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Abstract

Biped robots have many advantages than traditional wheeled or tracked robots. They
have better mobility in rough terrain and can travel on discontinuous path. The legs can
also provide an active suspension that decouples the path of the trunk from the paths of the
feet. Furthermore, the legs are able to step over considerably bigger obstacles compared to
wheeled robots. However, it is difficult to maintain the balance of biped robots because they
can easily tip over or slide down. To be able to walk stably, it is necessary for the robot to
walk through a proper trajectory, which is the goal of this research.

In this research, a complete 7-DOF biped walking trajectory is planned based on
human walking trajectory by cubic Hermite interpolation method. The kinematics and
dynamic model of the biped are derived by Denavit-Hartenberg (D-H) representation and
Euler-Lagrange motion equations, respectively. The zero moment point of the robot is
simulated to check the stability of the walking trajectory.

The setpoint sampling method and sampling rate for trajectory tracking control are
investigated by studying sinusoidal curve tracking on a single link robot arm. Two control
sampling time selection methods are introduced for digital controllers.

A 7-DOF biped is designed and built for experiments. Each joint has its own
independent microcontroller-based control system. PD controllers are used to control the
biped joints.

Simulations are performed for the walking trajectory and zero moment point.
Simulation results show that the walking trajectory is stable for the 7-DOF biped.
Experiment results indicate that the sampling time is proper and the PID controller works
well in both setpoint control and trajectory tracking. The experiment for the marching in

place shows the trajectory is stable and the biped can balance during the marching process.

Key Words: Biped, cubic Hermite interpolation, zero moment point, trajectory tracking,

setpoint sampling time, control sampling time, PID, microcontroller
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Chapter 1 Introduction

The aim of this thesis is to design a 7-DOF biped robot that is able to passively
balanced walk with along a desired trajectory. The trajectory is based on human
walking gait and has been modified such that the biped robot’s zero moment point is
always in the convex of support area, which is the key factor for balance.

This chapter describes some background knowledge about robots (robotics), the

development of legged robots and the outline of this thesis.

1.1 Definition and History of Robots (Robotics)

The term ‘Robot’ originated around 1917 [10] in Karel Capek’s science fiction,
and later in 1921 the science fiction play, RUR (Rossum’s Universal Robots), made
this word well known. The word ‘Robotics’ was created by Isaac Asimov in about
1940. Instead of ‘Robot’ there are several other terms that describe robot, such as
‘manipulator’, ‘telemanipulator’, ‘teleoperator’, ‘android’ and ‘cyborg’ etc.

1t is hard to define robot, but there are some basic characteristics in common:

1) A robot is made by manufacture rather than biology;
2) A robot has movable joints;
3) It must have a power or force source or amplifier;

4) It is able to accomplish some particular tasks independently;
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5) It must have sensors to feel the environment, ‘brain’ to make decision and
actuator to execute the task;

6) Its behavior is able to be modified by adjusting the ‘brain’.

Robots evolved with the development of science and technology. The first true
robot was ‘born’ after the computer emerged. In 1954, Devol invented the first
programmable manipulator. The development of integrated circuits and
microprocessors in 1960’s to 1980°s made cost-effective and reliable robots possible.
They were frequently used in many industrial assembly lines because of the greater
efficiency and accuracy. Nowadays, with higher and higher level of sensor
technology, microprocessor technology and artificial intelligence, robots are getting

smarter and smarter.

1.2 Robot Categories

Robots can be classified into different groups in many ways. For example,
according to their work environment, there are surface robots, aerial robots and
aquatic robots; according to their application area, there are commercial robots and
industrial robots; according to the base’s mobility, robots could be grouped into
fixed-base robots and mobile robots, which could be further divided, into wheeled

robots, tracked robots, pedrailed robots and legged robots, by how they move.
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1.3 Legged Robot

Legged robots have many advantages than traditional wheeled or tracked robots.
Firstly, legs provide better mobility in rough terrain, because the isolated feet can
optimize support and traction. And they could travel on discontinuous path, like
ladder. The legs also provide an active suspension that decouples the path of the
trunk from the paths of the feet, such that the trunk could move smoothly despite
pronounced variations in the support surface. Furthermore, the legs are able to step
over considerably bigger obstacles compared with wheeled robots.

The study of legged machines began in about 1870. From then on, a lot of
researches were done on single leg or multi-leg walking machines, employing both
static balance (passive balance) and dynamic balance (active balance) technology.
The passive balance strategy is based on well planned walking trajectory, while the
active balance is based on the real time measurements to balance by adjusting the
trajectory.

The first legged robot used a kinematic structure to support and move the body
along a straight horizontal path while the feet moved vertically (up and down)
during ‘walking’. In 1893, Rygg patented a human-powered mechanical horse,
which was powered by stepping motions on the stirrups and steered by pulling the
rein to move the head and forelegs from side to side. By 1960, many legged machines
were developed with poor performance due to lack of control.

In 1968, Liston and Mosher built a 4-legged truck [20], which was controlled by
the rider. This truck was 11 feet tall, weighted 3000 1bs, powered hydraulically. The
control handle or pedal for each leg of the walking truck was connected to the

driver’s limb. The driver depended on the force feedback to handle the obstacles.
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This was a full human control walking machine.

After the computer came into use, the task of directly controlling the walking
machine was assigned to the computer rather than human. In 1977, Robert
McGhee’s group at Ohio State University successfully built a computer-controlled
insect-like six-leg robot [20]. It could walk with several designed gaits and step over
obstacles.

With advancement of sensor technology, control theory, artificial intelligence
theory and computer technology, many advanced legged robots have been built. The
development of legged robots moves toward two main directions: non-biped robots
and biped robots.

In non-biped field, researchers prefer multi-legged robots more, which are easier
to be balanced compared to single-leg or biped ones. From the 1990s to present [14],
Boston Dynamics produced three different advanced multi-leg robots, RHex,
BigDog and RiSE. RHex is a six half-circle leg robot with extraordinary rough
terrain mobility. RHex is able not only to travel in rocky fields, mud, sand,
vegetation, railroad tracks and poles, but also to climb steep slopes and stairways. It
has a sealed body, so it can also operate in rain or water. RHex is a remote
controlled robot with onboard compass, global positioning system (GPS) and
camera. BigDog is a dog-like robot, which is well dynamically balanced. This ‘Dog’
can walk or run in rock, snow, mud, up slope or stairs with heavy loads. It can be
your load carrier when you climb. RiSE is a bug-like six-legged robot that can
vertically climb trees, walls and fences. Its feet can be chosen from claws,
micro-claws to sticky claws for different climbing tasks. Celaya and Porta [38]
developed a robust controller for a six-legged robot that allows it to walk over
difficult terrains in an autonomous way without any vision sensor. This controller
can be driven by an upper level, which doesn’t take care of the details of foot

placement or leg movements, but takes care of only high level aspects such as global
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speed and direction. Pongas, Mistry and Schaal [39] proposed a novel
parameterization of the center of gravity (CoG) trajectory based on current position
velocity, and acceleration of the four legs of the quadruped robot. This CoG
trajectory guaranteed continuous velocity and acceleration profiles, which leads to
continuous velocity and acceleration profiles of the leg movement. This method has
been evaluated on Little-Dog quadruped robot.

In biped area, many research institutions and companies focused on humanoid
robots. Great progresses were achieved in dynamic balance and artificial
intelligence. In Japan, several humanoid biped robots were manufactured in recent
years [12]. Qrio, presented by Sony in 2003 [13], is the world’s first humanoid robot
to run. It can walk and dance dynamically, detect and distinguish voice and faces. It
is able to chat with people. Its maximum walking speed is 14m/min. It is able to walk
on the ground with a slope up to 10 degrees. Asimo [7], by Honda in 2004, is able to
walk and run with dynamic balancing. Its top walking speed is 3km/h. It can also
recognize moving objects, follow movements and greet people.

Legged robots are more difficult to control than wheeled robots because dynamic
balance is hard to maintain. The former studies of legged robots considered only
static balance (passive balance), because of the limitation of not so well-developed
sensor technology. After 1985, research gradually turned to the dynamic balance
(active balance) of legged machines. In 1981, Miura and Shimoyama developed a
dynamically balanced walking robot by an inverted pendulum model [20]. This
robot had 3 degrees of freedom, each leg had one degree of freedom and trunk had
one. In 1985, Marc H. Raibert [20] developed a 3-dimensional hopping machine with
only one leg, which was actively balanced as well. This hopping machine had two
parts: a body and a leg. The body had a weighted balance beam and the joints (hip
and leg) were actuated by pneumatic actuators. The top recorded running speed of

this machine was 2.2m/s.
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In order to make the biped to walk, the first step is to plan a walking trajectory.
Zerrugh and Radcliffe [4] developed a computer program to generate the motion
variables of human gait from relative motions. Kinematic data during both free
speed and forced speed were collected. Cunado [8] presented a new feature-based
human gait model which exploited temporal behavior by gathering evidence over
the entire sequence of images. By modelling the hip rotation by a Fourier series (FS),
the gait signature could be generated directly from the evidence gathering process
via the FS coefficients. Bharatkumar’s group [6] derived a stick figure model of
lower limb for free speed human walking and compared ordinary images of a
walking person to this model. They obtained the kinematic data from 3D images of
persons’ walking with markers over the joints of their limbs. The average of these
data was used to derive the stick figure model. Bekek and Erbatur [33] developed an
online fuzzy adaptation scheme for one of the trajectory parameters in the offline
generated walking pattern. Djoudi, Chevallereau and Aoustin [28] proposed a
method to obtain optimal gaits for a biped without actuated ankle. In their research,
the joints variables were assumed to be polynomial functions of a scalar path
parameter. The coefficients of the polynomial functions are chosen to optimize a
torque criterion and to ensure a cyclic motion for the biped. Rostami and Bessonnet
[29] developed a method to generate optimal sagittal reference gaits for single foot
support phase in biped walking. The approach is based on minimizing the integral
of quadratic joint actuating torques. The impactless and non-sliding heel touch will
ensure a more stable and easier controlled walking. Roussel and Goswami [30]
proposed an approach to generate energy-optimal trajectory for a complete walking
cycle (including single foot support state and double foot support state). Their study
was based on a simplified robot dynamics without effects of centripetal forces. A
generator of energy optimal gaits was proposed based on piecewise constant inputs.
Like an inverted pendulum, the biped is easily to tip over, so it is required to take
stability into consideration when planning walking trajectory. Huang [23] has

proposed a method for formulating the walking trajectory with the largest stability
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margin by adjusting only two parameters. Tang, Zhou and Sun {31] indroduced a
trajectory planning method aiming to achieve smooth leg swing, by reducing the
instant velocity change at the collision between the foot and ground. Zero moment
point (ZMP) was considered in this method. Kajita’s group [32] proposed a method
of biped walking pattern generation by using a preview control of the ZMP.

The ZMP, indroduced in [5], [17], is defined as the point on the contact surface
about which the sum of all the moments generated by the active forces equals to zero.
It is a key issue in biped balance. If the ZMP of biped stays in the convex hull of all
contact points between the feet and their support surface, the biped robot is able to
balance. Sardain and Bessonnet [22] strictly defined the ZMP and center of pressure
(CoP) and proved the coincidence of the CoP and the ZMP. This theory was
investigated by an experiment [34]. In this experiment, the human walker wore rigid
metallic shoes equipped with force sensors. The forces were measured to calculate
the CoP and the ZMP during the walker walking.

Well planned walking trajectory can only guarantee static balance of biped robot.
For the environment with disturbances, such as rough surface and undesired forces,
dynamical balance method must be used to ensure the balance of the biped during
walking. Wendlandt [11] described balancing controller based on a 3D multi-body
model. The recursive techniques were used in the controller design. Simulation
results of the human model reacting to a disturbance were presented. Baltes,
McGrath and Anderson [19] have proposed a method in stabilizing the walking gait
of a small humanoid robot. A feedback controller based on the rate information
from two radio control (RC) hobby gyroscopes was designed to adjust the walking
gait into the ‘safe zone’. Shih and Gruver [35] developed an advanced control
system for a 12-DOF biped robot in the double-support phase. A constrained
dynamic model for the robot was formulated and a reduced order model for the
double-support phase was derived. Control strategies based on feed forward
compensation and linear state feedback were derived for tracking the specified joint

trajectories. Zhou and Meng [37] indroduced a general fuzzy reinforcement learning

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



(FRL) method for biped dynamic balance control, based on neuro-fuzzy network
architecture. The simulation results showed it is possible for a biped robot to start its
walking with a priori knowledge and then learn to improve its behavior with FRL

agents.

1.4 Thesis OQutline

Chapter 2 introduces the expression of robot frame rotation and orientation,
homogeneous transformations, Denavit-Hartenberg (D-H) representation and
inverse kinematics. The D-H representation of a 7-DOF biped is derived.

Chapter 3 discusses dynamics of a 7-DOF biped. Velocity Jacobians and
dynamics equations for the 7-DOF biped are derived for both single support phase
and double support phase. The formula for calculating CoM and ZMP are given as
well.

Chapter 4 designs the walking trajectory for each joint of the biped robot by
cubic Hermite interpolation based on record of human walking postures.

Simulation results on the position, speed and acceleration of the center of mass
for the links of the biped are provided in Chapter 5. The trajectory for the zero
moment point is also given in this chapter. Finally, the toque and power required for
each joint are simulated as well.

Proportional-integral-derivative (PID) control of a single link robot arm is
discussed in Chapter 6. Sampled setpoint trajectory tracking methods and sampling
rate are studied with sinusoidal wave tracking. The PID controller is designed for
the position control of a single joint. Experiment on a single joint is carried for both
setpoint and trajectory tracking control.

Chapter 7 provides mechanical design, electrical hardware design and control
software programming for the biped robot.

Chapter 8 provides experiment results.

Conclusions and the future work are given in Chapter 9.
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Chapter 2 Kinematics of a 7-DOF Biped
Robot

Cartesian coordinate systems are very important in robot kinematics. To
represent the position and orientation of a rigid robot link, it is necessary to
establish the frame Cartesian coordinate systems for each link and the relationship
between them. This chapter gives the background knowledge of robot kinematics,

D-H representation of the 7-DOF robot, inverse kinematics and singularities.

2.1 Frame Rotation and Its Representations

|0

In Figure 2-1, the Cartesian frame

Z1

OX,Y:Z, is obtained by several rotations

of frame OX,Y,Z, Let py and p; denote

the vector OP expressed in frame

O0X,yYoZy and OX,Y,Z,, respectively [18].
’ X0 YO

Then po and p; can be expressed as:

Figure 2-1 Frame Rotation

Po = Pocdo + Ppydo + Po-Kg eeerenieneniiniiiniiiiiiiiiiniiiiinieieiceeinnneeneaes 2.1.1)
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Pr =P+ Pidi DKy e (2.1.2)

where {io,jo,ko} and {il,j,,kl} denote the standard orthonormal basis unit
vector on frame 0X,Y,Zy and OX,Y.Z; respectively.

Since pp and p; are representations of the same vector, the relationship between

the components of this vector in these two frames can be derived as follows [18].
Pox =Po iy =Py iy
=P i +P1yj1 iy +pk, o

Py =Po-Jo =P o

L. L. | eeeteeesessrerertessiecesaresesisacncessrenananns (2.1.3)
=pidiJo+ 2 do H 2Ky o
Po: =Py Ko =P, K,
= pid; K, +plyjl Ky + p K, K,
The equations (2.1.3) can be rewritten as:
Po = RyP; ceeeererumuimrtrueeriieiaeeatereeeeeeteeetnetrerretnr———————————aeeetrarrensannnns (2.1.4)

where
il'io jx'io kl'io
R(;: i]'jo iy o kl'jo
il'ko jl'ko kl'ko

The matrix R, is the transformation matrix which transforms the same vector OP’s

coordinates expressed in frame OX;Y;Z; into the coordinates expressed in frame OX,Y,Z,. It
is the general expression of rotation matrix. The first column, second column and
third column of the rotation matrix specify the direction of x-axis, y-axis and z-axis

of the rotated frame with respect to the original frame, respectively.

Equation (2.1.5) provides three special rotation matrices, R ,, R ,, R ,
obtained by rotating frame OX,¥sZ, by an angle 0 about axis Z, X, and ¥

respectively.

10
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Ccos@ —sind 0]
R ,=|sin@ cos6 0
0 0 1

(1 0 0
R g=|0 0S8 —SiNO| eeoirriienriiiiiiiiiieniniiiieeiire i cetieeinesenesnessnene 2.1.5)
0 sin6 cost |

[ cos® 0 sinb]
Ry,=| 0 1 0
| ~sinf 0 cos8

For some successive rotations about the original axis the resultant rotation
matrix is the multiplication of all the rotation matrices in the reverse order. But for
the successive rotations about the successive current axis the resultant rotation
matrix is the multiplication of all the rotation matrices in the forward order.

There are three ways to represent rotations. The first way is the axis-angle
representation, the second way is the Euler Angle representation and the third way is
the roll-pitch-yaw representation.

In the axis-angle representation, any rotation matrix can be represented by a

single rotation about a suitable axis k in space by a suitable angle ¢ as

Vi Y s

................................................................. (2.1.6)
R=R,,=|1 1y Iy
Fyp T Ty
where
Vs = Fy
¥, +r, +¥,—1 1
0 =cos™| L2 2 K=——!r,-r,
2 2sinf
Vo =Tz
if sin0#0 and when sin0=0, k is undefined.
11
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In the Euler Angle representation, the orientation of the rotated frame can be
specified relative to the original frame by three angles (0, ¢, ). The rotation is
obtained by three successive rotations: rotation about the original z-axis by an angle
¢, rotation about the current y-axis by an angle 6 and rotation about the current

z-axis by an angle y. The rotation matrix is represented as:

cosg —sing 0 cos@ 0 sin@ |cosy —siny 0
R=R R R, =|sing cos¢ 0f 0 I 0 |sing cosy 0

0 0 1 -sin@ 0 cos@ 0 0 b
ceeereen2.17)

cospcosBcosy —singsiny —cosgcoslsiny —sinpcosy cos@sinb

=|singcosOcosy +cos@siny —singcosOsiny +cosgcosy singsind
—-sinfcosy sin@ siny cos@

In the roll-pitch-yaw representation, the rotation can be specified as a product of
successive rotations about the original frame axes by roll, pitch and yaw angles (0, ¢,
y). The rotation is obtained by three successive rotations. First roll about the
original x-axis by an angle . Then pitch about the original y-axis by an angle 0.

Finally yaw about the original z-axis by an angle ¢. The rotation matrix is

represented as:

cos¢ —sing 0] cos@ 0 sin@|1 0 0
R=R, ,R R, =|sing cos¢ 0 0 I 0 |0 cosy —siny
0 0 I -sinf 0 cos@ |0 siny cosy

ceeeeen(2.1.8)

cospcos8 cos@sinbsiny —singcosy cos$sinOcosy +singsiny
=| singcos@ singsin@siny +cosgcosy singsin cosy —cos gsiny
—siné cos 8 siny cosBcosy

12
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2.2 Homogeneous Transformations and Denavit-Hartenberg

Representation

The form of homogeneous transformation matrix [18] is given by:

nx SX aX dx
ro(RAIm 5 6 a0 s a A, @.2.1)
0 1 n, s, a, d, 0 0 0 I
0 0 0 1

In the above equation n=[n, ny n,]" is a vector representing the direction of the 0.X;
axis in frame 0pXoYpZy, s=[sx sy sz]T represents the direction of the O,;Y; axis, and
a=[ay ay az]T represents the direction of the 0,Z; axis. The matrix R=[n s a] is the
rotation matrix representing the rotation of the frame 0,X,Y,Z) to frame 0,X;Y,Z,.
The vector d=[d, d, dz]T represents the vector from the origin Oy to the origin O,
expressed in the 0pX,Y,Z, frame.

If po and p, are the vectors representing the same point p in frame 0 and frame 1,
respectively, then the augmented vectors Py and Py by adding a fourth component of

1 are known as homogenous representations of the vector po and p;, respectively.

Po P,
P = | R e 2.2.2
: M - (222)

Then the homogenous representations of point p in frame 0 can be calculated with
the homogenous representations of point p in frame 1 by using the following

equation:
It is very helpful to be systematic in the choice of the frames, which are

attached to the rigid links, when describing the orientation and position of links.

13
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D-H representation is a commonly used convention for selecting frames of reference
in robotic applications. In this convention, each homogeneous transformation A4; is

represented as a product of four “basic” transformations.

A4; = Rot, 4 Trans, ; Trans, , Rot, ,

[cos® —-sin6, 0 01 0 0 07 0 0 a]! 0 0 0
_|sin6 cos6 0 0)0 1 0 0|0 I 0 0|0 cose, —sina, 0
1o 0 1 0|0 01 4o o1 00 sina, cosa, 0

0 0 0 110 0 0 1J0 00 I1)l0 0 0 1

cos@ -sinf cosa, sinfsina, a, cos6,

sin8, cos6 cosa, —cos sina, a sinb,
0 sina, cosa, d,
0 0 0 1

where the four quantities 0, a; d;, a; are parameters of link / and joint i. These
parameters are generally given the following names: a; is called the length, o; is
called the twist, d; is called the offset, and 8, is called the angle.

Then the homogeneous matrix 4; , which transforms the coordinates of a point
from frame i to frame i-1 , is a function of only a single joint variable, namely ¢; (for
revolute joint ¢; is 6, and for prismatic joint ¢; is d;).

Now the homogeneous matrix that transforms the coordinates of a point from
framej to frame i is called a transformation matrix, and is usually denoted by T/:

I/ = 4,4, A Ay i<
/=1 ifi=]
T =(T)" ifi>]

The transformation matrices that are commonly used are the ones that

transform coordinates from frame  to frame 0.

T)=AA, -4 4 is<n

14
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2.3 Structure of the 7-DOF Biped Robot

Figure 2-2  shows the

structure of the 7-DOF biped

robot. There are 3 DOF at each ~3!
a (=] =)
3 Sl d M
leg for back and forth movement, 'S| : ad oI
N | .
3 o
and 1 DOF at trunk for side to 171 |
side movement. § ;
b
~J o~ N s
(e} (] ]
|
|
; 3
53 {2 B}
-
©
(e}
~— [ a]
o
RS N
%Qéc’
abec ©

Figure 2-2 7-DOF Biped Robot Structure

2.4 D-H Representation of the 7-DOF Biped Robot

Unlike fixed base manipulators, the walking robot doesn’t have a fixed reference
frame on itself. The walking of a biped contains mainly two states: single foot

support state and double foot support state. In single support state there are two

15
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situations: right foot support state and left foot support state. If we choose the frame
of the foot which supports the body in the single foot support state as the reference
frame (frame § is for right foot support and frame ¢’ is for left foot support) we
could establish the D-H representation for the walking robot. Suppose there is a

fixed reference frame r and the transformation matrix from frame 0 (or 0°) to frame
ris given by T°(T”). Then the coordinates of a point in frame i of the walking robot

can be transformed to frame r by:

i 0 0 ' .

T:. :]: T;) =T; A[AZ.”AI‘—IAi A 7 T (2.4.1)
for the right foot support and

T =TTy =T A Ay Ay Ay ISA e, (2.42)

for the right foot support.

We should be very careful in using equations (2.4.1) and (2.4.2) because 7’and

T” are changing in every step, and the joint variable ¢, and ¢, are from

different joints.

Figure 2-3 and Figure 2-4 show the frames of the links of the 7-DOF robot in
single foot support phase, according to the D-H representation procedures. Figure
2-3 is for right foot on the ground while Figure 2-4 is for left foot on the ground.

Table 2-1 shows the D-H parameters in single foot support phase.

16
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Figure 2-3 D-H Frames for Right Foot on Ground
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Figure 2-4 D-H Frames for Left Foot on Ground
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Table 2-1 D-H Representation Joint Parameters (Single Support)

D-H Representation Table (For Right Foot on Ground)
. oint Initial
Link a, d; ao; | 6; JNO. 01 A
-
1 al -d 0| s 0 0 A, §
2 a2 -d 0| 6 1 0 A5
3 0 a3-d 0 | 85-n 2 0 A H
4 ad -4 0| o 3 0 A, E
5 a5 -d 0 | 6 4 0 A | =
6 a6 -d 0| 6 5 0 A | &
T alda+adb a3/2-d 90 Or 2 0 As
T1 a_T -d 0 O, T 0 An
Robot base joint: Jiont 0, Coordinates (X0, YO, Z0)
D-H Representation Table (For Left Foot on Ground)
Link an do @l 6y J;(l).nt Inletilal AL
% a5 d o | e 5 0 Ar '§
2’ ad d 0| 6 4 0 Ay S
3 0 —a3+d 0 | 6—n 3 0 o
g a2 d 0| o 2 0 A | =
5 al d 0 | ey 1 0 & | S
6 a0 d 0| 6 0 0 Y
T a3ctalb -a3/2+d 90 o' 3 0 Ar
1" aT -d 0 | o T 0 An-
Robot base joint: Jiont 0, Coordinates(X0’, Y0 ,Z0")

Figure 2-5 and Figure 2-6 show the frames of the links of the 7-DOF robot in
double foot support phase, according to the D-H representation procedures. Figure
2-5 is for double support at start or stop while Figure 2-6 is for double support at

walking. Table 2-2 shows the D-H parameters in double support phase.

19
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Figure 2-5 D-H Frames for Double Support Phase at Stop or Start
To simplify the leg movement, during the double support phase at stop or start, let

two legs have the same movement, and then the D-H frames are simplified as well.

20
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Figure 2-6 D-H Frames for Double Support Phase in Walking
At double support phase in walking, there is additional virtual joint frame ‘Toe’

(shown in Figure 2-6). This joint is a passive joint, because its movement is formed
by friction, inertial and/or gravity force.

21
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Table 2-2 D-H Representation Joint Parameters (Double Support)

D-H Representation Table (Double Support at Start or Stop)

Link a; d; o 6; Joint No. Initial 6i A
1 al -d 0 0, 0 0 A,

2 a2 -d 0 0, 1 0 A,
T a3a+a3b a3/2+d | 90 Or 2 0 At
T1 aT -d 0 Or T 0 At

Robot base joint: Joint 0,Coordinates(X0,Y0,Z0)

D-H Representation Table (Double Support at Walking)

Link a; d; o 6; Joint No. Initial 0i A;
0 (aOb*+a0*)** 0 0 0o Toe -tg"! (a0b/a0) Ao

1 al -d 0] o 0 0 A,

2 a2 -d 0 0, 1 0 A,

3 0 a3+d 0| 6;n 2 0 Ay
4 ad -d 0| o 3 0 A4
5 as -d 0 05 4 0 As

6 a6 -d 0 06 5 0 A
T a3a+a3b a32+d | 90| O 2 0 Ag
Tl aT -d 0| on T 0 At

Robot base joint: Joint Toe, Coordinates(X0,Y0,Z0)

2.5 Inverse Kinematics

When programming the task for a robot manipulator, both the orientation and

the position of the end effector should be taken into consideration. Figure 2-7 shows

22
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the end effector P at the same orientation but different position, which is expressed

in the base frame [21].

\ZO

P
P

Y0

X0

0

Y0 |

Z0

Y0

X0

X0

Figure 2-7 End Effector has Same Orientation but Different Positions

Figure 2-8 shows the end effector P at the same position but different orientation,

which is expressed in the base frame.

\ZO

Y0

.y
o

20

Y0

—~—g

20

Y0

~
7

X0

X0

X0

Figure 2-8 End Effector with the Same Position but Different Orientations

The problem to find the joint variables for a given end effector’s orientation

and position is an inverse kinematics problem. Recall equation (2.2.1), the end

effector’s orientation expressed in frame 0 gives the rotation matrix in the

23
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homogeneous transformation
matrix from the end effector frame
to frame 0 and the position gives
the translation vector. Both the
rotation matrix and the translation =~~~ fF-—A——-—d—-—
vector are function of all the joint
variables, therefore the variables
can be found mathematically.
Sometimes there are multiple
solutions, sometimes there is only
one single solution and sometimes

there is no solution.

In this thesis, the joint angles

in double foot support phase are

calculated by inverse kinematics.

f (i)
Horizontaf Line W\J

To simplify the calculation,

coordinates of the waist and
Figure 2-9 Inverse Kinematics

ankles and f6 are given first by trajectory planning, and then joint D-H angles in
Figure 2-9 can be calculated geometrically by the following equations.
o, =B+ B _183_5 - s

o, ==p,-5,
o;=p, +183_5 _ﬂ7_3

................................................................... 2.5.1)
Py = /B7_3 _133_1 -5,
o5 = Bs + P,
Os =P —Py—7m/2
where
24
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h,
B, = arcsin(%—) c B = arcsin(%j N arcsin(h ) b, = arcsin(—'j ;

n
b a
2% Ja (4, —aka, ~bRA, - L,

s o cm IO

L
_ o\ Vv _ Y= Vs .
L =, =2f + (5, =%,V 5 B, —arcfan("—xj_xj ) ................. (2.5.2)
2x JAA, —a)fA, -bRA, - L
h, = *y2:(8, - aka, ~o)a, 3-’);A2=i(a+b+L3 ,),‘
L, 2 B
L, =\/()’3 _)’;)2 +(x3 —x1)2 B =arctan(y3—y[)"
X=X

L3_1 S(a+b);L <(a+b),'

3 5=

2.6 Singular Configurations for the 7-DOF Biped

Singular configurations satisfy the condition [18]:

rank(J(q)) < MAX(FANK(J(G))) ererereearinrerreeeessrsiiirenrereeeeessessssssnsanseneeeeees (2.6.1)

where: J(q) is the velocity Jacobian of the end effector.

At singular configuration, the joint angle may have

infinite solutions for inverse kinematics. For this 7-DOF

biped, if the foot in the air is considered as its end effector,
and all z-axes of the related joints (joint 0-5) are in parallel, .y
then the maximum rank of Jacobian is 3. For this structure,
the two leg joints connected to the waist are always oy

singularly configured, because the z-axes of these two joints —]

are in line. In addition, the related joint angles at 0 or «, or

the z-axes of any two related joints in line are also singular.
Figure 2-10 shows one example of singularity

configurations. In this example all joint angles are zero.

Figure 2-10 Singularities

25

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Chapter 3 Dynamics of the 7-DOF Biped Robot

3.1 Velocity Jacobian

The linear and angular velocity of the end-effector of a robot [18] can be expressed as:

J, and J_ are 3xn matrices, where n is the joint number of the robot. Equations
(3.1.1) can be written together:
VZ JV - Jv] Jvn . . .
= = o VPR /i L 3.1.2
‘:@J [Jw:lq [lemen q [ 1Y2 nh 0d ( )
J, is the velocity Jacobian matrix of the end-effector. By several derivations, the i-th

column J, is worked out as:

H

J = [zi—l X(On —oi-l)

; } if jointiis revolute
21

J, = [z,._,] if jointiis prismatic
where z, is given by the first three elements in the third column of homogeneous
transformation matrix 7, ,while o,is given by the first three elements in the fourth

column of 7.

The equation (3.1.2) is not only used for computing the velocity of the

end-effector but also for computing the velocity of any point on the robot by

26
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changing equation accordingly.
If the point p is in the frame j , and the coordinates of point p expressed in frame

0is o,,then the velocity Jacobian for this point is given by:

TL=lT T ] et e (3.1.4)
where
(z,_,%x(0, -0,
J = (0, =0 )j' if jointiis revolute
L Zie1
’_ZI‘—I - ) .. . .
J = 0 if jointiis prismatic

for i=1, ...,

The velocity of this point can be calculated by:

AP Jorody | : o .
{VO}LV}; {J Ly Jq:[J, Ty T a=ands @ F e, (3.1.5)

J
@, ] @l af

3.1.1 Velocity Jacobian for the Biped Robot in Single Support Phase

For the 7-DOF biped robot, the Jacobian can be derived by equation (3.1.4) and

(3.1.5). Let p; denote the coordinate of the point expressed in frame i, and

z,= {A}(,.,m," , represent the sub-matrix of the matrix A, composed of the first m

elements in the n-th column of the matrix A. In the following, the velocity Jacobian

for this point in the single support phase will be determined.

For points in frame 1, q=0,,

1
J! :[Z" X(Pr=00) } .................................................................................... (3.1.6)

Zp

where
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0 0
p
2,=|0}0,=|0 p, :{All: ;}} 3
] 0 (1:3.1)

For points in frame 2, q=[6, 0,]",

J? :{Zox(Pg‘oo) le(pg”"’)} .............................................................. (3.1.7)
z, z,
where
yZ
zZ,) = {Al }(1:3,3); 0,= {AI }(1;3,4)’. Pj = {AIAZ[ 17:]} i
(1:3.0)

For points in frame 3, q=[0, 0, 0,]",

J; {ZO (P =0,) z2x(p-0) z:%(p "OZ)J ......................................... (3.1.8)
z, z, z,
where
p
= {A/Az }(1;3,3); 0, = {AIAZ }(1;3.4)" Pg = {AIAZAJ,: ;:l} ;
(1:3.1)
For points in frame 4, q=[0, 0, 0, 0.]",
7 :[Zo x(Pi=00) zx(pi=0)) zx(Py=0:) zx(py ‘03)} .................. (3.1.9)
2y Z; Z; Z;

where
p
2; = {A1A2A3 }(1:3.3)" 05 = {A’AZAj}m’”; P = {AIAZAJA{ ;j” |
(1:3.1)

For points in frame 5, ¢=[0, 0, 8, 0, 6:]",
J;.:[z,,x(pg-oﬂ) 2,%(py~0,) 2,%x(p;—0,) z,%x(p;-0;) ZM(PJ—OJ] ...... (3.1.10)

Zy Z Z, Z3 2y

where
P .
z,={4,4,4,4, }(1;3.3); 0,= {A,AzAjA,}(,_.“)f P = {AIA2A3A4A{ ;]} ,
(1:31)

For points in frame 6, q=[0, 6, 0, 0, 6; 6;]',
e {zax(p: ~0,) =X(P§=0,) zx(Pj=0,) Zx(py=0,) z;x(Pi=0,) =Zx(p} —os)} ......... (3.1.11)

- - - - -
<0 &7 <2 I z, -

where
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D, .
2= {AIAZ‘AJAJAi}_/I:_?})’. 05 = {A1A3A3AJA5}(1.3,4)" pg = {AIA-’AJAJAJ'A{ ]6 ji} ’

(1:3.4)

For points in frame T, q=[0, 8 0] with .=0;,

Jl = ["’0 x(py=0)) zx(py=0)) z:X(py _Of)} ...................................... (3.L12)
) Z 2,
where
p
2= {A1A2 }(1;3,3); 0; = {AIAZ}(I:},J)’. P = {AIAZ’AT[ Ir]} 3
(1:3.0)
For points in frame T1, q=[6, 0, 8: 8:,]' with 8:=0,,
JOTI - ‘:Zo x(pgl =0,) z, X(pgl _01) z, X(Pgl _02) Z, x(pgl —OT):I ................ (3.1_13)
Zp Z Z; Zr

where

p
r= {AIAZAT}(I:J,J); Oor = {AIAZAT}(IJ-“; po“ B {AIAZATA“[ In]} .
(1:3.1)

3.1.2 Velocity Jacobian for the Biped Robot in Double Support Phase at

Start or Stop

For simplification, let two legs have the same movement during the double
support phase at start or stop. Then the biped robot is reduced to 4-DOF. The
velocity Jacobians for frames 1-3 have the same expressions as in (3.1.6)- (3.1.8), and

the velocity Jacobians for frames T and 7/ are the same as (3.1.12)- (3.1.13).

3.1.3 Velocity Jacobian for the Biped Robot in Double Support Phase at

Walking

During the double support phase at walking, there is a virtual joint at the toe of

one foot (the ‘joint’ at the heel of the other foot could also be considered as the
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virtual joint). The angle of this virtual joint is passive, because this angle depends on
the friction force and balance status. The velocity Jacobians for the points in each

frame can be calculated by the following equations.

For points in frame 0, =0, ,

Jo = [Zfoe *( Prae = Orec) } .......................................................................... (3.1.14)

Toe

2y
where
0 0

zTae = 0 N OToe = 0 ;pgoe :{Aoliz;o}} 5
] 0 (1:31)

For points in frame 1, q=[0,0,]",

.................................................. .(3.1.15)

Toe

JI — {:ZToe X (p}f'oe —oTae) ZO X(p';oe —00):|

ZToe ZO

where
_ . _ L D .
Zy = {AU }(1:3,3)’ Oy = {AO}(I:3.J)’ Proe = {A0A1|: / :l} 5
(13.1)

For points in frame 2, q=[6, 6, 6,]",

2 2 2
Zr X -0 X - —
J%706=[ roe X(Proe =Oroe) 20X (Pre=03) 2X(Poe =01) } ......................... (3.1.16)
zToe 20 Z]

where
p
= {AoAl}(1:3,3); 0, = {AOAI}(H.U; Pro = {AOAIAZI: ]2:|} ;
(1:3.1)

For points in frame 3, q=[0, 6, 0, 93]T R

Toe

J3 :[ZTae x(p;oe —OToe) ZO X(p;ae _00) ZI x(p;ae _Ol) Z) X(p;"oe _02)j| (3 1 17)

Z70e 2y 2 Z;

where

p .
7, = {AOA/Az}(/;J,J)’. 0,= {AOAIAZ}(I;.H); p;be = {A0A1A2A3[ ]3:|} ;

(1:3.1)

For points in frame 4, q=[6, 6, 0, 0, 0,]",
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J" - ZToex(p;oe_oTue) ZOX(‘D;-W—OO) le(p;ae-o’) z-’x(P;"e—OJ) Z3x(p;""-o3) .......--(3.1.18)
Toe Zp. z, z, z, Z;

where

p .
z,={d,4,4,4, }(1;3.3)" 0, ={4,4,4.4, }(“'”; Pio = {AOAIA—’A}AJ[ ; }} ’

(1:3.1)

For points in frame 5, q=[0, 0, 0, 0,0, 6;]",
J? =[ZT0¢ x(pgx —oToe) 29 x(p;oe —00) 2, %\ pr,e ‘01) Z x(p;ac _01) Z; x(piae _03) Zy x(pim _04)} -"""'(3'1'19)

Toe
ZT0e 2] Z 2 23

where

p .

z,= {AOAIAZAJAJ}(I:J.J)" 0, = {A0A1A2A3AJ}(1.3,4)" p;oe = {A0A1A2A3A4A5[ 15]} ’

(13.1)

For points in frame 6, q=[0, 0, 0, 8, 0, 0; 6,7,

J? =’:7-ra¢ x(pl;of _OTM) Zy X(P;oe —0,,) Z; X(pf'oe _01) Z; X(ngzx _01) Z; X(‘p;o« _03) Z X(P;oe -04) Zs X(p;oe —05):'
ER z,

Zre 2y z; 2, Zs
......................................... (3.1.20)
where
p .
Z; = {AoAlAzAJA.rAs }(I:J,JJ; 05 = {A0A1A2A3A4A5 }(l.-s,l); P;u = {AoAIAJAJAJAJAsli 6]} ’
(131)
For points in frame T, q=[0, 0, 8, 8] with 6.=0, ,
T T T T
JT _ ZToex(pToe—oToe) Zox(pToe_OO) ZIX(PToe_OI) ZZX(pToe_OZ) . (3 1 21)
S S o A A A S A R 1.
" Z10e 2y z 2z

where
p .
2, = {dp iy 55y 0 = oAy )0 P = {AOA;AzAT': Ir}} 5
(1:3.1)

For points in frame T1, q=[6, 0, 0, 8; 6-,]' and 6.=0; ,

JI! =l:-"roex(PrTole"Oroe) Zox(Pge"oo) ZIX(P;aIe_OI) sz(l’;ole_oz) st(p;ole_03)}........(3.1.22)

ZToe ) 2 =2 23

where

12 .
Zr = {AI 4,4, }( 133 Or T {AOAIAJAT }( 13407 p;ole = {AOAIAJATANI: Tl ]}
(1:3.1)
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3.2 Dynamical Equations of Motion

Two methods [18] can be used to calculate the robot dynamics, known as
Euler-Lagrange equations and Newton-Euler formulation. We will use the
Euler-Lagrange equations to calculate the dynamics of the biped robot.

The Lagrangian is:
L=K-=V  iireeeseecesiiesiieiicasatassasssenes 3.2.1)

where K is called the kinetic energy and V is called the potential energy.

The Euler-Lagrange equations of motion are:

d oL oL

L. S1on e 3.2.2

oy, og, 4 T G232
The overall kinetic energy of the robot is:

1.3 Ny .
K=24"2mJ, @7V, @+ 1, @ R@LR@ S, @4 =54 D@4 oo (3:2.3)
i=/
Dla)

where m and I, are the mass and inertia of link i, respectively, J, (q),J,(q) are
linear and angular velocity Jacobians for the center of mass of link i, R (q) is the

rotation matrix transformation from frame i to frame 0. Thus D(q) is a symmetric

positive definite matrix.

The overall potential energy [18] of the robot is:
V= j g'rdm =g’ [ FAm =gTEM  eveererreeeeeteseieissaa e (3.2.4)
B B

where geR*> is the gravity vector; B is the body of the mass; re®R’ is the vector

from the reference frame origin to the point mass dm; r, e R* is the vector from

the reference frame origin to the center of mass m.
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By several derivations, the Euler-Lagrange equations can be written as:

Zd,q(q)qj +Z(Zcuk(q)q/)q, +0.(q)=7,, k=L Merereeinirenennnan (3.2.5)
i=]  j=/
where dy; is the k-th element of j-th column of matrix D, c;x are known as
Christoffel symbols, defined by
daf | od, 8d od,

w(Q) = —( —H_-—1);
“ aq_,- aq,

and g, is given by

y 5

¢k(¢1)=6qk z——aqT

It is a common practice to write the equations (3.2.5) in matrix form:

DIQ)+C(qQ) Q+G(Q) =T = eeeeieremmrscsecssesssiossrsssscssssnsensonssnssnsas 3.2.6)

where D(q) is defined in equation (3.2.3); the &, j-th element of the matrix C(q,q)is
defined by

n12d, od, od,
231 Ty Dyt (3.2.7)
i=1 2 aq, 5q 9q,

J

and
Ga)=[¢,(a) 4,(a)-. 4, (@)]"

With the given mass and center of mass coordinates of each link, it is quite

straightforward to get the D(q). Now we need to derive theC(q,q) . It follows from
the definition of ¢, in equation (3.2.7). To get C(q,q) , it is useful to calculate the

partial derivatives of D(q) with respect toqm, me [1, n].
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n

T T T
adD(a) :ag[m,-Jv‘,(q) J(@+J, @ R@ILR(@ Ja,,(q)]
dq

m g,

:i m o/, (@) J (@mJ. (@ &, . R(y

N r T R TJ
= aq, S . 2. 2 R@IR@ I, (@+J,(Q) e LR@™J, (@
! aJ
1, @ R @ Y, @+, @ R @R @ W]

The dynamical equations for single support phase and double support phase at start
or stop can be derived by above equation. But for the double support phase in
walking, we should consider the constraints that the heel of the other foot is on

ground.

3.2.1 Dynamic Equations in Double Support Phase at Walking

With both orientation and position, the end effector can be expressed by a
complete external coordinates’ vector X =[x y z v 6 ¢] , where [x y z]
denotes the Cartesian coordinates of the end effector and [z// é ¢] denotes the
orientation by yaw, pitch, and roll angles. Then X can be expressed by S [21]

Sz[51 s, §; S, S s6]r .............................................. 3.2.9)
The second derivative of S is:

S=J@U+AQA) eeeereeeerennree e reesen e s e e enanes (3.2.10)

2
where J =aa—seiR6x” is the Jacobian matrix and A(q,q ):—j—s?qqem"*’ is the
q q

adjoint vector.
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In a constrained situation, it is useful to partition the vector S into two subsets,
s/ e R and s° e R™ for the free elements and constrained elements in the

position vectors, respectively. Then the equation (3.2.10) becomes [21]:

§ =77 @i+ 4 (q.9)
§ =J @+ 4°(q, 9

The restriction of motion results in the reaction forces. Reactions will appear in

............................................. (3.2.11)

the directions of the constrained coordinates s. Thus, there will be m independent
components of the reaction. Let these components form the vector 1 e R™'. The

reaction components may be in the form of forces if translation is constrained, or in

the form of torque if rotation is constrained.

With the constrained situation, the dynamical model becomes:

D@+ C(QA) G+G(Q) =THTT (Q)A vererrnrerereervereeresserssmiessesessessnnnneens (3.2.12)
where 7o =95
aq

Equations (3.2.11) and (3.2.12) are the dynamical equations for the robot in the
double support phase and they contain n+m scalar equations. They can be solved for

T and A, respectively.

Figure 3-1 Constraints for Double Support Phase
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In double support phase, the constrained situation could be expressed as

in Figure

3-1. To simplify the expression, we take the frame of the back foot toe as the

reference frame. Then the constrained coordinate vector becomes:

ss=[x y z 6 ¢ =0 L s a3 0 of eeeret————————aanan veeenenn(3.2.13)

Xi
3.3 Center of Mass of the Link o 7i

|

Mii Mai
Center of mass calculation: For robot links, the \\\/ (i y1i.211)
(x2i,y2i.22i)

mass distributes over the links. However, the mass ___J(xsn;; 231)
can be lumped to several parts. Hence the center - *l(xaiyai, 249
of the mass (CoM) can be calculated by equation
(3.3.1) [27].

Figure 3-2 Link

R:ﬁZm,.ri .............................................................................

where m; and r; are mass and center of mass position of part i, respectively.

Structure

..... (3.3.1)

M=Zmi.

For example, if the robot link / contains 4 parts (in Figure 3-2) with mass m;;, m,; ms; and

my;, and the center of mass of each part expressed in frame i are (X1, Y1is Z12)s (X2iy Y2is Z2)s (Xais Y30

z3;) and (X4is Yai» Z4;), respectively. Then the resultant center of mass expressed in frame i can be

calculated as follows:

_ Xy My X+ myXs Xy,

i

Xc

.................................................

my +my +my +m,y,

MY Y My Y MYy
m;+my, +my+m,

Yei
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zgy = TEn T En T Zn TIGZG e siene st (3.3.4)

mli + mZi + m}i + m4i

3.4 Zero Moment Point

The zero moment point (ZMP) is
defined as the point on the support
surface where the resultant tipping
moment acting on the biped, due to
gravity and inertial forces, etc., equals (x1,y1,21)

to zero. The ZMP does not always falls

in the convex hull of the contact area. O Xr
When the ZMP lays out of the convex Figure 3-3 Zero Moment Point
hull of the contact area, the biped robot can not be balanced or it will tip over.

Therefore the task of dynamically balancing is to control the ZMP in the contact

area.

The ZMP can be calculated by the following equations [22]:

n . n . n 2
Zi:] m (Z" B g)xi _ Z[:l MXiZi — 2y [iniy

Xy = L iz UHA Ll YT eevseeeneeveerensneneens (3.4.1)
“ Zizlmi(éi -8)

y - Z,:[mi('z.i - g)yi - Z:;Imij}izi - :;11:';(21:: (3 4 2)
- > m(zi-g)

where m; is the mass of link i (Figure 3-3). I and I, are the inertia of link i about

axes from the center of mass of link i and parallel to the x-axis and y-axis in

reference frame, respectively. €2, and Qiy are the angular acceleration about the

axes from the center of mass of link i and parallel to the x-axis and y-axis in
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reference frame, respectively. g is the gravitational acceleration, and (xzyp, yzup, 0)
are the ZMP coordinates expressed in the reference frame. (x;, y;, z;) are the

coordinates of the center of mass of link / expressed in the reference frame.
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Chapter 4 Walking Trajectory Planning

The passively balanced walk of biped robots depends on good trajectory planning. In
our research, we plan the walking trajectory based on human walking pattern record. The
human walking pattern data are collected for some critical points in the walking cycle. Then
the cubic Hermite interpolation is used to generate intermediate values between the critical
points to generate continuous trajectories. The successful trajectory planning guarantees
that zero moment point is in the stable area so that the robot will not tip over. The process

flow chart is shown in Figure 4-1.

Extract Human
Walking Pattern

[ZMP Cohxﬂatbn)

Modify
Walking Patter@J

Figure 4-1 Flow Chart for Walking Pattern Planning
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4.1 Record of Human Walking Trajectory

The whole walking pattern is shown in Figure 4-2, which is composed of 13 critical
points. This pattern was derived by the record of human walking with a video camera,
which can record 25 frames per second. The critical point is the point where the coordinates
of the hip and ankle joints are specified by measuring the captured pictures. In this figure,
the periods for start, walking and stop are normalized to 1, 2 and 1, respectively. The t in
this figure is the normalized time for the critical point. The walking pattern is divided into
12 sub intervals. The first two subintervals are considered as the start phase. During the
start phase, the robot shifts its CoM forward and to the left side, then lifts the right foot to a
certain height. The subintervals from the third to the 10™ are considered as the walking
phase. The walking phase is partitioned into two parts. The first part consists of the 3%, 4",
5" and 6" subintervals. In this part, the right foot lands on the ground; the robot shifts its
CoM; and the left foot takes off the ground. The second part mirrors the movements of the
first part. The left foot lands on the ground; the robot shifts its CoM; and the right foot
takes off the ground. The robot can continuously walk by repeating the walking phase. The
last two subintervals are defined as the stop phase. In this phase, the right foot lands on the
ground and the robot returns to its initial status.

In this trajectory planning, the recorded walking patterns are modified to fit the 7 DOF
parameters and satisfy the criteria that the center of mass of the robot is close to the center
of the support convex area at every critical point. Recall equations (3.4.1) and (3.4.2), if the
acceleration of the robot is not big then the ZMP position of the robot is close to its CoM
position and the robot is able to balance. Figure 4-3 shows the walking pattern of start and
stop phases. Figure 4-4 shows the walking pattern of the first part of walking phases. In
Figure 4-3 and Figure 4-4, both side view and back view are shown. The bottom of these
figures shows the desired CoM positions in the area of two feet projected to the ground. The

shadowed area is the contacted area, also known as stable region for ZMP.
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Figure 4-2 Critical Points in a Complete Walking Cycle
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Left Left . Left
Side View
§s.
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Back View
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Legend:
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CoM Current / @ ? f % m Left m %
Stable range W 7 ///// % : : Right //// ///

Start Stop

Figure 4-3 Walking Pattern at Stop and Start
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Table 4-1 Values of Joint Angles at Critical Points
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Table 4-1 lists values of joint angles at critical points in the walking pattern and
these angles are measured based on the configuration of the left foot on ground. The
continuous curves can be generated for joint angles based on these points by the

cubic Hermite interpolation.

4.2 Cubic Hermite Interpolation

Cubic Hermite interpolation [9] is a method to generate a continuous curve
based on 3 or more discrete values by piecing together third order polynomial
functions. This method is suitable for non-smooth break points to avoid minima and
maxima that do not exist and may destroy monotonicity of the curve. The Hermite
form consists of two control tangents for each polynomial. For interpolation on a
grid with points x, for k = 1,...,n, interpolation is performed on one subinterval
[Xk,Xk + 1] at a time (given that tangent values are predetermined). The subinterval
[XksXk + 1} is normalized to [0,1] via t = (x — xy) / (XK +1 — Xk)-

On each normalized subinterval, given a starting point p, at t = 0 and an ending
point p; at t =1 with starting tangent m, at t = 0 and ending tangent m; at t = 1, the

polynomial can be defined by
p(t)=(26 =32 +p, +(£ =2t" +t)m, +(-26 +3t° )p, + (£ =1’ )m, .........(4.2.1)
where 0<¢<].

Define

hy(t)=2t" =367 +1
hy(t)=2t"=2t" +¢t

.................................................................... 4.2.2)
hy(t)=-2t" + 3t?
hy(t)=1t"—t*
Then, (4.2.1) can be expressed as
P(t)=hy(t)py+hyy(t)my+ by (t)p, +h,(1)M, i (4.2.3)
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Given n+1 points p,, ...,p,, n cubic Hermite curve segments are required to
generate a continuous curve. Each curve segment starts at point p; and ends at point

pi; with starting tangent m; and ending tangent m;,, defined by

!
m, = 3(1 = )(Pis=Pry) CE[0I] e, (4.2.4)

where the first and last tangents, m, and m, , are given and c is a constant that
modifies the length of the tangent (the tension parameter).

With the joint angles at critical points in Table 4-1, Cubic Hermite interpolation
can be used to generate a continuous curve for each joint angle in the walking
period, excluding the double support phase in walking. Because the joint angles of
double support phase in walking are constrained, they can only be calculated with
inverse kinematics. The curves for coordinates of the waist and two ankles, and the
angle between the foot and ground are generated first by Cubic Hermite
interpolation. Then the trajectories for the joint angles are calculated by inverse
kinematics.

The angular velocity and angular acceleration for each joint can be generated

by using equations (4.2.5) and (4.2.6) numerically.

%(i):“—pi—pi‘l , ie[2,n+1]

dp AT e 4.2.5)
ZL1)=0
dt( )
P -2
d?()— dt dt ) ie[2,n+1]
dt AT e (4.2.6)
dZ
a)=0

4.3 Joint Angle, Angular Velocity and Angular Acceleration

The simulation results for the joint angle, velocity and acceleration are shown
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in Figure 4-5 ~ Figure 4-11. In these figures, ‘DFS’ and ‘SFS’ denote ‘Double Foot
Support Phase’ and ‘Single Foot Support Phase’, respectively. In the simulation, the
walking period is 16 seconds, both start and stop period are 8 seconds.

The angle curves for the leg joints in ‘Start Phase’, ‘Stop Phase’ and single foot
support phase in walking are generated by Cubic Hermite interpolation with angles
at critical points. The angle curve for the joint of the trunk is generated byl Cubic
Hermite interpolation with angles at critical points as well. While angle curves for
the leg joints in double foot support phase in walking are calculated by inverse
kinematics for the constrained foot position.

The following observations can be made on the walking trajectories for the biped
joints. First, there are some symmetries between the trajectories for joint n and joint
7-n with n=1, 2, ..., 6, during the walking phase. For example, the trajectory for
joint 5 from t=16 to 24 can be obtained by multiplying -1 to the trajectory for joint 2
from t=8 to 16. This kind of symmetries can also be observed from the human
walking patterns. Second, the maximum acceleration for joint 1 to 6 is less than 0.8
rad/sz, while the maximum acceleration for the trunk is about 1.8 rad/s>. The
maximum speed for joint 1 to 6 is less than 0.4 rad/s, while the maximum speed for
the trunk is about 0.6 rad/s. Third, Figure 4-11 shows that the trunk tilts toward the
support foot to shift the CoM or ZMP so that the biped will not slide down.
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Angle, Velocity, Acceleration for Joint 1

Angle (Degree)

Velocity (rad/s)

Acceleration (rad/s2 )

Figure 4-5 Angle, Velocity and Acceleration for Joint 1
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Angle, Velocity, Acceleration for Joint 2
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Figure 4-6 Angle, Velocity and Acceleration for Joint 2

Angle, Velocity, Acceleration for Joint 3
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Figure 4-7 Angle, Velocity and Acceleration for Joint 3
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Angle, Velocity, Acceleration for Joint 4
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Figure 4-8 Angle, Velocity and Acceleration for Joint 4

Angle, Velocity Acceleration for Joint 5
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Figure 4-9 Angle, Velocity and Acceleration for Joint 5
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Angle, Velocity, Acceleration for Joint 6
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Figure 4-10 Angle, Velocity and Acceleration for Joint 6
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Figure 4-11 Angle, Velocity and Acceleration for Trunk Joint
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Chapter 5 Simulation Results on Biped

Kinematics and Dynamics

The dynamical characteristics (for single support phase) of the biped are
simulated in this chapter. Some simulations are performed on the links’ positions,
velocities and accelerations based on the proposed walking trajectories. The
simulation results provide references for the mechanical design of the biped. The
robot’s zero moment point is calculated as well, which provides guidance for the

balance of the biped robot.

5.1 Parameters of the 7-DOF Biped

Moment of inertia: The moment of inertia of a point mass rotating about a known

axis is defined by [27]:

where m is the mass and r is the perpendicular distance of the mass from the axis of
rotation.

For a rigid body consisting of N point masses m; with distances r; to the rotation
axis, the total moment of inertia equals to the sum of the point-mass moments of

inertia.

N
I=2"mr" s (5.1.2)

i=]

To simplify the robot link inertia calculation, the parts of the link can be
considered as point masses. Then equation (5.1.2) can be used for this calculation. It
should be noted that the inertia of the link calculated by (5.1.2) is smaller than the

actual value. To accurately calculate the inertia of mass i, equation (5.1.3) will be
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used.

I[,=1

i i Centroid

where I; conroizis the inertia of mass i about the axis
passing through the center of mass i and parallel to
the rotation axis. m; is its mass; r; is the distance
from its center of mass to the rotation axis.

For the link in Figure 5-1, the approximate

moment of inertia can be calculated by

4
I = Zm,d((a, +x,“)2 +y,fl.) .................................

k=1

2
FIMET e,

Mii Mz
N (xti. yhi,21i) T

(xzi.yziz2i)
o1 Mai
g ysizs

o Mea;
(x4i,y4i,Z4i)

Qi

Figure 5-1 Link Structure

Table 5-1 is the list of the biped robot parameters, including link D-H

parameters, link masses, inertias and links’ center of mass. The CoMs of links are

expressed in the frame attached.
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Table 5-1 Parameters for the Biped Robot

Simulation Joint Parameters Table (For Right Foot on Ground)
Link] a; (n) a4, () | oy (deg) CoM in Frame i mass; (kg II?;?;?) A,
1 0.185 0.014 0 [-1.67e-2 0 -3.61e-2) 0.481 1. 36E-02 4
2 0.2 0.014 0 [-1.90e-2 0 -3.56e-2] 0.487 1. 60E-02 4
3 0 0.14 0 [-2.27e-2 ~3.75e-2 ~5.28e-2] 097 t. 90E-03 Ay
4 0.2 0.014 ] [-1.81e-1 0 3.56e-2] 0.487 1. T7E-04 1"
5 0. 185 0.014 0 (-1.68e~1 0 3.61e-2]} 0.481 1. 34E-04 As
6 0.035 0.014 0 [-2.34e-2 -2.03e-2 3.63e-2] 0612 3. 00E-04 B
T 0.08 0. 064 90 [-5.84e-2 -3. le-3 -4.86e-2] 0.97 2. T0E-03 Ar
Tl 0.3 -0.014 0 [-7.00e-2 0 -3. 36e-2] 2046 1. 08E-01 Ay,
Robot base joint: Jioent 0,Coordinates (X0, Y0, Z0)
Simulation Joint Parameters Table (For Left Foot on Ground)
Link{ a;” (m) d;” (m) |0 (deg) CoM in Frame i' mass; ' (kg) II,n(el:;I;) A/
i .
)y 0.185 -0.014 0 [-1.67e-2 0 3.6le-2] (0.481 1. 36E-02 A,
2’ 0.2 -0.014 0 [-1.90e-2 0 3.56e-2] 0.487 1. 60E-02 Ay
3 0 -0.114 0 [-2.27e-2 -3.75e-2 4. 88e-2] 097 1. 90E-03 Ay
q 0.2 -0.014 0 [-1.8le-1 0 -3.56e-2] 0.487 1. T7TE-04 A
5 0. 185 ~-0.014 0 [-1.68e~1 0 -3.61e~2] 0.481 1.34E-04 a5
6’ 0.035 -0.014 0 [-2.34e-2 -2.03e-2 2.04e-2) 0612 3. 00E-04 A’
T 0.08 -0. 064 90 {~5.84e~2 -3.1e~3 -4, 86e-2] 0.97 2. T0E~03 Ay
T 0.3 -0.014 0 [-7.00e-2 0 -3.36e-2] 2.046 1. 08E-01 A’
‘Robot base joint: Jiont 0’,Coordinates(X0’,Y0’,10')

5.2 Simulation Results of Position, Velocity and Acceleration of

CoM of Links

In figures 5-2 to 5-29, words “DFS” and “SFS” denote “Double Foot Support”
and “Single Foot Support”, respectively. The walking period is 16 seconds, and the

start period and stop period are 8 seconds. The position, velocity and acceleration of

the CoM of links are expressed in the reference frame.
The positions of the CoM of links expressed in the reference frame are

calculated by forward kinematics equations (5.1.5) and (5.1.6).

P =T P =T A Ay A AP IS eeriiieeeeereoneeeeeeeeeeeeinseesereess e (5.1.5)
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for the right foot on the ground, and

P =T P =T A Ay A AP 'S Pevieiiieeeeeeeeeeeeeeee e (5.1.6)

for the left foot on the ground, where P“ ¢ R’ and P” e R*' are the

augmented vector for the coordinates of CoM of links i and i’ expressed in the

reference frame, respectively. 7, and 7, are the homogeneous transformation
matrices from frames i and i’ to the reference frame, respectively. P° e R™/

and P € R*'are the augmented vectors for the coordinates of CoM of links i

and i’ expressed in frames i and i’, respectively.
The velocities of the CoM of links expressed in reference frame are

calculated by velocity Jacobians with equation (5.1.7) and (5.1.8).

v, R 0 . . T

L}J:{O Rf}‘/o[q,,qz,-‘-,q‘.] e 5.1.7)
for the right foot on the ground, and

' R 0| .r. . S T

L}ﬁ}:[ 0 R:)}Jo,[q,,,qz,,---,qi,] PR (5.1.8)

1

v v/
for the left foot on the ground, where { ’l}and [ ,} are the velocity vectors for
o, w,
the coordinates of CoM of links i and i’ expressed in the reference frame,

respectively. R’ and R’ are rotation matrices from frames 0 and 0’ to the

reference frame, respectively. J, and J, are the velocity Jocobians for the

coordinates of CoM of links i and i’ expressed in frames 0 and 0’, respectively.
The acceleration of the CoM of links is obtained from equations (5.1.9) and

(5.1.10).
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‘ Ro 0 ifee o . wif - . . .
[Z:Jz[ (; Ro}[Jé[q,,qz g+ a4, ,~~,q,.]r] G T (5.1.9)

for the right foot on the ground, and

. R0 e . . T ] o
B}:{O RO,][J;,[q,,,qZ,,.--,q,,]’+Jo,[q,,,q2, oG] SR e, (5.1.10)

ai ai" .
for the left foot on the ground, where [ ’}and [ ", |are the acceleration
a a,

vectors for the coordinates of CoM of links i and i’ expressed in the reference

frame, respectively. J ,and J 5. are derivatives of velocity Jocobians with respect

to joint angles, for the coordinates of CoM of links i and i’, respectively.

For simplicity, the frame of the support foot is chosen as the base frame. In the
first double foot support (DFS) phase and first single foot support (SFS) phase, the
right ankle frame is used as the base frame and the origin of this frame is chosen as
(0, 0, 0). For the second DFS, the second SFS phase and the third DFS phase, the left
ankle frame is chosen as the base frame and the origin of this frame is set to
(step-length, waist-width, 0). In the last SFS and the last DFS, the right ankle frame
is considered as the base frame and the origin of this frame is (2step-length, 0, 0).

Simulation results shown in Figure 5-2 to Figure 5-22 provide the displacements,
velocities and accelerations for the CoM of each link of the biped. These results are
mainly used to calculate the ZMP. It can be observed that the trajectory for link 1 is
similar to the trajectory for link S during the walking phase. The same goes to link 2
and link 4. Notice that the y-coordinates for links 1-6 do not change because the
mechanical structure of the biped legs can only move in the x-z plane , however the
y-coordinate for the trunk shifts from side to side to prevent the biped from sliding
down. The simulation results for the linear and angular acceleration are not smooth
because the joint angle trajectory is generated with the cubic interpolation method,

the second derivative of the cubic interpolation function is not smooth.
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Trajectory of CoM of Link 1 in Reference Frame
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Figure 5-2 Trajectory of CoM of Link 1 in Reference Frame
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Figure 5-4 Angular Velocity and Acceleration of CoM of Link 1 in Reference Frame

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

57



Trajectory of CoM of Link 2 in Reference Frame
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Figure 5-5 Trajectory of CoM of Link 2 in Reference Frame

Linear Velocity, Acceleration of CoM of Link 2 in Reference Frame
0.06

Start Phase i WaIkTing Phase " Stop Phasé

2 0.04} DFS SFs DFS SF DES $FS DOFS | |
4 AY

3 0.02} ’,r' 1
8 oL—a TT SETLAN R Y Y [T 4
g -0.02} 1
E -0.04} B
2 oos} 4

o] 5 10 15 20 25 30

Time (s)
~ o0.15}F Start Phase i Walk‘ing Phase " "Stop Phasé ]
Ng DFS SFS DFS SF DFS $FS DFS
0.1 4
8 0.05 4
g 0 N 1 B
E -0.05} — a, .
g oYC T N R S 72NN S 7 AN SR J—, a, |
eu-w @

3 -0.15} . , z . .

O 5 15 25 30

Time (s)

Figure 5-6 Linear Velocity and Acceleration of CoM of Link 2 in Reference Frame
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Angular Velocity, Acceleration of CoM of Link 2 in Reference Frame
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Figure 5-7 Angular Velocity and Acceleration of CoM of Link 2 in Reference Frame
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Linear Velocity, Acceleration of CoM of Link 3 in Reference Frame
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Figure 5-9 Linear Velocity and Acceleration of CoM of Link 3 in Reference Frame
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Figure 5-10 Angular Velocity and Acceleration of CoM of Link 3 in Reference Frame
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Trajectory of CoM of Link 4 in Reference Frame
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Figure 5-12 Linear Velocity and Acceleration of CoM of Link 4 in Reference Frame
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Angular Velocity, Acceleration of CoM of Link 4 in Reference Frame
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Figure 5-13 Angular Velocity and Acceleration of CoM of Link 4 in Reference Frame

Trajectory of CoM of Link 5 in Reference Frame
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Figure 5-14 Trajectory of CoM of Link 5 in Reference Frame
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Linear Velocity, Acceleration of CoM of Link 5 in Reference Frame
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Figure 5-15 Linear Velocity and Acceleration of CoM of Link 5 in Reference Frame
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Figure 5-16 Angular Velocity and Acceleration of CoM of Link 5 in Reference Frame
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Trajectory of CoM of Link 6 in Reference Frame
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Figure 5-17 Trajectory of CoM of Link 6 in Reference Frame
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Figure 5-18 Linear Velocity and Acceleration of CoM of Link 6 in Reference Frame
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Angular Velocity, Acceleration of CoM of Link 6 in Reference Frame
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Figure 5-19 Angular Velocity and Acceleration of CoM of Link 6 in Reference Frame

Trajectory of CoM of Trunk in Reference Frame
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Figure 5-20 Trajectory of CoM of Trunk in Reference Frame
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Linear Velocity, Acceleration of CoM of Trunk in Reference Frame
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Figure 5-21 Linear Velocity and Acceleration of CoM of Trunk in Reference Frame

Angular Velocity, Acceleration of CoM of Trunk in Reference Frame
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Figure 5-22 Angular Velocity and Acceleration of CoM of Trunk in Reference Frame
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5.3 Simulation Results of Joint Torque and Power

In order to investigate the mechanical requirements for each joint, the
simulation on the joint torque and power is carried on in this section. But the torque
and power in double support phase are not calculated in this research due to
unfinished dynamic modeling in this phase.

The joint torque is calculated by dynamic motion equations (3.2.5).

id,g.(q)qj +i(ic,ﬂ(q)qj)q,. B (Q)=T) k=L Moo, (3.2.5)

=l j=
The joint power can be calculated with equation (5.3.1)
P =T ettt e e a it e taaeeeeas (5.3.1)

where the unit for P is Watt, the unit for o is rad/s, and the unit for t is N.m.
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Figure 5-23 Torque and Power for Joint of Link 1
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Torque and Power for Joint of Link 2
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Figure 5-24 Torque and Power for Joint of Link 2

Torque and Power for Joint of Link 3
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Figure 5-25 Torque and Power for Joint of Link 3
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Figure 5-26 Torque and Power for Joint of Link 4
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Torque and Power for Joint of Link 6
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Figure 5-28 Torque and Power for Joint of Link 6
Torque and Power for Joint of Trunk
Start Phase ! Wall?ing Phase Stop Phasé
3 DFS SFS ‘—ﬂ DFS SF DFS SFS DFS E
~ ol L
E 1
Z 1}k R
a 1) —— Torque 4
e 7
2k ]
-3 : 1 Il L L L -
(o] 5 10 15 20 25 30
Time (s)
8 Start Phase T Walking Phase " Stop Phase
08¢ DFsS SFS DFS SF DFS SFS DFS 1
g 06} .
g 0.4 —— Power 1
02} 1 B
O T I i 1. T A .
[0} 5 10 15 20 25 30
Time (s)
Figure 5-29 Torque and Power for Joint of Trunk
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The simulation results show that torque for joint 1 to joint 6 reached the
maximum values at the intersections between the DFS phase and the SFS phase. The
trunk joint requires bigger torque in the single foot support phase than the double
support phase. The torque for the ankle joint of the support leg requires the biggest
torque among all 7 joints, about 8 N.m. The driven power for each joint varies in the
walking period, and the value of the power reaches the maximum value close to the
intersections between the DFS phase and the SFS phase. The trunk joint requires
the biggest power about 0.8 Watts in this simulation. These simulation results of
torque and power for each joint provide a guidance to choose proper link material

and joint driven motor.

5.4 Simulation Results of ZMP and CoM

The simulation results are based on walking period equal to 16 seconds, the
start and stop period equal to 8 seconds.
The ZMP is calculated with equations simplified from (3.4.1) and (3.4.2) by

eliminating the angular acceleration part, as shown in (5.4.1) and (5.4.2).

n . n .
Z,»:,mi(zi -g)x, — Z,:jmixizi

Xpp = -~ T 5.4.1)
Zi:/ ml (Zl - g)
'-1 mi(éi - )yi - " m, ”121‘
oy = 2. el L (5.4.2)
Zi=1mi(2[ - g)
The CoM is calculated with equations (5.4.3) and (5.4.4).
:’=1m‘xi
XColf = oo sseesstussiesisestaieeussesstenniaessitesisesesnestssasonisretaesteesses (54.3)
t=] mi
MY,
Ve = z+ ......................................................................... (5.4.49)
m.

i=] !

where m; is the mass of link i . g is the gravitational acceleration, and (xzyp, yzyp, 0)
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are the ZMP coordinates expressed in the reference frame. (x; y, z;) are the
coordinates of the center of mass of link i expressed in the reference frame.

Figure 5-30 shows the ZMP and CoM of the biped robot based on the proposed
trajectory. In the figure, the closed area plotted with dash dot line is the stable
region. Simulation results show the ZMP and CoM are very close with the proposed
trajectory, which implies that the planning walking trajectory by placing the CoM
of the biped within the stable region is acceptable if the acceleration of the robot is
not big. The simulation results also indicate that the ZMP with the proposed

trajectory is in the stable region during the whole walking period.

Trajectory of ZMP and CoM of the Biped in Reference Frame
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Figure 5-30 Zero Moment Point in Walking
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Chapter 6 PID Control of the Single Joint

6.1 Setpoint Sampling Methods in Trajectory Tracking

In order to minimize both hardware and software consumption, it is necessary to
choose proper sampling method and sampling rate for trajectory tracking control
with acceptable tracking errors. In this section, the study is based on DC motor
sinusoidal curve position tracking.

If f(t) is the continuous function of the trajectory, then the sampled function of

this trajectory F(t) can be generated in 3 different ways.

F(t)= f(floor(t/Ts)XTS) = ciiirimrierienrisarsisieseesesstonsnssasasiecnsenses (6.1.1)
F(t)= f(ceil(t/Ts)XTS) = iriisrerserseserssasasnsssososcassscasessasnsasnsossans (6.1.2)
F(t)=f(round(t/Ts)xTS) = iiieiierrresrimmniosmoicrsncsnsssssnsssrssseessonses (6.1.3)

where Ts is the sampling time, floor, ceil and round are function to round the
number towards minus infinity, plus infinity and nearest integers respectively.
Figure 6-1~Figure 6-3 show the results with three different setpoint sampling
methods. Compared with the original function the first two methods have bigger
errors at the same sampling rate and introduce time shift of +Ts/2 and —Ts/2. The
third method has the least errors and no time shift, so it should be the best one
among the three methods. But in this method, the first sample and last sample are
taken in the middle of the sampling period. More cautious actions must be taken in

application. In this research, the third method is used for setpoint sampling.
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Continugus Function VS, Sampled Function

e

=TT T 1"3|1n(2"1 ety N
~~ Tl e 1*5I0(271°p1"Floor(t/Ts)™T's) Ts=0.02sec
~ —
0.5F et [ -
g i~ A
:%‘1 L, "._]""
L ]
05k - .
R P
gk A N
i ] 1 1 - ! } 1 1
0 a1 Q0.2 0.3 Q.4 0s 0.6 Q.7 0.8 09 1
Time {sec)
315 T T T T Y T T T T
o.1~,f'iM l{Hl,A
HHA 1 144 AN
005H | i i AU
( i/ l}' i VV‘ ‘r"|lllrl\/ LA Y, “"11 11" V‘I}J "i/ V E i ll—1

= i Vi e ) RV N O N

g 0 ’ TAAMA AR AR AR L LR R A AR AR '

< MR J ‘\‘l\ M\r-}. % \l‘\\.\,

5 0%F AR IIINUEREAN I
.o_1r '\i ] (R ‘~‘l "',] ‘J | A
Q.15 {— 17sin(@2"1"p1"t)-1*sin(2”1"pi*Flaor(t/Ts) Ts), Ts=0.02sec k‘
02 1 ! i 2 ! I { Il L

o 0.1 02 a3 0.4 05 0.6 0.7 [aX:] 09 1
Time (sec)
Figure 6-1 Setpoint Sampling Method 1
Continuous Function VS, Sampled Function
1 T _{—‘I’__‘-_\_‘_‘I T T T T T T 3
e T L 1@y J
0s :--_—-[—’ \_\“] —— 17sin(2*1"pi"Cail(t/Ts)*Ts) Ts=0.02sec
e o I
& | - 1.
3 Tl —
2T L\_L r
< ost o A
- e
‘_L‘L‘x:, = ek i
1 1 Il 1 L Il 1 Fom—— i .
jal 0.t 0.2 03 0.4 as 06 Q.7 08 [oR:] 1
Time (sec)
018 T T T T T T T T T
orr \rf’\[\»\ A 7
iwh I e
oos} ) M‘«J\\f\\ A i\.[\r.»\, .
AN \ A
T o PR \ WA N
] 0 . — e .
T oA AIAY AL
& oosid A AAASYY i
i 1}!“' Yy
GRE S
015~ [— 17sin(271 *pi*t)-1"sin(2"1*pi*Ceil(1/Ts)*Ts) Ts=0.02sec ]—
02 1 I L 1 1 L 1 Il L
0 a1 0.2 03 0.4 a5 06 o7 08 os 1

Time (sec)

Figure 6-2 Setpoint Sampling Method 2
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Continuous Function VS, Sampled Function
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6.2 Setpoint Sampling Rate in Trajectory Tracking

According to the Nyquist-Shannon sampling theorem, the sampling frequency
should be at least twice as the signal’s frequency. But the twice frequency rate is not
sufficient in practical application. Table 6-1 is the simulation results of different
setpoint sampling rates for different signal frequencies. The simulations are based
on a continuous time motor position controller with the following motor

parameters:

. =2.18x107°N-m/ Ak, =218x107rad /s/V; R, = 4.33Q
L,=2.34x107H;1,=16x10"kg-m*; B=0.02Nm-s5;7, =0, K, = 250

From this table, the acceptable sampling frequency (tracking error <1% of the

signal’s amplitude) is at least 50 times the signal frequency.
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Table 6-1 Simulation Results of Setpoint Sampling
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Figure 6-4 shows the simulation results of tracking a continuous sinusoidal

curve and the sampled curve, while Figure 6-5 is the detail of the zoomed area of
Figure 6-4.
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6.3 Sampling Time for Digital Controllers

Theoretically the smaller the sampling time the better the system response. But
for a specified digital control system, it is not necessary to choose a very small
control sampling time. A proper control sampling time can be chosen according to

the system configuration. Here two methods are given to calculate the control

sampling time.

C I
orroer | U o 1Y o

Sensor <
Ks

Figure 6-6 Digital Control System Model

In a digital control system (Figure 6-6), the controller and sensor have gains of
Kc and Ks, respectively.

First method (control sampling time based on sensor):

1LSB( Sensor )

L= (0.5 - 4) ]Y|(max)Ks

where 1 least significant bit (LSB) of sensor represents one LSB of sensor’s output;

Ks is the sensor’s gain;

Y;(W)I is the maximum speed (absolute value) of the plant

output.

Proof:
Y,(k)=Y,(k=1)

IfR(k)=R(k~z)}:E(")=E(’C—U:>U(k)zU(k—1)
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Second method (control sampling time based on controller):

)ILSB(Controller) 1LSB( Sensor )

r.=05-4 K. .Yl(max)Ks

where 1LSB(Sensor) represents one LSB of sensor’s output; 1LSB(Controller)
denotes one LSB of controller’s output; Ks is the sensor’s gain; Kc is the

controller’s gain; |Yd(m) is the maximum speed (absolute value) of the plant

output.

Then the bigger sampling time in these two methods can be considered proper.

Note: In these two methods the sensor sampling time should be smaller or equal to

the control sampling time.

In this research, the maximum speed of the motor is 2.41 rad/s, Ks=1024/450
degree, the output of the controller has 8 bit resolution, and Kc=256/68. The control
sampling time can be calculated as follows:

Control sampling time based on the sensor:

T,=(0.5~4) ! =(0.5~4)x0.00318=1.59~12.7ms
2.41x180/wx1024/450

Control sampling time based on the controller:

T =(0.5~ 4)x—2 ! = 0.424 ~ 3.39ms

256768 2.41x180/ 7= 1024/ 450

For the above system, the control sampling time based on sensor is proper. In this
research, 1ms is chesen as the sampling period (it could be bigger) for the control

system and the sampling time for the sensor (ADC) is 0.208 ms.

6.4 PID Controller Design

The ideal proportional, plus integral, plus derivative (PID) controller transfer

function can be described in equation (6.4.1)
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G.(s)=K, PN Ko eetereeeieeieeieenanre st e s n e e s e an e aenans (6.4.1)
S

A practical PID controller with a low-pass filter in D controller has an expression in

(6.4.2).
Guls)= Ko+ Rt oS e (6.4.2)
s I+
Then the plant control input is:
U(S)ZGC(S)E(S)ZKPE(S)+£<—[E(S)+][<DS E(S) i (64.3)
s + 173

Rewrite (6.4.3) in discrete time domain with the sampling time Ts,
u(k)=kpe(k)+kI(k)+k Y (k)  coirviiiiiiiiiiiiiinniiic e, (6.4.9)

where e(k) is the error at time k; I(k) is the integral part at time k; Y(k) is the

derivative part at time k, which are calculated by

e(k )= SetPoint(k)— FeedBack(k) (k=>1)

I(k)=1(k—1)+e(k)Ts (k21I1(0)=0) = rererrerereerrereeenenns (6.4.5)
1

T+7Ts

Y(k)= (cY(k-1)+elk)-elk-1)) (k=1,Y(0)=0)

Equations (6.4.5) are used in digital PID controller implementation in this
research. For tracking control, only PD controller is used with k;=0. For setpoint
control, full PID controller is employed. The experimental parameters and results of

PD and PID controllers in tracking and setpoint control are shown in Table 6-2 and

Table 6-3.
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6.5 Experiment Setup for the Single Joint Control System

The DC motor position control system is shown in Figure 6-7. The load in this

setup is 2.613kg and the link length is 0.11 meter. The motor is horizontally installed,

the load is vertically
installed; therefore the
load varies when the
motor rotates. The
nominal output power and
speed of this system are 22
Watts and 2.41 rad/s,

respectively.

Figure 6-7 Experiment Set Up
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6.6 Setpoint Control Results

Table 6-2 lists experiment parameters and steady-state errors. With proper
parameters listed in this table, the system has robust performance with steady-state
error minimized to 1 LSB of the system resolution, which is equivalent to 0.4395

degree in the link angle.

Table 6-2 Setpoint Control Experiment Parameters and Results

Load £ Setpoint
No. | Value rror P Gain I Gain D Gain | Amplitude
{degree)
(g) (degree)
1 2613 -4.2 0.00618 0. 00767 0.00183 40. 87
2 2613 0. 88 0. 00801 0.00217 0.00183 40. 87
3 46 -1.76 0. 00801 0.00217 0. 00183 40. 87
4 46 —-0. 44 0.0191 0.00217 0.00183 40. 87
5 2613 —0. 44 0.0191 0. 00217 0.00183 40. 87
60 Experiment Result for Setpoint Control with Load 46g
: | =]
g, T : '''''' :' ----- 1T ———— F:te?doBlr;ck -
i l I2 2L5 S 3?5 4
______________________ L —
_______ Ir______TI_______i[ —— PWM DuyRatio |
"""""""""" 2 25 3 35 a4
Tnm'e(s) . . '
z 25 3 35 4
Time(s)

Figure 6-8 Setpoint Control Experiment Result (Load 46g)
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Experiment Result for Setpoint Control with Load 2.613kg

GOr T T T T ‘ ,

T —1 il
— Setpoint
----- ---- FeedBack -~

Figure 6-9 Setpoint Control Experiment Result (Load 2613g)

In the 4-th and 5-th rows of Table 6-2, PID parameters are the same, while the loads are
much different. The system has good performance without overshoot and the steady state
errors are minimized to 0.4395 degree in these different load configurations. So we can say,

the system is robust in the setpoint control.

6.7 Sinusoidal Tracking Control Results

Table 6-3 gives system parameters and tracking errors. We can draw the following
conclusions:
(1) The system can track the signal whose speed is not faster than the motor speed;
(2) To achieve an acceptable performance, tracking control requires bigger controller gains
than setpoint control. The faster the speed of the signal to be tracked, the bigger the
controller gains;
(3) With the same system configuration, the bigger the signal speed above the system speed,
the longer the tracking delay.

In Figure 6-10 to Figure 6-15, the ‘max speed’ in the title means the maximum speed of
the setpoint signal. The ‘Time Delay’ denotes the time shift between the trajectory curve and
response curve, which is caused by the system time constant. The error is calculated by

shifting the response curve back with the time delay.
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Table 6-3 Sinusoidal Tracking Control Experiment Parameters and Errors

' . Setpaint .
Load Error Error . Time Setpoint : Setpoint Max
No- | vale (g) | RMS(a) | aBs(@) | TGN |1Gan | DGan | oo | amplitude P‘f;‘)"d Speed (rad/s)
1 46 08697 | 07302 | 0.03010 0 000446 | 0.09s 418 2 230
2 2613 25054 | 2.1290 | 0.03010 0 | 0.00446 0.1s 418 2 2.30
3 2613 16012 | 1.3504 | 0.03010 0 | 000629 | 0.08s 418 2 2.30
4 2613 0.9836 | 0.7830 | 0.03284 0 {ogor 0.07s 418 2 230
5 48 06221 | 05103 | 0.03284 g {00072 0.07s 418 2 230
B8 46 06857 | 0.5059 | 0.03284 0 000813 | 007s 418 2 230
7 2613 1.0020 | 08138 | 003284 0 | 000813 | 007s 418 2 2.30
8 2613 09465 | 0.7522 {0.03387 0 ]0.00721 0.07s 418 2 230
9 46 06613 | 05103 |0.03387 0 1000721 0.07s 418 2 2.30
10 46 106713 | 98710 | 0.03284 0 |0.00721 0.16s 418 1 459
1 46 3.2867 | 2.7625 | 003284 0 1000721 0.1s 418 15 3.06
12 2613 58516 | 52903 | 003284 0 ]0.00721 0.12s 418 15 3.08
13 4B 11869 | 10088 | 003284 0 [0.00721 0.08s 208 15 153
14 46 0.7343 | 06041 | 003376 0 1000446 | 0.09s 209 1.5 153
15 2613 09171 | 07977 003376 0 1000446 | 008s 208 15 1.53
18 2613 09966 | 08387 | 003559 0 |0.00538 | 007s 209 15 153
17 2613 19613 | 16188 | 004108 0 1000263 | 0.08s 242 1 2.65
18 2613 14335 | 12229 | 004108 0 1000366 | 0.09s 242 1 2.65
19 2613 1.3771 | 09677 | 004108 0_{0.00446 | 0.07s 242 1 2.65
20 2613 1.2550 | 09062 | 0.04108 0 |000538 | 007s 242 1 2.65
21 45 08731 | 0.6950 | 0.04108 C 1000538 | 007s 242 1 265
Experiment Result for Sinusoidal Tracking Control with Load 2.613kg (Max Speed 2.30 rad/s)
. 100 T | T T T T 7 | i
5 ——————————— == Setpoint :
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Figure 6-10 Sinusoidal Tracking Control Result 1 (Max Speed 2.3 rad/s, Load 2613g)
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Figure 6-11 Sinusoidal Tracking Control Result 2 (Max Speed 2.3 rad/s, Load 46g)

Experiment Result for Sinusoidal Tracking Control with Load 46g (Max Speed 4.59 rad/s)
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Figure 6-12 Sinusoidal Tracking Control Result 3 (Max Speed 4.59 rad/s, Load 46q)
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Experiment Result for Sinusoidal Tracking Control with Load 46g (Max Speed 3.06 rad/s)
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Figure 6-13 Sinusoidal Tracking Control Result 4 (Max Speed 3.06 rad/s, Load 46g)
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Figure 6-14 Sinusoidal Tracking Control Result 5 (Max Speed 1.53 rad/s, Load 46g)
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Figure 6-15 Sinusoidal Tracking Control Result 6 (Max Speed 1.53 rad/s, Load 2613g)
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Chapter 7 Prototyping of the 7-DOF Biped

7.1 Mechanical Structure Design

The physical structure of the 7-DOF biped is designed according to the dimension listed in
Table 5-1. The final prototype is shown in Figure 7-1. The biped is composed of 7 links: a trunk,
upper right leg, upper left leg, lower right leg,
lower left leg, right foot and left foot. All  the
joints are driven by DC motors with gear
head. The trunk consists of a waist joint
and heavy mass. The trunk is controlled
to swing from side to side, therefore, the
mass on the trunk is shifted accordingly to
balance the robot. Because the waist joint
drives the heavy mass, self-lock
mechanism is necessary. Therefore a
worm gear box is used for this joint.

The position feedback devices for all

the joints are chosen as multi-turn

potentiometers driven by a 4 to 1 gear

Figure 7-1 Whole Biped Structure

pair. Compared with encoders as feedback devices, this kind of structure has the

following four advantages:
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1). Directly reflecting the position of the output shaft;
2). Not necessary to set initial values for positions when power is turned on;
3). Eliminating the backlash effect of gear boxes;

4). Reducing the backlash effect of the potentiometer by factor of 0.2.

h

Each joint also has upper and lower position
limit switches to limit the link motion when
they are activated by accident. The detailed
structure of limit switch structure is shown in
Figure 7-4.

The structures of the leg joint and waist

joint are shown in Figure 7-2 and Figure 7-3,

Figure 7-2 Leg Joint Structure

respectively. Bumpers are installed on
robot feet to absorb impacts when the feet
contact the floor, as shown in Figure 7-6.

To reduce the weight, most of the

structural materials are aluminum. Figure

7-6 shows the structure plates for the robot.

Figure 7-3 Waist Joint Structure
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Figure 7-5 Foot Bumper Structure
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Figure 7-6 Biped Structure Plates

7.2 Electrical Hardware Design

Each joint of the biped is controlled by a micro-controller unit. All the joints are

synchronized by the synchronization signal. Figure 7-7 is the whole system

connection diagram. In this figure, 4 @ @
®-® denote joint 1-6 and @
denotes trunk joint. 3 @ {D

Synchranization Signal

Figure 7-7 Joint Control System

The block diagram of the micro-controller unit is described in Figure 7-8. The

heart of this unit is the micro controller-ATMEGAA48 [1], which is in charge of A/D
91
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conversion, PID controller computation, timers, interrupt handlers and PWM
generation, etc. The H-bridge driver [3] in this unit is a LMD18200 integrated chip.
The schematic diagram of this control board is shown in Appendix.

ATMEGA 48

Trajectory 5V

bat — a0 |
+ Ed PIO
—
Timer 1 |\ | Controller i 1
(20ms) | i |
I

o - |
1 L 1
C—__ |External Timer 2 USART Timer 0 Pin Change
Interrupt 0 (1ms) ) | | (31.25kH1) Interrupt
4

Synchronization Signal Y RS232 Communication

Limit Switches

Figure 7-8 Joint Control Unit Block Diagram
The ADC in ATMEGA48 is 10 bit and the feedback device is a 5 turn
potentiometer driven by a 4 to 1 gear pair. The position signal is adjusted by an

operational amplifier [2] before entering ADC. The maximum resolution of this

system is:

ILSB = !
1024

X%x 360° =0.4395" civrieriininniiiiiiiiiiieri e (7.2.1)

The datasheets for the motor and gear head are listed in Appendix.

7.3 Electrical Software Design

In order to reduce the program executing time, assembly language is used in the
micro controller programming. The whole program is composed of the following

subroutines. The flowcharts of the program are shown in Figures 7-9~7-12

92

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Main Flowchart Interrupt Vector

[ Interrupt Vector Reset \

External Interrupt O
(_J' Pin Change Interrupt 1
Initialization Timer 2 Over Flow Interrupt
Timer 1 Over Flow Interrupt
USART Rx Complete Interrupt

USART Data Register Empty Interrupt
KADC Conversion Complete Interruptj

Time Delay

Qnitial Position ContrcD cre g .
Initialization

4 / \
@able Global Interru@ Set Stack Pointer

Set ADC Conversion Result Storage Address
Clear RAM Storage Area

) Port B Initialization ( bit 0-4 as out put )

Time Delay Port D Initialization ( bit 46,7 out; bit 2 in )

External Interrupt O Initialization (falling edge active )

A 4

Pin Change Interrupt Initialization
@nable External Interrupt@ USART Initialization (set baud rate, data format )
ADC Initialization (set channel 0, convert frequency )
PWM Initialization (set PWM mode, frequency )
Timer 1 Initialization (set initial value for 10ms )
Timer 2 Initialization (set initial value for 1ms, start clock)
Read PID and position limit parameters from Flash to RAM

Main Program

Figure 7-9 Main Flowchart
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Initial Position Control

Time Delay
Push SREG
(Push Timer 1 Info) N T )

Save Pin Change and Timer 1 interrupt Info
Disable Pin Change and Timer 1 Interrupt

@et Timer 1 for 1 SeconcD Read initial Position Value in Set Point
Release Brake

Y N b,
N
Timer 1
OVF =1 Position Error
<2LSB
Y
h 4 Y
@op Timer 1 |nf9 v
Restore Pin Change and Timer 1 Interrupt Info
Pop SREG

Figure 7-10 Flowchart for Time Delay and Initial Position Control

Pin Change
Interrupt Handler

( Push SREG )

( Brake Motor )
Instruction
Code=0
Y
Inc Instruction Code Pop S
t

External Interrupt O
Interrupt Handler

Push SREG

Instruction
Code=3

Set Timer 1 (10ms)
Enable Timer 1 Interrup

Pop SREG

Figure 7-11 Flowchart for PIN Change and External Interrupt Handler
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Timer 1 Overflow Interrupt Handler
Push SREG
Push Z

Tracking_cnt
=0

N Qnstruction Handler>

y
Renew Timer 1 Counter Register (20ms)
Renew Set Point
Tracking_cnt+1

Tracking_cnt<
Tracking_num

Renew
Status

Y

Pop Z
Pop SREG

A

Timer 2 Overflow Interrupt Handler

G{enew Timer 2 Counter Regist@

Motor
Braked

N
Push SREG
Push Y, temp, 10 ~ r4
@D Controller Computat@

Y
Y
v out Pk

A4

{ Out Put=1
Pop Y, temp, 0 ~ 14
Pop SREG
y
{ Reti )

.

Figure 7-12 Flowchart for Timer 1 and Timer 2 Overflow Interrupt Handler
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Chapter 8 Experiment Results on the Biped

Experiments of marching in place were done on the 7-DOF biped built for this
project. The prototype of the biped is shown in Figure 7-1. The PD controller
designed in Section 6-4 is used to control each link of the biped.

In this experiment, the biped is controlled to march in place on the ground. The
desired trajectories for the biped joints are designed by using the method proposed
in Section 4-3.

The whole process for marching in place is composed of lifting the right foot,
landing the right foot, lifting the left foot, and landing the left foot. During this
process, the trunk shifts the mass from side to side to maintain the balance of the
robot. It takes 32 second to finish the whole process.

The experiment parameters and results for errors are listed in Table 8-1. The
‘Time Delay’ denotes the time shift between the trajectory curve and response curve, which
is caused by the system time constant. The error is calculated by shifting the response curve
back with the time delay. In this table, the ‘Error ABS’ is the average of the absolute
value of the errors; the ‘Max Error’ presents the maximum of the absolute value of

the errors.

Table 8-1 Biped Walking Experiment Parameters and Results

o Error Error |Max Error ‘ . . Time
: Joint No. RMS(d) | ABS(d) (d) P Gain | 1 Gain | D Gain Delay (s)

1 1.3162 1.07686 572785 | 0.02780 0 0.00721 0.08

2 0.7031 04871 26370 | 0.02780 ] 0.00721 0.08

3 0.5311 0.4696 1.3185 | 0.02780 0 0.00721 0.08

4 0.8487 0.5092 | 48345 | 0.02780 0 0.00721 0.28

5 0.6818 0.5422 2.6370 0.02780 0 0.00721 0.08

B 0.6298 04531 2.1875 | 0.02780 0 0.00721 0.09

Trunk 1.9963 1.6760 39555 | 0.03387 0 0.00721 0.28
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Experiment Result for Joint 1
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Figure 8-1 Experiment Result for Joint 1

Experiment Result for Joint 2
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Figure 8-2 Experiment Result for Joint 2
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Figure 8-3 Experiment Result for Joint 3

Experiment Resuilt for Joint 4

—— Setpoint
---- FeedBack

| —— PWM DutyRatio |

10 15 20 25 30 35

| —— Error with Time Delay=0.27742s
T i - T

10 15 20 25 30 35
Time(s)

Figure 8-4 Experiment Result for Joint 4
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Experiment Result for Joint 5
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Figure 8-5 Experiment Result for Joint 5

Experiment Result for Joint 6
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Figure 8-6 Experiment Result for Joint 6
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Experiment Result for Joint Trunk
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Figure 8-7 Experiment Result for Trunk Joint
Trajectory of ZMP and CoM of the Biped in Reference Frame Based on Experiment Resuit
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Figure 8-8 Trajectory of ZMP and CoM of the Biped Based on Experiment Result
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The angles, PWM ratios and errors for all joints of the biped are shown in
Figure 8-1 to Figure 8-7. It is observed from the error graphs that the robot joints
can follow the desired trajectories with reasonable tracking errors. It is noticed that
the errors are controlled within a range of 5.3 degrees. However, the errors are in
the range of 2 degrees most of time. The graphs for the PWM ratios show that the
motors are not saturated during the marching process. It is noted that the marching
process takes 32 second, so the marching speed is low and acceleration is small.
Therefore, the ZMP should be close to CoM, which is verified by the fact that the
trajectories for CoM almost coincide with the trajectories of ZMP in both x- and y-
directions, as shown in Figure 8-8. It can be also observed that ZMP is within the
stable region, so the balance of the robot is maintained during the marching

process.
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Chapter 9 Conclusions and Future Work

9.1 Conclusions

The literature preparation is successfully achieved in this research. The
experiment implementation is successful for marching in place with the planned
walking trajectory. This research has the following major contributions:

1) A procedure to generate walking trajectories by extracting and modifying
human walking data was proposed.

2) Kinematic and dynamic modeling for a 7-DOF biped were conducted. Joint’s
power and torque were also computed to analyze mechanical requirements.

3) A proper setpoint sampling method and sampling rate were studied for
trajectory tracking and were proven to be effective by both the simulations and
experiments.

4) Two control sampling time calculation methods were introduced and were
proven to be effective in practical application.

5) An Atmel® microcontroller-based PID control system was designed and
implemented for individual joint position control. This control system was proven to
be robust to the load changes for both setpoint control and trajectory tracking.

6) A 7-DOF biped was designed and built with aluminum links. The
mechanical-electrical structure design was proven to be able to provide stable and

smooth position feedback and avoid accidental damages to the system.
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9.2 The Problems Encountered

1) In the dynamic modeling for double support phase, it is difficult to solve the
adjoint vector.

2) The communication between microcontrollers does not work properly. It
could be caused by bad electrical connection or programming.

3) Worm gear structure is difficult to be made precisely with current equipment

in our lab.

9.3 Future Work

The 7-DOF biped robot in this research can march in place, using passive
balance method. The following is the future work for further improving the biped
robot system.

1) Dynamic modeling for double support phase. This part is very important to
compute the ZMP and impact forces on the robot, especially at the switching instant
from the single support phase to double support phase.

2) Improvement of the mechanical structure. To improve the control
performance, it is necessary to build the mechanical structure more rigidly. And 4
joints should be added to the hip and ankles to eliminate the heavy balance mass at
the waist. Shock absorbers in each link will be added to absorb the impact forces,
which may even damage the robot’s structure, when the robot contacts objects or
the support surface.

3) Many attempts to maintain the balance of the biped during walking were
made, but all failed. The main reason for these unsuccessful experiments might be
that the walking trajectories were not able to balance the biped. Therefore, further

modification on the walking trajectories need to be done.
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4) Dynamic balance of the robot. The passively balanced robot is not able to
walk on uneven surface, or balance itself with any external disturbances. So,
dynamic balance becomes important for practical biped robots.

S) Adding more functional features to the robot. To make this robot humanoid,
upper body, arms, hands, head, visual system, hearing and speaking system should

be put on the robot, so that the robot can sense and response to the external world.
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A. Structure Design
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B. Electrical Schematic Design
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C. Gear Head Data Sheet (Gear Ratio 246:1)

Planetary Gearhead GP 32 C &32mm, 1.0-6.0Nm

Planetary Gearhead straight teeth
B Output shalt sm:;:g:s stael
225 oy Shatt diamelar as opicn 8mm
# Bearing al output ball beamg P
s 2 Radial play. 5 mm from flangs o
Asial play [0
I Max. adial toad, 12 mm from Hange o
5 ﬁ —L] R Max, psmmissible axial load
o - ] Max. petmissible ooice for prass fils 120 N S
ay o Sense of rotalion. drive to culput =
Recommendad input spesd < 8000 rpm =
411 - Al Racommendad temperals& range -20..4100°C E
Ay L] Extended area 3s option 35 ...4100°C
PR LA % WONGT:
:|- 2,‘2,?;' P gp,og,a,_ ar Numbar

:,- Spaciat program fon requash

1186600 | 166933 | 108938 168900 186464 | 166959 166972 | 186977 |
Coarhoad Data i

37:1 141 : 492:1 782:1 1181:1 1972:1 2820: 1 43801
2 ‘Reduction absohse - E . Ay, Wy . siu:,“s 16AR) o m:'iﬂa O HISHA . TS,
3 Max. molor shah diamater mm 5 3 ] 3 3 3

| 168831 [ 188834 | mwewsheeesoﬁwaswl as%a 166973 16878
1 Reduction 8.1 18:1 661 123.1 205:1 53 .1 911 1414 121891 9052 : 1 5‘24..
2 Wmmm v g . Z"! ﬂ‘!js : 15?1‘!:‘ lﬁrf,ﬁ |“1mjw 1?'731 Eu‘,’.o m.m,gm,ﬁ mh!..‘g m:.;m

3 Max. motor shatt diameter men 4 4 4 3
| ___Ordar Number _________IEVIELCTELA 188t | _16694& m___l'me ___.15598‘ m__l' 56969 _165974 l___l|€69?9
1 Reducticn $8:1 211 7901 13211 318:1 58911 #6311 150511 2362:1 33891 &285:1
2 Reduction absckse iy B, Iy g G WAL TR B STLY, o
3 Max. motor shaft dameter 3 3 3 3 4 3 2 3 3
EITTYTY 166947 159957 | 1158085 166975
1 Aeduction 23:1 86:1 150:1 4111 BB 163111 254811 3856 1
2 Reduction absokse Sy T SHE L R TR T NI ST,
3 tdax. motor shalt diamelar whn 4 4 3 4 3 3
166937 163243] 166948 | 185953 15668 | stsas |ase7|| 166976
1 Reduztion 26:1 1031 197:1 a56:1 T8 1 18281 262311 4050° 1
2 Reduction absolube %, W e RO T RIMD o BN RIR
3_Max. motor shah dismeter mm 3 3 3 3 3 3 3 3
4 Nurber of stages 1 2 2 3 3 ) 3 a & 5 s
5 Max.continuous brque Nm 1 3 3 L 8 8 [} 3 6 [} [}
6 Intermitiendy permisabie e al gear output Nm 1.25 378 378 75 75 75 .18 15 75 75 78
7 Max sfticiency 8 5 75 70 70 &0 &0 60 Ead 50 50
8. Weight - : g 118 182 162 194 226 238 25 258 258 258
9 Average bacdash no load 1.4 1.3 186 2.9 20 20 2.0 z0 20 25 20
10" Mass ineris - - ™’ 1.5 0.8 «8 0.7: .07 T Q.7 L SRR A 8 0.7 ok
11 Gearhaad langth L1 264 363 383 430 30 497 497 397 564 A S64

awralt w; I overll Ength

Combination

+ hiotor “Page - +TachoiBrake = Page  Overall length [Mn] - hicr by . guahead fowgih - tacko.! brakey & .m.u,p.u .

RE 25.10 Wi g 810 909 909 973 976 1043 1043 104 M9 1S 1910 1110
RE 28, 10 W ” MR 245 €0 - 1019 1018 1088 1088 113 1183 1 15,3 1220 1220 1220 120
RE 25.10W ki Enc22 248 5.1 1050 1050 1117 1117 1184 1184 1184 1351 1251 1251 125t
RE 25,10 7 HED_ 5510 /252 1018 1117 1117 11Be 1184 1250 1259 1259 1318 1318 1318 1318
RE 25,10 - CCT 22 250 1033 1132 1932 1199 1199 1263 1056 1266 1333 1333 1333 133
RE 25,20 W 7. | 810 - 909 900 - 976 976 1043 1043 1043 1119 111D 1110 119
RE 25.20W S MR 236 920 1019 1012 1086 1085 1153 53 1153 1220 1220 1230 1220
RE 25,20 W¢ ™ Enc22 E2 Y 951 1050 1080 1117 1117 1184 1184 1184 1251 1281 1251 1251
RE 25.20 W ™ HED. 5530 250252 191.8 1117 1117 1184 1184 1251 1251 1251 1318 1318 1318 1318
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RE 28,20\ 78, . HED_ SS40/AB 40 250200 132.2. 1421 1421 1488 1488 1565 1555 © 1556 1832 1822 1622 . 1822
RE 28. 18 W ° ) 853 952 682 1019 1019 1086 1088 1086 1153 1953 1153 1163
RE 28,18 ¥( ™ MR 248 7 W3 1062 1062 I8 1129 1188 1198 1196 1263 1263 1263 1283
RE 25.18 W% k) Enc22 248 1027 1128 1128 1193 1193 1260 1260 1260 1327 1327 1327 127
RE%.19W -3 HED. 85400 © - 2500282 11037 1133 . 1138 1203 120.3. 12701270 1.0 1337 1337 1337 .17
RE 25,18 W/ Te CoT = 2% 1063 1162 1162 1229 1229 1295 1298 1205 1363 1362 1383 1263
RE3D,80W 7 " &0 SoEL CC94.5T 1044 1044 UILEY 111101178 T 11780 1245 1245 1245 1345
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RE 35.90 W & MR u7 1088 1187 187 1254 1264 1321 1321 1321 1388 1388 1355 138.8
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RE%,70W & . €7 1078 1078 $143. 1143 1210 12107 1210 - 1277 1277, 1877 1207
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D. DC Motor Data Sheet (Rated Voltage 24V)

RE-max 29

Terminal 2.8 x 0.4
) Temunnl]

M1:2

B Stk program
CIstwdand proram

Spevinl prgram (on requesty

Values at nominal volinge

1 Homina voltigs v
2 e bad spwesxd pm
- 3. No load curent mA
4 Neminal spesad pm
5 “teaninad Sorgue imax. ous borguel - mim
5 Heanind curant imax, conlinesus cumenty A
7 Stall wmus . mhm
8 Sartng cuirent A
8 ax aHiciency ) %
Characteristics
10 -Terminal resistanos Q
11 Terminal incuctance nH
12 mim i &
13 5 em Y
14 ‘pe«:d worquessyrandient rpm £ robdm
15 Mechanicol time canstant ms
16 Rotr inertia ga?

Thermal data

158K ‘r"
A0 K Ve

3tz heawsiong- anbizot

Mechanical dota :k
B, penmissibhs sp
i

Hux riseliol e 5 nn\ In: mle e

Mech | dotn {sleeve bearings}
Hax. parmissible spesd

Axial play

Aol play

Max. agial bxad idynan:
Hax. fo

OO rpm
€2 min

8]

8

Kil

Varhwes listed in the tabks ap: ocminal,
Expdanation of the figores wn page: 1.

Cption
& baarings o
Mgtails n place -9 terminals

bt bearngs

April 2505 edilion ¢ subject lo change

A=
w
= —
L @
a
s
e
al B B R
<
128 -4 <H7

93 120 180 . 240
2130 8780
730 342
8170 7600
123 268
1.08 RE
207 282
16.9 10.2
& 87

D571 0708 159

00363 0.0447 0108

109 122 19 -

s T8 07

462 453 47

S04 6OR 510

143 128 109

10

229 mm, Graphite Brushes, 22 Watt

Comments

Il Contincous opsration

operation at 25 C ambdent.
= Thamul Bt

Shm tarm opsration

As:iﬁned pa\wl rming

o4 . 08

0

maxon Modular System

Planetary Gearhead
D26 mm

05 - 2.0 Nm

Page 224

Pl,aqntwy Gearhead
0.75 - 4.5MNm

Page 227

Planetary Gearhead
232 nm

1.0 - 6.0 Nm
Pag': 220

Overaew on page 17

¢ 4=

Recommended Electronics:
LSG30z: Page 264
ADS 505 . 264
ADS ESGE: 265

Notes 7T

330 360 420 480 480 480 480 80 4RO .| 48.0
W90 86AD BN  BEOO  T4ED G100 ADD 486D 4030 ARED 2F00
286223 183 165 13 7 105870 793 533 . 490 396
BOYO TS0 THB0 TS B SN 2T 2180 1810
274 285289 29 78 303 305 303
0003 0745 DA26 0.563 u.-w 0.409 0,332 0075 Q.02 0184
273 268 287 285 182 145 118 94 788
873 A80 541 490 340 243 156 104 0672 0465
a7 .83 38 a8 87 87 N 85 83 .. 82
244 39 461 714 -
0,262 A3 381 SRS e4E
S &z /113 WG 1es
205 vid €82 E]
336 5 A 316 348 286
453 452 . K 4238 438 438
131 132 130 123 117 1120 17

In cbservation of abowe listed thermal resistanos
dines 17 and 18 the maximum permissible winding
lemperdum wil be madiwl duing continuous

. ‘Th-s motormay b-s bristly u-zarbaded (rvx\rmg)

maxen OC metor . 145
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E. Denavit-Hartenberg Representation Convention Procedures

Step 1: Locate and label the joint axes: zg, ZJ, ..., Zn.1. ZiiS the axis of revolution of
joint i+ if joint i+] is revolute and is the axis of translation of joint i+I if
joint i+1 is prismatic.

Step 2: Establish the base frame. Set the origin anywhere on the z, -axis. The x; and

yo axes are chosen conveniently to form a right-hand frame.

For i=1, ..., n-1, perform Steps 3 to 5.

Step 3: Locate the origin 0; where the common normal to z; and z;; intersects z;. If z;
intersects z;.;, locate o; at this intersection. If z; and z;.; are in parallel, locate
0; at joint /.

Step 4: Establish x; along the common normal between z;; and z; through o;, or in
the direction that is normal to the z;.;-z; plane if z; ; and z; intersect.

Step 5: Establish y; to complete a right-hand frame.

Step 6: Establish the end-effector frame 0,x,y,2,. Assuming the n-th joint is revolute,
set the axis z, parallel to the axis z,.;. Establish 0, conveniently along axis z,,
preferably at the center of the gripper or at the tip of any tool that the
manipulator may be carrying. Establish x, along the common normal
between z,,.; and z, through o,. Establish y, to complete a right-hand frame.

Step 7: Create a table of link parameters 6,, a;, d;, .

a; = distance along x; from o; to the intersection of x; and z;; axes.

d; = distance along z;.; from o;; to the intersection of x; and z;; axes. d; is
variable if joint i is prismatic. (d; has sign, the direction from o;.; to
the intersection of x; and z;; axes is the positive direction)

a; = the angle between z;.; and z; measured about x; (direction according to

the right-hand rule, thumb pointing to the direction of axis x;)
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0, = the angle between x;; and x; measured about z;; . 0; is variable if joint i
is revolute. (direction according to the right-hand rule, thumb pointing

to the direction of axis z;.; )

Step 8: Form the homogeneous matrices A4; by substituting the joint parameters 6,4,
d,a; into equation (2.2.4).
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