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ABSTRACT

The field of humanoid robotics has in the last several decades taken off as an active area
of research. The goal of this field is to build robots which by having a human-like form
will be able to work in environments designed for people. An important part of this
challenge is the development of biped walking robots. This thesis presents the design,
simulation and control of a twelve degree of freedom biped walking robot.

The robot is designed using three dimensional computer aided design software,
Solidworks, from which center of mass and inertia tensor data can be extracted and is
constructed using an aluminum frame. The electrical controls are performed using two
TMS320F2812 digital signal processors (DSP’s) on custom designed printed circuit boards
and the motors are driven with H-Bridge motor drivers.

A trajectory for each joint is generated offline on a Linux computer using fifth order
spline interpolation and the inverse kinematic solution. This trajectory is then
transmitted via serial cable to the DSP’s. The robot walks by having each joint follow its
trajectory using a computed torque scheme consisting of feedback and feedforward
terms.

The feedback term is generated by sending joint angle readings from potentiometers
mounted on each joint into either proportional-integral-derivative (PID) controllers on
some joints and proportional-derivative (PD) controller on other joints. The feedforward
term is generated via the Newton Euler Recursive formulation using the center of mass
data, inertia tensor data and the joint angle trajectories.

Force sensors located at the four corners of each foot are used to calculate the center of
pressure (COP). This is used as an input to an active balance controller which stabilizes
the robot in the frontal plane by contributing to the control of the ankles with the use of a
proportional-integral (PI) controller.
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1 Literature Review

1.1  Motivation

Humans have long created tools to increase their abilities. From early technologies such
as spears, bows and arrows, and domesticated animals, we've used our intelligence rather
than our brawn to become one of the most successful species on earth. The trend to use
ever increasing amounts of technology to increase our ability to produce goods continues
today.

One of the technologies, which has become ever prominent in today’s factories, is
automation through the use ofrobotics.  Figure 1, shows the recent growth in the
installation of industrial robots worldwide.
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Figure 1.1: Yearly installation of industrial robots worldwide (1]

Urnits

As a natural extension of the research and development done in industrial automation,
the last few decades have also seen an ever increasing focus on developing robots that are
able to work in environments designed for people. The biped walking robot is part of this
research.

The most advanced walking robots, such as Honda’s ASIMO can now run at up to 6 km/h
[2]. However, this is still slower than people and many animals. Also the efficiency of
most biped robots is low when compared to humans or animals. This inefficiency is
graphically represented in Figure 1.2, which shows the cost of transport, a unit-less
measure of efficiency calculated by dividing the energy consumed by weight and distance
travelled [3].
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Figure 1.2: Comparison of minimum cost of transport as function of body mass for a
variety of robots, animals, and vehicles [3]

Passive robots on the other hand are incredibly efficient and can walk relying on only a
gentle slope to power their walking. These walkers have a minimum cost of transport of
only 0.2, comparable to human walking [4].

There is also a good deal of research into actuating biped robots with pneumatics with
the use of artificial “muscles”, or pneumatic cylinder actuators. Some of the first biped
robots ever built were done so using this method of actuation at Waseda University [26].
Pneumatic actuation for walking robots is still popular with some university researchers
and with companies in the private sector.

Biped robots have also been built using hydraulics for actuation. Because of the greater
load that hydraulic robots can bear, they have found considerable interest from the
defense research community, a large portion of which is located in the United States.

Although biped robots are still fairly rare today, the technology developed for biped
robots is finding uses in developing actuated prosthetics like the MIT prosthetic ankle
[52] and exoskeletons for the disabled like the robot suit Hal developed by Cyberdyne

[53].



Still, there exist trends that may lead to a greater demand for biped walking robots in the
coming decades. This demand will come from the demographics of most developed
countries, which if current demographic trends continue will be aging at an alarming rate
in the coming years, causing a demand for replacement of human labour and hence a
larger demand for biped robots.

A 2005 report published by Statistics Canada [6] predicts that by 2015 the elderly will
outnumber children in Canada. In addition, aging of the population is set to continue
with the elderly comprising 27% of the population by 2056. These trends are illustrated
in Figure 1.3 which shows the age pyramid of Canada in 2005 and 2056. Similar aging is
expected in many European countries and is well underway in Japan, perhaps pointing to
the cause of the advanced robotic industry currently present in that country.
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Figure 1.3: Age pyramids of the Canadian population in 2005 and 2056 [6]

1.2 Robot Gait and Trajectory Generation

Designing a suitable gait for biped robots is one of the critical challenges faced in this
field of research. While a well planed walking pattern can ensure that the robot does not
tip over while walking, further refinement of the gait can improve performance and even
energy consumption [46], although solving the problem of an optimally efficient gait is
still one for which a solution is being sought.

Many approaches to designing the gait of a biped robot have been undertaken. One of the
most basic involves generating trajectories for the robot joints, and then verifying that the
given trajectories meets some stability criteria for the robot not to fall over [47], [16]. For
a robot which due to slow movement does not build up significant inertia, verifying that
the center of mass falls onto the support polygon is a sufficient criterion for stability.

Increasingly, researchers have been using the zero moment point (ZMP) as means of
verifying stability. The zero moment point is: “the point on the ground where the tipping
moment acting on the biped, due to gravity and inertia forces, equals zero, the tipping



moment being defined as the component of the moment that is tangential to the supporting
surface.”[20].

Another approach commonly found in the literature to develop the walking pattern
involves planning the trajectory of the zero moment point and then deriving from this,
the corresponding center of mass trajectory. From the center of mass trajectory joint
angles can be derived using inverse kinematics. In order to accomplish this approach on-
line, the dynamics of the robots are often simplified into an inverted pendulum model

(48], [49].

Many of the aforementioned approaches to trajectory generation result in a gait that does
not resemble the human one as the knees of the robot are bent to avoid the large
disturbance that can arise when a robot lands its foot with the knee locked. To counter
this, researchers have started using motion capture from a person walking and then using
various techniques to apply this to biped robots, resulting in a hybrid trajectory [56], [57].
Although motion capture from people has been applied to robots, work is still underway
to create a more human-like gait for biped robots.

1.3 Trajectory Tracking

Once a trajectory has been generated for the robot, (either off or on-line), the task left to
the robot is to follow this trajectory. State space representations of biped robot are
generally avoided for all but simplest of robots due to the complexity of the dynamics.

Instead of modern control techniques, at the core of most trajectory tracking schemes is a
proportional derivative loop on the tracking error [55] using either a traditional PD
controller or a fuzzy logic controller [58]. The controller most often directly controls the
joint angle, however controllers have been implemented where the location center of
mass is controlled and the joint accelerations and then torques computed through inverse
kinematics [52].

To improve performance and to reduce the high gains needed for only a PD controller a
computed torque scheme is often implemented where the required torque is calculated
and then injected into the control. This method requires a fairly accurate knowledge of
the physical parameters of the robot links.

1.4 Postural Stability and Balance Control

For a robot to maintain postural stability by balancing, it must first determine what the
effect of the disturbance is on the robot’s body. This is done by determining the
inclination of the body of the robot with accelerometers and joint sensors or by
determining the center of pressure on the feet with the use of load cells or strain gauges
in the ankles.

Once a disturbance is detected, biped robots can regain an upright posture in a number
of ways. For minor disturbances the robots can use the center of pressure on the foot as
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measured by load cell or similar means to control how the robot pushes off the ground,
this is called Ground Reaction Control.

For larger disturbances robots can alter their zero moment point trajectories from which
a modified walking trajectory is generated for the upcoming steps. This type of control is
called Model ZMP Control and can help steady the inclination of the upper body. Because
this type of calculation has to be done on-line, the dynamic model of the robot is often
simplified to an inverted pendulum model during the single support phase and
suspended pendulum model during double support phase [52].

Once the model ZMP control has been activated the landing location of the feet needs to
be updated to correct the relative position of the upper body and the feet. This correction
is referred to as Foot Landing Control. Honda used all three means of balancing to
ensure the balancing of their robot P2 [51].

1.5 Existing Walking Robots

A wide range of walking biped robots has been developed around the world. Since the
dynamics of a robot are largely determined by the means of actuation, the following
sections provide an overview of robots developed using electric motors, passive walkers,
pneumatic robots, and hydraulic motors.

1.5.1 Electric Motor Actuated Walking Robots

The most common form of actuation for walking robots is the electric motor. Electric
motors can be easily controlled with solid state electronics, are relatively low cost and
most robotics engineers are familiar with them as they are prominent in robotic
manipulating arms.

Electric motors are also widely applicable since they can be mounted directly onto a joint
if gearing is employed, or used asa linear actuator. Frequently, robot designers use
remote control or (RC) servo’s, a modularized motor-controller combination, as this
negates the need for feedback to the main controller due to the presence of a local
controller in the servo. RC servos remain popular with hobby robots, and are still quite
widely used in university research robots.

The following sections cover some of the most advanced walking robot projects that have
been developing noteworthy prototypes in the recent past. This includes the robots
developed by: Honda, Humanoid Robotics Project, and the Korea Advanced Institute of
Science and Technology.

1.5.1.1 Honda Humanoid Robots

The Japanese automotive giant Honda has a long history of producing ground breaking
biped robot research. This research started in 1986 with the production of Eo, which
achieved walking at a speed of five seconds a step [7]. With each following generation of
prototypes, the abilities of the walking robots increased. The latest robot Asimo is now
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able to run at 6km/h [2] and has intelligence technology that allows the robot to interact
with people and its environment [8]. Figure 4 shows the evolution of Honda humanoid
robot prototypes.

Figure 1.4: Honda walking robots 1986 to present left to right: Eo, E1, E2, E3, E4, Es, E6,
P1, P2, P3, Asimo [7]

1.5.1.2 Humanoid Robotics Project

The humanoid robotics project is sponsored by the Japanese Ministry of Trade and
Industry (METI), New Energy and Industrial Technology Development Organization
(NEDO), Kawada Industries, National Institute of Advanced Industrial Science and
Technology (AIST), and Kawasaki heavy industries. The project has created an
impressive line of robots show in Figure 1.5.

The latest walking robot HRP-4C was built to the average dimensions of a young Japanese
female [9] and can closely mimic the movements of humans. The debut of the robot,
which occurred at a fashion show, highlights the plan to use this robot in the
entertainment industry.

Figure 1.5: Humanoid Robotics Project prototypes, left to right: HRP-1, HRP-2p, HRP-2,

HRP-3¢, HRP-4C




1.5.1.3 Korea Advanced Institute of Science and Technology (KAIST)

Outside of Japan some of the most impressive research in biped robots has occurred at
the Korea Advanced Institute of Science and Technology (KAIST). Since the early 2000’s
they have developed a line of biped robots including KHR-1, KHR-2, HUBO (KHR-3),
HUBO FX-1, Albert HUBO and KHR-4 [23], [24]. The robots have grown in sophistication
and capabilities. One of their latest robots, Albert HUBO is thought to be the first un-
tethered biped robot with a humanly expressive face [25].

Figure 1.6: Korean Advanced Institute of Science Robots left to right: KHR-1, KHR-2,
HUBO (KHR-3), HUBO FX-1, Albert HUBO, KHR-4

1.5.2 Passive Biped Walking Robots
Passive biped robots make up a class of walking robots that unlike active robots can walk
with little or no actuation from sources other than gravity and momentum.

One of the earliest documentations of such a robot is the patent by George Fallis in the
United States, in 1888, of a Walking Toy that “consists of a combined pendulum and rocker
construction whereby when placed upon an inclined plane it will be caused by the force of its
own gravity to automatically step out and walk down said plane” [27].

The technology was resurrected by McGeer [28] who in 1990 showed that a dynamic gait,
otherwise stated as a gait in which the projection of centre of gravity falls outside of the
support region of the foot while walking, could be achieved using a only a mechanical
structure without any forms of actuation [29].

Further advancement occurred in passive walkers with the addition of light forms of
actuation as on the Cornell’s Walking Robot with Efficient Human-Like Gait [10]. This
robot is able to walk continuously on level ground due two small motors which give the
robot enough power to overcome friction. Figure 6 shows the development of passive
walking robots from the Fallis Walking Toy to McGeer’s Walker and Cornell’s Robot with
Efficient Human-Like Gait.
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Figure 1.7: Passive biped robot development. From left to right: Fallis Walking Toy
(1888), McGeer Walker, Cornell’'s Walking Robot with Efficient Human-Like Gait

Despite their efficiency, passive robots do not have many practical applications as they
cannot yet be controlled to go to a location or perform a given tasks. However their
further development is likely to have “implications for the design of advanced foot
prostheses”[10] as well in the design of actively actuated robots.

1.5.3 Pneumatic Biped Robots

Pneumatic biped robots are rarer than the comparatively ubiquitous electrically powered
ones, but the development of this type of robot dates back to the same time as early
electrically powered bipeds.

One of the first pneumatic biped robots was Waseda University’s WAP-1, built in 1969
[26]. The robot used artificial muscles made of rubber to achieve planar locomotion.
More recently in the 1990’s, the Shadow Robot Company developed a biped which
through a series of tilt switches and accelerometers could balance, but never achieved
walking [30].

A recent notable pneumatic powered biped was built at the Vrije University in Brussels.
The goal of the project was to “achieve a lightweight bipedal robot able to walk in a
dynamically stable way while exploiting the passive behavior of the pleated pneumatic
artificial muscles in order to reduce energy consumption and control efforts.” Slow walking
by the robot was achieved and further research is underway to improve speed and control

[32].

Another pneumatically actuated biped recently released is the company Anybots’ robot
Dexter. Unlike most biped robots which rely on Zero Moment Point to guarantee
stability, Dexter is completely dynamic, otherwise stated “there are no stable postures that
it can be put in where it can balance without active feedback’[32]. The robot uses
pneumatic cylinders to drive its joints and is capable of walking, jumping and according
to the makers will soon be able to run.



Figure 1.8: Pneumatic actuated robots from left to right: Waseda University's WAP-1,
Shadow Company Biped, Vrije University’s Lucy and Anybots’ Dexter

1.5.4 Hydraulic Robots

Much like pneumatic biped robots, some of the earliest research into hydraulic biped
robots occurred at Waseda Universtiy in Japan [26]. One of their early robots WL-3 used
electro-hydraulic servo-actuators and was built in 1969 and “managed human-like
movement in a swing phase and a stance phase” [26].

More recently, most of the development in hydraulic powered bipeds has shifted to the
United States where biped robots have found defense applications.  Some initial
development was done by Sarcos, a Utah based engineering and Robotics Company, that
developed products for the medical, entertainment and defense industries. Sarcos
developed Primus, a 53 degree of freedom biped [34] as well as the initial development for
a military exoskeleton before the company was purchased by the large defense contractor
Raytheon [35].

Since the purchase, Raytheon-Sarcos has developed an exoskeleton to enable “a user to
easily carry a man on his back or lift 200 pounds several hundred times without tiring”
[36]. Raytheon has also stated the goal of developing the exoskeleton into a fully
autonomous biped when not occupied by a pilot.

Another notable hydraulically actuated biped is the Boston Dynamics’ Petman. The robot
“is an anthropomorphic robot for testing chemical protection clothing used by the US
Army” [33]. The robot has what is arguably the most human-like gait ever developed and
can walk at over skm/h. Delivery for the project is expected sometime in 2011.



Figure 1.9: yauh actuated robots from left to right: Waseda University's WL-3,
Sarcos Primus, Raytheon Exoskeleton and Boston Dynamics Petman

1.6 Biped Robots at Lakehead University

The 12 DOF robot described in this thesis is the fourth biped robot developed at Lakehead
University. The fist robot developed had only 6 DOF and was suspended from a track
above it. The second robot developed had 7 DOF with 6 DOF on the legs and a seventh
controlling a counterweight that allowed it to lift its feet without tipping over. The third
robot developed had 10 DOF and walked at a rate 8cm/min. The control of this robot was
accomplished by using a PD controller with gain scheduling and gravity compensation
terms attained through trial and error. The 12 DOF robot proposed in this thesis can
walk at the rate of 25cm/min and is controlled via computed torque scheme with active

balance in the frontal plane. Figure 1.10 shows pictures of the biped robots developed at
Lakehead.

Figure 1.10: Biped robots developed at Lakehead University from left to right: 6 DOF
biped robot, 7 DOF biped robot, 10 DOF biped robot and 12 DOF biped robot

1.7 Goal of Thesis

The goal of this thesis is the design, and building of a low-cost biped robot to study the
theories of bipedal walking and balance control. This thesis proposes joint control of a
biped robot using a PD and PID controllers with feedback from potentiometers mounted
on each joint and with a feedforward term generated by the Newton Euler Recursive
formulation. Balance control in the frontal plane is achieved using a PI controller which
contributes to the control of the frontal ankle motor using feedback from force sensors
mounted on the feet.
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1.8 Thesis Organization
The thesis is organized into 11 chapters including this introductory one.

Chapter 1 introduces topics associated with biped walking robots and examines
various notable walking robots that have been developed.

Chapter 2 covers the forward and inverse kinematics of the biped robot developed in
this thesis.

Chapter 3 examines the inverse dynamics calculations, thereby determining torque
requirements of the robot.

Chapter 4 delves into topics associated with biped walking such as the zero moment
point, centre of mass and trajectory generation for the 12 DOF walking robot.

Chapter 5 goes over simulations results for the joint trajectory, center of mass
trajectory and torque requirements.

Chapter 6 covers topics associated with the mechanical design of the robot including
means of actuation, material selection and the overall structure.

Chapter 7 gives an overview of the electrical design of the robot including the
selection of sensors, motor driver and processor.

Chapter 8 explains the functioning of the control systems on the robot. This includes
details regarding the trajectory following controller, the active balance controller as
well as the required digital filtering.

Chapter g goes over the experimental results from the walking robot prototype.

Chapter 10 summarizes the thesis and proposes future work to improve the robot
design.
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2 Robot Kinematics

2.1 Introduction

Kinematics is a branch of classical mechanics that studies motion without considering the
forces that are causing it [37]. Later sections will deal with the forces acting on the biped
robot, but this chapter will examine how to mathematically represent the position,
velocity and acceleration, as well as the orientation of the links of the robot. This chapter
assumes the reader has some basic knowledge of robotics. As covering this entire topic
would go beyond the scope of this thesis, for additional information the reader is referred
to two popular texts in on the subject: {5] and [37].

2.2 Denavit and Hartenberg Notation

Unlike a point in space, a three dimensional robotic link is not completely defined by a
position with respect to a fixed frame; it is also necessary to describe its orientation. To
do this we first dissect the robotic structure into links and the joints that connect the
links. To describe the location and orientation of each link a coordinate frame is affixed
and parameters assigned that describe the location and orientation of the frame.

Denavit and Hartenberg notation, or D-H notation, is a convention used in robotics
which creates a standardized set of axes and parameters which can then be used to create
a homogenous transformation matrix 4; that describes the location and orientation of
each frame with respect to the previous frame.

In D-H notation, the axis of a revolute joint i is aligned with the z;_; axis. The x;_, axis is
directed along the normal from z;_,to z;, it is parallel to z;_; X z;. The y axis follows the x
and the z axis using the right hand rule. The D-H parameters are shown in Table 2.1.

~ Symbol Name Description ;
a, Link length | The offset distance between the z;_; and z; axes along the x;
axis.
a, Link twist | The angle from the z;_, axis to the z; axis about the x; axis
d, Link offset | The distance from the origin of frame i — 1 to the x; axis along the
7;_, axis.
o, Joint angle | The angle between the x;_; and x; axes about the z;_, axis.

Table 2.1: D-H notation parameters

The homogenous transformation matrix 4; is a product of four basic transformations: a
rotation about the z axis by 6, a translation along z axis by d, a translation along x by q,
and a rotation about x by a as shown in formulas (2.1-2.3).

A7 = Rot, g Trans, 4 Trans, , Rot, o (2.1)
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cos¢, —sin@, 0 Oyl 0 O 01 O O 4 |1 0 0 0
| sin6, cos6 0 010 10 00 1 0 0)0 cosa, -sine, 0 (2.2)
S 0 1000 0 1 40 01 00 sing, cosa, 0
0 0 0 1J0 0 0 140 0 O 10 O 0 1
cos), —sind cosa, sind sine, a,cosd,
P sinf, cosf cosa, —coséd sing, a,sind, (23)
' 0 sine, cos«, d,
0 0 0 1

To describe the biped robot’s body in terms D-H parameters, the body of the robot can be
considered as one large chain consisting of twelve revolute joints connecting thirteen
links. The base of this chain is located on the stationary foot and the end-effector on the
swing foot.

Table 2.2, shows the D-H parameter for the robot’s legs with the right foot planted and
the left foot swinging. The variables for link lengths and joint angles are indicated on
Figure 2.1, a wire frame robot. Figure 2.2 explains which joint on the robot shown in
Figure 2.1 corresponds to the roll, pitch and yaw terms.

LocalFrame |  a; | o d; 0;
~ Origin e e ‘

0 0 90 L 90
1 L 290 0 6,490
2 L, 0 0 0,
3 L, 0 0 0,
4 I 90 0 0,
5 0 90 0 65+90
6 . 0 0 0,
7 0 90 0 0,
8 I 90 0 65490
9 L 0 0 0,
10 L, 0 0 0.0
11 L 290 0 0,
12 L 0 0 0.,

Table 2.2: D-H parameter table from right leg to left
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Figure 2.1: Joint and link locations on wire frame robot

yaw

roll pitCh

Figure 2.2: Yaw pitch and roll definitions in reference to the robot frame
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2.3 Forward Kinematics

Forward kinematics finds the Cartesian location of the end effector given the joint angles.
Mathematically this requires multiplying the homogenous transformation matrices 4,
through to 4,, where n is the number of frames. This yields the transformation matrix for
the end effector TJ' as shown in formula (2.4).

TP = AYALAZ .. A%t (2.4)

Multiplying the homogenous transformation matrices 0 to i where i is the frame from 0
to n yields the transformation matrix for frame i. This is also the location of (joint i+1).
The first three rows of the fourth column of the transformation matrix represent the x,y
and z coordinates of frame i in the base reference frame.

T (1,4)
0; = (x,y,2)" =T (2,4) (2:5)
TP (3,4)

Thus, by calculating the forward kinematics using the link lengths listed in Table 2.3, it is
possible to plot a graphical representation of the robot as shown Figure 2.3. It should be
noted that the reference frame is at the base of the right foot while frame 1 is on right
ankle.

lg 114
Table 2.3: Designed robot link lengths
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Figure 2.3: Reference frame locations

2.4 Inverse Kinematics

If instead of knowing the joint angles and requiring the Cartesian coordinates, the
Cartesian coordinates are known and the joint angles required, the mathematical method
that needs to be applied is inverse kinematics. Figure 2.4 shows graphically the
relationship between inverse and forward kinematic.

x7 b [
(_/;\, ¥, 2); ~

Forward
Kinematics

Figure 2.4: Relation between forward and inverse kinematics
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Figure 2.5: The variables for the robot’s right leg that will be used in deriving the inverse
kinematic solution

2.41 Inverse Kinematic Calculation for the Right Leg Knee Angle

To find the inverse kinematic solution for the right leg in the sagittal plane, we first find
the joint angle for the knee 6; given Cartesian location for the hip and ankle. The
Cartesian location of the ankle and hip in the sagittal plane are known since trajectories
for these are generated directly.

Figure 2.6: Diagram for solving right leg inverse kinematics
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Applying the law of cosines, Equation (2.6), to the triangle bounded by I and [, in Figure
2.6, yields Equation (2.7). Rearranging Equation (2.7) produces Equation (2.8). Using
Equation (2.8) and trigonometric identity (2.9) allows the use of the four-quadrant
inverse tangent resulting in one solution: Equation (2.10).

a? = b? + ¢% — 2bccosh (2.6)
2
(\/(X4 - x2)2 + (24 - 22)2) = l% + l?z’ — 21213COS (180 _ 93) (2.7)
(x4 — %)% + (24 — 25)%2 12— 13 (2.8)
cosf; =
20,15

sin@, =./1-cos’ 6, , (0<6, <7x) (2.9)

83 = atan2(sin 83, cos 63) (2.10)

2.4.2 Inverse Kinematics for the Right Leg Ankle and Hip Angles

Once the knee angle 65 is calculated the next step is to find the ankle and hip angles. To
find the ankle angle the it can be seen from Figure 2.7 that summing angles 6;,, and 6
calculated in equations (2.11) and (2.12) yields the right ankle angle (2.13).

out

Oin = atan2(l; + l,cos05,1,5in 63) (2.11)
Oour = atan2(x, — x,,24 — 23) (2.12)
92 = gin +90ut .‘% (2'13)

With the ankle and knee angles calculated we can now calculate the hip angle. From
geometry we know that if we wish to keep the abdomen of the robot in a vertical position
the ankle knee and hip angles need to sum to zero. Hence we can find the hip angle with
Equation 2.14.

6,=-6,-0, (2.14)
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2.4.3 Inverse Kinematics Calculation for the Left Leg Knee Angle

The inverse kinematics for the left leg can be solved with a similar approach as those for
the right leg. To find the knee angle the law of cosines, Equation (2.6), is applied to
Figure 2.7, yielding Equations 2.15-2.18.

(*11,Y11,211)

Figure 2.7: Diagram for solving left knee angle

2
(VG =217 + (74 = 220)7) = 13 + 3 = 2l,15c05 (180 — fy) (2.15)

(2.16)
(x4 = x11)% + (24 — 215)* 15 — 13

2,1,

sin 6, = \1-cos? 0, , (06, <7) (217)

cosbig =

810 = atan2(sin B, ,cos B4,) (2.18)
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2.4.4 Inverse Kinematics for the Left Leg Ankle and Hip Angles
To solve the ankle and hip angles on the left leg the same approach can be applied as on
the right leg. The solution of Figure 2.7 yields equations (2.19)-(2.22).

6, = atan2(ly + 1, cos 81,1, sinBy,,) (2.19)
Obur = atan2(xy — X11,Z4 — 211) (2.20)
Oy = Oin + Ogue — /7 (2.21)

o = =010 — 614 (2.22)
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3 Inverse Dynamics

3.1 Introduction
Robot dynamics studies the equations relating the motions of the links of a robot with
respect to applied forces such as those coming from robot actuator or those external to
the robot. The two main problems associated with robot dynamics are forward dynamics
and inverse dynamics.

Forward dynamics involves determining the motion of the robot links given a set of forces
while inverse dynamics involves determining joint torques for a given set of joint angles,
velocities and accelerations.

Hence by using inverse dynamics the torques required from the robot’s motors can be
determined. From this simulation the robot’s trajectory or mechanical structure can be
adjusted appropriately.

Many methods have been developed to address the problem of inverse dynamics, with
two of the more popular methods being: the Lagrangian, which is based on finding the
kinetic and potential energy of the robot and the Recursive Newton Euler formulation.
Depending on the application, both have their advantages; however for robots with a high
number of degrees of freedom, Hollerbach [17] has shown that the computational load for
the Recursive Newton Euler method is far lighter than the Lagrangian. Table 3.1 shows the
computational burden of the Lagrangian compared to the Newton Euler. At 0(n*)
computational cost, the Lagrangian method would require 1.5 million floating point
calculations per iteration, enough to burden even today’s powerful computers.
Meanwhile the Newton Euler Recursion at 0(n) computational cost can be calculated
on-line with a modern personal computer.

~ Method ~ Multiplications Additions
Lagrangian 32.5n* + 86;5-2—713 + 171%712 + 53-;-11 25n* + 66;-713 + 129%712 + 42§n
— 128 — 96
Newton 150n — 48 131n - 48
Euler

Table 3.1: Computational comparison between Recursive Newton Euler and Lagrangian
inverse dynamics [17]

3.2 Recursive Newton Euler Formulation

The Recursive Newton Euler formulation finds the joint torques by propagating
information such as angular momentum, angular acceleration and liner acceleration from
the base to the end-effector[s]. It then propagates from the end effector back down to
the base the forces and moments exerted on each link from the previous one. Equations
(3.1) to (3.13) outline the Recursive Newton Euler formulation. The output of the
formulation is the torque expressed as a 3 x 1 vector with each row representing the
torque about the x,y and z axis.
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The Newton Euler formulation also makes use of the tensor matrix and vectors associated
with the centre of mass and joint location. Figure 3.1 shows the location and orientation
of these vectors with respect to joints i, i + 1, i + 2 and frames 0;,_;,0; and 0;,; .

joint i+1

joint i+2

Oi+1

COMlinki+1

COM link i

joint i
0i-1
Figure 3.1: Frame and vector locations
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Initial conditions for outward iterations:

0] 0 0 0 0
Wy = 0'0_502[0 Voo = |0],dco=10],Z = |0
0 0 0 0 1

Outward Iterations (i = 0 to n):

Bier = RITED + byb;
Gipr = R @, + by + @, x (5:6))
ojivr = R Moy + oy X 1yp4q + @y X (87 +X 7 i49)
oo =R gy + 0y X 1y + @y X (B X Py

Initial conditions for inward iterations:

. 0
frt1 = [0]

0
Tnyr = |0
0
Inward Iterations (i = n to 1):

72 __ pitl? = =
fi =R figr t mydy —myg;

= 7 1= -2 = i 1_’ 3 hrid —
Ty = R\ — X P + RIT fi41) X P + Loy + &y X (1i@41)

Variable Definitions:
i: The link index

I;:  The moment of inertia of link i taken at the centre of mass and aligned with

frame i, (obtained from CAD model)
w;:  The angular velocity of frame i

w;: The angular acceleration of frame i

7 = TE(1:3,3)

Z;: The direction of the Z axis located at frame o;
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(3.4)
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(3.7)
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-1,
Ri-1

S

cost; —sinf;cosa; siné;sinq;

Ri_, = A;(1:3,1:3) = |sind; cos6; cos a; —cosf;sinq; (3.10)
0 sina; Ccos «;
R = (R Gn)

The rotation matrix from frame i — 1 to frame i

- _ 04
bi = R;Z44

The axis of rotation of joint i expressed in frame i

RY = (R})' = (TéC1:3.1: 3))T (3.12)

The rotation matrix from frame 0 to frame i

-

Tii+1 =

a;
di sin ai] (313)
d;cosa;

: The vector from joint { to joint i + 1. It is the negative translational part of (4:"1)7

The linear acceleration of the centre of mass of link i
The linear acceleration of the end of link i
The vector from joint i to the centre of mass of link i, obtained from CAD model

«ci: The vector from joint i + 1 to the centre of mass of link i, obtained from CAD

model
The acceleration due to gravity expressed in frame i.

The force exerted by link i — 1 on link i

The torque exerted by link i — 1 on link i

The mass of link i

The inertia matrix of link i about a frame parallel to frame i whose origin is at the
centre of mass of link i (Tensor matrix)
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4 Biped Robot Walking

4.1 Introduction

One of the most basic ways to maintain stability of the robot is by ensuring that the
projection of the centre of mass of the robot falls under the supporting foot if standing on
one leg, or the area bounded by two supporting feet (otherwise known as the support
polygon). This is referred to as static walking [12]. In static walking, if the motion of the
robot is stopped at any time, the robot should remain stable in its position.

NN
~
| ~ o
| Left ~ o
I Foot S
| ~
! Support AV
'\ Polygon I
~ ~ Right |
S Foot |
~ |
~
~. |
~ ~ I
N N — Y

Lo

Figure 4.1: Support polygon boundaries for double support and single support

As the speed of a biped walking robots is increased, momentum plays an ever increasing
role and the projection of the centre of gravity can no longer act as the lone criterion for
stability. For this reason a stability criterion is required that includes both the gravity
term as well as the momentum term. This criterion is referred to as the zero-moment
point (ZMP) and robots that make use of zero moment point are referred to as dynamic
robots. Dynamic walking allows the projection of the centre of mass of the robot to fall
outside the robot’s support polygon, though the ZMP still falls within the boundary. This
type of walking has led to the development of faster and more nimble walking robots.

Recently robots have been developed which go beyond the zero moment point principle
and can be referred to as fully dynamic. One such robot is Dexter from the company
Anybots[31]. Because of the small feet and sophisticated balance algorithm the robot’s
zero moment point can momentarily land outside of its support polygon yet the robot
maintains stability through reactive stepping.

4.2 Centre of Mass Calculation

For biped robots that move slowly, the projection of the centre of mass (COM), also
known as the centre of gravity (COG), is a sufficient criterion to ensure that the robot
does not tip over. Equation (4.1) shows how to calculate the centre of mass of the robot.
The projection of the centre of mass onto a flat surface is simply the x and y components
of the vector Gqgpy-.
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Ocom = _____?{?znﬁu
im0 My (4.1)
Variable Definitions:
Ocom: The centre of mass of a robot with n links
m;:  The mass of link i
Ti+1cit The vector from joint i + 1 to the centre of mass of link i in frame i. Frame i is

located at joint i + 1

Oy = O; + RfTitic (4.2)
0;:  Thelocation of the centre of mass of link i in the global frame

R? = TP(1:31:3) (4.3)
RY:  The orthonormal rotation matrix defining frame i orientation with respect to

frame 0. It is the upper left 3 by 3 matrix of the transformation matrix T,

TP (14)
6; = (x,v,2)T =|T2(2,4) (4.4)
T (3.4)
0;:  The location of frame i in the global reference frame Equation (2.5), repeated here

for convenience

4.3 ZMP Calculation

The formula for the Zero-Moment point is given in Equation (4.5), with supporting
calculations given in Equations (4.6)-(4.8). In order to implement this formula the
centre of mass of each link needs to be known. As finding this value can be difficult for
complex structures manually a three dimensional computer aided design (CAD)
programs is used for this function.

R 7 x MF!
Ozmp = m (4.5)
ﬁ: = Rio(liac,i - Iiﬁi X C(—jl) (46)
n—1
MGI = Z(gu X mlR?g - BLL' X miRL-OZiC'i - Hl) (47)
i=0
0
n =0 (4.8)
1
n-—1
—R'GI = Z RPmL(jl - d’c)i) (49)
i=0



Variable Definitions:
Ozmp: The zero moment point with respect to the base frame

R The resultant of the gravity plus inertia forces for all the links (superscript GI).

gi: The acceleration due to gravity expressed in frame i

dc;: The linear acceleration of the centre of mass of link i in frame i, this can be found
using the Newton Euler Recursive formulation

m;:  The mass of link i

H;:  The rate of angular momentum of link i

I;: The inertia matrix of link i about a frame parallel to frame i whose origin is at the

centre of mass of link i (Tensor matrix), attained using CAD model

@;:  The angular velocity of framei. This can be found using the Newton Euler
Recursive formulation '

MC":  The moment about the base reference

n: The normal to the plane on which the robot is walking, for a horizontal plane it is
listed in (4.8)

4.4 Trajectory Generation

For biped locomotion to take place, the robot’s joints follow through a pre-determined
trajectory. For the current robot frame some of the joint trajectories will be generated
directly, as for the frontal plane motors, while other will be result of inverse kinematics.

Overall the gait of the robot developed in this thesis is passive as the robot does not move
fast enough to generate a significant inertia. The robot gait is composed of phases
outlined in Table 4.1. To start walking the robot needs to shift its weight to one side then
take half a step listed as items 1-3 in Table 4.1. To continue walking it shifts its weight to
the supporting leg, takes a step with the swing leg then shifts its weight back to the centre
alternating between the right and the left leg acting as the supporting and swinging leg.
This typical gait is composed of items 4-9 in Table 4.1. Finally to finish walking the robot
takes half a step with the opposite leg that it stated walking with.

Item Description
1 | Shift weight onto right leg
2 | Take a half step with left
3 | Shift weight back to centre
4 | Shift weight to left side
5 | Take step with right leg
6 | Shift weight back to centre
7 | Shift weight on right leg
8 | Take a step with left leg
9 | Shift weight to centre
10 | Shift weight to the left
11| Take half step with right leg
12| Shift weight to the centre

Table 4.1: Components of basic gait for biped walking
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Humans walk with the heal striking the ground first; this is impractical for a robot with a
foot structure currently consisting of only a flat surface. Until a foot with more elasticity
and degrees of freedom is developed, the robot will make steps keeping the sole of the
foot parallel to the ground.

4-41 Polynomial Trajectory Generation

To generate trajectories for the robot joints, whether that trajectory is in Cartesian space
or joint space a polynomial equation is used to generate that trajectory. This is done by
applying a fifth order, or quintic polynomial, to generate the trajectory. Typically, cubic
polynomial is used in robotics; however with only a slight increase in computation,
quintic polynomial allows the starting and ending velocity and acceleration to be
specified.

For the ankle and hip roll joints the trajectory is generated directly by connecting a series
of spline interpolations. For the joints in the sagittal plane, a trajectory is generated for
ankles and hips in Cartesian space using spline interpolation and inverse kinematics is
used to find joint angles for the ankle pitch, knee and hip pitch joints.

To solve the six unknown coefficients for the quintic polynomial shown in Equation (3.7),

the six constraint equations listed in Equation (3.8) are solved. The resulting coefficients
are listed in Equation (3.9) [37].
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0(t) = ag + at + a,t? + ast3 + a,t* + ast®
0(0) = a,

0(tr) = ao + asty + aytf + azt? + agt} + ast?
6(0) = a,

0(tr) = ay + 2ayt; + 3ast? + 4a,t? + Sast}
6(0) = 2a,

6(tr) = 2a, + 6asty + 12a,t7 + 20ast}

ao = b
a; =6,
az-——z

200 — 206, — (86 + 126, )t — (36, — 8,) ¢}

3
2t
300, — 300, + (146, + 166, )t — (36, — 20,)t}
I
1208, — 126, — (66 + 66,)t; — (6, — 0;)t?
g =

5

4.4.2 Frontal Plane (Roll) Joint Angle Trajectory Generation

(37)

> (3.8)

(3.9)

J

All joints on the robot have a trajectory generated for them. For the ankle and hip joints
in the frontal plane, the joint space trajectories to make the robot shift its weight from
one leg to the other are generated directly using the polynomial trajectory generation.

The magnitude of the shifting is determined by verifying the centre of mass and zero
moment point simulations. An additional three degree of shifting is done by the swing
leg to ensure that the leg does not touch the supporting leg. Figure 4.2 and Figure 4.3
show the generated trajectories for the ankles and hips for the robot.

29



angle {degrees)

angle (degrees)

goi.:, -

15

10

-10

-15

10

20
15 -

10+

15

Ankle Rall Trajectory

20 25 30 3 40 45 50
time(s)

Figure 4.2: Ankle roll trajectories

Hip Roll Trajectory

20 25 3 35 40 45 50
time(s)

Figure 4.3: Hip roll trajectories

30

Crghtieg
leftleg

55

right leg '+
 lefttleg |



4.4-3 Sagittal Plane (Pitch) Cartesian Trajectory Generation

For the hip and ankles in the sagittal plane, the Cartesian trajectory is first generated for
the ankle and hip joints, then inverse kinematics are applied to solve for the joint angles
of the joints in sagittal Plane. Figure 4.4 to Figure 4.7 show the x and z trajectories for
the hip and ankles for the robot taking a starting step, two full steps and a finishing step.

Hip Cartesian Trajectory in X-Axis
Ov h i Tty h T T B
-0.02 -
-0.04 -

-0.06 -

-0.08 -

distance (m)

-0.1-
-0.12- -
-0.14
.016 . . FE : Lol PR Pl IR L i
0 5 10 15 20 25 30 35 40 45 50
time (s)

Figure 4.4: Cartesian trajectory for the hip in the x-axis

Hip Cartesian Trajectory in Z-Axis
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Figure 4.5: Cartesian trajectory for the robot hip in the z-axis
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Figure 4.6: Cartesian trajectory for the robot ankles in the x-axis
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Figure 4.7: Cartesian trajectory for robot ankles in the z-axis

4.4.4 Sagittal Angle Joint (Pitch) Trajectories

Once the Cartesian trajectories are generated for the ankles and hips in the sagittal plane,
inverse kinematics is used to find the joint angles of the ankle, knee and hip joints. Figure
4.8 to Figure 4.10 shows the trajectories of the joints in the sagittal plane outputted from
the inverse kinematic solution.
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Figure 4.10: Hip pitch trajectories
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5 Walking Simulation

5.1 Trajectory Generation Simulation

Using the generated trajectory and forward and inverse kinematics the trajectory can be
verified by plotting a wireframe robot with respect to time using formula (2.5) which
yields the Cartesian coordinates of each frame. Figure 5.1 shows snapshots of a wireframe
visualization of the robot going through the motions of walking. The magenta circle
represents the projection of the centre of mass.
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Figure 5.1: Plotted trajectory generation of robot walking ordered left to right and top to
bottom; the magenta circle represents the projection of the centre of mass
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5.2 COM and ZMP Simulation

In order to verify that the centre of mass of the robot follows a desirable path for a given
generated trajectory, the centre of mass projection is plotted with respect to the feet of
the robot as shown in Figure 5.2 and 5.3. For a robot moving as slowly at this robot the
zero moment point and the projection of the centre of mass are approximately the same
so the zero moment point is not shown.

0'157' e e g e
0.1

0.05,:

-0.051
01
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Figure 5.2: Path of centre of mass projection, half step with left leg (right leg support)
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Figure 5.3: Path of centre of mass projection, full step left leg (right leg support)
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5.3 Torque Requirement Simulation

In order to gage the torque requirement for the designed mechanical structure and
planned walking gait, the torque is calculated using the recursive Newton Euler
formulation. Figure 5.4 Figure 5.8 show the torque requirements during single support
phase for the robot’s walking gait.

The torque requirements are only shown for single support phase since the Recursive
Newton Euler formulation requires the robotic structure to have a base (the planted foot)
and an end effector (the swing foot).

The torque plots show that the motors that take the largest load are the hip roll motors,
since during single support phase they support the abdomen as well as the swing leg.
Because of this large torque it is important that the distance between the legs be kept to a
minimum, and that a sufficiently strong motor is used for this joint.

Ankle Roll Torque
2.5 S

rightlegb
2 ‘ AR R leftteg

1.5

0.5 -

torque (N*m)

0 10 20 30 40 50 60
time(s)

Figure 5.4: Ankle roll torque
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6 Mechanical Design

6.1 Introduction

For a robot to achieve stable biped locomotion it must have a reliable well proportioned
mechanical structure. The design of passive walker robots like those described in
references [27],[28] and [29]has shown that a properly designed mechanical structure can
be made to walk with little or no actuation at all, highlighting the importance of a good
mechanical design.

The location of the centre of mass is also important in how the robot performs. Clearly a
low centre of mass is inherently more stable, however requires a larger shifting angle in
order for the robot to take a step. Meanwhile a higher centre of mass, though less
inherently stable, allows the robot to shift its centre of mass or zero moment point more
easily.

All of these factors, as well as the means of actuation, construction material, degrees of
freedom and sensors used come into consideration when designing a robot. Modern
computer aided design software has greatly helped in this endeavor as it is now possible
to quickly design three dimensional structures and to check for conflicts when
assembling all of the parts.

6.2 Means of Actuation

The first decision in the mechanical design is to select the means of actuation. Electric
motors are used since if geared properly, they can have a high enough torque output for
the robot joints, and for an engineer with an electrical background like the author, are
straight forward to control joints using only a potentiometer as feedback.

The two main other forms of actuation for robots, pneumatic and hydraulic, have been
successfully implemented on robots such as Dexter from Anybots [31] and Petman from
Boston Dynamics [33]. Although they have some advantages like a similar actuation to
human muscles and controllable compliance [11], they require a more complicated control
system which includes a hydraulic pump or compressor, pressure sensors, and linear
distance transducers.  All of these additional complications add the expense and
complexity of the project, helping build the case for electric motors.

The electric motors for this thesis are selected in combination with gears such that the
maximum torque of the motor-gear combination would meet the demands of the robot as
calculated using the Recursive Newton Euler formulation. Higher gear ratios are used for
the ankles joints to allow them enough stiffness to control the inertia of the robot’s body
while standing on one leg. The motors-gear combinations used on the robot are outlined
in Table 6.1.
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The current gears have a backlash of roughly 1°. This may seem small, however even 1° of
backlash is enough to hinder performance of the robot and add to instability. Harmonic
drive gearing, a gearing mechanism with no backlash, is the “de-facto standard for
humanoid robots”[43], however due to its high cost is not employed in this project.

Electric Motor Gearhead
Model Power Model Gear Ratio
Mazcon Plametny
Hip (Yaw) Rzl*i—m;x 18W Cearhead 246:1
b 166949
Maxon Planctary
Hip (Roll) }izénzllax 60W Gearhead 159:1
4 166947
Maxon Planetary
Hip (Pitch) iig;ax 60W Cearhead 159:1
4 166947
Maxon blanctary
Knee (Pitch) Ii}é—g;ax 60W Gearhead 159:1
4 166947
Maxon
Maxon Planeta 18:1
Ankle (Pitch) RE-max GoW t e
26821 Gearhead
4 166951
Maxon Plancta
Ankle (Roll) RE-max 60W Y 41131
56851 Gearhead
4 166952

Table 6.1: Electric motors and gears selection the 12-DOF freedom robot.

6.3 Mechanical Structure

6.3.1 Material Selection

The mechanical structure is designed and built using aluminum alloy primarily due to the
ease with which it can be machined, low cost and its low density of approximately 2.70
g/cm?, which is 34% of the density of steel.

One of the drawbacks of using aluminum is that it is not the most rigid material available.

Since the shear modulus or modulus of rigidity of aluminum is only 25.5 GPa, compared
to steel’s 79.3GPa, a link made of aluminum can be expected to deform over three times
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as much as a comparable link made of steel. This makes it important to properly size
certain load bearing links so that the robotic structure is rigid.

Since thin pieces of aluminum deform considerably when welded, the mechanical
structure is connected using small bolts, locking washers and nuts. The nut and bolt
construction also makes assembly and disassembly easier than permanent fastening
systems like blind rivets.

6.3.2 Shaft Connection

In order to attach the motor shafts to the various links, clamping hubs, as seen in Figure
6.1, are used since unlike set screw hubs, they do not damage the motor shaft and offer
more holding power in high torque situations. For joints where the holding power is
insufficient and the motor slips within the hub, locktite adhesive is used to prevent

slipping.

Figure 6.1: Clamping hubs employed on robot

6.3.3 Passive Shaft Design

On the side opposite from the motor shaft, the passive shaft joint is composed of a steel
shaft, locking hub, brass bushing, shaft collar and potentiometer. A typical joint is shown
in Figure 6.2.

Clamping Hub

Brass Bushing

Shaft Collar

Potentiometer

Figure 6.2: Typical passive shaft design detail
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6.3.4 Overall Structure
The robot is designed to have a form similar to a human. However, with only twelve
degrees of freedom and each electric motor actuating each degree of freedom, the form is
greatly influenced by the size and shape of the motors used. This is most evident in the
ankles and hip joint where two and three motors respectively are used to mimic ball
joints present on humans.

The motor which bears the largest amount of torque is the hip roll joint. When the robot
takes a step this motor supports the abdomen as well as the opposite leg. To keep torque
on this joint to a minimum the distance between the legs is kept to a minimum, only
114mim.

Figure 6.3 shows a completed mechanical design of the robot consisting of thirteen links
and twelve degrees of freedom. The design also shows potentiometers and motors
mounted on each joint as well as force sensors installed on the feet.

6.3.5 Construction

The components of the robot’s mechanical structure were machined using a CNC
machine, band saw, sheet metal shears and a drill press. The parts were assembled using
bolts, locking washers, and nuts. Figure 6.4 shows the constructed robot with electronics
mounted in the abdomen.
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Clamping Hubs

DC Motor

Force Sensors

Figure 6.3: CAD model of biped robot
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Figure 6.4: Photograph of constructed 12-DOF walking robot




6.4 Link Parameters

Using the 3D CAD program Solidworks the parameters that are required for the Newton
Euler Recursion, the centre of mass calculation and the zero moment point are easily
attained, and are listed in Table 6.2 and Table 6.3.

Link Link Mass I — Tiiv1
Number | Description | (kg) tlet (mm)
1 foot 0.646 (8.82,-6.99 ,19.7) (0, 22.6, 0)
2 ankle 0.564 (-4.36 ,2.62 ,-27.79) (65.3, 0, 0)
3 shin 0392 | (-88.63,-0.37,-59.91) | (170, 0, 0)
4 thigh 1224 | (-82.93,-0.02,-25.59) | (160, 0, 0)
5 lower hip 0.229 | (-35.63,-59.91,-0.52) (71,0, 0)
6 upper hip 0.671 (-0.08 ,-25.59 ,-8.85) | (0,0, 0)
7 abdomen 1.860 | (-56.64, -3.25, -106.44) | (114, 0, 0)
8 upper hip 0.671 (-0.08 ,-8.85 ,-14.13) (0, 0, 0)
9 lower hip 0.229 (-35.35 ,-0.51,52.26) (71, 0, 0)
10 thigh 1.224 (-77.07 ,-0.02 ,25.49) | (160, 0, 0)
11 shin 0.392 -84.98, 0.01, 7.62) (170, 0, 0)
12 ankle 0.564 | (-40.64,-27.79 ,-2.57) | (65.3, 0, 0)
13 foot 0.646 (-1118 ,27.59 ,43.41) (22.6, 0, 0)

Table 6.2: Mass and centre of mass locations for robot links

o Lmk q L1n k".; , "Ineyrbtia Tensor (g*mm?)
Number 'Descnptlon : : : e
[ 1830950.43  -91559.15  -104215.93 ]
1 foot -91559.15  2213772.77  78621.04
| -104215.93  78621.04 579380.56 |
[ 2292134.59  794.06 -12903.57
2 ankle 794.06 1637642.22  5737.41
| -12903.57  5737.41 1068580.16 |
[ 2098163.66 44269.45 -323.75 ]
3 shin 44269.45 3000992.32  797.89
| -323.75 797.89 1190933.39 |
3006750.60 -72.91 259609.69
4 thigh -72.91 8591311.73  2260.29
259609.69  2260.29 6667178.05
2361441.77  52721.73 3485.92
5 lower hip 52721.73 1163049.86  16081.48
3485.92 16081.48 1319604.34
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1407520.02  4391.21 -520.51
6 upper hip 4391.21 363006.66  93366.65
-520.51 93366.65 1406684.46
12520278.48 39739.52 1778.45
7 abdomen 39739.52 20490455.48  279362.43
1778.45 279362.43 13505805.89
1407520.02  -520.51 -4391.21
8 upper hip -520.51 1406684.46  -93366.65
-4391.21 -93366.65  363006.66
[ 2360959.48  -2429.53 52786.24
9 lower hip -2429.53 1319620.54  -16983.15
| 52786.24 -16983.15  1163514.80 |
[ 3006750.60  72.91 259609.69 |
10 thigh 72.91 8591311.73  -2260.29
| 259609.69  -2260.29 6667178.05 |
2098163.65 44269.54 179.43
1 shin 44269.54 3000992.33  -836.50
179.43 -836.50 1190933.39
| 2287848.09 45680.34 -79319.39 ]
12 ankle 45680.34 1231953.53  -61778.08
| -79319.39  -61778.08  1581903.32 |
[ 5342488.64 -196855.96  -130416.14]
13 foot -196855.96  4226955.44  196535.24
| -130416.14  196535.24  1434123.54 |
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7 Electrical Design

7.1 Electric Design Overview

The electrical design of the biped robot is centreed around two TMS320F2812 digital
signal processor (DSP) from Texas Instruments mounted on custom designed printed
circuit boards. Each of the DSP’s controls one of the legs of the robot and performs all of
the real time control functions including: reading the potentiometers and foot sensors;
computing the control signal; and sending out a control signal via pulse width
modulation (PWM) and direction signals to motor driver boards.

The motor driver board uses the PWM and direction signals to drive the DC motors using
LMD18200 integrated circuits. The Motor driver board also includes a safety interlock
circuit wired to joint overextension limit switches to prevent the robot from damaging
itself in the event of loss of control.

In addition to the DSP a Linux computer generates the joint trajectories and feedforward
terms and transmits this data to the DSP’s via serial cables. A windows computer is used
to program the two DSP’s in the C programming language using a Jtag emulator and Code
Composer Studio software. Figure 7.1 shows an overview of the electrical system of the
robot.

Joing Angle
Readings

D3P < ]
Boards

- e Fool Forca é
& Readings
Watar Driver ! —
] Board Joint .
, Qvarestansion {

Linux PCwith L
2 3grial Cahles

T Limit Switches

: and A TTOTRS = AN
LSR P p Currart, 24V P
windows PG [\ /7 v v
Code Compuoser
Studio

Figure 7.1: Electrical design overview
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.2 Sensors

7.21 Potentiometers

The most important source of feedback for the walking robot is the joint angle reading.
For this purpose EVWAE4o001Bi4 10kQ potentiometers from Matsushita Electronic
Components are selected. The potentiometers are small, light and eliminate the need for
a homing routine that would be required if rotary encoders were to be used. Absolute
encoders could have also been used; however their cost is much higher than that of
potentiometers.

The downsides of the EVWAE4001B14 potentiometers are that they produce a noisy signal
that requires filtering, and their weak physical structure is prone to mechanical failure.

Figure 7.2: EVWAE4001B14 10kQ potentiometers

7.2.2 Limit Switches

In addition to the potentiometers, small limit switches, model ESE 24 from Panasonic,
are placed on each joint and wired to the overextension interlock on the motor driver
circuit board. These limit switches are triggered by a plate glued to the shaft collar on
each lazy shaft assembly.

Figure 7.3: Panasonic ESE 24 limit switch

».2.3 Force Sensors

In order to directly measure the zero moment point (ZMP) or centre of pressure (COP) of
the biped robot it is necessary to use some form force sensor on the feet of the robot. In
this design FC22 load cells from Measurement Specialties are used due to their small size,
low noise and low cost. Four sensors are installed on each foot of the biped robot and
used in the balance control algorithm.
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Figure 7.4: FC22 Load Cell from Measurement Specialties
7.3 Electronics

7.3.1 DSP Board

The TMS320F2812 DSP is used as the basis of the electrical design as it offers a large
amount of input and outputs, it takes up little space, and is relatively low cost. The
downside to the chip on the other hand is that it has a small memory size and slow
computing speed. With 150 MHz clock frequency, and the flash memory expandable to
only a maximum of 2MB[44], the DSP requires a separate computer to perform the
computationally intensive tasks. In this design a desktop computer running Linux
generates the joint trajectory and the feedforward terms using a C program, and then
transmits the trajectories to the DSP’s via serial cables. Table 5.1 outlines the
specifications of the TMS320F2812 DSP.

Clock Speed 150 Mhz
Analog 1/0 16 Channels, 12-Bit ADC
~ Digital 1/O 56 Channels

On chip: 32kb
Expandable to: 1024kb
On Chip: 256kb
Expandable to: 2056kb
Table 7.1: TMS320F2812 DSP specifications

RAM

Flash Memory

7.3.2 Motor Driver Circuit Board

To drive the DC motors, LMD18200 3A H-Bridge motor driver chips are used. The motor
divers work on an H-bridge principal, taking a discrete direction signal and pulse width
modulation signal inputs to control the output motor current as per Figure 7.5 and
Figure 7.6.
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8 Control System

8.1 Overview

The robot contains two control systems. The first control system is a computed torque
scheme controller which ensures the robot follows the trajectory for each joint with a
combination of a feedforward and feedback terms. The second control system on the
robot is an active balance controller which helps keep the robot’s feet flat on the ground
and maintains an upright posture. It does this by contributing a PWM term to the ankle
joint in the frontal plane while the robot is standing on one foot using feedback from the
force sensors mounted on the four corners of each foot.

Figures 8.1 shows the block diagram for the control system of the ankle roll motor,
consisting of PD controller, feedforward, and active balance control terms. Figure 8.2
shows the block diagram for the control system of the ankle pitch motor consisting of a
PD controller and feedforward term. Figure 8.3 shows the block diagram for the control
system of the knee, hip pitch and hip roll motors, consisting of a PID controller and
feedforward term. Figure 8.4 shows the block diagram for the control system controlling
the hip yaw motor consisting only of a PD controller.

f 0
~T—oﬁdgﬁj Uy ”q_ogi ““““ Pl 1% cop |, 4 |
—pel  Duty Ratio I— [ LCcmtroller *{Qu % Calculation Lw;«
! Conversion | l | S .
Feedforward Term " { .
i |
+
H) . PD ’ P/Q(; A+ u
TN Controller [ T\ tot
{T- j SR ]
t
|
i
; % B Joint Potentiometer Readings ] [ [ff?fd Cell Readings

Figure 8.1: Block diagram of control system for the ankle roll motors
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8.2 DC Motor Torque to PWM Relationship

From the overview of the control system we see that the computed feedforward term is
attained by calculating the torque requirement at a given time. The units of this value are
Newton-meters, thus must be converted to a pulse-width modulation duty ratio in order
to use it as a signal for the motor driver circuit.

Figure 8.5 shows the schematic diagram for a DC motor. From this diagram we can
derive Equation (8.1) which gives the formula for the current passing through the
armature including losses from back emf. By taking into account of gearing, losses from
gearing, and using the speed and torque constants of the motors we arrive at equations
(8.4) and (8.5) which can be used to calculate the needed PWM signal for a desired
torque. Table 8.1 lists the motor parameters used in calculating the feedforward term.

R, 7
A/
C—\/\/ N\ ~~~~—“—ﬂl
] - ~
| ’ \
Lo A
v, S et o,
< M \/“"4::;7"‘1 booT
\\\ /// C()m o
\\I._/
Figure 8.5: Schematic diagram of DC motor
Vt - wm/K (8'1)
L
I, i
1 (8.2)
Kr=g
ws = W, G, (83)
_ TR, + wsGr Ky (8.4)
CUKG
(85)
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Variable Definitions:

T The required torque, calculated using Recursive Newton Euler formulation

ws:  Angular speed of the gear shaft

wy:  Angular speed of the motor shaft

Ve: The terminal, or applied voltage

Vm:  The nominal motor voltage

R, The armature resistance (Q)

I,: The armature current

Kr:  The motor’s torque constant (Nm/A)
K2 The motor’s speed constant (rad/s)
G,:  The motor gear ratio

n: The efficiency of the motor and gear

Dpyy: The PWM duty ratio during single support phase

Ankle ~Ankle Hip Hip Hip

Motor Roll - Pitch Knee : Pitch Roll Yaw

(NﬁT/A) 0.0259 0.0259 0.0259 0.0259 0.0259 0.0258
(IS) 0.611 0.611 0.611 0.611 0.611 2.36
n 20 20 25 25 25 25

Table 8.1: Motor parameters
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8.3 Computing the Feedforward Term

A feedforward control term “can be very beneficial in solving the problem of achieving a
satisfactory performance both in the set-point following and in the load disturbance
rejection task” [42]. By anticipating what torque is required at a given time and by
applying the correct PWM duty ratio, error can be minimized and overall system stability
improved.

For the biped robot developed in this thesis, it was not possible for the robot to follow the
given trajectory using only the tracking controller. The gains required for the robot to
walk without the feed forward term were so high that they led to instability. The addition
of a feedforward term to the control scheme results in acceptable performance without
the need for high gains.

The feedforward term is generated by first starting with the Newton Euler Recursive
formulation and converting the calculated torque to a PWM output. A gravity
compensation term is added during the double support phase for the knee motor since
while standing on two feet, this motor requires the largest amount of torque. Finally, a
linear interpolation is made prior to and after the single support phase for motors which
have a large jumps in PWM in order to emulate the robot’s gradual shifting of its weight
and to prevent instability that can result from a sudden application of a large feedforward
term.

Formula 8.6 explains the construction of the feedforward term.

Ups, during double support for knee
Upp = {Ups T Usiope,  during transition for hip roll (8.6)
Upwa, during single support

ups:  The feedforward term for double support phase

Usiope: A linear interpolation from the double support feedforward term to the single
support

upwy: The PWM duty ratio during single support phase (found with the Newton Euler
formulation)

Figure 8.6 and Figure 8.7 show the feedforward terms used in the walking control of the
robot for the left and right legs respectively.
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8.4 Digital Filter Design

The electrical design of this robot contains many sources of noise in the analogue signals.
These sources include: electrical interference in DSP circuit board, brushes on the
potentiometer, internal DSP noise and unshielded wires to name a few. Although some
of this noise could be reduced by means such as using shielded wires, or further refining
the design of the circuit board, the noise from the within the DSP itself will still exist. For
this reason appropriate filtering needs to be employed in order to have a usable signal for
control purposes.

Figure 8.8 shows a plot of an unfiltered potentiometer reading containing noise
corresponidng to roughly seven degrees of motion in the joint. Such spikes would cause a
the derivative term in a PID controller to increase to the point that stability would be
compromised. This can be contrasted to the filterd signals in section nine, the results
section, which do not contain any noise larger than a fraction of one degree.
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Figure 8.8: Unfiltered potentiometer signal

In order to address this problem appropriate digital filtering is employed. The filters used
on the robot are designed with the competing goals of: cutting out noise, having a fast
response time, and minimal computational overhead. A compromise between these goals
is found by using second order Butterworth filters.

Butterworth filters roll off more slowly at the cutoff frequency than other infinite impulse
response (IIR) filters such as the Chebyshev or Elliptic filter but contain no ripples in the
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pass band. The Z-domain transfer function for a second order IIR filter is provided in
Equation (8.7) , while the linear difference Equation is shown in Equation (8.8).

i = Y@ _ borbiz™ + byz~? (87)
(2) = X(z) 1+az7'+a,z72
2 2 (8.8)
yinl= =) ayfn—kl+ Y beyln k]
k=0 k=0

The cut-off frequencies of the filters are selected by choosing a frequency that is low
enough to eliminate most of high frequency noise, yet high enough that the step response
is reasonable. The coefficients listed in Table 8.2 are attained by using the Filter Design
and Analysis Tool included in Matlab. The same filter is used to filter the force sensors as
well as the derivative signal. The step responses of the filters are shown in Figure 8.9 and
Figure 8.10.

Filtered | ‘Filter | 3dB Cut-Off

- Signal Order | Frequency Coefficients .
b, 0.00094460184384015097
by 0.001889383687680
Potentiometer Voltage nd 10 Hz b, 0.00094469184384015097
ag 1
a, -1.911197067426073

a, 0.91497583480143363

by 0.0036216815149286421

Force Sensors Voltage by 0.007243363029857

.Anfi nd >0 Hz b, 0.0036216815149286421
Derivative of ag 1
Potentiometer Voltage a; -1.8226049251963083

a; 0.83718165125602284

Table 8.2: Butterworth filter parameters
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Figure 8.9: Step response plot for Butterworth low pass filter with a 3dB cutoff at 10Hz

20Hz 2nd Order Butterworth Filter Step Response

e ! 5 ! ! I
T R — : :
: : ,d‘"'
: u"‘
I
RIS EEEE R [ » i
; [)
e
o e
Eo RN -3 SRR RN
El X
o '@
E .l { i
< (R 1 ‘T
e
ozl i
sl
o i‘li
Q.pﬁ_UH l{ i
L i I ! 1 i i I 1 i
G 15 20 20 40 83 &0 TS 80 80 100 10

Time (mseconds)
Figure 8.10: Step response plot for Butterworth low pass filter with a 3dB cutoff at 20Hz
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8.5 PD and PID Controller Design

To control the joints PD and PID controllers are used. PD controllers are implemented on
the ankle motors 1 and 2 as well as the hip yaw motor 6, while PID are implemented on
the knee, hip pitch and hip roll (motors 3, 4, and s respectively). The integral term is not
used on motors 1, 2 or 6, since maintaining stability is more crucial for these motors than
eliminating steady state error.

These controllers are implemented using a parallel implementation or one where each of
gains is set independently, and tuning is performed manually. The gains for each of the
motors are listed in Table 8.3.

K, Ky K, Integ;ﬁi’ferm
Motor 1 610 19 o n/a
Motor 2 620 20 o} n/a
Motor 3 630 19 0.13 12
Motor 4 575 20 0.08 12
Motor 5 600 15 0.05 12
Motor 6 660 16 o) n/a

Table 8.3: Tracking controller gains and integral term limits

The formula for the frequency domain Equation for the controller is give in (8.9) and for
the discrete implementation in (8.10) and (8.11).

u(s) = K, + —I—Z—‘ + Kys (8.9)
[n] = K,e[n] + K, Zn: eln — k] + K, e[n—1] (8.10)
uing = n ; n—
! k=0 ¢ TS
eln} =rin] =yIn] (8.11)

K,:  The proportional gain

K4:  The derivative gain

K;:  Theintegral gain

Ts: The sampling period

e[n]: The discrete error

r[n]: The reference angle error

y[n]: The measured angle

u[n]: The discrete control input.

up;p(s) : The frequency domain control input from the PID controller.
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The block diagram for the PD controller is shown in Figure 8.11, while the diagram for the
PID controller is shown in Figure 8.2. Other than the two low pass filters on the
diagram, the only other item of distinction is the anti integrator windup strategy prior to
the integral gain.
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Figure 8.11: Block diagram for PD controller used on the ankle roll, ankle pitch and hip
yaw motors
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Figure 8.12: Block diagram for PID controller used on the knee, hip roll and hip pitch
motors
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8.5.1  Anti Windup Strategy for Integrator

To limit the amount of instability caused by the integral term, yet still have the benefit of
a smaller steady state error, the error for the integral term is limited as to how large it can
grow. Without this limitation the integral error could increase, or wind up, leading
eventually to a large overshoot or instability.

8.6 Active Balance Control

8.6.1 Centre of Pressure Calculation

Since the planned trajectory of the centre of mass and zero moment point passes roughly
through the centre of the foot during single support phase, it is possible to add a basic
active balance controller to the robot in the frontal plane without having to follow a
trajectory for the ZMP. This is done by using the force sensors located on the base of the
each foot to calculate the centre of pressure (COP) in the y-axis, and to use this as the
error signal.

The center of pressure is defined as “The field of pressure forces (normal to the sole) is
equivalent to a single resultant force, exerted at the point where the resultant moment is
zero” [20]. As long as the ground-sole contact occurs on a single plane surface, such as
the biped robot walking along level ground, the COP and ZMP are the same point.

Equation (8.12), and Figure 8.13 details the calculation of the centre of pressure using
force sensors mounted on the soles of the robot's feet. Although the value for the COP
corresponds to that of the ZMP [20], a distinction is made as the two have different
definitions. While the COP can be thought of as sum of the forces exerted through
contact between the ground and foot, the ZMP can be thought of as pertaining to forces
that are transmitted without contact such as gravity and inertia [20].

4 4
_ i=1fi Txi _ i=1fiTyi (8.12)
Ox,CoP - 4 f Oy,CoP - 4 f
i=1/J1 [=1/J1
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Figure 8.13: Force sensor location on the base of the foot

8.6.2 Proportional Integral Active Balance Control

The active balance controller works by using the centre of pressure in the y-axis
calculated from the force sensors on the feet as an input. The controller then uses a
proportional integral controller to create an additional control term contributed to the
control of the ankle roll motor.

The controller itself is only activated when the robot is in single support phase and a
force is detected on each of the sensors of the supporting foot indicating the foot is
solidly placed. The controller has a weak proportional term, meaning most of the control
is done via the integral term leading to a gradual change in the ankle angle, preventing

instability.

u(s) = K, +f§—" (83)

- (8.14)
uln] = Kye[n] +K; ) e[n—k]
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Figure 8.14: Block diagram for active balance controller
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9 Experimental Results

9.1 Introduction
Two sets of experiments were conducted on the control scheme implemented on this
robot, the first to test walking control at the same time as the balance control, and the
second to test just balance control. In the walking experiment the robot walks several
steps while in the balance control experiment the robot balances on the right leg with the
left leg lifted in the air.

9.2 Walking Control

Walking experiments were conducted on the robot in order to gauge the effectiveness of
the computed torque scheme PID controller with active balance contribution to ankle roll
motor.

Figure 9.1 and 9.2 show the tracking of the hips and the COM, respectively, in the X-axis.
The plots show that the steps the robot takes are slightly shorter than planned due small
tracking errors in the joint tracking.

Figure 9.3 - Figure 9.14 show the tracking performance, error and the applied duty ratio
for all twelve motors as the robot takes six steps on level ground. Each step is ten
centimeters long and the robot lifts its foot five centimeters. It takes the robot twelve
seconds to take each step: 4 seconds to shift its weight onto the supporting foot, four
seconds to lift and land each foot, and 4 seconds to shift its weight back to the centre.

From the graphs we see that the error is kept within two degrees for most of the
trajectory, peaking at approximately three degrees occasionally. This controller allowed
the robot steady bipedal locomotion consistently over the course of several trials.
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9.3 Active Balance Control

To test the balance controller the robot was given a trajectory to shift its weight on to the
right leg and then to lift the left leg. In this position the robot was pushed three times to
examine the performance of the balance controller. A photo of the balance control test
setup is shown in Figure 9.15.

Figure 9.16, a plot of the COP in the y-axis, demonstrates that the robot is able to keep
the center of pressure close to the center of the foot despite disturbances. Because the
controller is not alone in controlling the ankle (the feedforward term and tracking
controller also act on the joint), the balancing controller has a steady state error. Figure
9.17, a plot of the joint angle during the balance experiment, shows that the balancing
controller changes the angle of the joint several degrees away from the planned trajectory
in order to maintain a more stable center of pressure.,

Figure 9.18 shows the COP location on right foot during the balance experiment. The
rectangle in the figure is the outline of the base of the foot.

Figure 9.15: Experimental setup to test balance controller
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10 Thesis Summary and Future Work

10.1 Thesis Summary

The twelve degree of freedom robot described in this work is able to passively walk on
level ground at 25 cm/min. Active balance control from force sensors helps performance,
and allows the robot to balance on one leg.

To accomplish this, the forward and inverse kinematic solutions are computed, and a
trajectory is generated. To test the trajectory a computer animation is made which shows
the anticipated robot movement as well as the location of the zero moment point and the
centre of mass.

The robot is designed using 3D computer aided design software, Solidworks, and has a
frame constructed of aluminum. The required joint torques are computed using the
recursive Newton Euler formulation to ensure that designed structure and planned
trajectory do not overload the motors.

Control of the robot is performed by using two TMS320F2812 Digital Signal Processors
(DSP’s) programmed in the C language on custom designed printed circuit boards. The
motors are driven with H-Bridge motor drivers which receive their control signals from
the DSP’s.

The robot walks by having each joint follow a trajectory using PD and PID controllers
with feedback coming from potentiometers at each joint and a feedforward term
generated via the Newton Euler Recursive formulation. Force sensors on the feet are used
to calculate the COP. The COP in the frontal plane is used by a PI balance controller
which contributes to the control of the ankle roll motors, helping the robot balance.

10.2 Future Work

The main goal of future work should be to increase the speed of walking thereby moving
the robot from a passive walker to a dynamic walker as well as development of a foot
placement algorithm. To accomplish this, improvements would need to occur in four
areas: the mechanical design, gait generation, the electrical design, and the control
algorithm.

On the mechanical side, more rigid and lighter links could be designed and built by
performing more static calculations and simulations on the mechanical design and by
using space age materials such as titanium or carbon fiber for certain sections in order to
reduce the weight of the structure. Furthermore, the centre of gravity of the robot should
be shifted higher on the frame to minimize the amount of shifting needed to be done by
the robot. Finally another large improvement in performance can be expected if the gears

78



on the robot are switched from planetary gears, which have backlash, to harmonic gears
which have zero backlash.

Currently the robot’s trajectory is generated first and then verified for stability by
checking that the projection of the center of mass falls onto the support polygon. For the
robot to walk dynamically a more sophisticated trajectory generation scheme needs to be
used. This would consist of planning the path of the zero moment point and from this
calculating the path of the center of mass using a simplified model such as the inverted
pendulum. From the trajectory of the center of mass, the joint angles can be calculated
with inverse kinematics.

The electrical design could be improved by centralizing the computation and control to a
single processor. This could be done by using a single board computer with stacked pc-
104 1/O cards, a programmable automation controller, or a more powerful DSP networked
to weaker DSP’s which serve as input and outputs. The electrical design could also
benefit from more physically robust joint rotation sensors, potentially using more robust
potentiometers, absolute encoders or regular encoders with a zeroing mechanism with
the use of torque and level sensors on the robot.

Finally further work can be done on the control algorithm, by integrating other sensors
such as torque and level sensors into a more sophisticated algorithm. Currently the active
balance control is only done in the frontal plane due to limitations in the hardware,
extending it to the sagittal plane could improve stability and allow the robot to walk on
unlevel ground.
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