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Abstract

Compared to wheeled robots, biped robots have their advantages. Biped robots have
better mobility. Biped robots can walk in human environments, such as rough terrain and
the place that contains obstacles, and can also climb stairs or ladders. A biped robot has
"discrete" footholds; therefore, it does not require a continuous path of support as
wheeled robots. Moreover, biped robots can turn around in a small area. However,. it is
more difficult to balance and control the biped robot, especially on the rough or slope
surface, compared to wheeled robots. '

In this thesis, a 10 degree-of-freedom (DOF) biped robot is built. There are 2
DOFs for each ankle joint, 1 DOF for each knee joint and 2 DOFs for each hip-leg joint.
The prototype of the biped robot is designed by using AutoCAD. The biped robot is made
with aluminum. All the joints are actuated by gear-head DC motors. Limit switches are
installed on the joints to prevent links from overturning, which may damage the gears or
other mechanical parts. Potentiometers are used for the position feedback. Two
eZdspF2812 development boards based on the Texas Instruments TMS320F2812 Digital
Signal Processor (DSP) are used to control the biped robot. The electrical circuit boards
are designed, fabricated and assembled for the biped robot. Proportional-Derivative (PD)
controllers with gravity compensation are used for joint trajectory tracking control. The
controllers are applied to each joint individually. _

For walking pattern planning, a whole walking cycle starting from the home
position is divided into the following phases: shift weight toward the left leg, swing the
right leg forward, shift weight back, keep the current position, shift weight toward the
right leg, swing the left leg forward, shift weight back, keep the current position. For the
swing phases, three points are selected for both ankle and hip joint trajectories, which are
used to generate smooth trajectories for the ankle joints and hip joint by the third-order
spline interpolation method. Based on the smooth trajectories for the ankle joints and hip
joint, the desired trajectories for joint angles are calculated by using inverse kinematics.
The zero moment point (ZMP) for the biped robot is also calculated. The ZMP must
always be inside the contact area between the feet and the ground to make sure that the

robot will not fall down during the walking.



Simulation results show that the desired trajectories guarantee that the ZMP of the
biped robot is always within the contact area between the feet and the ground, which
means that the biped robot is able to walk stably if the desired trajectories are followed.
The experiment results show that the robot is able to walk on the flat surface by following

the planned trajectories with the approximate speed of 8cm/min.
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Chapter 1

Introduction

1.1 Literature Review

A robot is a machine that performs certain tasks automatically. Robots can be classified
into stationary robots, such as manipulators used in industries, and mobile robots, such as
autonomous underwater vehicles, unmanned aerial vehicles, wheeled robots, legged
robots, etc. Stationary robots are fixed in one placé and tethered to a computer, so they
cannot move from place to place while mobile robots are not fixed to one physical
location and have the capability to move around in their environment. Legged robots are
one kind of mobile robots. Biped robots, also called humanoid robots, are legged robots
with human-like appearance. In general, biped robots have a torso with a head, two arms,
and two legs. Some biped robots may also have a face with eyes and mouth. Biped robots
are designed to function like human, allowing interaction with made-for-human tools or
environments. Biped robots are able to perform many tasks that most wheeled robots
cannot, such as climbing stairs or moving over rough terrain. However, compared
wheeled robots, biped robots are more complex in structure and more difficult to control.
Building a biped robot is not as simple as building a wheeled robot. Many issues, such as
balance, proper gait and complexity, to name a few,.need to be dealt with when designing
a biped robot.

Much of the current interest in legged robots comes from the appeal of machines

that can operate in rough terrain, or environments with discontinuous supports, such as



the rungs of ladder. In particular, the study of biped robots has been motivated by diverse
sociological and commercial interests, ranging from the restoration of motion in the
disabled, such as leg prosthesis, to the desire to replace humans in hazardous
environments, such as nuclear power plants. Biped robots could also find their possible
applications in industries, hospitals, households, space explorations, to name a few.
Therefore, biped robots have attracted a lot of attention from doctors, engineers, etc. The
intensive study of biped robots first began in Japan at the end of the ‘60s [1]. WAP-1 is
known as the first biped robot, which was designed and developed at Waseda University,
Tokyo, Japan, in 1969. WAP-1 was actuated with the artificial muscles made of rubber.
Planar biped locomotion was realized by teaching-playback control of its artiﬁcial
muscles. In 1971, WAP-3 was constructed with DC motors as actuators, which was able
to move its center of gravity on the frontal plane. WAP-3, considered as the first biped
robot to be able to perform three-dimensional automatic walking, can walk on a flat
surface, climb a slope or a staircase and make a turn. In 1984, WL-10R, the first robot
with dynamic walking, was developed at Waseda University. The torque sensors are
attached to the ankle and hip joints to allow flexible control of a change-over phase
(transition-phase from standing on one leg to standing on the other leg) using torque
feedback. In 1986, the Honda Motor Company, Japan, began their research on biped
robots [2]. Eleven biped prototypes have been developed by Honda from 1989 to present.
The latest prototype of Honda biped robot, named as ASIMO, has 34 degree-of-freedom
(DOF), which is 1.3m high and 54kg in weight. ASIMO is conceived to function iﬁ an
actual human living environment. It is able to move freely within the human living

environment, all with a people-friendly design. Some humanoid robot prototypes are



developed in other countries. In 2005, the Beijing University of Science and Engineering,
China, revealed the robot BHR-1 to the world [3]. The BHR-1 is 1.58m tall, weighs 76kg
and has 32 DOF. This robot is capable of talking to people and performing the ancient
arts of swordplay and shadow boxing (Tai Chi). The Korea Advanced Institute of Science
and Technology (KAIST) developed the humanoid robot KHR-3 in 2005 [4]. The
KAIST’s research on biped robots began in 2000 and the fist prototype, KHR-1, was
developed without a head or arms in 2003, followed by KHR-2 in 2004. The KHR-3,
1.2m tall and 55kg in weight, has voice recognition and synthesis facilities as well as a
sophisticated vision system. The 41-DOF biped robot, KHR-3, is equipped with force-
torque sensors, inertia sensors, servo drivers and has the real-time distributed control

architecture.

Similar to industrial manipulators, biped robots are composed of sensors,
actuators, and controllers, which are connected to each other with mechanical parts, such
as links, shafts, bearings, etc., and electric devices, such as amplifiers, signal conditioning
circuits, computers, and so on. Sensors corﬁmonly used on biped robots include position
sensors, torque and force sensors, speed sensors, tilt sensors, etc. Actuators could be
either electric, pneumatic, or hydraulic. Most of biped robots are driven by electric

actuators, such as DC motors.

Unlike stationary robots and wheeled robots, it is important to maintain dynamic
balance during the walk. The solution to this problem relies on a major concept, the Zero
Moment Point (ZMP), which was first introduced by Vukobratovic [5] in 1973. ZMP is
defined as the point on the ground about which the sum of all the moments of the aétive

forces equals zero. ZMP is defined mathematically in [6], which can be determined



experimentally by measuring the ground/feet contact forces, see, for example, [7]. It is
known from the viewpoint of mechanics that if the ZMP is within the contact area
between the feet and the ground, the biped robot is able to keep dynamic balance during
the walk. ZMP is a very important concept in the motion planning for biped robots. Since
biped robots behave like an inverted pendulum during the walk, the dynamic balance of
their whole body has to be maintained by properly planning the motion. In 1984, the first
practical demonstration of ZMP. took place on the first dynamically balanced robot WL-
10R of the robotic family WABOT in laboratory of Ichiro Kato at Waseda University in
Japan [8]. Since then, ZMP has been extensively used for walking pattern planning of

biped robots.

Walking pattern planning is very important in biped robot research. There are two
main methods for walking pattern planning. One of them is to design a desired ZMP
trajectory first and then generate joint trajectories to achieve the desired ZMP trajectory.
The other method is to design the desired joint traj e;:tories first and then to check if ZMP
maintains within the contact area‘between the feet and the ground. Both methods have
been used in walkiné pattern planning, see, for example, [9] and [10] for the application
of the first method and {11] and [12] for the second method. In [9], the dynamics of a
biped robot is modeled as a running cart on a table, which gives a convenient
representation to treat ZMP. After reviewing conventional methods of ZMP-based pattern
generation, a ZMP tracking servo controller is designed by adopting the preview control
that uses the future ZMP reference. The preview controller can be used to compensate the
ZMP error caused by the difference between the simple cart-table model and the precise

multi-body model. The drawback of the design in [9] is that the walking lacks naturalness



because the ZMP is -kept fixed in the middle of the sole of the support foot during the
stepping motion. [10] points out that the ZMP in human walking does not stay fixed, but
moves forward under the support foot. To achieve naturalness in the walk, the human-
like ZMP reference trajectories are designed by using Fourier series approximation
techniques. In [11], both ankle movement and hip movement are first modeled by some
parameters, which can be adjusted to adapt to different ground conditions. After that, the
third-order spline interpolation method is used to determine the ankle and hip trajectories.
Then joint trajectories are calculated by inverse kinematics. Finally, ZMP is computed to
check the dynamic balance of the biped robot. {12] presents a trajectory planning method
based on the third-order spline interpolation, which aims to achieve a smooth motion by
reducing the instant velocity change, which occurs at the time of collision between the
swing leg with thel ground. The ZMP is calculated based on the pre-determined
trajectories in both [11] and [12] to ensure that the biped robot is able to walk. By
following the desired trajectories, the biped robot is able to perform static walking. In
static walking, the projection of Center of Gravity (CoG) on the horizontal plane must be
within the support polygon [13]. The support polygon is the polygon that minimally
encloses the soles on the horizontal plate. On the other hand, in dynamic walking, the
projection of CoG on the horizontal plane can be outside of the support polygon.

In order to make a biped robot walk stably subject to external disturbances or in
various environments, such as rough terrain, up and down slopes, up and down stairs, the
biped robot has to be able to perform dynamic wélking. Research on dynamic balance
control concentrates on ZMP compensation. In [13] [14], force sensors are installed at the

four corners of each foot. The real-time ZMP is calculated based on the measurements



from force sensors. Then the compensating torque is computed and injected into the
ankle-joint of the foot of the robot to improve the dynamic stability. The effectiveness of
ZMP compensation .was verified on the humanoid robots, Kondo KHR-1 [13] and
MANUS-I [14]. With the compensation technique, KHR-1 is able to stand firmly on the
ground even when a big disturbance force, a 700 g pendulum, is applied. MANUS-I can
carry an additional weight of 390 g (17% of the body weight) while walking. In addition,
it can walk up a 10 degree slope and down a 3 degree slope. In order to control the
balance of the biped robot in unknown environments, [15] proposes a control method to
maintain the biped balance by adjusting the ankle joint against an unknown periodic
external force with a known period. The period of the external force is assumed to be
known, because the external force can be expanded to a Fourier series. The balance
control in unknown environments is achieved by using feedback of ground reaction
forces and a learning rule of the torque profile by estimating the exerted external forces.
Biped robot walking contains two phases, double-support phase and single-
support phase. During the double-support phase, both feet are in contact with the ground.
During the single-support phase, while one foot is stationary on the ground, the other foot
swings from the rear to the front [11]. A biped robot in single-support phase can be
represented by a simple inverted pendulum model with a compliant joint. With this model,
[16] introduces the balance control for single-support phase. The damping controller that
increases system damping and reduces oscillation is proposed as a balance controller. A
landing orientation controller at the ankle joints is used to achieve fast and stable landing.
A landing position controller is implemented in order to modify the prescribed trajectory

of the swing foot and to reduce the landing impact during unexpected landing. For the



double-support phase, [17] developed an advanced control system for a 12-DOF biped
robot in the double-support phase. A constrained dynamic model for the robot is
formulated and a reduced order model is derived for the double-support phase. Control
strategies based on feed forward compensation and linear state feedback are designed for
tracking specified joint trajectories.

In summary, intensive research has been done related to biped robots and many
biped prototypes have been built for the experimental study on walking robots. For
details, see [18] and [19] for recent reviews on biped robots.

The objective of this robot research is to design, build and control a 10 DOF biped
robot. The strategies to achieve this objective includes building a reliable robot structure,
performing walking pattern planning so that the ZMP is within the contact area between

the feet and ground, and designing PD controllers.



1.2 Thesis Outline

The outline and brief description of this thesis is as follows:

Chapter 2 gives the forward kinematics and inverse kinematics analysis for the 10
DOF biped robot built for this thesis. The Denavit-Hartenberg (D-H) model of single
support phase with right leg support is described. The link parameters for D-H
representation are provided. With D-H model and link parameters, both forward
kinematics problem and inverse kinematics problem are solved.

A procedure to generate a smooth walking pattern for the 10 DOF biped robot is
given in Chapter 3. Third-order spline interpolation method is used for ankles and hip
trajectories plarming.l The joint variables are calculated by inverse kinematics and third-
order spline interpolation method. The ZMP for the biped robot is analyzed for dynamic
balance.

The mechanical structure design, electrical circuit design and printed circuit bbard
(PCB) design are discussed in Chapter 4. This Chapter also explains the method that
converts the desired trajectories in degree to voltage.

Chapter 5 introduces control program for the biped robot system. The controller
with PD control plus gravity compensation is also described. All controller parameters
that are determined by trial- and-error method are listed in this Chapter.

The experiment results are provided in Chapter 6. The home position adjustment
for the 10 DOF biped robot is also introduced in this Chapter.

Chapter 7 summarizes this thesis and discusses future work.



Chapter 2
Forward Kinematics and Inverse

Kinematics

Robot kinematics is the study of the motion of robots, which includes both forward
kinematics and inverse kinematics. The objective of forward kinematics is to caICL_llate
the position of any point on the robot given the link parameters, such as link length and
joint angles. However, in inverse kinematics, joinf angles are calculated by given the
position of the point on the robot. This Chapter is devoted to solving both forward

kinematics and inverse kinematics problems.
2.1 Forward Kinematics

To solve the forward kinematics problem or inverse kinematics problem, approp‘riate
reference frames have to be established first. A corhmonly used convention for selecting
reference frames in robotic applications is the Denavit-Hartenberg (D-H) convention. Fig.
2-1 shows the scenario that the right foot is on the floor while the left foot is in thé air. It
is single-support phase with right leg support. In this case, the left foot is considered as

the end-effector.
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Fig.2-1 D-H representation for single-support phase with right leg support
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For the purpose of solving the kinematics problems, the scenarios shown as Fig. 2-1 can
be modeled by a system with 13 links to indicate the location of the biped robot with
respect to frame 0. There are 14 frames for the robot model, which is marked as 0 to 13.
The 13 links are numbered from 1 to 13. The joint O; is the point in space where links i
and i+1 are connected. The i-th joint variable is the rotating angle denoted by & . From
Fig. 2-1, the joint variables in this 10 DOF biped robot are 8y, 8,, 83, 64, 65, 85, 85, 610,611

and 6,, which are the rotating angle for joint Oy, O,, Os, Og4, Os, Og, Og, Oy, O1; and Oy.

There are no joint variables for the rest of the joints. The joint variables are indicated in

Table 2-1.
Table 2-1 List of Joint Variables
Joint Joint
Variable
Pitch Oy &
. Left ol Os 65
Hip -
Right Pitch Oy O
& Roll Os 65
Left Pitch O1p 6o
Knee I—pight | Pitch 0; )
Left Pitch On LA
Roll O &
Ankle :
Right Pitch O, &
& Roll Oy )

From the D-H model of the 10 DOF biped robot, frame i is rigidly attached to link i,
which means that, whatever motion the biped robot executes, the coordinates of each
point on link 1 are constant when expressed in frame i. Table 2-2 list the D-H parameters

for the models in Fig. 2-1.
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Table 2-2: D-H Parameters for Single-Support Phase with Right Leg Support

Link | 4, d, a, 6, A
1 L 0 90° | 90° A
2 L 0 -90° 6, 4,
3 Ls 0 e | 6, 4,
4 Ls 0 0° 8, A,
5 Ls 0 90° 6, A,
6 Le 0 -90° 6, A,
7 0 - Ly 0° 0° 4,
8 Le 0 290° | 180° | 4,
9 Ls 0 90° o, 4,
10 Ly 0 0° o, Ay
11 Ls 0 0° | G, A,
12 L 0 90° | 6, A,
13 L 0 90° 6, 4,

The homogeneous matrix that transforms the coordinates of a point from frame i
to frame i-1 is denoted as 4;. Each homogeneous transformation 4; can be represented as
a product of four “basic” transformations, that is,

4, = Rot, ,Trans, , Trans, , Rot

X:l

)

X,

R

cos¢, -singd 0 0|1 0 0 OH1 0 0 4|l O 0 0
_|sing cosd 0 OO0 1 0 O[O I 0 00 cose; —sine, O
10 0 1 0({0 0 1 4,10 01 00 sine, cose, 0
0 0 -0 1J/00O0 1]JGCOO T1T]jO O 0 1
cos@ ~—sinf cosa; singsing, ag cosb,
_|sing, cosdcosa; —cosfsina, asinb, @-1) -
10 sing, cos, d,
0 0 0 1

where the four quantities a;, d;, o; and & are parameters of link i and joint i. ; is called the
length, which is the distance along x; from O; to the intersection of x; and z;.; axes. d, is
called the offset, whiph is the distance along z;; from O; to the intersection of x; and z;.;
axes. a; is called the twist, which is the angle between z; and z; measured about x;. & is

called the angle, which is the angle between x;_; and x; measured about z;.;.
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The homogeneous transformation matrix that transforms the coordinates of a

point from frame j to frame i, named as the transformation matrix /7 , is calculated by:
T = A dyyd A, I P (2-2)
Note that /T is a four by four matrix and the x, y and z coordinates of the origin of frame

j, referred to the frame i, can be read from the first three elements in the fourth column of

transformation matrix ‘7" .

For this 10 DOF biped robot, the transformation matrix that transforms the
coordinates of a point from frame 0 to the reference frame (frame r with the origin O;)
need to be obtained first. The transformation matrix from frame 0 to frame .r is

determined as

°T = Rot Trans.. Trans.
r x,l X XaR 2, Yar
2
10 0 0]t 06 0 x,][1 00 O 10 0 x4
{00 -1 0})j0 1.0 01010 0 {_|00 -1 yu (2-3)
101 0 ofl001 0001 -yl |01 0 0
00 0 1{0 00 11000 00 0 1

Then the forward kinematics for the single-support phase with right leg support can be

performed as

nmnu

i
2

(2-4)

o
IINEN)

~ O% O 00

WONROSNNSNY
I
G
N

NN
T
ININEN

I
3
N

= W
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For the forward kinematics for the single-support phase with left leg support, the

transformation matrices can be calculated as

o ir(4,)"
llT: ler(Alz)_l
Kz)-T: ”rT(An)—l
T =T (4,)"
=T (4)
T=7(4,)
T="T(4,)" ' (2-5)
iT = ?T (As)_I
;;T = ET(AS ):,
A = rT(A4)
T=T (A3)—1
lT = iT(Az)_l
ET = ll-T(Al )_l

where (Ai)'1 is the inverse matrix of 4; deﬁned»in Equation (2-1), and "7 can be

determined as

T =Rot _Rot JLrans, Trans,_,

x,; z,—; o

10 0 0}fj0 1 0 0|1 00 01 00 O 01 0 x,
00~ 0)j=t 00 0J0 10 x,1010 0 |_t0O 0 -1 y, (2-6)
101 0 0fj0 01 0001 OO O -y, [|-10 0 0 .

00 0 1]l0 OO0 114000 1000 1 0 0 0 1

For the case of the single-support phase with right leg support, the matrices 4; and

T are calculated in Appendix A, with the assumption that &y, 6s, 05 and 6y, are zero.

Furthermore, the coordinates of the hips and ankles are also derived in Appendix A,

which will be used for solving the inverse kinematics problem.
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2.2 Inverse Kinematics

Given a desired position and orientation for the end-effector of the robot, a set of joint
variables that achieve the desired position and orientation can be determined by inverse
kinematics.

The inverse kinematics for the 10 DOF biped robot is very complicated. To
simplify the calculation, the inverse kinematics is performed with the following
assumptions:

A2.2.1 The joint variables 6,, 8s, 85 and 6 are all sét to zero.

A2.2.2 The position and drientation of the ankle joints and hip joints are given.

With these assumptiéns, the inverse kinematics problgm is simplified to calculate the
joint variables 8, 65, 8, 85, 8,9 and O11. In what follows, these angles will be determined.,
2.2.1 Calculate 8,, 6; and 6,

The x, y and z coordinates for the right ankle joint O, and right hip joint O4 with respect

to the reference frame r are determined, see Appendix A,_ as follows:

Xo, =Xp
Right Ankle: <y, =y, 2-7)
ZOZ =lan

X0, =Xar ~ L3 sin 52 - L4 sin (92 + 63)
Right Hip: Yo, = Var ' @

20, = oy + L, €086, + L, cos (0, +6,)
where [, =L +1L,.
It follows from Equations (2-7) and (2-8) that:

{xOJ = Xo, =—(L3 +L, cos@)sinﬁZ - L,sing, cosé, (2-9)

Zo, = Zo, =(L; + L, cosB, )cosb, - L, sinb, sin 6,

15



By calculating(xOJ =X, )2 + (-04 =z, )2 ,cos#, can be determined as

2 2 2 2
(x04 —xoz) +(Zol —zoz) -Li-L

2L,L,

cosf; = (2-10)

From Fig. 2-1 and Table 2-2, the range for & is 0< 6, <7, so

sind, = /1-cos? 6, (2-11)

Finally, 6, can be calculated as:

8, = tan™ ( sinf, ] 2-12)

cosé,

cosf, and sinb, can be solved from (2-9) as

(xOJ =Xy, )(.L3 +L,cos8,)+ (204 -z, )L‘l siné,

sing, =— —
L+ L, +2L,L, cosb, 213
P (204 _Zo,)([a +L, 005‘93)_(on —JCO,)L4 sin g,
Ccos = = 2
’ L+ +2LL, cost,
Then, 8, can be determined by
92 =tan™" .S_lr_l_ei 2-14)
cos b,

Fig. 2-2 shows the geometric relation among joint variables 6,, 6 and 6,. According to
Fig. 2-1 and Table 2-2, 8, and 6, are negative angle and 8; is positive. Therefore, 8, can
be determined by

6, =-6, -6, | (2-15)
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Fig. 2-2 The geometric relation among 6,, 6; and 8,
2.2.2 Calculate 8y, 019 and 6,
The x, y and z coordinates for the right ankle joint Oy; and right hip joint Oy with respect
to the reference frame r are determined as follows, see Appendix A:
Left Ankle: X0, =%y = Lysin6, — L,sin(6, +6,)+ L,sin(6, + 6, +6, + 6,)
+Lysin(6, +6,+6,+6,+86,)

Yo, =Yar + 1,

G (2-16)
zon=Ll+LZ+L3c036?2+L4cos(92+6’3)—de05(92+03+z94+499) :
—-L3cos(62+¢93+6’4+¢99+6’10)

Xo, =Xz — Lysing, ~ L, sin(6, +6,)
Left Hip: Yo, = Yun + L, 2-17)

Zo, =L +L,+L;cos6,+ 1, 005(92 +93)

It is easily seen that:

{x09 =Xy, = ~(L, + L, cos 6710)sin(6?2 +6;+6,+6,) = Lysin b, cos(6, + 6, + 6,+6,) (2-18)

Zo, = 2o, = (L, + L, c0s6,,)cos(6, + 6, + 6, + 6,) L;sin6,,sin(6, + 6, + 6, +6,)

As a result,

17



(xoq ~Xo, )2 +(209 -2, )2 =L+ [ +2L,1,cos6, (2-19)

ind
Therefore, 6, = tan™ | >o0 | (=7 <8, <0) (2-20)
cos ),
2 2 5 2
(xo, 0”) (-’oo ZOI) L-L
cosf, =
where, 2L,1,

. _ 2
sinf), =—y/1-cos®* 6,

From Equation (2-18), 6, + 6, + 6, + 6, can be solved as

(xo9 =X, )(L4 + L, cos 4910) + (Zo, -z, )L3 sin g,
L+ L% +2L,L, cosb,

sin@, +6, +6,+6,)=—

' (2-21)
oS8, 46,46, + 6,3 (209 -2z, )(L4 +1L, cosﬁm)—(xoq —Xo, )L3 sin 6,
P L+ 12 +2L,L,cos8,,
which means that
8, =6, -6, -6, + tan" sin(8, +6,+6,+6,) (2-22)
cos(6,+6,+6,+6,)

Fig. 2-3 displays the geometric relation among joint variables 6y, 619 and 6. Acéording
to Fig. 2-1 and Table 2-2, 8 and 6, are positive angle and 6y is negative. Therefore, 6;;
can be solved by

6, =-6, -6, (2-23)

Fig. 2-3 The geometric relation among 5, &1 and 8,
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Chapter 3

Walking Trajectory Planning

For a biped robot to be able to walk stably, the desired trajectory for each joint has to be
properly designed, otherwise the biped robot would either tip over, or fall back, or turn
over. The existing research results show that the biped robot can walk stably if the ZMP
is maintained within the contact area between the feet and the ground. Therefore, the
objective of walking trajectory planning is to design trajectories for all the robot joints so
that the ZMP is always within the contact area between the feet and the ground.

In the literature, there are two main methods for walking pattern planning. One of
them is to design a desired ZMP trajectory first and then generate joint trajectories to
échieve the desired ZMP trajectory. The other method is to design the desired joint
trajectories first and then test if the desired joint trajectories result in a stable walking
pattern by calculating the ZMP. In this thesis, the second method is used.

Similar to human walking, biped robot walking is periodic motion. A complete
walking cycle is composed of two phases: a double-support phase and a single-support
phase. The double-support phase is defined as the per_iod during which both feet ar-e in
contact with the ground, while the single-support phase is referred to as the period during
which one foot is stationary on the ground and the other foot swings from the rear to the
front. In order to avoid the biped robot from falling over to one side during the single-
support phase; the double-support phase is designed so that the weight is shifted to the

support leg before lifting the swing leg and back to home position after landing the swing
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leg. On the other hand, in order to prevent the biped robot from tipping over or falling
back, the single-support phase is designed so that the weight is transferred forward.

To simplify analysis, it is assumed that the feet are always level with the ground,
that is, the foot soles are always parallel with the ground; the upper body is always
maintained at the upright position, that is, the upper body is always vertical, and the
walking cycle starts from the home position. For further understanding the walking
pattern, Fig. 3-1 is provided to show the process of one walking cycle.

To facilitate the design of walking trajectories, the walking cycle is further
divided into the following movements: |
1. Shift the weight towards the left leg and stay there for a short period of time.

2. Lift the right leg, swing it forward and land it on the ground and stay there for a

short period of time.

3. Shift the weight back and stay there for a short period of time.
4. Shift the weight towards the right leg and stay there for a short period of time.-
5. Lift the left leg, swing it forward and land it on the ground and stay there for a

short period of time.

6. Shift the weight back and stay there for a short period of time.

To achieve the walking cycle designed above, the desired trajectories for the joint
angles 8y, 6, 03, 04, 05, s, 85, 610, 611 and 01, have to be properly designed. It is difficult
to design the trajectories directly for the joint angles 65, 83, 84, 85, 610 and 611. Therefore,
for simplification, the ankle and hip trajectories are designed first and then the trajectories
for the joint angles 6,, 65, 04, 89, H10 and Oy, are calculated by inverse kinematics. The

details for designing .the trajectories for the joint angles 65, 63, 64, 85, 610 and 611 will be
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given in §3.2, §3.3 and §3.4. However, the trajectories for the joint angles &, &s, s and
612 can be easily determined directly, which will be discussed in §3.5. The details on

checking the ZMP will be provided in §3.7.
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Fig. 3-1 Robot walking cycle
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3.1 Third-Order Spline Interpolation

Spline interpolation method can be used to find a polynomial, which goes exactly through
the given points. The main advantage of spline interpolation is its stability and calculation
simplicity. A set of linear equations, which should be solved to construct splines, are
well-conditioned, the‘refore, the polynomial coefficients are calculated precisely.

The linear spline and second-order spline are the splines, which consist of first-
degree polynomials and second-degree polynomials. These two spline interpolation
methods provide low precision and the smoothness of the resulting curve are not
guaranteed. In this thesis, the third-order spline interpolation method is used. The third-
order spline is able to generate the smooth curve for given points, possessing the
following properties: the first and second derivatives are continuous and the first
derivatives are zero at the start and end points.

For given three points, point 1, point 2 and point 3 with coordinates (¢1, vi1), (%,

vi2) and (3, v13), a smooth curve p(¢) that goes through these points, that is,

v, t=f
p(t)=4v, t=g 3-1)
Vi3 t:t3

can be determined by the third-order spline interpolation method. This smooth curve is
composed of two parts, pi and p,. pi is the curve from point 1 to point 2 and p; is the
curve from point 2 to point 3. p; and p, are third-order polynomials, which can be

expressed as

pl([):cl +cz(t“l‘1)+C3 (t—tl)z +C4(l‘—l‘l)3, t, <t<t,
3-2
pz([):CS+Cé(t_t2)+c7(t—t2)2+Cs(l—fz)3, L stst (3-2)
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It is easily seen that

cs =p,(t) =V, -

{cl =pt)=v,

The following conditions can be used to determine the rest of coefficients.

1. Polynomial p; passes through (¢, vi2) and polynofnial p2passes through (#3, vi3) :

{ﬂ =c,h + b+

£ =cshy +c7h22 + cgh;’ G-4)
where b =t,—t,, ly=t;—t,, fi=p(,)-p (1), f,=p. () - P, (1,).
2. First derivatives match at the middle points: dp;,ft)I = dp;t(t)| , that is,
i=ny 1=
¢, +2¢;h + 3¢, —cy =0 (3-5)
3. Second derivatives match at the middle points: dpal;( t)l = dp;;( t)l , that is,
1= 1=h
2¢; +6c,h —2¢, =0 (3-6)
4. First derivatives vanish at the end points: PO} =0, d_pz(_t) =0
dr |., ar |,
{Zz :2c7}12 +3ch =0 S

The coefficients ¢; can be calculated from Equation (3-3) to Equation (3-7) as follows:
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S = O O O O O O

1
Sh O o o o

=

<
(%3

S OO0 O SO~ -

0 0 0 0 0 0]
2h 3K 0 -1 0 0
2 6n 0 0 -2 0
W w0 0 0 0
0 0 0 1 2n 3K
0 0 0 h K K
0 0 0 0 0 0
0 0 1 0 0 0

(3-8)

With some simple mathematical operations, the coefficient ¢; can be determined as

i Vi )
0
i (24 4= 4)
R ( f+f-3)
= v =
(G 42)

2

T __es (s 3
e (34|

25

Y
0
1.5¢c, (Zall +a, - au)

—0.5¢,(4a,, +a, ~3ay )/ h

vlz
1.5¢(a, +a,)
-3¢(M, - M,)

| —0.5¢, (a21 —-3a, +4a,, )/i11 ]
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a, = fis an =1,
Ml:-f—'—, M2=£
A h,

where a, =Mh,, a,=Mh
I c ¢
c= s, CE—, Gy =—
hth 7 h h
The coefficients (¢, ¢, ... ¢,) determined above will be used in Equation (3-2) to

calculate the smooth curve passing through point 1, point 2 and point 3.
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3.2 Ankle Trajectories

It can be observed from Fig. 3-1 that the position of the ankle on the leg, which swings
forward, is changing with time. For simplicity, it is assumed that the y coordinate of the
ankle joint is constant. Then the movement of the ankle can be illustrated as Fig. 3-2. In
Fig. 3-2, three positions are specified, which are positions 1, 2 and 3. Positions 1 and 3
represent the beginning and end of the single-support phase, respectively. On the other
hand, the ankle reaches its highest point at position 2. Hao denotes the z coordinate of the
highest point and /ao is the distance between the position 1 and position 2 along the x-
axis. It is assumed that position 2 is located halfway in between position 1 and position 3
and it is reached at the middle of the single-support phase. /,, denotes the ankle length

along z-axis.

T TR 5

'
t
|
1

Fig. 3-2 Walking parameters for ankle

The period for one walking step is 7.. The K" step is the step from K7, to (K+1)T,, where
K is the number of the steps. The swing distance is 2D, where Dy is the distance between
two ankles at the beginning of single-support phase. The time from position 1 to position

2 is 0.57; second. In the trajectory design, the right foot trajectory is considered only
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because the left foot trajectory is the same as the right foot trajectory but with a delay of

7.
Mathematically, the x and z coordinates of the ankle in Fig.3-2 can be written as
v, =kD,, t=t =kT,
Xp =4V, =kD, +lao, t=t,=kT,+0.5T, (3-10)

vy =(k+2)D,, t=t;=(k+1)T,

Vll :lnn’ t.:t] :ch
Zp =9V = Hao, t=t, =kTC +0.5TC G-1D
vy =L, t=t;=(k+1)T,

With Equation (3-10) or (3-11), the coefficients ¢; used in the third-order interpolation
can be determined by using Equation (3-9), and the trajectories for the x and z

coordinates of the ankle can be calculated by Equation (3-2).
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3.3 Hip Trajectories

For simplicity, only the x and z coordinates of the hip are considered for the hip

trajectory design with the y coordinate being assumed to be constant.

.anen Left Leg
— Right Leg

N

LR ik
Hh

Fig. 3-3 Walking parameters for hip

Fig. 3-3 shows the walking parameters for the hip trajectory. The hip reaches its highest
position (position 2) at the middle of the single-support phase and the height at this pbint
is marked as HhApq. At this point, the ankle and hip joints are assumed to be on the same
vertical line. The hip gets its lowest position at the beginning (position 1) and end
(position 3) of the single-support phase and the height is marked as Hhyy,. At position 1
or position 3, the hip is located halfway in between two ankle joints on the x-axis.

Based on Fig. 3-3, the following constraints should be satisfied during the single-

support phase
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v, =Hh

‘min ? t :tl zk:rc
2y =V = Hhypy =1, =kT, + 05T, (3-12)
vy = Hhy t=t,=(k+1)T,

v, =kD, +lao—-0.5lao, t=t =kIT,
X, =9V, =sz +lao, t=t, ZkTC +0.5TE (3-13)
vy =kD, +lao+0.5lao, t=t =(k+1)T,

With Equation (3-12) or (3-13), the coefficients ¢; used in the third-order interpolation
can be determined by using Equation (3-9), and the trajectories for the x and z

coordinates of the hip can be calculated by Equation (3-2).
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3.4 Trajectories for Joint Variables 8,, 05, 84, 65, 6,5 and 01,

For the case of the left leg support, with the ankle and hip trajectories determined in §3.2
and §3.3, the trajectories for joint variables 65, 8s, 64, 89, 01 and 6, can be calculated by
using the related inverse kinematics equations discussed in §2.2.

Similarly, for the case of the right leg support, the same method can be used to
determine the trajectories for joint variables 8,, s, 8s, 6o, 61 and 6);. However, the
design procedure can be simplified by directly referring the results for the case of the left
leg support to the case of the right leg support because of the symmetry of the walking

pattern. The walking trajectories for right leg support can be determined as

0,=-6,
G, =6,
%= (3-14)
Oy =-06,,
6o =—0;,
Gy =-6,;

where the subscript “L” indicates the trajectory with left leg support.
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3.5 Trajectories for Joint Variables 8y, 0s, 05 and 0,

This subsection is devoted to designing the joint angles ), s, 85 and 6;, to shift the
weight from side to side for dynamic balance sideway. It is assumed that there is no
forward motion when the biped robot shifts weight from side to side, that is, the joint
angles 0, 61, 4, 05, 610 and 01, are kept constant. Therefore, only the trajectories for 6,
s, G5 and 6, are required for weight shifting.

3.5.1 Trajectories for Joint Variables @, and 6,

For simplicity, the following three values are specified first.

v, =0, 1=t=0
O =M =0_SW_A, t=t,=T,_SW  \where k=1, 12 (3-15)
v, =0, t=t,=2T. SW

where 8_SW_A is the angle by which the joint O; or Oj; turns at the end of weight
shifting and 7. SW is the time it takes for the joint to turn from zero to 8 SW A.

By following the same procedure indicated in §3.1, the coefficient ¢; can be
determined by Equation (3-9), which can be used to determine the trajectories for 8, and
é1;.

In the actual walking cycle, &, will change from v;; to v, in 7, SW seconds
before the single support phase begins. Then 6, will remain at v;, for the entire single
support phase. After the single support phase ends, 8 will change back from vy, to vi3 in
another 7, SW seconds.

It is easily seen from Fig. 3-1 that the trajectories for 6; and 6, with the weight

shifting to the left and to the right are the same in magnitude but in the opposite direction.
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3.5.2 Trajectories for Joint Variables 65 and 0
For the weight shifting phase, the trajectories for 65 and 6 are determined by specifying

the following three points

v, =0, t=1,=0
G, =v,=60_SW_H, t=1,=T._SW  where k=5, 8 (3-16)
v, =0, 1=1,=2T. SW

where § SW_H is the angle by which the joint Os or Og turns at the end of weight shifting
and T._SW is the time it takes for the joint to turn from zero to 6 SW_H.

By using the third order spline interpolation method discussed in §3:1, the
coefficient ¢; can be determined by Equation (3-9), which can be used to calculate the
trajectories for 65 and 65 in the weight shifting phase.

For the single support phase, the trajectory for s or 6 is determined‘ by

specifying the following three points

v, =0 _SW_H, t=t,=0
O, =qv, =0_HSS,  t=1,=05T  where k=5or 8 (3-17)
v,=0 SW_H, t=t,=T,

where §_HSS is the angle by which the joint Os or Og turns at the middle of the single-
support phase. 7T, is the period for single-support phase.

Equation (3-17) can be used to determine tﬁe trajectory for s or 6 in the single
support phase by first calculating the coefficients ¢; using Equation (3-9) and then
computing the trajectéry using Equation (3-2).

In the actual walking cycle, for the single-support phase with left leg support, &,
will turn from vy; to vz in T._SW seconds by following the trajectories determined by

Equation (3-16) before the single support phase begins; s will remain at vy, in Equation
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(3-16) and 6 will turn from vi; to vi3 determined by Equation (3-17) for the single
support phase; and 6 will turn back to the home position from vy, to vy3 in another 7._SW
seconds by following the trajectories determined -by Equation (3-16) after the single
support phase ends. On the other hand, for the single-support phase with right leg support,
O, will turn from vy ;[o vy in T, _SW seconds by following the trajectories determined by
Equation (3-16) before the single support phase begins; s will remain at v, in Equation
(3-16) and s will turn from vy; to vi3 determined by Equation (3-17) for the single
support phase; and 6, will turn back to the home position from vi to vi3 in another 7,_SW
seconds by following the trajectories determined by Equation (3-16) after the single

support phase ends. -
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3.6 Simulation Results on Trajectory Planning

For completeness, the robot parameters and walking parameters are listed in Table 3-1.

Table 3-1: Parameters for the Biped Robot

Symbol Description Value Unit
L distance between Qg and O, along the link 0.028 m
L, distance between O; and O, along the link 0.04
Lo ankle length Li+Ly m
Lo foot front part length 0.14 m
lap foot back part length 0.1 m
L, shin length (between O, and O3) 0.19 m
L, thigh length (between O3 and Oy) 0.27 m
L distance between O4 and Os along the link 0.04 m
Ly distance between Os and Og along the link 0.028 m
L, hip width 0.145 m
D step length 0.04 m
lao distance on x-axis of 'reference‘ frame from start D m
point to the highest point for O, s
Hao height of highest ankle position 1n+0.03 m
Hh_ height of lowest hip position Ly+L4+1,,-0.03 m
Hh . height of highest hip position Hh,int0.005 m
T, period for one walking step 6 S
T Sw time that shifts the wejght to the support leg and 6 s
‘ shift back
6 Sw_A4 6, or 6,, for weight shifting 15 deg
15
6 SW_H 4, or 6, for weight shifting (for sv&;i3ng leg) deg
(for support leg)
0 _HSS 6, or g, at the middle of single-support phase 10,5 deg
for the support leg '
T Sampling time 0.001 s

Some MATLAB programs were written to generate the desired trajectories for the biped

robot.
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3.6.1 Ankle and Hip Trajectories
For the single support phase with left leg support, the trajectories for both ankle and hip
joints are calculated by using the third order spline interpolation method. The simulation

results are shown in Fig. 3-4 to Fig. 3-7.

0.08 = e e+ s s e e e e e
- Right Ankie
0.07: Left Ankle
0.06 - -
| ;
0.05- . 5
E |
f= H
] H i
- i
0.03- q
002:
0.01-
O et e e et o o et et oteat e ko e e e
0 1 2 3 4 5 6

Time (Sec)

Fig. 3-4 Plot for xz and x;
Fig. 3-4 shows that the right ankle starts from zero and moves forward along the x-axis

by 0.08 m, at the same time the left ankle stays at 0.04 m.
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Left Ankle
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Fig. 3-5 Plot for zz and z;.
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Fig. 3-5 shows that alone the z-axis, the right ankle starts from 0.068 m, lifts to the
highest point of 0.098 m at 3 second, and then comes back to 0.068 m at 6 second, while

the left ankle stays at 0.068 m.
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Fig. 3-6 Plot for z,
Fig. 3-6 shows that the hip moves up from 0.498 m, reaches the highest point of 0.503 m

at 3 second, and then comes back to 0.498 m at 6 second.
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Fig. 3-7 Plot for x,

Fig. 3-7 shows that the hip moves forward from 0.02 m to 0.06 m in 6 seconds.
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3.6.2 Simulation Results for Joint Trajectories

The complete walking cycle contains the following steps:

1.

Initialization

The first 15 seconds are used for the initialization. The biped robot is powered
at 3 second, controlled to the home position in 6 seconds, and then held at the
home position for 6 seconds.

Shift weight to the left

The walking cycle starts at this step. Frqm 15 second to 23 second, the robot
shifts weight to the left leg in 6 seconds and then holds that position for 2
seconds. The period from the step 1 to step 2 is the double-support phase.
Swing the right leg

From 23 second to 29 second, the robot lifts the right leg, swings it from the
rear to the front and lands it on the ground. This is the single-support pﬁase
with left leg support.

Shift weight back

After the right foot lands on the ground, from 29 second to 31 second, the
robot holds that position for 2 seconds, and then from 31 segond to 37 second,
the robot shifts weight back.

Hold the current position

The robot holds the current position from 37 second to 43 second. Up to now,
the robot completes the first half of the complete walking cycle.

Shift weight to right
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The second half of the complete walking cycle begins with the robot shifting
weight to the right leg from 43 second to 49 second and holding for 2 seconds.
The period from step 4 to step 6 is the double-support phase;
7. Swing the left leg
The period from 51 second to 57 second is the second single-support phase.
The robot lifts the left leg, swings it from the rear to the front, lands it on the
ground.
8. Shift weight back
The robot holds the position from 57 second to 59 second after lands the left
foot. Then from 59 second to 65 second, the robot shifts the weight back.
9. Hold the current position
The robot holds the current position from 65 second to 69 second.
The next walking cycle starts from step 2 and repeats steps from 2 to 9.
3.6.2.1 The Desired Trajectories in Degrees

The complete walking trajectories in degrees are shown in Fig. 3-8 to Fig. 3-17

39



Angle (deg)

Angle (deg}

Angle (deg)

20

Fig. 3-10 Desired trajectory for joint variable 6;

40

! H ' l : .
0] S RSN S 1 R S RSS! B NS
DS DS | SS i DS | Hss a\Ds
D R N e e | -
: \\ : A : :
D preeeee I R A i —
220 i i i | i i
0 10 20 30 40 50 B0 70
Time (S)
<— [Initial < Walking
Fig. 3-8 Desired trajectory for joint variable 6,
20 5 : : ! : 1
) ISR S SO 1 - AR R (SN S
DS Dy | SS/ii DS i SsS\ ¢ DS
30 eeeeeedie e
: A . 5 : 5
5 i LV | i i
1] - 10 20 30 40 50 60 70
Time (S)
4 TInitia]l —M&——— Walking >
Fig. 3-9 Desired trajectory for joint variable 6,
80 : ! : : : i
| RNANE | | e
1 ' { 1 ' ' v
] R A £ S S B oo i
DS; DS |/ssyi DS 1SS . DS
B =Y
- i | | 1 i |
0 10 20 30 40 50 60 70
Time (S)
Initia] —M¢—— Walking




Angle (deg)

Angle (deg)

Angle {deg)

-10

. ! H . ! '
' i E : dss |
A5 s S 2 TECTS NI B I e !
DS DS |18s i DS ; 5/ 11 DS
- = \ e s TR
Ko ,,? """"" T ; R Pt i
L VE
5 L I I ! | !
0 10 20 30 40 50 60 70
Time (5)
4— Tnitia] —E——————— Walking
Fig. 3-11 Desired trajectory for joint variable 6,4
A T : ! T T :
' / AN 5 ;
10 frmmme oo e 51 SECEET TRTLNCPORY EERRPPERES i SRRRLRL booreenes -
e | a ' .
0 DS /DS {SS L NDSL . SS..5.i...DS
: : ! LN DS
_____ NS RS N SUN VI RS R AU I
-10 ---------- ) ) \&—L—‘f\‘-—-—f‘
220 i | i i i i
0 10 20 30 40 50 B0 70
Time (3)
|¢— Initia] HE———m Walking
Fig. 3-12 Desired trajectory for joint variable 65
2 ' : : : : :
: ; T N,
L[SFSEEREEPEPRERRRE SEEE e s A TARN: S \\ ------ :
DS; DS | SS [ ps: / ss | \ps
: ' \ """" Lj*—“ """ 1 A o
: A : :
o B A= s O
- ; | | | | |
10 20 30 40 50 60 70
Time {3)
l€—  Tnitial < Walking

Fig. 3-13 Desired trajectory for joint variable 8

41




Angle (deg)

Angle (deg)

Angle (deg)

25 T T T T |} T
E E : AN
: : : : dPA
20 feremnenennsdoneas N R R |
DS D$ \SS . s i/ss i i s
FINSRNE S VO S A NN DUV A S
10 | | i i I 1
0 10 20 30 40 a0 60 /B
Time (S)
4 Initia] —ME— Walking
Fig. 3-14 Desired trajectory for joint variable 8
30 : 5 ! ! ! :
73 OSRGOS S N SRS S 1 - T
DS | DY |sS i DS L\SS /2 ¢ DS
e g e R e
s s s = iAVA
B0 i i i I 1 R
a 10 20 30 40 50 B0 70
Time (5)
4— TInitia] —Pre—— Walking
Fig. 3-15 Desired trajectory for joint variable 6,
35 T ¥ T i T T
! ! ! S AN B
: ! . . : (’K !

f e
DS : /T s ]
2o DS DS LSSE DS :___s_s_& DS L
: : A T : ' i

20 i i | ] i i
10 20 30 40 50 60 70
Time (3)
¢ TInitja] E———— Walking

Fig. 3-16 Desired trajectory for joint variable 8;,
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Fig. 3-17 Desired trajectory for joint variable 6;,
In Fig. 3-8 to Fig. 3-17, “DS” represents the double-support phase and “SS”
represents the single-support phase.
3.6.2.2 The Desired Trajectories in Voltages
The desired trajectories in voltages are the actual trajectories used in software design and
digital controller design. §4.1.3.1 provides the detailed procedure to convert angles in
degrees to angles in voltages.

The desired trajectories in voltages are plotted in Fig. 3-18 to Fig. 3-27.
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Fig. 3-23 Desired voltage for joint Og
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3.7 Zero Moment Point Analysis

The ZMP is defined as the point on the ground about which the sum of all the moments
of the active forces equals zero. If the ZMP is within the contact area between the feet
and the ground, the biped robot is able to walk. The stability margin can be large if the
desired ZMP is designed near the center of the contact area. Therefore, for the balance
requirement, the ZMP has to be calculated.

The first step to calculate ZMP is to compute the position, speed and acceleration
for the mass center of each link. To find the position, which is the x, y and z coordinates,
the forward kinematics need to be performed.

For this thesis, the ZMP is calculated for the single-support phase Fig. 3-28

indicates the approximate locations of the mass centers of the 10 DOF biped robot links.
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3.7.1 ZMP Calculation
The ZMP is the point on the ground, which is the x-y plane as shown in Fig. 2-2. The

ZMP can be computed by using the following Equations [6]

R nxM¥

Ozp = I (3-18)
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M = Z,-=1[”1f0a x(g —&G,.)—HG,} (3-19)
A i N n ~ )

R =mg-Y"" mag (3-20)

where m; is the mass of the link i, é(;, is the position of the mass center of link i, 4, is the

acceleration of O(;,, n is the normal vector, f[m is the rate of angular momentum at

point éGf. ﬁG, is calculated by

A~

He, = R (16,6, ~(Io® )% &) (3-21)

H 1

where R, is the rotation matrix associated to frame i, I;, @, and a5, are the inertia
matrix, the angular velocity and angular acceleration of the mass center of link i. The
symbol “~” represents a 3-by-1 vector. The symbol “x” represents the cross product and
“s» denotes the dot product.

By using the recursive computation method [20], the angular velocity @, can be

calculated by

& =(R.) o +b4 (3-22)
where

b=(R) 2., (3-23)

In Equation (3-22) and (3-23), R/, and R, are the rotation matrices from frame i to
frame i-1 and frame O respectively, the symbol “T” represents transpose matrix, z,_, is
given by the first three elements in the third column of the transformation matrix T, 4,

is the angular velocity for the joint rotating angle 6.
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The angular acceleration of the mass center of link i can be calculated by

@, = (Rf—l)r d;)i—l + Biéi +ad, X bqul' (3-24)

i 7

The acceleration of the mass center of link i can be calculated by

>

A

N
n ; n o A o
g = (Ri-l) Gy T @ X7, + 0 X( ; X i,ci) (3-25)

where 7 is the vector from joint i to the center of mass of link i, and 4, is the

acceleration of the end of link i-1 (i.e. joint i). g; can be calculated as

~

s (i Y- PO - ( o )
a; = (Ri—l) Qi TWO; XV +@; X\D; X (3'26)

where 7, ,,, is the vector from joint i to joint i+1.

ii+1
I, is the inertia matrix of link i about a frame parallel to frame i, whose origin is

at the center of mass of link i. For link 2, link 5, link 8 and link 12, I, can be calculated

as

1
I, =—ml* ‘ 3-27
Gi 12 ( )
where m is the mass of the link and Z is the length of the link.

For link 1, link 3, link 11 and link 13, I, can be calculated as
Ig =1, +1,)6 _R? (3-28)
where I, is the motor rotor inertia, J, is the gearhead mass inertia and G_R is the gear

ratio, of the motor 1, motor 2, motor 9 and motor 10 for link 1, link 3, link 11 and link 13,

respectively.

For link 4, link 7 and link 10, 7 can be caléulated by using Parallel axis theorem

as
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I = 1" i (7 0 /) B, = 7 ()| (3-29)

where m is the mass of the link, 7 is the vector from the motor rotating axis to the center

(P L] center

of mass of link i, £3 is the 3-by-3 identity matrix. represent the dot product. / is

the moment of inertia about the rotating axis of motor 3 and motor 4 for link 4, motor 5

[cemer

and motor 6 for link 7, and motor 7 and motor 8 for link 10. can be calculated by

using Equation (3-28).
According to the D-H model in Fig. 2-1, Table 2-2 and Fig. 3-28, the physical
features of the robot links are listed in Table 3-2. The coordinates are approximately

measured, due to the irregular shape of the robot links.

Table 3-2: Physical Features of the Robot Links |

Link m; (kg) Y i Vi i
1 0.585 [£,,0,0] [£,,0.0.5L .01 ]
2 0.05 [£,.0,0] [0.5L,,0,0]
3 0.585 [£,,0,0] [0,0,05L,,,,,]
4 1.147 [£,,0,0] f“—’::w,o,o.SLM,mJ
5 0.05 [L,,0,0] [0.5L,,0,0]
6 0 [Z,,0,0] [0.5L,,0,0]
7 1.181 [0,0,-1,] l0.5H,,,,,0.5L,,,,5-0.5L, |
8 0 [£,,0,0] [0.5L,,0,0]
9 0.05 [£,,0,0] [0.5L,,0,0]
10 1.147 [£,.0,0] [L4 - —1-‘4—'11'"—"'"’—8,0,—0.51:",0,‘,,8}
my,
11 0.585 [£,,0,0] [L,,0,-0.5L,,,,0]
12 0.05 [£,,0,0] [0.5L,,0,0]
I3 0.585 [£,,0,0] [0,0.5L 1510010,0)]
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The masses for link 6 and link 8 are zero because their masses are added to the robot
body, which is link 7. Luoor and #merr represent the length and mass of the motor with
gearhead and Hpoqy denotes the body height, which is defined in Table 4-3. See Table 4-1
and Appendix G for the lengths and masses of the motors and the gearheads.

3.7.2 ZMP Simulation and Analysis

Simulations are performed with MATLAB and results are plotted in Fig. 3-29 to Fig. 3-

32, where (Xzmp, Yzump, 0) 1s the coordinates of ZMP in the reference frame with the origin

at O..
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Fig.3-29 xzmp for the single-support phase with left leg support
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Fig.3-31 xzmp for the single-support phase with right leg support
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Fig.3-32 yzmp for the single-support phase with right leg support

Fig. 3-29 andl Fig. 3-31 show the x coordinate of the ZMP and the x coordinates
of the front and back edges of the support foot. It can be observed that xzump is maintained
within fhe two edges of the support foot. It can be also seen that xzmp is increasing dufing
the walking process, which means the weight of the robot is transferred forward. Fig. 3-
30 and Fig. 3-32 show the y coordinate for ZMP and the y coordinates for the left and
right edges of the support foot. It is noticed that yzump stays within the two edges of the
support foot. It can be seen that the ZMP is within the contact area between the support

foot and the ground and the robot is able to walk stably.
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Chapter 4

Robot Prototype Design

The 10 DOF biped robot prototype is composed of mechanical design and electrical
design. Fig. 4-1 shows a block diagram for the composition of the biped robot. Each

function block will be explained in the following sections.

Computer prremetat  Monitor
Parallel Port |
Interface Right
. 0 Leg’
- 1 & bt Motor Drivers k=== - Motors
I} DIR ot rttoiel
o our. :otgntgometgrs
<3 e “Forc¢e Sensors
= Analog pa— ' Force-to-
s ADCIN Conditioning Voltage
§ Master Circuit Circuit
SPI Communication
Left
Leg

g DIR _ Motqrs
o OuUT Pogentiometers
X ) Force Sensors
= ]
s -
= Analog .
,.é' ADCIN Conditioning - F&;lct:gt(e)
3 Slave Circuit Circuit

Parallel Port |
Interface H

Computer === - Monitor

Fig. 4-1 Block diagram of the 10 DOF biped robot
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4.1 Mechanical Design

4.1.1 Robot Size and Material Selection
The 10 DOF biped robot is mainly designed according to the parameters listed in Table
3-1 and Table 3-2. The structure of the robot should be simple, lightweight, easy to
machine and easy to assemble. Aluminum is chosen for the material of the robot structure
because it is light and easy to machine to the desired shape. Bolts and nuts are used to
assemble the robot. The size of the robot body is designed so that it can hold all the
control circuit boards.

AutoCAD is used to do the mechanical desién of the biped robot. The robot parts
are machined in the university machine shop. The height of the robot prototype is 978.65
mm, the width is 4?;2.84 mm and the depth is 268.35 mm. See Appendix B for the
detailed mechanical drawings of the robot prototype structure.

The biped robot has two legs and one body. Each leg has two ankle joints,'one
knee joint and two hip joints. See Fig. 4-2 and Fig. 4-3 for the overall structure of the 10

DOF biped robot.
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Fig. 4-3 The front view of the 10 DOF biped robot
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4.1.2 Actuator Selection
There are three kinds of actuators commonly used for robots: hydraulic actuators,
pneumatic actuators énd electric motors. The electric motors with gearhead are chosen as
the actuators because they are lighter and easier to control compared with other two kinds
of actuators.

The electric motors for each joint are listed in Table 4-1.

Table 4-1 Motor Selection for the 10 DOF Biped Robot

Gearhead DC Motor
Gear Power
Model Ratio Model W)
. Maxon Planetary . Maxon RE-max 29
. Gearhead 166949 246:1 226788 22
p Roll Maxon Planetary 2461 Maxon RE-max 29 22
Gearhead 166949 ’ 226788
. Faulhaber Planetary " Faulhaber
Knee | Pitch Gearhead 38/2 159:1 3257 024CR 83
. Maxon Planetary . Maxon RE-max 29
T Gearhead 166949 246:1 226788 22
Roll - Maxon Planetary 2461 Maxon RE-max 29 29
Gearhead 166949 ) 226788

See Fig. 4-4 to Fig. 4-7 for the detailed structure of the ankle, knee and hip joints
with DC motors.

See Appendix G for the DC motor and gearhead data sheets.

59




Fig. 4-5 The knee joint 2
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s

Fig. 4-7 The hip joints
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4.1.3 Sensors Selection
4.13.1 Potentiometérs
The most important information required for robot control is joint position feedback.
Both potentiometers and encoders can be used to obtain this feedback signal. For this 10
DOF biped robot, the potentiometers are used. Compared to encoders, the potentiometers
are cheaper, can reflect the angle position directly and don’t need to set the initial value
for the angle position after turning on the power.

The potentiometer (EVWAE4001B14 10K from Matsushita Electronic
Components Co., Ltd., Osaka, Japan) used in the robot has very small size, lightweight,
big operating range and good linearity. Fig. 4-8 shows the details about how the

potentiometer is mounted to the joint.

S

Fig. 4-8 Potentiometer structure
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The desired trajectories for joint angles have the unit of degree. However, the
feedback measurements from the potentiometer are voltage signals with the unit of volt.
Therefore, the _relatio‘nship between degree and voltage for every potentiometer has to be
determined by doing the experiment. During the experiment, the voltage output value and
corresponding rotating angle are recorded. The experiments were performed for all
potentiometers in the range between 0 volt to 3 volt, which is the DSP board’s ADC input
range. About fifteen to twenty pairs of readings were taken and the MATLAB function
polyfit was used to obtain the relationship of the angle in degrees and the voltagé in volts.
It is worth pointing out here that only slope of the relation between the angle in degrees
and in voltage in volts will be used in the real system. Fig. 4-9 to Fig. 4-18 show the plots
for the relationship between angles in degrees and voltages in volts. The Iegend
“measured” represents the curve generated with the measured data while “polyfit”
denotes the curve calculated with the polyfit function. It can be observed that the errors

caused by the polyfit function are small.
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The desired trajectories plotted in §3.6.2.1 are the angles in degrees against time.
To convert these desired trajectories in degrees into voltages, the slope values determined
from Fig. 4-9 to Fig. 4-18 are used. For the y-axis intercept, the voltages corresponding to
zero degrees for each joint angle can be measured by setting all the joint angles to zero
degrees and taking the voltage readings. The valueé of the slope and y-axis intercept for
each joint variable are listed in Table 4-2.

Table 4-2 Coefficients for Conversion from Degree to Voltage

slope_av intercept_av
Joint O, -0.0319 1.0681
Joint O, 0.0168 1.6509
Joint O3 0.0148 ' 0.5435
Joint O4 -0.0204 1.6369
Joint Os 0.0253 1.3766
Joint Og -0.0295 1.3154
Joint Og -0.0196 1.4737
Joint Oyg 0.0148 2.0122
Joint Oy 0.0155 1.5414
Joint Oy, 0.0295 1.6369

According to Table 4-2, the relation between voltage and degree is:

Voltage = slope_av x Degree + intercept_av 4-1)
From Equation (4-1), the trajectories designed in Chapter 3 can be converted from degree
to voltage. The voltage trajectories are the actual trajectories used in software design and

digital controller design.

See Fig. 3-18 to Fig. 3-27 in §3.6.2.2 for the desired voltage trajectories.
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4.1.3.2 Force Sensor

Another important information is the force information on the foot. In this robot design,
four force sensors (Tekscan’s FlexiForce Sensors A201-25) are installed on each foot
sole. The loading force range is 0 b to 25 b (111.2 N). The conductance (1/R) between
two leads of the force sensor will change linearly, while the loading force changes. Fig.

4-19 [21] shows the curve of force and conductance.
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Fig. 4-19 Force vs. conductance for FlexiForce sensor
Force sensors will detect the contact force between the foot soles and the ground.
The measurements could be used to determine .the ZMP of the robot. The ZMP
information is required to perform active balance control for the biped robot. The robot
will adjust its ZMP acl:tively to keep balance during the walking process.
For this robot system, the force sensors are not used in control algorithm, but they

are installed onto the robot feet. The electric circuit for force sensors is also designed for

the future use.
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4.14 Limit Switch Protection

For each joint, a limit switch is installed to protect the motor and the joint. All the limit
switches are connected in series. If any one of the limit switches is triggered, the power to
the biped robot will be cut off. The limit switch used in the biped robot is Panasonic
Detector Switch ESE 24. It is very small and easy to mount. A plastic plate is glued to
each joint to trigger the limit switch.

See Fig. 4-20 for the detailed structure for the limit switch.

Fig. 4-20 Limit switch structure

4.1.5 Foot Structure and Force Sensor Installation

The foot of the robot is made with a 140 mm-by-240 mm aluminum plate. There are
many holes drilled on the plate, to reduce the weight of the foot. Rubber pieces are
installed on each corner of the footplate to increase the friction between the sole and the
ground and absorb impact when the foot contacts the floor. A force sensor is installed

under each rubber piece.
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See Fig. 4-21 and Fig. 4-22 for the details of the foot structure and force sensor

installation.

Fig. 4-22 Force sensor structure
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4.1.6 Final Robot Prototype

Table 4-3 lists the parameters of thel0 DOF biped robot prototype.

Table 4-3 Parameters of the 10 DOF Biped Robot

Weight 6941 g
Height 978.65 mm
Width 432.84 mm
) ) Depth 268.35 mm
Dimensions
Length of Shin 190 mm
Length of Thigh 270 mm
Height of Body 390.38 mm
Ankle 2x2
Knee 1x2
DOF
Hip 2x2
Total 10 DOF
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4.2 Electrical Design

4.2.1 Control Hardware
Two eZdspTMF2812 develop boards from Spectrum Digital Inc, based on
TMS320F2812 Digital Signal Processor (DSP) from Texas Instruments, are used to
control the biped robot. Each leg is controlled by one eZdspTMF2812. It reads feedback
signals, calculates the desired trajectories and the error signals, and generates the control
signals. This DSP bogrd has following key features [22]:
Motor Control Peripherals
Two Event Managers (EVA, EVB) can drive up to 10 motors.
Serial Port Peripherals
Serial Peripheral Interface (SPI) is used to communicate between two DSP boards.
Serial Communications Interface (SCI) is used to communicate between DSP
board and computer.
12-Bit Analog-to-Digital Converter (ADC)
The board has 16 ADC channels. The feedback signals from the joint
potentiometers and force sensors are connected to ADC inputs on the DSP board.
Up to 56 General Purpose 1/0 (GPIO) Pins
The direction signals for motor drivers and the relay signal to turn on the system
power are connected to some of the GPIO pins.
On board 3.3V output
The DSP board can provide 3.3V, which is used as the power supply for
electronics circuits.

A table summarizing the system connections on DSP board is shown in Table 4-4.
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Table 4-4 System Connections on DSP Board

Feedback ADC PWM Direction Activation
O ADCINAO PWMI GPIO A9
0, ADCINAL1 PWM3 GPIO A10
0; ADCINA2 PWMS GPIO Al1
DSP #1 04 ADCINA3 PWM?7 GPIO A12
Rli\;ﬁftfgg Os ADCINA4 PWM9 GPIOA13 | GPIO A8
FS1 ADCINA6
FS2 ADCINA7
FS3 ADCINBO
FS4 ADCINB1 A
Os ADCINAO PWMI GPIO A9
Os ADCINA | PWM3 GPIO A10
Oy ADCINA2 PWMS GPIO A1l
DSP #2 O ADCINA3 PWM?7 GPIO A12
L:}talvgg On ADCINA4 PWMO GPIOAI3 | GPIO A8
FS1 ADCINA6
FS2 ADCINA7
FS3 ADCINBO
FS4 ADCINB1

In the table, “FS” stands for Force Sensor. See §4.2.4 for detailed connections
between two DSP board by using SPI communication.

See Appendix C for the block diagram and layout schematics of eZdspTMF2812
DSP board [23].
4.2.2 Analog Signal Conditioning
There are 10 potentiometers connected with motor shafts to provide the voltage feedback
signals. A voltage of 3.3V is connected to those potentiometers, so the voltage feédback
readings will vary from 0 to 3.3V.

The voltage feedback signals can be directly connected to DSP ADC inputs,

because the input voltage range for DSP is also from 0 to 3V. However, the range of the
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feedback signals from the potentiometers is much less than the range from 0 to 3.3V. In
order to improve the control accuracy, a differential amplifier circuit as shown in Fig. 4-

23 is used to amplify the feedback signals before connected to DSP board ADC inputs.

Rf
YAYATE
¥ Ry ~
e AAA .
f’i \m Ymu
Y2 ’"""’\‘f% f\ }’J /— WY
R,
<
=R

Fig. 4-23 Differential amplifier

The output voltage from this amplifier can be calculated as

R . +R)R R,
Wy ROR £)-v -+ (4-2)
(R, +R,)R, R,

out = 2(

In the Fig. 4-23 V¥, is considered as the reference voltage V,. ¥, is the feedback voltage
V... The maximum and minimum values of ¥, can be measured from the potentiometer

and V

in_min

output denoted as .Let ¥, and ¥, denote the output voltages for the

V;'n' max

inputs of and respectively, and set R,=R, and G=R/R,. Then, it follows

Vin_mm in_min

from Equation (4-2) that

V, =(G+V, wn/2-GV,
V,,=(G+VV,, o /2-GV, (4-3)

from which, the gain G and the reference voltage ¥, can be calculated as
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V.-V

— ol _ " o2 -1
I/in_mi.n /2 - I/in_max /2
174 (G + 1)(I/in_min /2) - I/ol (4—4)
. G

OP295 dual CBCMOS operational amplifier is used because it can operate with single
supply from 3V to 36V. Each chip contains two éperational amplifiers. In this analog
signal conditioning circuit, one operational amplifier is used as a voltage follower to
avoid loading effect. Another one is used as a differential amplifier. Each DSP board has
16 ADC channels; therefore, there are 16 OP295s on the analog signal conditioning board.
See Appendix D for the analog signal conditioning schematics.

4.2.3 Motor Driver

H-bridge LMD18200 is used as a motor driver. It can deliver up to 3A continuous
current and operates at a supply voltage up to S5V. It is controlled by two inputs,
direction and pulse-width modulation (PWM). Fig. 4-24 [24] shows the relation between
the output voltage and the DIRECTION and PWM. It can be seen from Fig. 4-24 that the
duty-cycle of PWM is used to control the output voltage. On the other hand,
DIRECTION is used to control the direction of the output current, i.e. the direction of
motor rotation. The larger the duty-cycle the higher the output voltage and the bigger the
output current. Furthermore, the sign changes from 1 to 0 will reverse the direction of the

rotation of the motor.
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Fig. 4-24 Sign/magnitude PWM control

DIRECTION and PWM from LMD18200 are connected to the DSP board. The
BRAKE input on the LMD18200 is always connected to a logic “low” signal to enable
the H-bridge.

To replace the H-bridge easily, a small adaptor board is designed and
implemented for each H-bridge.

See Appendii D for the motor driver and H-bridge adaptor schematics.
4.2.4 Communication
There are five motors for each leg of the robot. Two DSP boards are used, one for each
leg. The Serial Peripheral Interface (SPI) is used to transfer data between two DSP boards.
The SPI is a high-speed synchronous serial I/O port, which allows a serial bit stream of
programmed length (one to sixteen bits) to be shifted into and out of the device at a
programmable bit-transfer rate. Normally, the SPI is used for communications between
the DSP controller and external peripherals or another processor. Its typical applications
include external 1/0O or peripheral expansion through devices such as shift registers,
display drivers, and ADCs. Multi-device communications are supported by the

master/slave operation of the SPI. The DSP board for the right leg is set to be the master
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board while the DSP board for the left leg is used as the slave board. Fig. 4-25 shows the

connections between two DSP boards.

: SPISIMO SPISIMO =
o . SPISOMI SPISOMI = &
2} : i ol
ol y CUey
; SPICLK SPICLK ;
e

o SPISTE SPISTE [5-
= -
N N
v Master Slave . @

Fig. 4-25 SP1 communication between two DSP boards

The Serial Communications Interface (SCI) is used for transferring data between
DSP boards and PC computers. The SCI is a two-wire asynchronous serial port. The
communication is implemented by EIA-232 driver MAX232.

See Appendix D for the communication circuit schematics.

4.2.5 Potentiometer Feedback and Limit Switch

The 3.3V power supply coming from the DSP boaras is connected to one lead of the 10K
potentiometer. The voltage feedback is taken from the middle lead. The third lead is
connected to the ground.

There are three leads on a limit switch. The middle one is connected to 3.3V,
which is used to generate logic “high” signal. The other two leads are connected to
ground. Therefore, the output from the limit switch is normally logic “high”. It will
switch to logic “low” when the limit switch is triggered.

The potentiometer and limit switch are mounted on a small circuit board. The
small circuit boards are attached to the motor shaft.

See Appendix D for the potentiometer feedback and limit switch schematics.
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4.2.6 System Activation and Protection

The system activation and protection circuit is built with logic gates and relays (Omron
General-Purpose Relay SPDT LY 1-0). If there is a logic “high” fed to the relay ciréuit,
the relay will close and the system will be powered on. Otherwise, there is no power for
the system.

For activation, after running the control program, the system will wait three
second, and then DSP will send a logic “low” out to turn on the system power.

For protection, the relay will open if there is a logic “low” coming from the limit
switches. For each joint, there will be a limit switch to prevent the motor from
overturning, which may damage the gears or other mechanical parts of the joint. All the
limit switches are comected in series. If any one of the limit switches is triggered, the
power will be cut off for the whole system. The signal from limit switches is normally
“high”, and it becomes “low” as soon as it is triggered.

Fig. 4-26 shows the logic gate schematics for activation and protection signal,

which is fed to the relay circuit.

DSP #1 e >
DSP #2 {>O D— Relay Circuit
Limit Switch

Fig. 4-26 Logic gate schematic for activation and protection circuit

See Appendix D for the activation and protection circuit schematics.
4.2.7 Force to Voltage Converter
The FlexiForce sensor is a force-sensitive resistor. Therefore, to integrate the force sensor

into an application, a force-to-voltage circuit is used.
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Fig. 4-27 shows the schematics for force-to-voltage circuit.
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Fig. 4-27 Force-to-voltage conversion circuit
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The output of the force-to-voltage circuit is given by

R

1+—L |
R

v o -5)
A

Force —

where Ry is the feedback resistance, Vs is the reference voltage. Ry represents the
resistance feedback from the force sensor. |

The voltage signals from the force-to-voltage circuit will be fed to the analog
signal conditioning circuit designed in §4.2.2.

See Appendix D for the force-to-voltage circuit schematics.
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4.3 PCB Design, Fabricate and Assembly

The software called ExpressPCB (version 6.1.4) is used to design the Printed Circuit

Board (PCB). It is a free software (refer to http://www.expresspeb.com/index.htm for

details). The software package contains two part: ExpressSCH and ExpressPCB.

ExpressSCH 1is ued to draw the schematic diagram and ExpressPCB is used to
draw the PCB layout. These two parts can link to each other, which makes it easier to
draw connection lines in the PCB layout.

The PCBs are designed as double-sided. The boards are fabricated in the
University Electrical Lab.

The components are assembled on this double-sided PCB. The.PCB did not have
copper plated through holes, so some component pins have to be soldered on both sides
of the board. Although the 1Cs can be soldered diréctly into the PCB, the sockets for the
IC chips are used, because it is easy for troubleshooting and replacement. All the via
holes are fitted with éhort pieces of wire.

See Appendix E for the PCB art work and components layout diagrams.

The size of the PCB are designed in a way that it can fit into the robot body. All
the boards, including DSP boards, are mounted together by the 25 mm plastic standoff. It
will provide enough space for inter-wiring.

Fig. 4-28 shows the details for the structure of the system circuit board.

See Appendix H for the I/O ports description for each board and Appendix I for

the electric circuit boards inter-wiring schematics.
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Fig. 4-28 System circuit boards structure
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Chapter 5

Control Program Design

Two eZdspTMF2812 DSP boards are used to control the biped robot, one for each leg.
Fig. 5-1 shows the flow chart of the control program for each leg. Each function block in
the flow chart will be explained in details in the following sections. The software used to

perform the robot control is MATLAB Simulink. See Appendix F for Simulink programs.

v
Feedback Signal
Acquisition

Setpoint Calculation

'

Feedback Signal Manipulation

'

Error Signal Generation

I

Control Output Generation

Apply Control Outputs

to the Robot System
|

End

Fig. 5-1 The flow chart of the control program
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5.1 Setpoint Calculation

The setpoint is the ihstantaneous desired joint angle for each joint variable during the
biped robot walking. The setpoints for the joint angles are calculated -at every sampling
time. The sampling rate for the robot control program is set to 0.001 second.

For the joints Oy, Os, Og and O)2, the setpoints for the periods of weight shifting
are calculated by using Equation (3-2). The weight shifting periods include the period
that the robot shifts the weight to the support leg and the period that the robot shift weight
back. The duration of the weight shifting period is the value of T,_SW in Table 3-1.

For the joints O, O3, O4, Oy, O1p and Oy, the setpoints for the single-support
phase are calculated by Equation (3-2). The single-support phase includes both single
support phases with left leg support and right leg support. The duration of the single-
support phase is the value of T, in Table 3-1.

The following constraints should be satisfied while calculating the setpoints for

the joints:
vy ZV(II), t=t

V(e)=iv,=V (), =1, - (5-1)
Vi3 —_—V(l3), =1

In Equation (5-1) # -is the time instant when the weight shifting phase or the single-
support phase starts, 73 denotes the time instant when the weight shifting phase or the
single-support phase ends, and ,=(#+13)/2. The values for #,, #; and # ére read from Fig.
3-18 to Fig. 3-27, and v, vi; and v3 are the voltages corresponding to #, £ and 3. Table

5-1 lists the time and the corresponding voltages for the joints Oy, Os, Og and Oy, and
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Table 5-2 lists the time and the corresponding voltages for the joints O,, Os, Oa, s, Og,

09, O]o and 011.

Table 5-1 Time and Corresponding Voltages for Joints Oy, 05, Og and Oy,

S VSIS g | SISO i e
Leg Leg
Joint | 11 (s) 15 31 43 59
t2 (s) 18 34 46 62
t3(s) 21 37 49 65
vi1 (V) 1.0681 1.5466 1.0681 0.5896
Or | via(v) 1.3074 1.3074 0.8289 0.8289
vi3 (V) 1.5466 1.0681 0.5896 1.0681
Vi1 (V) 1.3766 1.7561 1.3766 1.0477
Os | via(v) 1.5663 1.5663 1.2122 1.2122
vi3 (V) 1.7561 1.3766 1.0477 1.3766
vi1 (V) 1.3154 1.6989 1.3154 0.8729
Og | via(v) 1.5071 1.5071 1.0942 1.0942
Vi3 (V) 1.6989 1.3154 0.8729 1.3154
vi1 (V) 1.6369 2.0794 1.6369 1.1944
On | viz(v) 1.8582 1.8582 1.4157 1.4157
vi3 (V) 2.0794 1.6369 1.1944 1.6369
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Table 5-2 Time and Corresponding Voltages for Joints O3, O3, O, Os, O3, O9, O19

and Oy _
Single-Support Phase with Single-Support Phase with
Left Leg Support Right Leg Support
Joint 1 (s) 23 S1
f (s) 26 54
15 (s) 29 57
vi1 (V) 1.1896 1.2690
0, vi2 (V) 1.0756 1.2388
Vi3 (V) 1.2690 1.1896
V11 (V) 1.1644 1.1662
O; vi2 (V) 1.3955 1.1279
vi3 (V) 1.1662 1.1644
vi (V) 1.9327 2.0315
Oy vi2 (V) 2.1127 1.9421
V13 (V) 2.0315 1.9327
vip (v) 1.7561 1.0477
Os vi (V) 1.7561 1.111
Vi3 (V) 1.7561 1.0477
vi1 (V) 1.6989 0.8729
Os V12 (V) 1.6251 0.8729
viz (V) 1.6989 0.8729
v (V) 1.0851 1.1452
Og via (V) 1.1640 1.0165
viz (V) | 1.1452 1.0851
vi1 (V) 1.3871 1.3823
Oro viz2 (V) 1.4376 1.1544
vi3 (V) 1.3823 1.3871
vi1 (V) 1.8844 1.9369
On vi2 (V) 1.8942 2.0721
Vi3 (V) 1.9369 1.8844

From Equation (5-1), Table 5-1 and Table 5-2, the coefficients (¢, ¢, ... ¢ ) can be

determined by using the third-order spline interpolation method described in §3.1. The

desired trajectories in voltages can be calculated by using Equation (3-2), that is,

87




p () =c +c, (t—tl.)+c3 (1) +e,(1-1),
p,(t)=cs +cq (t—t2)+c7 (t—tz)2 + ¢4 (t—t2)3 ,
The setpoints for joints O; and Oy, are kept constant if the biped robot is not in
the weight shifting phase. The setpoints for joints Os, Og are kept constant if the biped
robot is neither in the weight shifting phase nor in the single-support phase. Moreover,
the setpoints for joints O,, O3, O4, Og, Oy0 and Oy, are kept constant if the biped robot is
not in the single-support phase. The constant setpoints for the joints are listed in Table 5-

3, Table 5-4, Table 5-5 and Table 5-6.

Table 5-3 Constant Setpoints for Joints O; and Oy,

Joint Before 15 21-31 37-43 49 - 59 65-69
Second Second Second Second Second
Setpoint for O; (v) 1.0681 1.5466 1.0681 0.5896 1.0681
Setpoint for Oy (v) 1.6369 2.0794 1.6369 1.1944 1.6369
Table 5-4 Constant Setpoints for Joint Os
Joint Belfgre 21 -31|37-43 | 49-5land | 65-69
Second | Second | 57-59 Second | Second
Second :
Setpoint for Os (v) | 1.3766 | 1.7561 | 1.3766 1.0477 1.3766
Table 5-5 Constant Setpoints for Joint Og
Joint Belfg“ 21-23and | 37-43 | 49-59 | 65-69
29 - 31 Second | Second | Second | Second
Second
Setpoint for Og (v) | 1.3154 1.6989 1.3154 | 0.8729 | 1.3154
Table 5-6 Constant Setpoints for Joints O3, O3, O4, Og, O19 and Oy
Joint Before 23 29-51 57-69
Second Second Second
Setpoint for O, (v) 1.1896 1.2690 1.1896
Setpoint for O3 (v) 1.1644 - 1.1662 1.1644
Setpoint for O4 (V) 1.9327 2.0315 1.9327
Setpoint for Oy (v) 1.0851 1.1452 1.0851
Setpoint for Oy (V) 1.3871 1.3823 1.3871
Setpoint for Oy; (v) 1.8844 1.9369 1.8844
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5.2 Feedback Signal Acquisition and Manipulation

For each leg, the feedback signals from the biped robot include five signals from the joint
potentiometers and four signals from the force sensors. Those signal.s are fed to ADC
inputs of eZdspTMF2812. eZdspTMF2812 has 16 channels of 12-bit analog-to-digital
converters, so the output of ADC is a number in the range from 0 to 4095 (FFF in hex).
On the other hand, the voltage input to ADC ranges from 0 to 3V. Therefore, the ADC
output needs to multiply a scaling factor of 3/4095 to get the corresponding voltage value.

The readings from the ADC outputs can not be used directly for controller design
because they are corrupted with noise. A first order digital low pass filter with a cutoff
frequency of about 3.3Hz is used to filter out the unnecessary noise and make the signal

more stable. The digital filter is implemented by

__L SAN P
E i \a00s ™ )T T (5-2)

where 7=0.3, T, =0.001, x; is the reading from the ADC output at the £-th sampling time,

yx is the output signal of the filter at the k-th sampling time, and y;.1 is the output signal of

the filter at the (k-1)" sampling time.
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5.3 Control Output Calculation

53.1 PD Control plus Gravity Compensation

The Proportional-Derivative (PD) controller is widely used in industrial robot contr

is very simple to implement, so PD control is used to cont

ol and

rol the biped robot. The main

control strategy is PD control plus gravity compensation (PWM Offset), where gravity

compensation is used to cancel the effect of gravity force. The controller is applied to

each joint independently. The control outputs from the controller are PWM and direction

signals. Fig. 5-2 is the block diagram for the biped robot controller.

Controller

P Controller

Setpoint

KP
D.Controller Left or Right Leg Output
K,s of the Biped Robot
Gra&ity Cdmpenéation
(PWM Offset)
"""""""""""""""""""""" Feedback
Fig.5-2 Block diagram for the biped robot controller
The transfer function of the practical PD controller is given by
(5-3)

C(s)zKerKd—lTS;
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with the proportional gain K, and the derivative gain Kz After transforming Equation (5-
3) to its discrete time counterpart with the sampling time T, the control output from the

PD controller can be written as

u, =K e +K,e, (5-4)

where €, = (7é, + €, —€,_,) with the time constant 7 =0.3 and the sampling time

T. =0.001. In Equation (5-4), u is the controller output signal at the £-th sampling time,
er is the error signal at the k-th sampling time, which is the difference between the
setpoint signal and feedback signal at the 4-th sampling time, ey is the error signal at the
(k-l)th sampling time.

The control signal, which is applied to the biped robot, is the PD controller output
plus the PWM offset. The overall controller output is calculated by
PWM,=u,+ PWM _OS, (5-5)
where PWM, represents the duty-cycle of the PWM signal at the 4-th sampling time,
which is the signal for the motor driver (the H-bridge LMD18200) and PWM OS;
denotes the PWM offset at the k-th sampling time.

As indicated in §4.2.3, the motor driver requires two input signals, PWM and
DIRECTION. The direction signal is a digital signal that provides the information about
which way the motor will rotate. This signal depends on the polarity of PWM,. If PWM;
is positive, the direction signal is logic “high”; if PWM, is negative, the direction signal is
logic “low”.

The control signal PWM, and direction signal are applied to every joint

independently.
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5.3.2 Control Parameter Tuning

For each joint, the proportional gain (K}), the derivative gain (K;) and PWM offset
(PWM_OS) are different. These control parameters are also different in different timing
periods, such as the single-support phase with left leg support or the weight shifting
phase. The values for K, K; and PWM_OS are determined by experiments. The dynamic
modeling is not performed for this robot, because the exact mass center and t.he moment
of inertia for each link are unknown. Therefore, the trial-and-error method is used to tune
the values of KX,, K; and PWM _OS. After each experiment, according to the control
performance, the K,, Ks and PWM_OS are tuned. The tuning process is repeated uniil a
satisfactory control performance is achieved. In the end, the best control parameter
combinations for all joint variables are obtained. Fig. 5-3 to Fig. 5-32 show the tuning

results for K,, K;and PWM_OS.
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Chapter 6

Experiment Results

The walking experiments have been done on the 10 DOF biped robot built for this thesis.
The biped robot prototype is described in Chapter 4. The controller is the PD controller
plus gravity compensation described in Chapter 5. The whole walking cycle starts from
the home position and is composed of shifting weight to the left leg, éwinging the right
foot forward, shifting weight back to the home position, shifting weight to the right leg,
swinging the left foot forward, and shifting weight back to the home position. It takes 69

seconds to finish the whole process.
6.1 Experiment Results

Fig. 6-1 to Fig. 6-30 are the plots for experiment results. There are three figures for ¢ach
rotating joint, which are the desired and actual trajectories, tracking errors and the
corresponding duty-cycle of PWM.

It can be observed from the error plots that the tracking errors are controlled
within 2.5 degrees. lIn this error range, the 10 DOF biped robot is able to walk on the

flat surface stably by following the desired trajectories.
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Fig. 6-4 Tracking control performance for joint Oy
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6.2 Home Position Adjustment

The power supply to the motor drivers is turned on 3 seconds after the main control
program starts. As soon as the power is on, the PD controller starts to bring the biped
robot to its predefined home position from the initial position. In general, there are some
differences between the home position énd the initial position, which may cause some
oscillations because of derivative control. This problem is solved by generating a linear
trajectory between the home position and initial position using the linear interpolation
method. Mathematically, the linear trajectory is calculated by
H itial
o (1=3)+¥"™, 3<r<9

j 6 (6-1)
7 Home | 9<r<15

~
I

where i=1, 2, 3, 4, 5, 8,9, 10, 11, 12 denotes the joint number, V" is the voltage for
joint i, which is the voltage reading at ¢ equals 3 second, V"™ represents the voltage

corresponding to the home position for joint i. It takes 12 seconds for the biped robot to

implement the home position adjustment.
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Chapter 7

Conclusions and Future Work

7.1 Conclusions

The objective of this research is to design and control a 10 DOF biped robot. At this point
the robot is able to walk stably on the flat ground by itself. The goal has been achieved
successfully.

The forward kinematics and inverse kinematics have been performed for the robot
system. The desired trajectories for the joint variables have been designed by the third-
order spline interpolation method. The ZMP has been also analyzed to ensure that it is
inside the stable region.

The robot prototype has been designed and built with aluminum material. DC
motors are chosen as the actuators and the potentiometers are mounted to each joint to get
the feedback signals. The potentiometers are calibrated to find the relationship between
the degree and voltage. eZdspTM F2812 DSP boards are used as control hardware. The
electrical circuits, including analog signal conditioning, motor driver, communication,
feedback and limit éwitch, system activation and protection, have been designed and
PCBs have been fabricated.

The MATLAB Simulink program is employed as the software platform for this
robot research. The controller for the robot system is PD control plus gravity

compensation. The control parameters have been tuned by using the trial-and-error
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method from the experiments. The control results show that the biped robot is able to
follow the desired trajectories.

Force sensors have been used to detect the contact forces between the foot soles
and the ground, which can be used to determine the ZMP and perform active balance
control for the biped robot. The force sensors have not been used in control algorithm for
this research, but force sensors have been installed on the robot prototype and the

appropriate electrical circuit has been designed for the future use.
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7.2 Future Work

By controlling the joint variables to follow the desired trajectories, the 10 DOF biped

robot in this thesis is able to walk on the flat floor. In order to design and build a more

advanced biped robot. The following work should be done in the future.

l.

Improve the current robot structure design and change the way to mount the DC
motor. The structure should be stronger, lighter and easier to assemble. The DC
motors should be mounted inside the leg to improve the left-right balance control.

All the circuit boards need to be mounted on the robot body and more powerful
motors are needed.

Because the trial-and-error method is not an efficient way to tune the controller
parameters, dynamic modeling for the biped robot system should be done so that
some advanced control methods based on dynamic models can be used to design a
controller. On the other hand, some other control design methods, such as fuzzy
logic and neural network, can also be used for the controller design.

The walking s_peed of the robot in this thesis is very slow. To make the robot walk
faster, an advanced controller needs to be designed.

Active balance control needs to be done by using force feedback from either force
sensors or load cells and altitude feedback from gyroscopes and accelerometeré‘ A
more advanced controller should be designed to be able to adjust the zero moment
point for active balance control so that the biped robot will be able to walk on

rough or slope surface.
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Appendix A
Forward Kinematics for the Single Support Phase with Right

Leg Support

The following matrices are the homogeneous transformation matrices for the biped robot
in the single support phase with right leg support, see Fig. 2-1 and Table 2-2, with the

assumption that 6y, 8s, 85 and 6, are zero.

001 0
4o 1o o =
0 0 0 1
[cosd 0 -sing L,cos6,]
4= sinf, 0 cosf, L,sin§
10 -1 0 0
0 0 0 ]
[cosO 0 =-sin0 L,cosO] [1 0 0 L,
sin0 0 cos0O L,sinQ 00 1 0
= = (A-2)
0 -1 0 0 0 -1 0 0 :
| 0 0 0 1 10 0 0 1
[cos®, —sinf, 0 L, cosb, ]
= sing, cos@, 0 L,sing, (A-3)
o o 1 0
0 0 0 1|
[cos®, -sinf, 0 L, cosd, |
= sing, cosfd, 0 L,sing, (A-4)
0 0 1 0
0 0 0 1 J
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[cosf, 0 siné, Lscosé,
4= sing, 0 —cosf, Lssing, (A-5)
0 1 0 0
L 0 0 0 1
[cosf, 0 —sinf L,cosd
4 sinf, 0 cosf; Lgsind;
‘1o -1 0 0
| 0 0 0 1
cosO0 0 -—sin0 L;cosO T 0 0 L
_|sin0 0 cosO  Lgsin0 0 0 1 0 (A-6)
1o -1 0 0 [ o -10 0
0 0 0 i 0 0 0 1
100 0
01 0 0
A4, = (A-7)
00 1 -L,
00 0 1
-1 0 0 -L
4 = 0 0 -1 0 (A-8)
1o -1 0 0
L0 0
[cosf, 0 sinf, Lcosé,
4= sind, 0 -cosf, Lgsing,
o 1 0 0
L 0 0 0 1
cosO0 0 sin0 L cosO 1 0 0 L
_|sin0 0 -—cos0 Lgsin0f 10 0 -1 0 (A-9)
o 10 0 [ (o1 0 0 )
0 0 0 1 00 0 1
cosf, -sinf, 0 L,cosg,
sing, cosf, O L,sing,
A, = i ’ T A-10
e e e (A-10)
0 0 0 1
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cosé,,

sin@,
H

cosd,,

sing,,

cosé,

sinf,

T

cos0
sin0
0
0

The following

—sinf,,

cosf,,

0 L,cosé,
0 L;sing,
1 0
0 1

(A-11)

0
0
-1
0

—-sing,, L,cosé,

L,sing,,

0
1
0
0
0

1
matrices are the transformation matrices for the biped robot in the single

cos 6,
0
0

(A-12)

0
0 —cos@12
1
0

sin0

sing,, L cos6,

L, sin 0,2

L cos0

—cos0 L, sin0
o. 0 |
0 1

h

(A-13)

S = O O
== ]

support phase with right leg support with the assumption that 6y, 8s, s and 6y, are zero.

1 0 0
I U
A VI T
00 0
1
0
\T=TA =
0
0
0
0
T= T4 =
1
0

xaR
yaR
A-14
‘ (A-14)
1
00 x,[00 1 0]70 0 1 x,
0 -1 yaR 1 00 LI _ 0 -1 0 ynR (A-15)
I 0 0101 0 O 1 0 0 I
0 1 10 0 0 1 0 0 0 1
0 1 x,][1 0 0 LT[0 -1 0 x4
-1 0 0 0 1 ¢ 0 0 -1 .
.ynR — yaR (A‘16)
0 L0 -10 0| |1 0 0 L+L
0 10 0 0 1 0 0 O 1
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0 -1 0 X, |cosB, =—sinf, 0 Ljcos0,
7oty = 0 0 -1 y, sing, cos@, 0 L,sind,
1 0 0 L+L || 0 o 1 0
0 0 © 1 0 0 0 1
[-sing, —cosf, 0  x,~-L,sinG,
0 0 -1 Yar ,
| cos 6, —sind, L +L,+L;cosb,
0 0 1
[-sind, -cosb, G, , |
_ 0 0 -1y
| cos g, -sind, G,
0 0 1
-sind, -cosd, 0 G3~1 —c0503 —-sind, 0 L, cosb,
ST 74, = 0 .0 -1y, | siné, cos 63 0 L,sing,
cosf, -sing, 0 G, 0 0 1 0
0 o o 1] o o o0 1
[—sin(6,+86,) —cos(6,+6,) 0 G, ~L,;sin(6,+86,)
_ 0 0 -1 Yar
| cos(8,+6,) -sin(6,+6,) 0 G, ,+L,cos(,+86,)
0 0 0 I
[-sin(8,+86,) -cos(6,+8,) 0 G,,]
oo 0 -l
| cos(8,+6,) -sin(6,+6,) 0 G,,
o 0 o 1 |
-sin(6,+6,) —cos(6,+6,) 0 G, |[cosf, 0 sin6, Lscosb,
STt Ty, 0 - 0 -1 yg ||sin6, 0 —cosf, Lgsing,
T cos(6,+6,) -sin(6,+6,) 0 G,,| 0 1 0 0
0 0 o 10 o o 1
—sin(6,+6,+6,) 0 cos(6,+6,+6,) G, -Lsin(8,+6,+6,)
0 -1 0 Yor

0

0

0

cos(6,+6,+6,) 0

0

-1

cos(6,+6,+6,) 0

0

sin(6,+6,+6,) G, ,+L;cos(8,+6,+6,)

0

0

0
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[—sin(6,+6,+6,) 0 cos(6,+6,+6,) G,

yaR
sin(6, +6,+6,) G ,

1

1

(A-17)

(A-18)

(A-19)



7= T4 =

T= T4 =

[—sin(6,+6,+6,) 0 cos(6,+6,+6,) G, ,[[1 0 0 L
0 -1 0 ye IO 0 1 0
cos(6,+6,+6,) 0 sin(6,+6,+6,) G;,||0 -1 0 0
i 0 0 0 110 0 0 1
[~sin(6, +6,+6,) -cos(6,+6,+6,) 0 Gs —Lcsin(6,+6,+86,)
0 0 -1 Yar
cos(6,+6,+6,) -—sin(6,+6,+6,) 0 G, ,+Licos(d,+6;+6,)
i 0 0 0 1
[—sin(6,+6,+6,) —cos(6,+6,+6,) 0 G, ]|
0 0 “1 Ve
cos(6,+6,+6,) -sin(6,+6,+6,) 0 G, (A-20)
I 0 0 0o 1 |
-sin(6,+6,+6,) —cos(6,+6,+6,) 0 G, |[1 0 0
0 0 -1y, [0 10 o
cos(6,+6,+6,) -sin(6,+6,+6,) 0 G,,||0 0 1 -L,
0 0 0 1 oo o0 1
—sin(6,+6,+6,) —cos(6,+6,+6,) 0 G,
0 . 0 -1 yo+L, (A-21)
cos(6,+6,+6,) —sin(6,+6,+6,) 0 G,
0 0 o 1
-sin(6,+6,+6,) -cos(6,+6,+6,) 0 G, |[[-1 0 0 -L
0 0 -1 y.+L |0 0 -1 0
cos(G,+6,+6,) -sin(6,+6,+6,) 0 G,, |0 -1 0 0
0 0 0 1 jlo 0 o 1
[ sin(6,+6,+6,) 0 cos(8,+6,+4,) G, |+ Lgsin(6,+6,+86,)
0 1 0 Yar T L,
-cos(6,+6,+6,) 0 sin(6,+6,+6,) G, ,—Lcos(6,+6,+6,)
i 0 0 0 1
[ sin(6,+6,+6,) 0 cos(4,+6,+6,) G,
0 1 . 0 Y tL, (A-22)
—cos(6, +6, + 194) 0 sin(6,+6, +¢94) Gs,
i 0 0 0 1

125




sin(6,+6,+6,) 0 cos(6,+6,+6,) G,, |1 0 0 L
o 574 = 0 Lo ya+L |0 0 -1 0
o ~cos(6,+6,+6,) 0 sin(6,+6,+6,) G,, ([0 1 0 0
0 0 0 1 00 0 1
[ sin(6,+6,+6,) cos(6,+6,+6,) 0 G, ,+Lsin(6,+6,+6,)
3 0 0 -1 Y + L,
| -cos(6,+6,+6,) sin(6,+6,+6,) 0 G, ,~Licos(6,+6,+6,)
| 0 0 0 1
[ sin(6,+6,+6,) cos(6,+6,+6,) 0 G, |
_ 0 0 -1 y,a+L, (A-23)
—cos(@,+6,+6,) sin(6,+6,+6,) 0 G,,
i 0 0 0 1
[ sin(6,+6,+6,) cos(6,+6,+6,) 0 G,, |cos, -sing, 0 L, cosb,
NPTy 0 | 0 -1 yo+L, ||sin6, cosd, 0 L,sing,
—cos(6,+6,+6,) sin(6,+6,+6,) 0 G,, 0 0 1 0
i 0 0 0 1o 0 0 1
sin(6, +0,+6,+6,)  cos(6,+6,+6,+6,) 0 G, +L,sin(6,+6,+6,+6,)
B 0 0 -1 Y +L,
| -cos(6,+6,+6,+6,) sin(6,+6,+6,+6,) 0 G, ,—L,cos(6,+6,+6,+6,)
0 0 0 1
[ sin(6,+6,+6,+6,) cos(6,+6,+6,+6,) 0 G,
) 0 | 0 1 yu+l, (A-24)
—cos(8,+6,+6,+6,) sin(6,+6,+6,+6,) 0 G,
i 0 0 0 1
[ sin(6,+6,+6,+6,) cos(6,+6,+6,+6,) 0 G, , |[cosf, -sinf, 0 L cosf,
0Ty o 0 . 0 -1 y,p+L, | sin6, cos6, 0 L;sing,
—cos(0, +6,+6,+6,) sin(6,+6,+6,+6,) 0 G, 0 0 1 0
i 0 0 0 1 0 0 0 1

sin(6, +6,+6,+6,+6,) cos(6,+6,+6,+6,+6,) 0 G, ,+Lsin(6,+6,+6,+6,+6,)

B 0 0 -1 Yo+ L,
—cos(6,+6,+6,+6,+6,) sin(6,+6,+6,+6,+6,) 0 G, ,—Lycos(6,+6,+6,+6,+6,)
0 0 0 1
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sin(6,+6,+6,+6,+6,) cos(6,+6, +6, +6,+6,) 0 G,

0 0 1 yu+L,
= ) (A-25)
—cos(6, +6,+6,+6,+6,) sin(6,+6,+6,+6,+6,) 0 G,
0 0 0 1
o7 < T4,
[ sin(6,+6,+6,+6,+6,) cos(6,+6,+6,+6,+6,) 0 G, |fcosd, 0 -sind, L,cosé,
B 0 0 -1 y,p+L,| sing, 0 cost, L,sing,
—cos(8,+6,+0,+0,+6,) sin(6,+6,+6,+6,+6,) 0 G, 0 -1 0 0
| 0 0 0 1 0 0 0 1
[ sin(6, +6,+6,+6,+6,+6,) 0 cos(6,+6, +0,+6,+6,+6,) G,  +Lsin(6,+6,+6,+6,+6,+8,)
_ 0 1 0 Yar + Ly
—cos(6,+6,+6,+6,+6,+6,) 0 sin(8, + 6, +6, +6,+6,,+6,,) Gy ,—Lycos(6,+6,+6,+6,+6,+86,)
i 0 0 0 1
[ sin(6,+6,+60,+6,+6,+6,) 0 cos(6,+6,+6,+6,+6,+6,) Gy,
0 . 1 0 +L
_ . Yar h (A-26)
—cos(6,+6,+6,+6,+6,+6,) 0 sin(6,+6,+6,+6,+6,+6,) G, ,
i 0 0 0 1
:'BT':?TAH
[ sin(6,+6,+6,+6,+6,+6,) 0 cos(6,+6,+6,+6,+6,+6,) G, , Il 0 0 L
_ 0 1 0 ya+L, [0 0 -1 0
—c0s(8,+6,+0,+6,+6,+6,) 0 sin(6,+6,+6,+6,+6,+6,) G,, |[0 1 0 0
i 0 0 0 1 Jlo o 1
[ sin(8, +6,+6,+6,+6,,+6,) cos(6,+6,+6,+6,+6,+6,) 0 G,
0 0 -1 +L
- . yaR h (A-27)
—cos(6,+6,+6,+0,+6,+6,) sin(6,+6,+6,+6,+6,+6,) 0 G,
i 0 0 0 1
where

G;_. =x,, —L,sing,

G, , =L +L,+L;cost,

G, =G, -1, sin (6, + 6,)

G, ,=G, ,+L,cos(6, + 6,)
G, =G, ,~Lgsin(8, +6,+6,)
G, ,=G, ,+L;cos(6,+6; +6,)
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G, =G, —Lgsin (6,+6,+ 494)

G(‘_2 = GS_2 + L, cos(¢92 +0, +t94)

Gy 1 =G, , +L,sin (6,+6,+06,+6,)

Gy , =G, =L cos (6,+6,+6,+6,)

Gy =G, +Lysin (6, +6,+6,+6,+6,)

Gy, =Gy L cos(8, +6,+6,+6,+6,)
Gy, =Gy +Lysin(6,+6,+0,+6,+6,+6,)
Gy =Gy~ L, c08(0,+6,+6,+6,+6,,+ 6,)
Gy 1 =Gy, +1sin (6,+6,+6,+6,+6,+6,)

G ,=G, ,— L cos(6, + 6, +6, +6,+6,, + 6,)
The x, y and z coordinates for ankle and hip joints are given as follows.

Right Ankle:

X0, = Xar
Yo, = Yar (A-28)
Zy, = L+L,

Right Hip:

Xo, =G, =X —Lysin6, - L;sin(6, +6;) ‘
Yo, = Yar (A-29)
zo, =G, , =L+ L, + L, cos6, + L, cos(6, +6,)

Left Hip:

X0, =G, | = x5 =L sing, - L,sin(8, +6,)

Yo, =Ver T Ly (A-30)
2o, =G, , =L +L,+L,cosb, + L, cos(6, +6,)
Left Ankle:

Xo, =Gy =Xp = LysinG, - L sin(6, + 6, )+ L, sin(6, + 6,+ 6, + 6,) + Lysin (6, + 6, + 6, + 6, + 6,
Yo, = Year + Ly
zo, =Gy 3 =L+ L, + L;c0s6, + L, cos(6, + 6,) — L, cos(6, + 6, + 6, + 8, ) = L, cos(6, + 6, + 6, + 6, + 6, )

(A-31)
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Appendix B

Mechanical Design of the10 DOF Biped Robot
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Fig. B-1 Front and side views for the 10-DOF biped robot
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Fig. B-5 Mounting plates for DC Motor
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Fig. B-7 Pieces for the body of the robot 1
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Appendix C

Block Diagram and Layout Schematics of eZdspTM F2812
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Appendix E

TOP LAYER

1 Analog signal conditioning board: top layer

Fig. E

PCB Artwork and Components Layout Schematics

S3YAJ HOTTOR O

Fig. E-2 Analog signal conditioning board: bottom layer
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Fig. E-3 Motor driver board: top layer
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Fig. E-4 Motor driver board: bottom layer



Fig. E-6 H-bridge adaptor board: bottom layer
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Fig. E-20 Feedback and limit switch board for right leg: components layout
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Appendix F

MATLAB Simulink Programs

£281% o
IRQB
Hardware Interrupt sy :
Hardware Interrupt F2612 eZdsp
function()
. [
ToRTOX P p| ToRTDX
I {m ochan
Rate Trans_ToRTDA
Function-Call rans_te To RTDX
Subsystem

Fig. F-1 Main program for left leg
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Fig. F-2 Function-call subsystem diagram for left leg
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Appendix G

DC Motors and Gearheads Data Sheets
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Planotary Gearhead GP 32 C 232 mm. 1.0-8.0 hNm
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Appendix H

I/O Ports Description for Electrical Circuit Boards
Table H-1 I/O Ports Description for the Analog Conditioning Board

1/0

Pin #

Description

ANALOG_IN
(Analog signal
inputs)

Voltage feedback 1 from joint 1

Voltage feedback 2 from joint 2

Voltage feedback 3 from joint 3

Voltage feedback 4 from joint 4

Voltage feedback 5 from joint 5

Voltage feedback 6 from joint 6

Voltage measurement 1 for force sensor 1

Voltage measurement 2 for force sensor 2

Voltage measurement 3 for force sensor 3

Voltage measurement 4 for force sensor 4

Current sense signal 1 from H-bridge 1

Current sense signal 2 from H-bridge 2

Current sense signal 3 from H-bridge 3

Current sense signal 4 from H-bridge 4

Current sense signal 5 from H-bridge 5

Current sense signal 6 from H-bridge 6

GND

GND

+33v

+33v

P9
(To connector P9
on DSP board)

Analog output 1 for DSP ADCINAO (P9 Pinl)

Analog output 2 for DSP ADCINA1 (P9 Pin2)

Analog output 3 for DSP ADCINA2 (P9 Pin3)

Analog output 4 for DSP ADCINA3 (P9 Pin4)

Analog output 5 for DSP ADCINA4 (P9 Pin5)

Analog output 6 for DSP ADCINAS (P9 Pin6)

Analog output 7 for DSP ADCINAG6 (P9 Pin7)

Analog output 8 for DSP ADCINA7 (P9 Pin8)

For DSP VREFLO (P9 Pin9) Short to GND

No connect

P5
(To connector P5
on DSP board)

Analog output 9 for DSP ADCINBO (P5 Pinl)

Analog output 10 for DSP ADCINB]1 (PS5 Pin2)

Analog output 11 for DSP ADCINB2 (P5 Pin3)

Analog output 12 for DSP ADCINB3 (P5 Pin4)

— [N T P el Dl e Rl el Rl Ll
UIQWN'—‘O\OOO\]O\‘J\J}MN'—‘O\OOO\,O\M_bwl\),_‘o\OOO\IO\Lh-ble\)'—‘

Analog output 13 for DSP ADCINB4 (PS5 Pin5)
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Table H-1 /O Ports Description for the Analog Conditioning Board (Contd.)

/0 Pin # Description
ps 6 Analog output 14 for DSP ADCINBS (PS5 Pin6)
(To connector PS 7 Analog output 15 for DSP ADCINB6 (P5 Pin7)
on DSP board) 8 Analog output 16 for DSP ADCINB7 (PS5 Pin8)
(Contd.) 9 For DSP ADCREFP (P5 Pin9) Not use.
10 For DSP ADCREFP (PS5 Pin]0) Not use.
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Table H-2 1/O Ports Description for the Motor Driver Board

1/0 Pin # Description
PS In +24 v
(Power from activation board) GND

M123
(Motor 1, 2 and 3 power supply)

Voltage supply 1 for the motor 1

Voltage supply 2 for the motor 2

Voltage supply 3 for the motor 3

M456
(Motor 4, 5 and 6 power supply)

Voltage supply 4 for the motor 4

Voltage supply 5 for the motor 5

Voltage supply 6 for the motor 6

DIR_PWM_TF_BK

Direction signal 1 from DSP for H-bridge 1

Direction signal 2 from DSP for H-bridge 2

Direction signal 3 from DSP for H-bridge 3

Direction signal 4 from DSP for H-bridge 4

Direction signal 5 from DSP for H-bridge 5

Direction signal 6 from DSP for H-bridge 6

PWM signal 1 from DSP for H-bridge 1

PWM signal 2 from DSP for H-bridge 2

PWM signal 3 from DSP for H-bridge 3

Som\loxmaww—‘oxm-hum»—o\u‘.uum—‘w~

PWM signal 4from DSP for H-bridge 4

(Direction, PWM, thermal flag and 11 PWM signal 5 from DSP for H-bridge 5
brake signals) 12 PWM signal 6 from DSP for H-bridge 6
13 H-bridge 1 Thermal flag signal 1 to DSP
14 H-bridge 2 Thermal flag signal 2 to DSP
15 H-bridge 3 Thermal flag signal 3 to DSP
16 H-bridge 4 Thermal flag signal 4 to DSP
17 H-bridge 5 Thermal flag signal 5 to DSP
18 H-bridge 6 Thermal flag signal 6 to DSP
Brake signal from DSP (short pinl and pin2 of
19
I3 to enable)
20 GND
1 Current sensing output signal 1 from H-bridge 1
2 Current sensing output signal 2 from H-bridge 2
Current_Sense 3 Current sensing output signal 3 from H-bridge 3
(Current sensing outputs) 4 Current sensing output signal 4 from H-bridge 4
5 Current sensing output signal 5 from H-bridge 5
6 Current sensing output signal 6 from H-bridge 6
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Table H-2 1/0 Ports Description for the Motor Driver Board (Contd.)

/O Pin # Description
7 No.connect
Current Sense
= 8 No connect
(Current sensing outputs)
(Contd.) 9 No connect
10 GND
3 1 Brake signal from DIR PWM_TF_BK pini9
(Jumpers) 2 To BRAKE INPUT of all H-bridges
3 GND
J1 MDI1
J2 MDI H-bridge 1 Adaptor
(Connectors for H-bridge adaptor)
1 MD2
12 MD2 H-bridge 2 Adaptor
(Connectors for H-bridge adaptor)
J1 MD3
J2 MD3 H-bridge 3 Adaptor
(Connectors for H-bridge adaptor)
Ji_ MD4 .
2 MD4 H-bridge 4 Adaptor
(Connectors for H-bridge adaptor)
J1_MD5
2 MD5 H-bridge 5 Adaptor
(Connectors for H-bridge adaptor)
J1_MD6
J2 MD6 H-bridge 6 Adaptor

(Connectors for H-bridge adaptor)
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Table H-3 I/O Ports Description for the Communication Adaptor Board

1/0 Pin # Description
. ; +3.3 v to P4 pinl, J3 pinl and JP1
3 SCITXDA to JP3
4 SCIRXDA to JP2
5 No connect
6 GPIO A8 to J3 pin3
7 GPIO A9 to J1 pinl
8 GPIO A10 to J1 pin2
9 PWMI1 to J1 pin7
10 No connect
11 PWM3 to J1 pin8
.12 No connect
13 PWMS5 to J1 pin9
14 :
15 No connect
16
17 GPIO A1l to J1 pin3
18 GPIO A12 to J1 pind
P8 19 :
(From 50 GND
connector 21
P8 on DSP No connect
board) |22 ,
23 SPISIMOA to J2 pinl
24 SPISOMIA to J2 pin2
25 SPICLKA to J2 pin3
26 SPISTEA to J2 pin4
27 CANTXA to J2 pin5
28 CANRXA to J2 pin6
29 No connect
30 PWM?7 to J1 pinl0
31 No connect
32 PWMO9 to J1 pinll
33 No connect
34 PWMI11 toJ1 pinl2
35 No connect
36 GPIO B8 to J1 pinl4
g; No connect
39
40 ~ GND
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Table H-3 /O Ports Description for the Communication Adaptor Board (Contd. 1)

1’0

Pin #

Description

P4
(From
connector P4
on DSP board)

+3.3 v to P8 pinl, P8 pin2, J3 pinl and JP1

No connect

GPIO F8 to J1 pin19

GPIO F9 to J4 pin7

GPIO F10 to J4 pin9

GPIO F11 to J4 pinl1

GPIO F12 to J4 pinl3

GPIO F13 to J4 pinl5

No connect

GND

GPIO B9 to J1 pinl5

GPIO B10 to J1 pinl6

No connect

GPIOB11 to J1 pinl7

GPIOB12to J1 pinl8

No connect

SCITXDB (P4 pin18)

SCIRXDB (P4 pinl9)

GND

P7
(From
connector P7
on DSP board)

GPIO A13 to J1 pin5

GPIO Al14 to J1 pin6

GPIO A15toJ1 pinl3

No connect

GPIO B13 to J4 pinl

GPIO B14 to J4 pin3

GPIO B15 to J4 pin5

No connect

GND

PS
(Optional
external +5 v)

Optional external +5 v (JP1 must open)

— [ [y ey e el Ll bl B L Kl o
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GND

JP1

Jumper always open

JP2

Jumper to connect DSP SCIRXDA (P8 pind) to
MAX232 pin 9

JP3

Jumper to connect DSP SCITXDA (P8 pin3) to
MAX232 pinl0
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Table H-3 I/O Ports Description for the Communication Adaptor Board (Contd. 2)

1/0 Pin # Description
1 Direction signal 1 from DSP GPIO A9 (P8 pin7)
2 Direction signal 2 from DSP GPIO A10 (P8 pin8)
3 Direction signal 3 from DSP GPIO A11 (P8 pin17)
4 Direction signal 4 from DSP GPIO A12 (P8 pinl8)
5 Direction signal 5 from DSP GPIO A13 (P7 pinl) °
6 Direction signal 6 from DSP GPIO A14 (P7 pin2)
1 7 PWM signal 1 from DSP PWM1 (P8 pin9)
8 PWM signal 2 from DSP PWM3 (P8 pinl1)
D;‘I;efin };Y%g& 9 PWM signal 3 from DSP PWMS (P8 pini3)
(Direction 10 PWM signal 4 from DSP PWM?7 (P8 pin30)
PWM them’lal 11 PWM signal 5 from DSP PWM9 (P8 pin32)
flag a;ld brake 12 PWM signal 6 from DSP PWM11 (P8 pin34)
signals) 13 Thermal flag signal 1 to DSP GPIO A15 (P7 pin3)
14 Thermal flag signal 2 to DSP GP1O B8 (P8 pin36)
15 Thermal flag signal 3 to DSP GPIO B9 (P4 pinl1)
16 Thermal flag signal 4 to DSP GP10 B10 (P4 pinl2)
17 Thermal flag signal 5 to DSP GPIO B11 (P4 pinl5)
18 Thermal flag signal 6 to DSP GP10 B12 (P4 pin16)
19 Break signal from DSP GPIO F8 (P4 pin3)
20 GND
1 DSP SPISIMOA (P8 pin23)
2 DSP SPISOMIA (P8 pin24)
3 DSP SPICLKA (P8 pin25)
4 DSP SPISTEA (P8 pin26)
5 DSP CANTXA (P8 pin27)
6 DSP CANRXA (P8 pin28)
7 DSP SCITXDB (P4 pini8)
8 DSP SCIRXDB (P4 pinl9)
]2 -
Communication 2 14 p%n2
(SPI, SCI_B 10 14 pind
and 8 digital |—13 14 pin6
1/0s) 12 J4 plnS
13 J4 pinl0
14 J4 pinl2
15 14 pinl4
16 J4 pinl6
17 GND
18 No connect
19 No connect
20 No connect
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Table H-3 I/O Ports Description for the Communication Adaptor Board (Contd. 3)

1/0 Pin # Description
J3 1 +3.3 v from DSP (P8 pinl, pin 2 and P4 pin1)
PS Rel 2 GND
S(;;jlvﬂf;f Ir)e;al‘,y) 3 Relay activation signal from DSP GP10 A8 (P8 pin6)

1 DSP GPIO B13 (P7 pin5)

2 J2 pin9
3 DSP GPIO B14 (P7 pin6)

4 J2 pinl0
5 DSP GPIO B15 (P7 pin7)

14 6 J2 pinll
. . 7 DSP GPIO F9 (P4 pin4)

Digital Jumper :

(Jumpers to 8 12 pinl2

. 9 DSP GPIO F10 (P4 pinS)
enable J2 pin9 to -
J2 pinl6) 10 J2 pinl3 '

11 DSP GPIO F11 (P4 pin6)

12 J2 pinl4
13 DSP GPIO F12 (P4 pin7)

14 J2 pinl5
15 DSP GPIO F13 (P4 pin8)

16 J2 pinl6
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Table H-4 I/O Ports Description for the Feedback and Limit Switch Boards (Leg)

Joint 1
/O Pin # Description
+33v
GND
Middle lead of the limit switch
GND

Middle lead of feedback potentiometer

Connector 1
No connect

FS1 pinl

FS2 pinl

FS3 pinl

FS4 pinl

Force sensor ! pinl

FSl Force sensor 1 pin2

F
(Force sensor 1) Force sensor 1 pin3, GND

Force sensor 2 pinl

FS2 Force sensor 2 pin2

F 2
(Force sensor 2) Force sensor 2 pin3, GND

Force sensor 3 pinl

FS3 Force sensor 3 pin2

F 3
(Force sensor 3) Force sensor 3 pin3, GND

Force sensor 4 pinl

Fs4 Force sensor 4 pin2

Wi | —|wiv|=|w |~ =TS IS S| aolece | |an v &b f—

(Force sensor 4)

Force sensor 4 pin3, GND
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Joint 2

1/0 Pin # Description
1 +33v
2 GND
3 Middle lead of the limit switch
4 GND
5 No connect
6 Middle lead of feedback potentiometer
Connector 2 573
9
}(]) No connect
12
13
14
Joint 3
1/0 Pin # Description
1 +33v
2 GND
3 Middle lead of the limit switch
4 GND
2 No connect
7 Middle lead of feedback potentiometer
Connector 3 3
9
10
11 No connect
12
13
14
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Joint 4

1/0 " Pin# Description
1 +33v
2 GND
3 Middle lead of the limit switch
4 GND
5
6 ~ No connect
Connector 4 ! - -
8 Middle lead of feedback potentiometer
9
10
} é No connect
13
14
Joint S
/0 Pin # Description
1 +33v
2 GND
3 Middle lead of the limit switch
4 GND
5
6
5 No connect
Connector 5 g
9 Middle lead of feedback potentiometer
10
11
12 No connect
13
14
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Joint 6

1/0 Pin # Description

1 +33v
2 GND
3 Middle lead of the limit switch
4 GND
5
6

Connector 6 ; No connect
9
10 Middle lead of feedback potentiometer
11
12
3 No connect
14
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Table H-5 /O Ports Description for the Feedback and Limit Switch Boards (Arms)

Left Arm Joint 1
1/0 Pin # Description
+33v
GND
Middle lead of the limit switch
GND
Middle lead of feedback potentiometer

No connect

Slojoo|a|av | lb W ti—

Left Arm Joint 2
1’0 Pin # Description
' +33v
GND
Middle lead of the limit switch
GND
No connect
Middle lead of feedback potentiometer

J L2

No connect

|
—_
Sloje|ujojun]s|wii—

Left Arm Joint 3

| 7{8) Pin # Description
+33v
GND

Middle lead of the limit switch
GND

J L3 No connect

Middle lead of feedback potentiometer

No connect

Slole[wlaju|siwing—
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Table H-5 I/O Ports Description for the Feedback and Limit Switch Boards (Arms)

(Contd.)

Right Arm Joint 1

1/0 Pin # Description
1 +33v
2 GND
3 Middle lead of the limit switch
4 GND
J R1 >
- 6 No connect
7
8 Middle lead of feedback potentiometer
19 0 No connect
Right Arm Joint 2
/0 Pin # Description
1 +33v
2 GND
3 Middle lead of the limit switch
4 GND
I R2 >
- 6
5 No connect
8
9 Middie lead of feedback potentiometer
10 No connect
Right Arm Joint 3
1/0 Pin # Description
1 +33v
2 GND
3 Middle lead of the limit switch
4 GND
5
J R3 ¢
7 No connect
8
9
10 Middle lead of feedback potentiometer
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Table H-6 1/O Ports Description for the Force Sensor, System Activation and

Protection Board

1/0

Pin #

Description

Analog_Out_L
(Analog signals and
+3.3 v supply for
analog conditioning
board for left leg)

Voltage feedback 1 for left leg (FeedBK_LimitSW_L pin 5)

Voltage feedback 2 for left leg (FeedBK LimitSW L pin 6)

Voltage feedback 3 for left leg (FeedBK LimitSW L pin7)

Voltage feedback 4 for left leg (F eedBK LimitSW_L pin 8)

Voltage feedback 5 for left leg (FeedBK LimitSW_L pin 9)

Voltage feedback 6 for left leg (FeedBK LimitSW L pin 10)

Voltage measurement 1 for left foot force sensor 1 (OP1 pin 1)

Voltage measurement 2 for left foot force sensor 2 (OP1 pin 7)

Voltage measurement 3 for left foot force sensor 3 (OP2 pin 1)

Voltage measurement 4 for left foot force sensor 4 (OP2 pin 7)

Left leg current sensing output signal 1 (Current Sense_L pinl)

Left leg current sensing output signal 2 (Current Sense L pin2)

Left leg current sensing output signal 3 (Current Sense L pin3)

Left leg current sensing output signal 4 (Current Sense L pin4)

Left leg current sensing output signal 5 (Current Sense L pin5)

Left leg current sensing output signal 6 (Current Sense L pin6)

GND

+3.3 v (Pinl of PS Rel L or PS Rel R orPS Rel A)

+3.3 v (Pinl of PS Rel L or PS Rel R or PS Rel A)

Analog Out R
(Analog signals and

Voltage feedback 1 for right leg (FeedBK LimitSW_R pin 5)

Voltage feedback 2 for right leg (FeedBK LimitSW_R pin 6)

Voltage feedback 3 for right leg (FeedBK LimitSW R pin 7)

Voltage feedback 4 for right leg (FeedBK_LimitSW_R pin 8)

Voltage feedback 5 for right leg (FeedBK LimitSW R pin 9)

Voltage feedback 6 for right leg (FeedBK LimitSW_R pin 10)

Voltage measurement 1 for right foot force sensor 1 (OP3 pinl) .

Voltage measurement 2 for right foot force sensor 2 (OP3 pin 7)

Voltage measurement 3 for right foot force sensor 3 (OP4 pin 1)

— [ Fey P e Dl L Lol Dl Kt Bl o
O\OOO\]c\u’#WNHO\OOO\XO\U\-&WMHQ\DOO\]O\(J‘#“JNH

a:zflggvcz‘rll%?tlz) rfx(i);g V'oltage measurement 4 for right foot force sensor 4 (OP4 pin 7)

board for right leg) 11 Right leg current sensing output signal 1 (Current Sense R pinl)
12 Right leg current sensing output signal 2 (Current Sense R pin2)
13 Right leg current sensing output signal 3 (Current Sense_R pin3)
14 Right leg current sensing output signal 4 (Current Sense R pin4)
15 Right leg current sensing output signal 5 (Current Sense R pin5)
16 Right leg current sensing output signal 6 (Current Sense R pin6)
17
T GND
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Table H-6 1/O Ports Description for the Force Sensor, System Activation and

Protection Board (Contd. 1)

1/0

Pin #

Description

Analog Out R
(Analog signals and
+3.3 v supply for
analog conditioning
board for right leg)
(Contd.)

19

+33 v (Pinl of PS_Rel L or PS Rel RorPS Rel A)

|y
(=]

+3.3 v (Pinl of PS_Rel_L or PS_Rel R or PS Rel _A)

Analog Out_A
(Analog signals and
+3.3 v supply for
analog conditioning
board for arm)

Voltage feedback 1 for left arm (FeedBK_LimitSW_A pin 5)

Voltage feedback 2 for left arm (FeedBK_LimitSW_A pin 6)

Voltage feedback 3 for left arm (FeedBK_LimitSW_A pin 7)

Voltage feedback 1 for right arm (FeedBK_LimitSW_A pin 8)

Voltage feedback 2 for right arm (FeedBK LimitSW_A pin 9)

Voltage feedback 3 for right arm (FeedBK LimitSW_A pin 10)

No connect

Left arm current sensing output signal 1 (Current Sense_L pinl)

Left arm current sensing output signal 2 (Current Sense L pin2)

Left arm current sensing output signal 3 (Current Sense_L pin3)

Right arm current sensing output signal 1 (Current Sense L pin4) -

Right arm current sensing output signal 2 (Current Sense L pin5)

Right arm current sensing output signal 3 (Current Sense L pin6)

GND

GND

+3.3 v (Pinl of PS Rel L or PS Rel Ror PS Rel A)

+3.3 v (Pinl of PS Rel L or PS Rel RorPS Rel A)

1
FeedBK LimitSW_L
(feedback, limit
switch and force
sensor feedbacks
from left leg)

+3.3 v (Pinl of PS Rel L or PS Rel Ror PS Rel A)

GND

Limit switch signal (Pin3 of PS Rel L, PS Rel Rand PS Rel A)

GND

Voltage feedback 1 for left leg

Voltage feedback 2 for left leg

Voltage feedback 3 for left leg

Voltage feedback 4 for left leg

Voltage feedback 5 for left leg

— DD | rmmt { et |t it —
o\oqo\lomuuw»—o\ow\,;m;;;\j:oomgmmnuw—a

Voltage feedback 6 for left leg

11 Resistance measurement 1 for left foot force sensor 1
12 Resistance measurement 2 for left foot force sensor 2
13 Resistance measurement 3 for left foot force sensor 3
14 Resistance measurement 4 for left foot force sensor 4
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Table H-6 /O Ports Description for the Force Sensor, System Activation and_
Protection Board (Contd. 2)

1/0 Pin # Description

2
FeedBK_LimitSW_R
(feedback, limit
switch and force
sensor feedbacks

+3.3 v (Pinl of PS_Rel L or PS Rel Ror PS Rel A)

GND

Limit switch signal (Pin3 of PS Rel L, PS Rel R and PS Rel A)

GND

Voltage feedback 1 for right leg

Voltage feedback 2 for right leg

Voltage feedback 3 for right leg

Voltage feedback 4 for right leg

Voltage feedback 5 for right leg

from right leg) Voltage feedback 6 for right leg
Resistance measurement 4 for right foot force sensor 4
Resistance measurement 1 for right foot force sensor 1
Resistance measurement 2 for right foot force sensor 2
Resistance measurement 3 for right foot force sensor 3
+33 v (Pinl of PS_Rel L or PS Rel Ror PS Rel A)
GND
Limit switch signal (Pin3 of PS Rel L, PS Rel Rand PS Rel A)
GND
I3 Voltage feedback 1 for left arm
FeedBK LimitSW_A Voltage feedback 2 for left arm
(fee dback and limit Voltage feedback 3 for l'eft arm
switch feedbacks Voltage feedback 1 for r¥ght arm
from arm) Voltage feedback 2 for r¥ght arm
Voltage feedback 3 for right arm
No connect
Current sensing output signal 1 from left leg H-bridge 1
Current sensing output signal 2 from left leg H-bridge 2
J4 Current sensing output signal 3 from left leg H-bridge 3

Current Sense_L
(Current sensing
outputs from motor
driver board for left

leg)

Current sensing output signal 4 from left leg H-bridge 4

Current sensing output signal 5 from left leg H-bridge 5

Current sensing output signal 6 from left leg H-bridge 6

""\OOO\IO'\UI-hwl\)*—‘:;:):S\Ooo\loxm-hwwezas:sooo\)muy#wl\)—‘

<

No connect
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Table H-6 1/O Ports Description for the Force Sensor, System Activation and

Protection Board (Contd. 3)

/0 Pin # Description
Current sensing output signal 1 from right leg H-bridge 1
Current sensing output signal 2 from right leg H-bridge 2
Is Current sensing output signal 3 from right leg H-bridge 3

Current Sense_R
(Current sensing outputs
from motor driver board

Current sensing output signal 4 from right leg H-bridge 4

Current sensing output signal 5 from right leg H-bridge 5

Current sensing output signal 6 from right leg H-bridge 6

for right leg)
No connect
Current sensing output signal 1 from left arm H-bridge 1
Current sensing output signal 2 from left arm H-bridge 2
16 Current sensing output signal 3 from left arm H-bridge 3

Current Sense_A
(Current sensing outputs
from motor driver board

Current sensing output signal 4 from right arm H-bridge 4

Current sensing output signal 5 from right arm H-bridge 5

Current sensing output signal 6 from right arm H-bridge 6

forarm)
No connect
7 133 v from DSP for left Jeg (P8 pinl, pin 2 and P4 pinl)
PS Rel L GND
(+3.3 v and relay signal Relay activation signal from DSP for left leg GPIO A8 (P8 pin6
from DSP for left leg) Y gnal from or left leg (P8 pin6)
18 133 v from DSP for right leg (P8 pinl, pin 2 and P4 pinl)
PS Rel R GND
(f;frr? S;gig:ﬁé;: %gg Relay activation signal from DSP for right leg GPIO A8 (P8 pin6)
J9 +3.3 v from DSP for arm (P8 pinl, pin 2 and P4 pinl)
PS Rel A GND

(+3.3 v and relay signal
from DSP for arm)

W o=l W =] W N»-a‘\ooo\)mu\.hwm»—g\ooo\)o\mbwwv—

Relay activation signal from DSP for arm GPIO A8 (P8 pin6)

PS In ] +24 v from power supply
(+24 v power input) 2 GND
PS Out 1 +24 v to motor driver boards
(+24 v power output) 2 GND
JP1 Jumper to enable +3.3 v from DSP for left leg
JP2 Jumper to enable +3.3 v from DSP for right leg
JP3 Jumper to enable +3.3 v from DSP for arm
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Appendix 1

Electrical Circuit Boards Inter-wiring Schematics
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Fig. I-1 Circuit boards inter-wiring
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