO
(Advanced Step in Innovative MObility) is introduced in 2000. This robot was more
human-friendly than the previous prototypes and have smoother human-like motion
capabilities. The sizes of this robot are 1.2 m in height and 43 kg in weight. By the
improved walking technology, wider arm operating capabilities and its compact and
lightweight structure, it can perform various tasks freely in human living environment.
By the new walking technology called i-WALK; a more intelligent, real-time, flexible
walking technology leads ASIMO to walk and run continuously while changing
directions and interacting with the environment [12]. On ASIMO, research on many
topics, including human-robot interaction and new artificial intelligence systems about
learning and decision making are conducted by humanoid robotics researchers around

the world.



Figure 2.6 P3 and ASIMO of HONDA

In 1998, The Ministry of Economy and Industry (METI) of Japan started the
Humanoid Robot Project (HRP) with the aim of developing humanoid robots that
perform manual labor in the society. The first prototype HRP-1 was developed by
Honda R&D as an enhanced version of prototype Honda P-3, including the controller
system [13]. The prototype is 1.6 m in height and 120 kg in weight consisting 30 D.O.F.
In 2001, National Institute of Advanced Industrial Science and Technology (AIST)
developed their own control system, which enables the control of both arms and legs
simultaneously and called this prototype HRP-1S. This prototype is employed in the
teleoperation of industrial vehicles and care of patients. The second platform of the
project, HRP-2 started with the leg module HRP-2L, the arm module HRP-2A and a
prototype HRP-2P. Improving these modules resulted in the introduction of HRP-2,
having a more lightweight (1.54 m and 58 kg) and compact body with no backpack.
This robot is widely used as a research and development tool for humanoid robotics.
The last platform developed by AIST is HRP-3, which firstly presented with the
prototype HRP-3P. The mechanical and electrical system of this platform is designed to
perform in rough and dangerous working conditions like rain and dust. HRP-3 is
presented with the addition of newly designed hands and wrists to improve

manipulation capabilities [14]. The planned application areas of these robots can be



listed as; maintenance tasks of industrial plants, guarding of the home and offices,
teleoperations of construction machines, care of patients in beds and cooperative works

with human or robot in working environments [13].

Figure 2.7 HRP 2 (left) and HRP-3P (right)

Another example of humanoid robotics can be given as CB-i, DB2 and i-1
platforms developed by SARCOS Company. This project is conducted by JST (Japan
Science and Technology Agency) ICORP, Computational Brain Project and ATR
Computation Neuroscience Laboratories with the motivation of research on
computational brain functions and to realize skillful human behaviors on humanoid
robots. The CB prototype has 50 D.O.F, 1.575 m height and 92 kg weight [15] and is
actuated by hydralic actuators (Figure 2.8). The studies of this humanoid robot is mostly
based on understanding of the biological principles of human bipedal locomotion and
designing control alrogithms on the computational principles of the human brain.
Realization of human-like walking performance, 3D balancing, physical interactions
visual processing based perception are the main subjects of this project. Gravity
compensation, which makes the robot passive to any external forces and full-body

balancing of the humanoid robot with passivity based force control have been achieved.
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SARCOS Private

Figure 2.8 DA ATR DB2 and CB-i humanoid robots of SARCOS

In addition to the human-size humanoid robots, small size platforms are
developed too. In 2000, Sony developed a child-size humanoid robot SDR-3X (Sony
Dream Robot-3X) which has 24 D.O.F., 0.5 m height and 5 kg weight [16]. Although
this platform is developed for entertainment purposes, in addition to its stable walking,
with the help of its developed balance control algorithm, it can perform highly skilled
whole body motions, such as sitting down on the floor, standing up from a bench,
kicking a ball, standing on one leg, dancing in various tempos and other perception
features like voice recognition and color detection. This robot is further developed to
platforms SDR-4X; providing more features like terrain-adaptive motion control, real-
world space perception and multi-modal human-robot interaction [17] and QRIO (SDR-
4XI1I), which is known as the first running biped robot at 23 cm/s in 2005.

Many other examples can be given for small-size humanoids. The child-size
robot HOAP-2 engineered by Fujitsu Automation Ltd, Japan was 50 cm tall and
weighing 7 kg, and introduced by the objectives; developing motion control algorithms
for bipedal walking and human-robot communication interfaces [18]. Besides the use as
an efficient development tool, it was also imitating whole-body human motions like

standing up and performing martial arts.
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PINO developed by Japan Science and Technology Corporation, Inaba’s remote
brained humanoid robots, SAMSUNG’s MAHRU-3, Kondo Kogaku’s KHR, General
Robotix> HRP-2m, VSTON’s VisiON4G are among known examples of small-size

humanoid robots [19].

Figure 2.9 Sony QRIO (left), Fujitsu HOAP-3 (center), MAHRU-3 Samsung (right)
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2.2. Humanoid Locomotion Terminology

Over the past several decades, the human locomotion attracts many humanoid
robotics researchers all around the world. This study on the bipedal locomotion requires
the understanding of the basic fundamentals of the gait. The locomotion can be
investigated in three reference planes in order to simplify the analysis of the human
motions. These reference planes can be shown as in Figure 2.10 [20]. The analysis of
the human walk is mostly based on the sagittal and the coronal planes. The sagittal
plane is on the direction of the walk. The coronal plane, also called frontal plane is
considered in the lateral walk studies. The balance of the robot body is investigated in

both coronal and sagittal planes.

Sagittal plane

Coronal plane
‘\

Transwverse plane

—

Figure 2.10 Body reference planes

A walking cycle can be divided into phases [21]. One gait cycle is composed of
two double support and two single support phases (Figure 2.11). In the double support
phase, both feet are in contact with the ground and in the single support phase, only one
of the feet is on the ground. In the single support phase, the foot on the ground is in the
support phase, while the other one is in the swing phase. The sum of the single support
phase and two double support phases of one foot which is on the ground is the stance
phase. Moreover, the swing foot has a take-off and a landing phase in the swing phase.

These phases have a crucial role in trajectory generation and balance control algorithms.
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Figure 2.11 Walking phases

Step size and stride length are important parameters in the trajectory generation.
The step size is the additional distance covered by the swing foot with respect to the
support foot, and the stride length is the total distance covered by the swing foot. Swing
offset is the distance between the ankle centers of the feet (Figure 2.12).

N
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Figure 2.12 Step size and swing offset

In 1968, Vukobratovic introduced the ZMP (Zero Moment Point) Criterion and
this concept is widely used on the stability analysis of the humanoid robot walk. ZMP is
defined as the point P on the ground where the sum of all moments of active forces with
respect to this point is zero [21]. This definition is based on the idea that the pressure
under the supporting foot can be represented by the appropriate force acting at a certain
point. The location of the Zero Moment Point is used as an indicator of stability in

bipedal walk.
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2.3. Literature Review on Humanoid Walking Trajectory Generation

Bipedal locomotion is a challenging task due to the many degrees of freedom,
coupling effects between them and the robot’s highly nonlinear dynamics. Vukobratovic
et al. proposed numerical calculation methods for generating walking trajectories for
biped dynamic walking [21], which was studied by Takanishi et al. in order to realize a
dynamic walking using a similar approach [2]. Altough the robot WL-10RD was
successful in dynamically stable walking however the computational effort and time
was enormous and the adaptation to the environment was very poor in real time. There
was the need for efficient ways of obtaining reference trajectories by simplifying these
models. Successful results have been obtained by many humanoid robotics researchers
during the last four decades, however these studies still lack in reliability, safety in
human environment, motion capability and full-body stability compared to human.

The ZMP concept is one of the most famous techniques in trajectory generation
of humanoid robotics. First humanoid robots in ZMP scheme used multiple rigid body
models [2]. Kaneko et al. propose an offline walking pattern generation method based
on the ZMP criterion assuming that the robot and environment model is known [22].
This walking pattern includes the off-line generation of the foot and the hip trajectories.
The foot trajectories are computed by a 3™ order spline interpolation, considering the
kinematic constraints and that the derivatives of the position and angles are continuous
at all these constraints to derive smooth curves. Same idea is applied to hip trajectories
to have a smooth body motion with large stability margin.

Since the whole characteristics of the robot is considered in these approaches,
although the trajectories were precise, the computational cost was high and hard to
adapt online. Therefore, another approach in ZMP scheme has been proposed by Kajita
et al. [23]. This approach uses on a 3D Linear Inverted Pendulum Model assuming that
the whole robot mass is concentrated as a single mass at the robots center of gravity
(COQG). This simplified model does not require the whole model of the robot and thus is
computationally effective. In order to keep the simplicity and linearity in the dynamic

equations of the robot, the height of the center of mass position is kept fixed. By this
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assumption, the equations of motion for the LIPM are decoupled into sagittal and
coronal planes, where the dynamic equations for each plane can be written by using a 2-
D Linear Inverted Pendulum Model for x-z and y-z planes.

These approaches verified the effects of the Zero Moment Point on the dynamic
stability of the humanoid robots and this criterion has been used by many researchers
around the world. The ZMP criterion is used in the trajectory generation of other
humanoid robot platforms too [1, 5, 17, 24].

Many other ideas exist on trajectory generation. One of them is the biologically
inspired technique called Central Pattern Generator [25]. In this approach, it is assumed
that the locomotion is composed of synchronized rhythms of different gaits and the idea
is that these synchronized periodic motions can be generated using self oscillatory
systems, which do not require inputs. The studies on this approach may be divided into
two categories [26]. The first group proposes that the walking is generated by the
synchronization of signals assigned to each joint. In order to synchronize these joints,
the walking is separated into phases and the joints are mapped to the movement features
of each leg, such as leg extension, leg angle and foot angle. The other group proposes
the generation of each signal centered by neural network systems. This neural oscillator
system may be composed of a Central Pattern Generator to generate voluntary and
involuntary motion patterns, an adaptive neural network to modify motion patterns
depending on ground conditions, a knowledge base to store walking parameters and a
switch mechanism to make decisions between voluntary and involuntary motions [27].
Studies can be listed on the application of this approach on bipedal locomotion [28-30].

The trajectories for bipedal walking might also be computed as parametric
functions. This will require that the references of the selected points on the robot (e.g.
foot, hip, torso and so on) are parameterized and will be calculated for every phase of
the gait. In these approaches, the mathematical functions can be time dependent, which
will generate periodic and synchronous motions for the limbs. The computation of these
functions also requires the consideration on various kinematic or dynamic constraints.
Using this approach will simplify the computation of the trajectories and provide
flexibility in the online adjustment of these parameterized trajectories. Similar
techniques on trajectory generation are employed in the following humanoid robot
platforms.

Oh et al. proposed a walking pattern generation method based on the

computation of Cartesian coordinate references of the pelvis and two feet, on the
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humanoid robot KHR-2 [31]. Their walking pattern design is generally based on the
walking period, the ratio of double/single support phase, step size and lateral swing
amplitude of the pelvis. By the determination of these parameters, the trajectories for
the feet are generated with respect to a body fixed coordinate system attached to the
pelvis. Moreover, the trajectories for the pelvis are generated by computing the absolute
position of the pelvis with respect to a ground-fixed coordinate system. The lateral
trajectory of the pelvis and the z-direction trajectories of two feet are generated by
cosine functions to produce a smooth curve. The forward (x-direction) trajectories of
two feet with respect to the body fixed coordinate system are generated by a cycloid
function as a combination of cosine and linear functions. Improvements on this walking
pattern generation are presented in [8] on the humanoid platform KHR-3. In this
technique, it is planned that the walking parameters are minimized for easy operation
and better tuning performance, the trajectory curves are smooth and continuous due to
their simple analytic form and easy to implement in real time by less computational
burden. The trajectory synthesis is composed of two main categories; a cycloid function
for the computation of ankle positions in Cartesian space and a 3 order polynomial
function for pelvis position. The main contribution of this study is the online adaptation
of the walking pattern depending on the position and velocity boundary conditions
determined as inputs from the operator or from the navigation algorithm.

Kawamura et al. from Yokohama National University proposed a similar
trajectory generation algorithm, which is based on the computation of foot positions and
orientations with respect to a coordinate frame located on the torso [32]. The Cartesian
foot references are computed by simple sinusoidal functions in the x, y and z directions.
In 2004, this trajectory generation method is improved with the general rule that the feet
land the floor with zero velocity with respect to the floor [33]. The forward/backward
and lateral motion (x and y-direction) of the feet with respect to the torso is computed
with a 5™ order polynomial with six constraint conditions of position, velocity and
acceleration in start and finish times of the walk. In z-direction, trajectories are
computed by a 6™ order polynomial function considering seven constraints; the height
of the foot, the lift-off and landing velocity, lift-off and landing acceleration are zero at
the beginning and end of swing phase and swing foot reaches its peak at the half of the
swing phase. This trajectory also assumes that the orientations of the feet are parallel to

the ground and guarantees that the robot torso moves with no acceleration.
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A trajectory generation method similar to [32] is presented by Erbatur and El-
Kahlout [34] who propose a walking pattern adaptation technique to compensate the
sudden addition of loads of unknown masses and Erbatur and Bebek [35] who propose
an online fuzzy adaptation scheme for a walking parameter in the offline generated
walking pattern.

Similar to [34] and [35], this thesis presents a reference generation method based
on parametric functions. The major contribution of this thesis in the context of reference
generation is the smoothening of the foot trajectories and the introduction of the ground
push motion of the feet in the vertical direction, which dramatically improved the

stability of the robot in the take-off phase.
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2.4. Literature Review on Humanoid Walking Control Algorithms

One of the most challenging problems in this field is the robust balance of the
walk due to the nonlinear and hard-to-stabilize dynamics of the free-fall robot and the
coupling effects between the many degrees of freedom. These complications require
online control algorithms in order to maintain the dynamic stability of the robot during
the walk. It becomes even more important to conserve the balance of the robot posture
in the case of walking on an uneven and inclined terrain. In the humanoid robots
literature, the researchers have developed various walking control algorithms using the
sensory feedback from force/torque sensors, inertial sensors, such as accelerometers,
gyrometers and inclinometers, and visual sensors.

A simple categorization can be given for these types of sensors in three levels
[6]. The first level is the F/T sensors at the wrist and ankle joints and these sensors are
enough to ensure the stability of the walk on a flat surface. The second level is the
accelerometers, rate gyros and inclinometers, which gives the sensory data about the
equilibrium of the upper body. This second level is required to maintain the balance of
the robot posture and to improve the quality of the walk in the existence of
environmental disturbances and unevenness of the ground. The third level sensors are
the vision sensors, providing the space perception and making the interaction with
humans possible.

Walking control algorithms can be divided into two main categories. In the first
one, the walking trajectory references are modified based on the sensory feedback. In
this category, the control technique acts to the walking trajectory generation and the
joint references are computed depending on the new modified reference trajectories. On
the other hand, the control algorithms in the second category apply directly to the joint
references computed from the walking trajectory generation. These types of control
techniques can be shortly stated as the compensation onto the joint reference trajectories
based on the sensory information.

The first examples of the control algorithms can be given as the work by
Takanishi et al. [2, 36, 37]. This study in Waseda University is based on a control
method on dynamic bipedal walking based on the compensation of Zero Moment Point

trajectories in roll, pitch and yaw axes by trunk and waist motions in these three axes. In
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1985, with the biped robot prototype WL-10RD (Waseda Leg-10 Refined Dynamic),
dynamic walking on uneven surface is succeeded with an inclination of 5 degrees on the
surface. However, this prototype consisted of only the lower limbs and in order to
increase the limited walking terrain adaptability and to satisfy the dynamic stability of
the robot walking, in 1986, WL-12 (Waseda Leg 12) is developed which has a trunk for
the stabilization of the walk. The control algorithm in [36] and [37] is based on the
compensatory motion control using waist and trunk joints, which cancels the moments
(in roll, pitch and yaw axes) generated by the robot motion. By using these techniques
WL-12IIT and WL-12V realized faster and more stable walking on flat and uneven
surfaces [36, 37].

Hirai et al. from Honda humanoid research group introduced walking balance
control techniques developed to maintain the stability of the robot posture and tested on
the humanoid robot prototype P2 [24, 38]. Two main control methods applied before the
walking pattern generator are called “Model ZMP Control” and “Foot Landing Position
Control”. The Model ZMP Control has the aim of modifying the desired ZMP to an
appropriate position in order to keep the robot posture stable. Depending on the
inclination of the upper body, the ideal body trajectory is changed when the robot is
about to lose balance. This control works by increasing the desired inertial force by
accelerating the upper body position forward and backward. Foot Landing Position
Control changes the position of the landing foot depending on the changes due to the
Model ZMP Control. After the recovery of the robot posture by the Model ZMP
Control, the distance between the upper body and the landing foot position changes and
Foot Landing Position Control modifies the step size. Another example to the control
algorithms, which apply directly to the joint references after the walking trajectory
generation, can be given as a control technique called “Ground Reaction Force Control”
which is based on the information from a 6-axis force/torque sensor [24]. This method
is based on the compensation of the desired position and the posture of the feet based on
the changing ground reaction forces. Depending on the case that the robot body tips
forward or backward, this control method recovers the posture by rotating the

supporting foot around the desired ZMP. The overall control structure of Honda
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humanoid robots can be shown as in Figure 2.13. In [38], these algorithms have been

combined under the title “Macro Stabilization Control” and explained in more detail.
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Figure 2.13 Overall block diagram of walking control algorithms of Honda humanoid
robot [24]

Examples on the control algorithms may be extended to the work of KAIST
Research group, which developed online balance controllers to realize stable walk on
humanoid robots KHR-1 and KHR-2. A similar method to “Foot Landing Position
Control” introduced by Honda research group is proposed by KAIST Humanoid
Research Group with the name “Landing Position Controller” [6]. This method is based
on the idea that the actual landing time and position of the swing foot may be different
from the prescribed values due to the unevenness of the terrain. If the landing occurs
before the desired time, the position references of the landing foot is modified and the
unexpected movements in the x and z axis are prevented. Another technique called the
damping controller is developed to compensate the position error because of the
oscillation to an impact force on the foot. It is claimed that this oscillation is mainly due
to the compliance at the humanoid leg, which is controlled considering the stiffness of
the links by modeling the system as a single mass inverted pendulum with a compliant
joint as shown in Figure 2.14. In this figure, u represents the ankle joint reference angle,

6 denotes the actual ankle angle due to the compliance and T is the torque at the ankle
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read from the F/T sensor. A feedback controller to compensate this compliance has been

developed and the ankle joint references are modified.

lg

Stiffness K

Figure 2.14 Simple inverted pendulum with a compliant joint [6]

The third controller proposed by Jun Ho Oh et al. is the landing orientation
controller, which is based on the difference between the actual and the prescribed angle
of the swing foot. In order to prevent the instability due to the imperfect contact of the
swing foot and reduce the impact due to landing, the reference ankle position is
controlled such that the swing foot has a stable ground contact. In 2007, Jun Ho Oh et
al. [7] proposed a more developed walking control algorithm for walking on uneven and
inclined floor instead of the assumption that the walking surface is perfectly flat. One of
the two main controllers proposed is the upright pose controller to prevent the tilting of
the robot towards the inclined walking surface and to keep the upper body of the robot
straight independent of the ground conditions by measuring the floor inclination from
the inertial sensors mounted on the robot torso. In addition to this method, a shock
absorber algorithm is introduced with the aim of compensating the local unevenness of
the walking floor. This algorithm is based on the idea that if the swing foot lands before
the desired time due to the changing ground conditions, the height of the hip joint is
modified to absorb the landing impact, depending on the measured ground reaction
force. Adding these algorithms onto the ones in [6], the humanoid platform KHR-2

shows successful walking results on various uneven terrains.
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In 2000, Kaneko et al. proposes that even though a highly stable, smooth
walking pattern is generated offline, in order to adapt irregular rough terrains or
unexpected external forces, a real time modification is required [22]. It is claimed that
in the motion trajectory generation it is quite difficult to model all the nonlinearity,
compliance effects and the working environment. In order to compensate these factors,
the proposed stabilizing control consists of three main elements. Firstly, a body
inclination control is proposed, which is based on the adjustments on the hip angle to
overcome the difference between actual and desired body posture angles, obtained from
accelerometer and rate gyros. Secondly, to avoid improper contact of the foot, the actual
ZMP must be kept in the stability region (Figure 2.15), as mentioned in Section 2.2.
Relying on the information from the force/torque sensors at the feet, the most effective
way is asserted to be the control of the ankle joints of the support foot. Furthermore, the
landing of the foot may be too late or fast than the planned walking pattern and this
would cause the robot to tip forward and backward, due to the moment created during
the contact. If the landing times are different in the actual and ideal walking, this is
controlled by lowering or heightening the landing foot with a proportion to the reaction

force.
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Figure 2.15 Stable regions of ZMP [22]

In 2001, the research group further developed their control strategies in
collaboration of AIST and Honda R&D Co. Ltd. On a humanoid robot platform
produced by Honda, they developed their own software structures and implemented
their control algorithm. In [39], same problems on the stability of walk are emphasized
and developments on the techniques in [22] are presented. It is proposed that body
inclination may be controlled by adjusting the position and orientation of the feet
instead of the hip joints and here the body angles are estimated by a Kalman filter using

the information from gyroscopes and G-force sensors. Moreover, In the ZMP control,
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the error between ideal and actual ZMP is compensated by accelerating the torso of the
robot. Also, for inclined and rough terrains a foot adjusting control technique is
introduced. With the controllers proposed above, the stable motion of HRPIS is
achieved. Further developments on the control structure of the same humanoid robot
“HRP” are presented by Yokoi et al. which include a whole body posture controller
based on inertial forces to increase the full-body motion capabilities of the humanoid
robot [40].

Kagami et al., researchers from the University of Tokyo, introduced a strong and
inspiring online balancing algorithm for maintaining dynamic stability of the humanoid
robot, called “Autobalancer” [41]. The developed software generates a modified
dynamically stable motion for a given input trajectory and environment conditions. Two
parts of this algorithm are a planner for state transitions based on robot-ground contacts
and a full-body dynamic balance compensator which compensates the deviations from
the centroid position and moments generated by any motion of the robot. This generic
algorithm solves the balance problem as a constrained 2" order nonlinear optimization
problem and has the flexibility of developing the algorithms for varying D.O.F.s and
constraint equations [41]. The experiments are conveyed with the robot platform HS. In
20006, Inoue et al. from the same research group presented the layered control system
used in the experiments of H7 [5]. This system provides a structure for high-level
autonomous locomotion behaviors, including a low-level trajectory modification to
compensate modeling errors and sudden changes in the walking environment. Control
methods discussed in [5] start with the modification of the torso position to compensate
the errors in the ZMP, similar to the technique explained in [39]. The deviation of the
hip joints in the roll axis is corrected using the information from rate gyros. Finally, the
impact generated at the foot landing is absorbed by adjusting joint servo gains, using the
contact timing information. By the help of these algorithms, the balance of the robot is
maintained in locomotion and other complex autonomous behaviors.

Apart from the walking control algorithms explained above, other methods are
published too. One of the major techniques is compensation of the angular momentum
of the robot, which is created by the inertial effects or the reaction forces exerted on the
robot [42-45]. In these works, angular momentum based inverted pendulum models or

direct feedback of angular momentum are employed to manipulate the CoM trajectories.
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Chapter 3

3. THE HUMANOID ROBOT: SURALP

3.1. Mechanical Design of SURALP

The humanoid robot: SURALP used in this thesis is designed and constructed in
the framework of a TUBITAK funded project (106E040). The 29 D.O.F. full-body
robot with the control hardware integrated in its trunk is shown in Figures 3.1 and 3.2.
The robot is designed to be realistic in human proportions and adaptable to human

environment.

1662

Figure 3.1 Dimensions of SURALP [mm]
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Figure 3.2 Front and side views of SURALP

The hip is composed of three orthogonal joint axes which intersect each other at
a common point; hip center. In the kinematic arrangement, the knee axis follows the hip
pitch axis. The ankle accommodates ankle pitch and ankle roll axes, which are
orthogonal [46]. A waist yaw axis is positioned on the pelvis. The arms are designed as
6 D.O.F manipulators with the following axis arrangement. The shoulder motion is
realized by three orthogonal joint axes followed by a revolute elbow joint. In order to
actuate the wrist, a roll and a pitch axis is positioned in the forearm of the robot. The
single D.O.F hand opens and closes with a linear motion. The neck is composed of two
joints in the pan-tilt configuration. The whole kinematic arrangement of the humanoid

robot is shown in Figure 3.3.
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Figure 3.3 The kinematic arrangement of SURALP

The link length and weight information is tabulated in Table 3.1. 7000 Series
aluminum is chosen as the construction material. Except the knee joint, all joints have a
single DC motor actuation mechanism. The knee joint is driven by two DC motors for
high torque capability. Belt-pulley systems transmit the motor rotary motion to
Harmonic Drive reduction gears. The joint motor power capabilities, reduction ratios of
belt-pulley systems and the Harmonic Drives are displayed in Table 3.2. In addition, the

working ranges of the joints are added to this table.

Table 3.1

Length and weight parameters

Upper Leg Length 280mm
Lower Leg Length 270mm
Sole-Ankle Distance 124mm
Foot Dimensions 240mm x 150mm
Upper Arm Length 219mm
Lower Arm Length 255mm
Robot Weight 101 kg
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Table 3.2

Joint actuation system

Motor | Pulley | HD
Joint Power | Ratio | Ratio | Motor Range
Hip-Yaw 90W 3 120 | -50to 90 deg
Hip-Roll 150W |3 160 | -31to23 deg
Hip-Pitch 150W |3 120 | -128 t0 43 deg
Knee 1-2 150W |3 160 | -97to 135 deg
Ankle-Pitch 150W |3 100 | -115to 23 deg
Ankle Roll 150W |3 120 | -19to 31 deg
Shoulder Roll 1 | 150W | 2 160 | -180 to 180 deg
Shoulder Pitch | I50W |2 160 | -23 to 135 deg
Shoulder Roll 2 | 90W 2 120 | -180 to 180 deg
Elbow 150W |2 120 | -49to 110 deg
Wrist Roll 70W 1 74 -180 to 180 deg
Wrist Pitch 90w 1 100 | -16to 90 deg
Gripper 4W 1 689 0 to 80 mm
Neck Pan 90w 1 100 | -180 to 180 deg
Neck Tilt 70W 2 100 | -24 to 30 deg
Waist 150W |2 160 | -40to 40 deg

With the aim of absorbing some of the impact during the interaction of the feet
with the surface, a mechanical solution is proposed. Various foot designs with soft
rubber materials at the bottom are tested and the walking performances with these feet
have been compared. Despite soft materials absorb an important amount of the impact
generated at the sole of the foot, very soft designs caused the robot foot to slip on the
ground and resulted in a serious loss of stability. In the final design of the sole, a more
human-like foot is aimed and the best walking performances are obtained with this

design (Figure 3.4)

Figure 3.4 The bottom view of the final sole design
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3.2. Sensory System

The sensory system of SURALP is composed of sensors in the following four

categories:
1) Joint encoders
i1) Force and torque sensors

iii)  Inertial sensors

iv) CCD cameras

The motor angular positions are measured by 500 pulses per revolution optic
incremental encoders mounted to the DC motors.

Two kinds of force and torque sensors have been used throughout the project.
One is the 6 axis force/torque sensor which is positioned at the ankle of the robot. An
alternative force and torque measurement system is obtained by the use of FSRs (Force
Sensing Resistors).

FSRs are polymer thick film devices showing a decrease in their terminal
resistance by increasing the force applied to their active surface. The dimensions of the
sensors used are 40 mm x 40 mm x 0.43 mm and their weight is negligible. The very
thin structure enables assembling without an increase in the foot height and a wide
range of forces can be measured with a large contact area. The resistance values of the
sensor for varying force values from 0-25 kg are plotted. It is observed that the resultant
curve is highly nonlinear and a piecewise linear approximation is used to obtain force
values from the voltage measured at the terminals of the FSRs. Figure 3.5 illustrates the
placement of the four FSR sensors under the robot foot. The layers at the foot sole
composed of various materials together with the FSRs are shown in Figure 3.6.

The use of force measurement units at the four foot corners enables us to obtain
tactile information about at which corner the robot tilts. The ground interaction force in
the vertical direction and the torque values at the ankles can also be measured by this
system. The 6 axis force/torque sensors and the FSR based foot corner force sensors are
used interchangeably. A difference in the quality of measured signals in terms of drift,

response time and accuracy in favor of the 6 axis force/torque sensors is observed. The
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control algorithms developed in this thesis are tested and implemented with 6 axis F/T

sensors. Still, the FSR sensors are an alternative for walking on uneven surfaces.

Sensor base plate

Foot plate

Figure 3.6 Layers of the foot sensor with FSRs.

Three types of inertial sensors are used and compared in this project. A rate
gyro, a linear accelerometer and an inclinometer are mounted at the robot torso to obtain
roll/pitch angles and angular rates in the roll/pitch/yaw axes. Throughout the thesis, the
inclinometer is used for development of control algorithms related to the body

inclinations and its performance was satisfactory.

30



Two Firewire CCD cameras are mounted to the robot head for visual

information.

These sensors are listed in Table 3.3 with their working ranges and mounting

locations.
Table 3.3
Sensors of SURALP
Number of
Sensor Channels Range
All joints Inf:rernental ! chgqnel 500 pulses/rev
optic encoders per joint
+ 660 N (x, y-axes)
Ankle F/T sensor 6 Z}rlzlrllfl:el:s + 1980 N (z-axis)
p + 60 Nm (all axes)
Foot FSR 4 channels 0t0 250 N
per foot
Accelerometer 3 channels +2G
Torso Inclinometer 2 channels + 30 deg
Rate gyro 3 channels + 150 deg/s
+ 65 N (x, y-axes)
Wrist F/T sensor 6 i:}rlilvl?iis + 200 N (z-axis)
p + 5 Nm (all axes)
Head CCD camera 2 640x480 pixels
30 fps
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3.3. Controller Hardware

The control electronics is based on dSPACE modular hardware. A DS1005
microcontroller board of the dSPACE family is central controller in our hardware
system. This is the board where all the reference generation and control algorithms
explained in the following sections run. Apart from the uP, seven DS3001 incremental
encoder input boards are used to provide the connectivity for 35 joint encoders. 31 of
the connections provided by these incremental encoder boards are occupied with the
joint encoders of the current design of SURALP. Two 32-inputs DS2002 Multi-Channel
A/D Boards are employed for conversion of analog signals from inertial and
force/torque sensors. One DS2103 Multi-Channel D/A Board provides 32 parallel D/A
channels for the reference signals of the actuators. In addition to these, a DS4201-S
Serial Interface Board provides 4 serial communication channels with selectable line
transceivers (RS232, RS422 or RS485), which is set to RS232.

The rate gyro, accelerometer, inclinometer, FSR sensors and 6-axis force/torque
sensors are integrated over the analog inputs. A Crossbow vertical gyro system,
measuring 3 axis heading angles, accelerations and angular rates is connected to the
DS4201-S Serial Interface Board and communicates via RS232. The analog outputs
provide torque references for the four-quadrant Maxon & Faulhaber DC motor drivers.
The controller and data acquisition boards mentioned above are housed by a dASPACE
Tandem AutoBox enclosure, which is mounted in a backpack configuration in the robot
assembly. The overall hardware structure is drawn in Figure 3.7. The rate gyro,
accelerometer, inclinometer and Maxon & Faulhaber DC motor drivers are located in
the torso of the humanoid robot. The power source and a remote user interface computer
are placed externally. The CCD cameras are connected to the remote control PC via

Firewire interfaces.
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Figure 3.7 Overall hardware setup of the humanoid robot: SURALP
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Chapter 4

4. WALKING TRAJECTORY GENERATION

4.1. Foot Reference Trajectory Generation

Various walking trajectory generation techniques used in the literature have been
mentioned in Section 2.3. Similar to the studies [31], [32] and [35], in this thesis the
reference x, y and z coordinates of foot centers with respect to the body center are
generated as periodic functions of time completing the walking cycle (Figure 2.10).
This periodic function approach is inspired by the works on the neural control of human
locomotion, which consists of periodic solution with rhythms corresponding to the
standard bipedal gaits [26].

The robot coordinate frames are shown in Figure 4.1. The foot position and
orientations are expressed with respect to the body fixed coordinate system. In this
thesis, the reference trajectories are generated as periodic functions of the x, y and z
position references for coordinate frame centers attached to the two feet, with respect to
a coordinate frame attached to the trunk of the biped robot. The trajectories are periodic
and symmetric for both legs. Also it is assumed that the feet orientations are
permanently parallel to the trunk. According to these reference positions of the feet, the
joint trajectories are calculated using the inverse kinematics [47]. The details of the
inverse kinematics used in this computation are included in Appendix A.

The foot trajectories in Cartesian x, y and z directions are computed as simple
mathematical functions depending on a number of parameters. These continuous time-

dependent functions are combinations of linear and sinusoidal functions and thus easy
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to compute. Also, smoothing of these trajectories is possible at specific instants, such as

landing or take-off instants of the feet.

Body Coordinate

Left Foor
X Coordinate Frame

Right Foot !
Coordinate Frame "X

Figure 4.1 Coordinate frames of SURALP

The control structure of the robot SURALP enables the online adaptation of
these parameterized trajectories. In addition to the online variations in the walking
parameter values by user commands from the software, walking control algorithms
enables the jump from one trajectory to another or online modifications on the reference
trajectory curves in order to adapt to the walking environment. The flexibility of
changing all the variables online provides an important opportunity in tuning the
walking parameters without stopping the robot. In Figure 4.2, the layout used for
parameter tuning and displaying the references is shown.

The reference trajectories consist of periodic repetition of walking phases for a
determined time period (Figure 2.10). A step period is composed of the single support
periods for right and left foot and two double support periods.

T'step =2'(Tssp+Tdsp) (41)
The effective leg lengths; hip-to-sole distances of the legs, denoted by /,,, and

l,; respectively, are important parameters in trajectory generation. These parameters

are independently used for compensation purposes described in the following chapter.

Other walking parameters are explained in the corresponding sections.
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Figure 4.2 The user interface used in trajectory generation

Before starting to walk, the robot needs to be set to its pre-walk configuration.
This is the configuration of the robot where the joint trajectories are set to their initial
values at # = 0. In the pre-walk position, the distance between the feet is determined by
the swing offset parameter and knee joints are bent such that the effective lengths are at
their initial values (Table 4.1). The reason of this bending is to avoid singularity while
computing the inverse kinematics of the legs.

Ligw =Ly =0.62m (4.2)

right

4.1.1. Foot Trajectory Generation in the x-Direction

The Cartesian x-direction trajectories of the feet are composed of double support
and single support phases. The feet move forward and backward with respect to the
body coordinate frame. In the double support phase, the x references of the feet are kept
constant, whereas in the single support phase, the references of both support and the
swing foot followed a cosine function in opposite direction and symmetric to each other
by a magnitude of the step-size parameter. The x-direction trajectory expressed in the

body coordinate frame is computed as the following;

36



05-d if 0<t<05-(T, +T,.)

step dsp " Tp

05-d [ t_O-S‘Y;Sp—()-S‘Y;ush] 0.5 (T T })<l 05T +T
'.ste'COSﬂ- "ds+ us_<"ds+ss
! Zv'sp_o's ' Y;ush v ! g
Xy=1-05d,, 05-T,,+T,,<t<15-T, +T +05T , (4.3)
t_l's.z;.s‘p_z;p_o's'y;ush
-05-d,,,cos| w T 05T L5- T, +T,,+05-T <t <15T, +2-T
Ssp . push
05-d,, 15T, 42:T, <t

Using an offset parameter called the x-reference asymmetry, which determines
the average position of the feet in x-direction with respect to the body coordinate frame,

the x references for right and left legs are obtained as in (4.4) and (4.5).

Xy = Xy X (4.4)

ref _asymmetry

lefi
er‘t = _xref + X (4.5)

ref _asymmetry

The x-direction trajectories computed are shown in Figure 4.3.
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Figure 4.3 Typical x-direction Cartesian reference trajectories (solid: right, dashed: left)

4.1.2. Foot Trajectory Generation in the y-Direction

The robot is required to swing in y-direction with the aim of lifting the swing
foot and keeping the balance [34]. The swinging of the robot is in the opposite direction

of the y-direction foot references because the support foot is in contact with the ground.
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Additionally, to increase the stability of the walk, the peaks of the swing curves are

softened using a delay period, in which the references are kept constant. The

computation of this trajectory as expressed in the body coordinate frame using

sinusoidal functions is as in the following;

t
d, S0 | T————| if 0<t<05-(, +T T,
swing ( Y;SP‘FT T j f (dsp ssp  “dela y)

ssp  “delay

d,, 05-(T, +T, -

swing dsp ssp delay

)<t<05-(T,,+ T+ T,

ssp delay)

(4.6)

)<t<15T, +15T —05-T

dsp delay

T + I ];e/a

SSp

. t— 7;elay
yref = dSW""g' e 0.5- (T;Yp—'—zgsp +7;e/ay
y

~de 15-T,, 15T, ~05-T,, <t <15-T, +15-T, +05-T,,,
A sin| g2t | yspoLisT 05T,
swin, S | v 2 Ly + + de/a

¢ T +T ];e/a : y

Ssp 1y

Shifting the y,,, via the variables y-reference asymmetry, which determines the

average position of the feet in y-direction with respect to the body coordinate frame, and

the swing offset, the y references for right and left legs are obtained as in (4.7) and (4.8).
y;é}g’h[ = yref + yrefﬁasymmetry - dswingioﬁfset (47)
yizz yref + yrefiasymmetry + dswingiaffset (48)

The y-direction trajectories computed are shown in Figure 4.4.
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Figure 4.4 Typical y-direction Cartesian reference trajectories (solid: right, dashed: left)

38



ight __
Z:ef =1—h

4.1.3. Foot Trajectory Generation in the z-Direction

The robot needs to lift its feet upwards to take a step. The z-direction reference
trajectories are negative, because they are expressed in the body fixed coordinate frame.
Although the magnitudes of the z references are equal for both right and left legs, their
timing has a shift due to the fact that only the swing foot will be lifted. At the beginning
and the end of the swing phases, z-direction references are zero and the peaks of z
references are reached after the middle of the swing phases.

In addition to the take-off of the feet, this thesis introduces the pushing the
ground approach in z-direction trajectory generation. In this approach, the ground is
pushed by the feet before the take off for a determined period of time with the
parameter called ground push period. Thus, the trajectory is divided into 5 phases. The
first and the last phases are the beginning and the end of the swing phase, where the
magnitude is zero. The other three phases are;

e ground push phase with a “I-cosine” function in order to smooth and reduce the
impact generated by the pushing,
e foot rise phase, again with a “l-cosine” function,

e foot landing phase from the step height to zero with a “cosine” function for soft

landing.
The z-direction trajectories for the left foot are computed as the following;
0 if 0St<0-5'7:,s,,
~05-T,,
05-h,.| 1-cos 2z 05-7,,<1<05-(, +T,.,)
push
t—05-T,_+T
push +0'5'(hplﬂh—'_h?“’[’)‘il_cos ( 2][ ( e ))J 0'5'(EY17+7;elay) <t <0'5'(7;13p+];vp+7;7ush) (49)
ssp
t_OS (];lvp+];vp+7;u.slr )
05-h,,| 1+cos| 2z T 05T, +T, +T,,) <t <05-T +T,,
0 05T+, <t

Unlike the x and y references, z trajectories are not symmetric in timing and
there is a time shift in the references. Thus, the z references for the right leg is computed
similar to (4.9) but with different time specifications. Applying the effective leg lengths

L and [, , Cartesian foot references in z-direction are obtained (Figure 4.5).

right
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Figure 4.5 z-direction Cartesian reference trajectories (solid: right, dashed: left)

The walking pattern of the robot is generated by the synchronous run of these
trajectories in x, y and z-directions. Typical walking parameters used in the experiments

of this thesis are given in Table 4.1.

Table 4.1
Trajectory generation parameters

Single support period 1.2s
Double support period 1.1s
Ground push period 0.8s
Swing delay period 05s
Step period 4.6s
Step height 1.5 cm
Body pitch angle 3 deg
Step size 6 cm
Ground push amplitude I cm
Swing amplitude 6.5 cm
Swing offset 14 cm
Body height 62 cm
Initial x-reference offset | -3.5cm
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4.2. Upper Body Trajectory Generation

4.2.1 Waist and Arm Swing Reference Trajectories

Due to the angular momentum created by the swinging leg, a yaw moment is
generated at the supporting foot while walking. Up to an amount, this moment is
compensated by the friction between the floor and the supporting foot [33]. This
moment needs to be compensated in order to prevent sliding of the supporting foot and
turning of the robot around the yaw axis. By generating waist and arm swing
trajectories, the sliding effect of the yaw moment can be decreased. The waist axis
reference has a similar form to the x-direction foot references shown in Figure 4.3.

The arms of the robot have given an initial angle of 30 degrees in the shoulder
and the elbow in the opposite direction, so that the arms have a human-like walking
configuration (Figure 3.2). In addition to the generation of waist trajectories to

counteract the angular momentum, the arms can also be used with the same purpose.

4.2.2 Body Pitch Angle Reference

The foot orientation references used in the inverse kinematics are fixed and they
are computed such that the feet are parallel to the ground. However, the robot body is
oriented with a small pitch angle (3 degrees) with respect to the ground, which is also
referred as pitch tilt angle. By the virtue of the body pitch tilt angle, the robot center of
mass is moved forward from the behind of the waist axis, closer to the center of the

pelvis.
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Chapter 5

5. WALKING CONTROL ALGORITHMS

Even though a smooth reference trajectory is generated as described in the
previous chapter, to realize a robust walk and maintain the balance of the robot, balance
control algorithms are required. In order to cope with disturbances, inclination or
unevenness of the walking environment, various control techniques have been
employed using sensory feedback, similar to the ones published in [48]. Figure 5.1
shows the control algorithms employed and the sensors used for them in a block
diagram. Scheduling and the working principles of these controllers are explained in the
following section. Experimental results with the controllers described in this chapter are

presented in Chapter 6.

' ™
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Figure 5.1 The overall control block diagram of SURALP
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5.1. Independent Joint Control

Reading motor angular position from the incremental encoders, the reference
tracking performance of each joint with sinusoidal references is tested and PID control
gains are tuned via trial and error. A second, final tuning is carried out during walking.
In order to achieve a stable walk, it is significant that all joints follow the reference
trajectories with a fast response time, limited steady state error, oscillation and
overshoot. The trajectories are tracked very successfully with peak position errors
corresponding to a few encoder pulses, with a sampling rate of 1 kHz. The PID control

gains are given in the following table.

Table 5.1

PID control parameters

K, |Ki| K
Hip-Yaw 12000 [ 30 | 60
Hip-Roll 150000 | 30 | 200
Hip-Pitch 30000 |30 | 80
Knee 1-2 30000 |50 | 50
Ankle-Pitch | 100000 | 60 | 100
Ankle-Roll 100000 | 60 | 80

Shoulder Roll-1 | 20000 | 50 | 80
Shoulder Pitch | 20000 | 50 | 80
Shoulder Roll-2 | 20000 | 10 | 30

Elbow 20000 | 10 | 20
Wrist Roll 1000 | 10| 10
Wrist Pitch 5000 |10 20
Neck Pan 20000 | 10| 30
Neck Tilt 5000 | 10| 20
Waist 20000 | 50 | 80
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5.2. Home Posture Adjustment Control Algorithms

Our experiments indicate that the home posture of the robot has a very
significant effect on the stability of the walk. Since the Maxon DC motors used in
SURALP have incremental encoders mounted on them, the position counters are
cleared after turning off the power of the controllers and a zeroing process is necessary
before the next experimental work. Since a perfect manual zeroing of joint positions is
quite hard for a 29 D.O.F. humanoid robot, inaccuracies will occur in the initial home
posture, which need to be compensated. In this thesis, an automatic homing routine is
proposed.

The automatic homing routine aims equal weight distribution on the two feet and
a straight body upper posture in both roll and pitch axes. Control algorithms for the
adjustment of the home posture use sensory information from 6-axis force/torque
sensors at the ankles and an inclinometer mounted on the trunk. Inspired by the idea of
[49], four algorithms are applied simultaneously during the homing process: Foot pitch
torque difference compensation, ZMP regulation foot orientation control and trunk
orientation control.

The homing starts with a rough manual homing process with position increments
of 0.5 degrees commanded from the graphical user interface. At the end of the manual
homing, the pre-walk pose of the robot (mentioned in Section 4.1) is commanded. Then,
the robot is lowered to the ground and is ready to the activation of automatic homing
algorithms. With the use of these techniques, the robot adapts to the ground conditions
and the offset values due to the inaccuracies in initial home posture are captured. These

offset values are then applied before the experiments.
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5.2.1 ZMP Regulation

The ZMP criterion is an important measure of stability in bipedal walk. The
ZMP should be inside the supporting polygon of the two feet in the double support
phase and inside the supporting sole area in the single support phases. A ZMP
regulation is proposed for the automatic homing process of the humanoid robot [49].
For this purpose, a simple proportional action relation between the ZMP error and
pelvis horizontal position proved to be successful. The ZMP reference for zeroing the

robot is defined in the middle of the supporting polygon as in Figure 5.2.

Xref offset (S) = Xref offset (S) + KP—ZMP X (XZMP desired (S) - XZMP actual (S)) (5 . 1)
)_Iref offset (S) = Yref offset (S) + KP—ZMP Y (YZMP desired (S) - YZMP actual (S)) (5 2)
X and Y are set to the center locations of the Cartesian reference

ref offset ref offset

trajectories shown in Figure 5.2. X ref offver AN Zef o are modified by the control
method. In order to shift the real ZMP to the desired value, which is the ZMP reference
shown in Figure 5.2, the robot center of gravity is shifted in x and y axes by adding the

offset values to x explained in Section 4.1.

ref _asymmetry and y ref _asymmetry

xref_asymmetry = xref_asymmetry + X ref offset (S )) (5 3 )
yref'_asymmetry = yref_asymmetry + Yvref offset (S)) (54)
Left Foot Right Foot
ZMP
Reference
Ankle
Centers

Figure 5.2 The ZMP reference for robot zeroing
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5.2.2 Foot Orientation Control

This approach aims the adaptation of both feet to the ground by modifying the
planned ankle joint angles. The scheme computes joint angle reference modifications in
such a way that the feet are aligned parallel to the walking surface when they are in
contact with the ground. This case is shown in Figure 5.3 from the frontal plane.

The reference modification law is in the form of a first order filter applied on the
foot to ground contact torques. For the roll axis of the ankle, the following reference

modification law is employed:

— K
eroll (S) = eroll (S) + s ZU Troll (S) (55)

roll

where s is the Laplace variable. €, is the roll joint reference angle computed from the

inverse kinematics. 6, , is the reference angle after the reference modification. 7, is

ro

the torque about the roll axis due to the interaction of the foot with the ground. T, is
measured by torque sensors positioned at the ankle. K, and A, are low pass filter

constants which are determined by trial and error in our approach.

In the digital implementation, the Laplace domain transfer function in (5.5) is
approximated by a difference equation using Tustin’s approximation.

In the homing of the robot, when the foot is in contact with the ground only with
a corner or an edge, a torque is developed and with the application of (5.5), the joint
angle references are modified in such a way to turn the ankle to achieve foot orientation

parallel to the ground. This modification law is applied to the two legs independently.

ﬂr:ll'l' Erm-l-
Tr|;||'|'
f{fﬁfﬁfﬁfﬁfﬁfﬁfﬁr FEPAErrrrrrrinry

Figure 5.3 Simple model for the foot orientation control
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5.2.3 Trunk Orientation Control

The inclination of the robot body (or trunk) is an important indicator of the
stability of the walk. In the homing process, due to imperfect manual initialization of
joints and uneven ground conditions, the robot trunk needs to be aligned straight in both
frontal and sagittal planes. Inspired by the idea [7] to keep the trunk vertically aligned
on uneven ground conditions, the effective leg lengths and ankle pitch/roll angles are
controlled simultaneously. In the sagittal direction part of this controller the ankle pitch
angles are modified by using feedback from body inclination, where the information
from the inclinometer is used (Figure 5.4 and 5.5). The control law employed is
0 i (8) = 0,1 () + (K K i 1)@ i (5) (5.6)

where 6., (s) is the pre-planned pitch angle reference for the ankle joints (for the right

ankle and the left ankle) and gpimh (s) is the modified reference. & (s) is the trunk

trunk pitch

pitch angle measured by the inclinometer. K, ,, and K, .,k are the trunk pitch

P-pitc I pitc
control proportional and integral action gains, respectively. In the lateral direction, for
the ankle roll joints, the landing foot orientation controller described above in this
section is employed. The trunk roll angle control is carried out by using the effective leg
lengths which in our study are defined as the distances between the hip joints and foot
soles. The feedback law which uses the inclinometer roll angle measurement is as

follows.

- 1
lleﬁ (s)= lleﬁ (s)+ [K poront T K o ;jetmnk o (8) (5.7)

- 1
lright (s)= Zright (8)— (K prot T K1 o ;)Hmmk o (8) (5.8)

In these expressions, /,, and [, are the pre-planned effective lengths of the left and

right

right leg, respectively. l_,eﬁ and [

g are their versions after the application of the trunk

orientation controller. K, ,, K, ,.,, K, ,, and K, , are controller gains and

6,. .., 1sthe measured trunk roll angle.
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Figure 5.4 Simple model for the trunk orientation control (pitch axis)

g rofl trunk

Figure 5.5 Simple model for the trunk orientation control (roll axis)
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5.2.4 Foot Pitch Torque Difference Compensation

The ankle pitch control action for the regulation of trunk orientation is applied
on the two ankles simultaneously. However, the ground irregularities or the difference
between the initial values in the joint zeroing process of the two ankle pitch angles can
cause the two feet make different angles with the ground surface, which will generate
different torque values on the ankles. In such a case, typically the toe or heel parts of the
feet will be off ground causing unstable behavior and large magnitude fluctuations in
body inclination angles. In order to align both feet parallel to the ground, a torque
difference compensator is proposed, which makes the ankle torques equal. This

approach is applied for our biped robot as a PI controller;

1
ediﬁ‘erence (S) = (KP—d;'ﬂ’erence + Kl—diﬁ‘erence ;J(Tpitch right (S) - Tpitch left (S)) (59)
gpitch right (S) = epitch (S) + gdifference (S) (5 . 10)
gpitch left (S) = gpitch (S) - gd[ﬁérence (S) (5 1 1)

In (5.9), T,psp and T are the ankle pitch torques measured by the 6-axis

pitch right
force/torque sensors. The application of the controller is by superposition with the trunk

orientation control which also acts on the ankle pitch angles.

Right leg Leftleg Right leg Leftleg

15lln|'r|:i1 left

pitch right

#

pitch right

Tp itch right D

Figure 5.6 Simple model for the foot pitch torque difference compensation
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5.3. Walking Balance Control Algorithms

Stable trajectory generation may not be sufficient to realize the maintenance of
the balance during the walk in cases of external disturbances and inclined or uneven
ground conditions. After a successful homing process, online balance control algorithms
are applied during the walk. The foot and trunk orientation controllers explained in the
previous section (Section 5.2) are employed in walking experiments too.

As explained in 5.2.2, the foot orientation control is based on the difference
between the actual and the planned angle of the swing foot. During the walk, the
function of this approach is to adapt the landing foot to the ground with a soft and
smooth landing. The joint angle reference modifications are computed same as (5.5).
Using the reaction torque developed when the landing foot is not perfectly parallel to
the ground, the ankle joint angle references are modified to achieve a flat foot
orientation.

As described in 5.2.3, the trunk orientation control is an important tool for
keeping the robot torso in an upright position. With the same objective, a similar
balance control algorithm is developed for the walking. This method is called body
pitch angle correction and designed for fast response during the walk. This controller
modifies the ankle pitch angles by using the feedback obtained from the inclinometer.

In addition to the methods 5.2.2, the following balance control techniques,
including the body pitch angle correction, ground impact compensation and early

landing compensation are introduced for a stable walk.

5.3.1 Body Pitch Angle Correction

With the aim of keeping the robot torso aligned in the sagittal plane with an
angle determined by the control designer and reducing the oscillations around the pitch
axis, an angle correction algorithm similar to the one in 5.2.3 is developed for the
walking of the robot. Different from the algorithm developed for the automatic homing

process, a faster response is required to modify the body pitch angle of the robot. The
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control action must be fast enough to follow the pitch oscillations and compensate them
during the walk. Furthermore, the robot is aimed to be aligned with an angle determined
by the pitch tilt reference explained in Section 4.2, rather than aligning the torso strictly
straight. This controller modifies the ankle pitch angles by using the feedback obtained

from the inclinometer (Figure 5.4). The control law employed is:

— 1
apitch (S) = apitch (S) + (KPpitch + K]—pitch ;j(atmnk pitch (S) - epitch tilt ) (5 12)

where 6., (s) is the pre-planned pitch angle reference for the right and left ankle joints

and gpmh (s) is the modified reference. 8, ., (s) is the trunk pitch angle measured by
the inclinometer and 6, ., (s) is the pitch tilt angle reference. K, ., and K, ., are

the trunk pitch control proportional and integral action gains, respectively.
In order to adapt the trunk orientation control in the homing process to the online
walking control algorithms, the control parameters K

, and K, . are tuned again.

P—pitc 1 - pitc
The same control action is applied to both right and left ankle pitch angles. This online
pitch angle modification is employed only in the double support phase of the walking,

where both feet are landed on the ground.

5.3.2 Ground Impact Compensation

Another important problem in achieving stable walking is the impact generated
at the landing of the swing foot. Even a small tilting of the robot upper body to the front
will cause the swing foot land early and the leg will try to push the ground. Due to the
ground interaction force acting on the landing foot due to the impact, the robot will
vibrate and this will affect the stability of the walk in each step. In order to compensate
this impact, a virtual mass-spring-damper system is positioned between the hip and
ankle. Using the vertical force data from the force/torque sensors at the ankles, the
distance between the hip and sole of the landing foot is modified by the following
second order relation:

1
m,s* +bs+k,

[(s)=1(s)~

F.(s) (5.13)
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In (5.13) [ represents the effective length reference obtained from Cartesian foot
reference trajectories. / is the modified version of the distance after the compensation.

F_is the z direction component of the ground interaction force acting on the foot
measured by the force/torque sensors. m,, b, and k, are the desired mass, damping and

stiffness parameters of the mechanical admittance relation described in (5.13), which
are tuned as a critically damped system. The ground impact compensation is triggered
with any landing of the foot, not just for the early landing. It is deactivated after a
certain time specified by the control designer, where in these experiments 0.4 seconds is
assigned as the activation time. It is important to note that, the height between the hip
and sole is no more equal to its original value after this compensation. In order to return
the effective length to its original reference value, at the end of the impact compensation

phase the following equation is applied:
1(6) = 1) 0.5(1(t,) ~ 1 (1, )1+ c0s((t ~ 1,),1,,,) (5.14)

where ¢, is the time at the end of the impact compensation phase and @ determines

return
the speed of return of / to /. By (5.14), beginning with the final / value of the impact
compensation phase, / returns to the original reference value / after a smooth transient
behavior. The test results showed that it is better to apply this modification law to the
two legs independently.

As in the case of other techniques, Tustin’s approximation of the continuous

relation is obtained and applied.

Figure 5.7 Simple model for the ground impact compensation
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5.3.3 Early Landing Modification

The walking phases and the reference trajectories are explained in the following
chapters, including the takeoff and landing timing for both right and left feet in z-
direction. Any disturbance or ground irregularity and the inclination of the robot trunk
might result in a difference in the landing timing of the swinging foot from the ideal
reference timing. So, in addition to the planned timing captured from the reference
curves, real foot landing timings must be determined based on the ground reaction force
exerted on the ankles. If the swing foot lands before the prescribed landing time, which
is generally the case, this landing is called an early landing. This situation is captured
when the force/torque sensors at the ankles read a force value larger than a determined
threshold value in the landing phase of the swing foot.

One of the main problems of early landing of a swung foot is that when it lands
to the ground before the beginning of the double support phase as expected, it will go on
moving forward following the planned reference curve. When the x-direction foot
references shown in Figure 4.3 are investigated, it is observed that the supporting foot
will move backward in the body coordinate system at the same time. Therefore, right
after an early landing the feet on the ground will try to push the robot in two different
directions. The feet will slip, the robot will turn, and the trunk will significantly
oscillate. In order to avoid such a condition, the x-direction references for both right and
left feet are modified in the case of an early landing. The modification is developed for
two kinds of trajectory generation methods. The first one is developed for the
parametric function based reference trajectories applied in this thesis, where the x-
direction references for right and left feet are symmetric and parallel. The second one is
adapted for ZMP based trajectories, where the x-direction references are not completely

symmetric [50].
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5.3.3.1 Early Landing Modification for Function Based Trajectories

In this case, the timing and the magnitudes of the step size for the right and left
feet are completely the same. Specifically, this modification “stops” the x-direction
references of the feet at their values they had at the instant of early landing, as shown in
Figure 5.8. The x references for both feet are kept fixed until the next walking cycle and
continue from their fixed values, whenever the planned x direction references reach the

captured value again.

0.01+

0.02¢ Early Landing
0.03 ¢+
004}

0.05¢

X Direction References [m]

006} F-==—=--------

_OD? 1 1 i 1 1 1
0 15 2 2.5

é&‘
4 Time [s] \
Lock Time ¥ )

Unlock Time

Figure 5.8 Early landing modification for symmetric x-direction references

5.3.3.2 Early Landing Modification for ZMP Based Trajectories

Different from the previous case, in ZMP based trajectories the x direction
reference curves are not symmetric due to differences in the timing and step sizes. Thus,
a more complex solution is required for this case. When the x direction references for
the ZMP based trajectories are investigated, it can be seen that the previous solution
cannot be applied for this case. If the x reference values of both feet are kept at the

instant of early landing, the supporting foot will not reach its planned x references when
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the landed foot reference reaches its planned value. So, this will result in a jump in the
reference of the supporting foot and the robot will hop and vibrate seriously.

In order to solve this problem and adapt the early landing modification method
to asymmetric x-direction references, a parallelogram method is developed. Instead of
fixing the reference at the instant of the early landing, using the landing time and the
reference value at that instant, the lock time, unlock time and the unlock values are
computed for both swing and support foot. The new restricted references are formed by
combining these values in a parallelogram. At the final step, the reference values are
kept constant at the instant of landing. Since the references are parallel in the body
coordinate frame, in the case of an early landing the feet will not further move and the
unexpected turning and oscillations of the robot will be avoided.

Figure 5.9 shows an experimental result of walking based on ZMP trajectories.
The solid curves are the original x-direction ZMP foot references and the dotted curves

are their modified versions.

0.02

-0.02

-0.04

-0.06

X Direction ZMP References [m]

Time [s]
Figure 5.9 Early landing modification for asymmetric x-direction references (red: right

and blue: left, solid: original, dotted: modified)
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Chapter 6

6. EXPERIMENTAL RESULTS

6.1. Automatic Homing Results

The controllers discussed in Section 5.2 are employed for the automatic homing
process of the robot. To realize the success of the controllers, the adaptation of the robot
to an inclined plane is tested (Figure 6.1). The homing algorithms are applied one by

one in order to show their control effects clearly.

Figure 6.1 Inclined plane used in the automatic homing process
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Figure 6.2 shows the ankle roll angle modification in the homing process. The

control technique modified the ankle joints so that both feet are parallel to the ground.

Right Ankle Roll Reference [deg]

_6 1 1 1 1 1 1 1 1 1
0 2 4 6 8 10 12 14 16 18 20

Time [s]

Left Ankle Roll Reference [deg]
)
|

Figure 6.2 Roll angle references (Foot orientation control)

Pitch torque difference compensation modified the ankle pitch angles, so that
both feet adapt to the ground conditions (Figure 6.3). It can be noted that the same

torque difference is added to right and left ankles with opposite signs.

K -
29+ -
28+ B
| [ [ [ [ [ |
0 5 10 15 20 25 30 35 40
Time [s]

0 5 10 15 20 25 30 35 40
Time [s]

Left Ankle Pitch Reference [deg] Right Ankle Pitch Reference [deg]

Figure 6.3 Pitch angle references (Pitch torque difference compensation)
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In order to make the robot trunk straight, the trunk orientation control modified
both ankle pitch angles and the effective lengths for both legs (Figure 6.4 and Figure
6.5). It can be seen that ankle pitch references start from the values after the pitch torque
difference compensation and are now modified to the same direction to make the robot
straight in pitch axis. Similarly, the effective lengths for right and left legs are altered to

align the robot flat in roll axis. The trunk angles are shown in Figure 6.6.
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26 L L L L L L L
0 5 10 15 20 25 30 35 40

Time [s]
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34l 1
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Figure 6.4 Pitch angle references (Trunk orientation control)
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Figure 6.5 Effective length modifications for right (solid) and left (dashed) leg
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Body Angles [deg]

_6 L L L L L L L
0 5 10 15 20 25 30 35 40

Time [s]

Figure 6.6 The roll (blue) and pitch (red) angle of the robot trunk

Since both legs are adapted to the ground in both roll and pitch axes and the
trunk is in an upright position, the pitch torque at the ankles can be observed at the end
of these three compensation algorithms (Figure 6.7). At the beginning of the homing
process, the feet contact with different surfaces and the ankle pitch torques smoothly

converge to the same steady state value after the automatic home posture adjustment.
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Figure 6.7 Pitch torques at the right (red) and left (blue) ankle
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Finally, for even distribution of weight, x

ref _asymmetry and y ref _asymmetry

arc

modified such that the actual ZMP of the robot is on top of the desired ZMP value

shown in Figure 5.2. The following figure plots the compensation of x

y ref _asymmetry
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Figure 6.8 x and y-reference asymmetry modifications

values during the homing process.
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6.2. Walking Results on Even Surface

The walking of SURALP is tested on a flat surface. Cartesian foot trajectories
explained in Chapter 4 are generated and employing the control techniques discussed in
Chapter 5, a stable walking is achieved. The following snapshots are taken during the

walk of SURALP on an even terrain (Figure 6.9).

Figure 6.9 Snapshots of SURALP during the walk

In order to verify the effectiveness of the initial homing procedure, the body
angles of the robot is captured and compared. It can be stated that the body roll and
pitch angles are increased and the stability of the robot is weakened in terms of the
repeatability of the oscillations (Figure 6.10). Better results are presented with the

automatic homing procedure in the following figures.
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Figure 6.10 Body roll angles without automatic homing

After verifying the effectiveness of the homing procedure, the effects of the
proposed control algorithms will be investigated. Figure 6.10 shows the ankle roll angle
modification in the walking. The comparison of the original and the modified ankle roll
angle references shows the effect of the foot orientation control. The foot orientation
control modifies the ankle joint references to keep the feet parallel to the ground based

on the torque feedback measured at the ankles.

Right Ankle Roll References [deg]

_15 L L L L L L L L L
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Time [s]

Figure 6.11 The roll angle reference of the ankles (original: solid, modified: dashed)
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The advantage of this control method can be realized by observing the body roll

angles and the roll torques at the feet. Figure 6.11 shows that the peaks of the regular

body roll angle increased from [-3.5, 3.5] to [-4.5, 4.5], the robot started to oscillate in

roll direction and lost balance at the end of the experiment. Figure 6.12 shows the

significant increase in the oscillations of left ankle torque values around the roll axis,

Body Roll Angle [deg]
o

Body Roll Angle [deg]
o

after the deactivation of the foot orientation control att= 15 s.
10 15 20 25 30 35 40
Time [s]
10 15 20 25 30 35 40
Time [s]

Figure 6.12 The roll angles of the robot body (with foot orientation control: top, without
the control: bottom)

Left Ankle Roll Torques [Nm]

20

15

10

-10

-15

10

15
Time [s]

20

25

30

Figure 6.13 Left ankle roll torque values (foot orientation control deactivated at t=40 s.)
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The modifications of the effective leg lengths by the ground impact
compensation are shown in Figure 6.14. As explained in Chapter 5, using the measured
ground interaction force on the landing foot, the impact is absorbed via a second order
virtual mass-spring-damper system. After the activation time defined by the control
designer, the modified distance returns to its original value by a smooth transition. The
stability of the walk is verified by the smoothness and the repeatability of the
modification of the effective leg lengths. The impact compensation is turned off at t =

25 and the robot started to tip over due to the impact forces at landing (Figure 6.15).
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Figure 6.14 Effective leg length modifications
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Figure 6.15 The body pitch angles (ground impact compensation turned off at t=25 s.)
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As described in Section 5.3.3, early landing modification modifies the x-
direction foot references in the case of an early landing, which is realized by the
force/torque sensors at the ankles. The reference modifications for the left and right feet

are shown in Figure 6.16.

-0.04 |- i

-0.045

-0.05

-0.055

-0.06 -

-0.065

X Direction References [m]

-0.07

-0.075

-0.08 |- - —

0 2 4 6 8 10 12
Time [s]

Figure 6.16 Early landing modifications (original: solid, modified: dashed)
(right: red, left: blue)
As described in Section 5.3, the body pitch angle correction is activated to
reduce the pitch angle oscillations during the walk. Figure 6.17 shows the control action

of the proposed algorithm.
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Figure 6.17 Body pitch angle correction effort (pitch angle: blue, control: red)
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Employing this angle correction technique, the body pitch angle oscillations are
reduced as shown in Figure 6.18. It is important to note that the control algorithm tries

the body pitch angle to follow the pitch tilt angle reference, mentioned in 4.2.2.

Body Pitch Angle [deg]

L
0 2 4 6 8 10 12 14 16 18 20

Time [s]

Figure 6.18 Body pitch angle correction (original: red, modified: blue)

Finally, the yaw moment values at the right ankle are investigated. With the help
of the yaw moment compensation using waist and arm swing references, the magnitude
of yaw moment oscillations are small enough to avoid the slipping of the feet and

turning of the robot (Figure 6.19).
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Figure 6.19 Right ankle yaw torque values
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Chapter 7

7. CONCLUSION

A smooth trajectory generation and a number of online walking control
algorithms are presented in this thesis.

The Cartesian foot reference trajectories are generated as periodic mathematical
functions with respect to a coordinate frame attached to the trunk of the biped robot.
The foot trajectories are smoothened at specific instants of the walk and the walking
parameters are tuned online. Moreover, a ground push motion for the feet in the vertical
direction is introduced.

For the realization of a dynamically stable walk, various walking control
algorithms are presented using the sensory feedback from F/T sensors and the
inclinometer. Furthermore, an automatic homing procedure is developed for the
adjustment of the initial posture before the walking experiments.

The walking experiments on the humanoid robot platform SURALP verified the
effectiveness of the proposed improvements on the trajectory generation and the p
walking control algorithms. Successful experimental results on the robust walk of the

robot are obtained.
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Chapter 8

8. APPENDIX

A. Axis Assignment of the Legs of SURALP

The joint axis representation of the legs as explained in [51] is given as the
following (Figure 8.1). The joint axes are assigned according to Denavit-Hartenberg

methodology [47].
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Figure 8.1 Denavit-Hartenberg joint axis representations for one leg
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The Denavit Hartenberg parameters used in the computation of inverse

kinematics are given in Table 8.1.

Table 8.1
Denavit-Hartenberg parameters of the biped leg

Link a; a; di 0

1 0%091*
2 0 [-75 | 0] 6

3 L % 0 6;

4 Ll o |0]g

5 0 | _ % 0 6;

6 |L| 0 |0 g
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