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Locomotion Control of a Six-Legged Walking Robot Based on

Central Pattern Generator Network

Dong Bo Sheng

Department of Interdisciplinary Program of
Mechatronics Engineering,

The Graduate School, Pukyong National University

Abstract

In recent years, much attention has been given to bionic control.
The motion control of legged robots based on central pattern
generator (CPG) has become one of the important branches of bionic
control field as a research hotspot. CPG can produce steady rhythm
without any high-level external control signal and sensory feedback,

which does not require the model process on environment.

The objective of this thesis is to control the locomotion of a
six-legged walking robot based on central pattern generator network.
To do this task, the following problems are considered. Firstly, a six-
legged walking robot is presented. Secondly, wave gait, quadruped
gait and tripod gait should be generated by CPG network. Thirdly,
mapping function is designed to map the output signal of CPG
network to the workspace trajectories of the corresponding legs.
Fourthly, instead of using inverse kinematics to calculate joint angles,
a differential kinematics algorithm is applied for the end effector to

follow the trajectory generated by CPG network. The following tasks

Vi



are done to solve these problems. First, a six legged robot platform is
developed with several interconnected devices such as AX-12
servomotor, DSP microcontroller, IMU sensor, etc. The kinematics of
one leg of the six-legged robot is presented, and the Denavit-
Hartenberg (DH) convention is adopted to define the modeling
parameters which allow the construction of the forward kinematics
function by composition of the individual coordinate transformation.
Second, a CPG model based on Kimura’s neural oscillators is
proposed. To get a suitable control signal of CPG, the parameters of
CPG model are analyzed based on a single-parameter-analysis
method using simulation. Third, a CPG network to generate control
signal for wave gait, quadruped gait and tripod gait using six CPG
models is built. Fourth, mapping functions to change the control
signal of CPG into the workspace trajectory are proposed. For swing
phase and retract phase of gait, different mapping functions are used.
The end effector trajectory of each leg is given as mapping functions
of the output of signal of the corresponding oscillator. Fifth, to realize
the leg end effector follow the trajectory obtained by the mapping
functions, a differential kinematics algorithm is applied to solve
inverse kinematics problem easily, and the differential kinematics is
represented as a linear mapping between the joint velocity space and
the operational velocity space. Finally, simulation and experimental
results are done to demonstrate the effectiveness of the proposed

controllers.

Keywords: Central pattern generator (CPG), CPG network, Mapping
function, Six-legged robot, Differential kinematics.
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Chapter 1: Introduction

1.1 Background and motivation

With the development of science and technology, robots are
used in many fields such as military transport and exploration,
submerged structure, submarine detection, planetary exploration and
so on. A walking legged robot can adapt to the complex and
changeable environment because of its multiple degrees of freedom
(DoF), discontinuous ground walking with attitude stability and

omnidirectional walking ability [1].

Because the walking legged robot is a complex system with
multivariable parameters, strong coupling and nonlinear structural
dynamics, controlling the locomotion of the walking legged robot is
more difficult than that of a mobile robot. To control the locomotion
of walking legged robot, manual planning combined with other
control theory always be used. There are several defects with using
manual planning method such as complex measurement and
calculation, poor real-time performance, complex locomotion control
algorithm with the increase of the number of controlled parameters
and lack of flexibility and autonomy. In the walking legged robot, a
six-legged robot (6LR) is the most common legged robot since its

structure is more stable than a bipedal robot or a quadruped robot [2].

In 1989, Brooks proposed a new architecture for controlling a
six legged walking robot capable of walking over rough terrain and
following a person passively sensed in the infrared spectrum named

Genghis shown as Fig. 1.1 [3]. Each leg had two DC motors. So each

1



leg had two degree of freedom. Also the robot equipped two single
axis accelerators and two touch sensors for walking over rough

terrain with attitude stability.

Fig. 1.1 Genghis walking robot

In 1990, another six-legged robot were built in the Mobot Lab
named Attila and Hannibal shown as Fig. 1.2. They were recognized
as being among the most sophisticated autonomous robots for their
size, possessing over 19 degrees of freedom, over 60 sensory inputs,
and over 8 microprocessors [4]. However, the system was too

complex.

Hannibal Attila

Fig. 1.2 Hannibal and Attila walking robot

M. Raibert and his colleagues created an animal-like robot with
advanced behavior named BigDog shown as Fig. 1.3 [5]. This robot



could move up to 4 mph on very hard terrains, to climb slopes up to
35 degrees and to carry a load of 150kg. However the robot was too

heavy and the locomotion control system was too complex.

Fig. 1.3 BigDog walking robot

In 2014, Korean Research Institute of Ships and Science and
Ocean Engineering (KRI1OS) developed an underwater robot capable
of conducting dangerous undersea exploration named Crabster
CR200 shown as Fig. 1.4 [6]. The dimensions, joint structure, range
of motion and mass distribution of the robot were determined by
considering biological data, and then suitable joint actuators were

chosen through a simple force analysis.

Fig. 1.4 Underwater robot Crabster CR200

3



There are several researches focusing on locomotion control of
the walking legged robot. One of the locomotion control methods of
the walking legged robot is based on modeling-planning-controlling.
First, modeling of the walking legged robot and environment is built.
Second, the optimal trajectory of locomotion is got by manual
planning. Third, by decreasing the error between current position and

optimal trajectory, make the robot following the optimal trajectory.

Recently, locomotion control for a legged robot based on
biologic concepts has been a new research area. In 1966, M. L. Shik
et al. proposed the rhythmic motion was controlled by central pattern
generator (CPG) [7]. In nature, the rhythmic motion was the most
usual locomotion such as walking, running, swimming, etc.
Locomotion control based on central pattern generator (CPG) was an
important branches of bionic control, and biologically inspired
method have been adopted to control legged robot [8-9]. Central
pattern generator consists of a few neuron oscillators that produce
stable rhythmic patterned output without higher-level command or
sensory feedback, and higher-level command and sensory feedback

also can make CPG regulation and stability [10-12].

In 1980, Cohen proposed the first CPG model through the
research on the dissection of a lamprey spinal cord [13]. Matsuoka
proposed a neural rhythm generator model in 1985, and this model
solved the problem of only one neural oscillator [14]. By adapting the
weight between neural oscillators, the output of CPG also could be
changed. However, the higher-level command and the sensory
feedback were not attached, so complex motion control is difficult to
achieve. In 1997, S. T. Venkataraman applied CPG to achieve gait



planning and control of a hexapod insect robot. However, the motion
achieved is simple [15]. Taga changed the constant input
continuously to realize the transition from walking to running in a
biped robot model [16]. Billard et al. used the same approach in
Sony’s dog, AIBO, to transit from walking to trotting and galloping
[17]. Kimura et al. achieved locomotion control of a quadruped robot
walking on irregular terrain based on CPG [18-19]. By using visual
sensor information and simple adjustments of reflexes, adaptive
dynamic walking on irregular terrain was realized. Y. Fukuoka et al.
applied CPG on the quadruped walking robot named Tekken as
shown in Fig. 1.5 [20]. However, the response mode was single, and
could not respond to any kind of incentives and change the motion by
higher-level, also one CPG only could control one joint. P.
Manoonpong et al. achieved high level behaviors in his research such
as reflex and escape based on sensor-driven neural control [21]. His
robot could walk omnidirectionally but with only tripod gait.

Fig. 1.5 Quadruped walking robot Tekken

Inspired by lamprey’s swimming CPG, A. J. ljspeert et al. have
researched the motion of salamander and snake robots. In their

research, one CPG unit was used to control one degree of freedom,

5



and a distributed CPG network could generate complex coordinated
multidimensional output signals to realize the swimming or
serpentine locomotion[22-25]. For some crawling robots, joint
control signals are simple to achieve. For legged robot, such as a
quadruped robot or a six-legged robot, joint control space are more
complex. The stability of a walking robot is usually realized by
adjusting parameters of CPG model to generate coordinated joint
control signals. For a six-legged robot, many neural oscillators are
required to control the multi-degree of freedom, and it’s difficult to

adjust too many parameters to obtain required output signals.

Fig. 1.6 Multi-legged robot: NEXUS

S. Inagaki et al. proposed gait-pattern generation mechanism
and walking speed control of an autonomous decentralized multi-
legged robot system shown as Fig. 1.6 [26-27]. The CPG model can
generate oscillation patterns depending only on the network topology
and can bifurcate different oscillation patterns according to the
network energy.



In 2001, K. Tsuchiya et al. proposed a control system for
locomotion of a legged robot based on CPG, and realized stable
locomotion for a quadruped robot and a ten-legged locomotion robot
[28]. In [29], a controller composed of a leg motion controllers and a
gait pattern controller was proposed. The leg motion controller drove
all the joint actuators of the legs so as to realize the desired motion
generated by the gait pattern controller. In [30], Endo et al. had
explored a locomotion control method in the task space of a legged

robot.

1.2 Problems statement

There are few researches for appling the CPG for locomotion
control of six-legged robot. To control locomotion of the six-legged
robot using CPG is not an easy task, and there also exist some

problems to do so as follows:

(1) Some CPG models are complex, lead control system to be
more complex.

(2) It’s difficult to tune the parameter of CPG model

(3) One CPG model is used to control one joint. For controling
a six-legged robot, lots of CPG models must be used.
Therefore, it makes the CPG network be complex.

(4) For the legged robot, by mapping CPG signals to joint
control signals is difficult to achieve adaptive locomotion
control by changing the parameters of CPG model.

(5) The inverse kinematics problems is the determination of
joint angles corresponding to a given end effector position.

However, the equations of the inverse kinematics are

7



nonlinear, and it is not always possible to find their solution,

and there may exit multiple solutions.

1.3 Objective and research method

To solve the problems mentioned in the above discussions, the
objective of this thesis is to control the locomotion of a six-legged
walking robot based on central pattern generator. To do this task,
Firstly, a six-legged walking robot is prepared. Secondly, wave gait,
quadruped gait and tripod gait should be generated by CPG network.
Thirdly, mapping functions are designed to map the output signal of
CPG network to the workspace trajectories of the corresponding legs.
Fourthly, instead of using inverse kinematics to calculate joint
angular, a differential kinematics algorithm is applied for the end
effector to follow the trajectory generated by CPG network, and the

simulation and experiment to evaluate the controller are done

The locomotion control of 6LR is divided into gait planning
and attitude stabilizing control. For gait planning, a central pattern
generator model based on Matsuoka’s oscillator is used. To get the
desired phase signal, the parameters of CPG model is analyzed by a
single-parameter-analysis method.

To obtain the different gaits of 6LR, a CPG network is built by
using six coupled neural oscillators. Three kinds of phase signal to
generate three kinds of gaits are obtained by using different
connecting weight between six coupled neural oscillators such as

wave gait, quadruped gait and tripod gait. Mapping functions to



convert the phase signal generated by CPG network to workspace

trajectory of end effector of each leg is designed.

The inverse kinematics problem is the determination of the
joint angle corresponding to a given end effector position. Instead of
using inverse kinematics to calculate joint angular, differential
kinematics algorithm is applied for the end effector to follow the

trajectory generated by CPG network.

Finally, the simulation and experimental results of walking on
the slop plane are presented to verify the effectiveness of the
proposed controllers.

1.4 Outline of thesis and summary of contributions

This section describes the contents of the thesis and its
contributions briefly. The contents consist of seven sections as

follows:
Chapter 1: Introduction

In this chapter, background and motivation of this thesis
are presented. Problem statement of this research are
given. Objective and research method of this thesis are
then described. Finally, outline and summary of

contribution of this thesis are given.
Chapter 2: System Description and Kinematic Modeling

In this chapter, the description of a six-legged robot and

its hardware configuration are presented, and the typical



definitions for the six-legged robot and the stability of
walking gait are stated. The kinematic modeling of one
leg of the six-legged robot is presented based on D-H

convention.
Chapter 3: Neural Oscillator Model and Parameters Analysis

This chapter describes the CPG model based on Kimura’s
neural oscillator model, which corresponds to flexor
neural and extensor neuron, respectively. The parameters

analysis of the CPG model is presented.

Chapter 4: Gait Planning Based on CPG Network and Controller
Design

This chapter describes a CPG network to generate three
kinds of gait for the six-legged walking robot such as
wave gait, quadruped gait and tripod gait. Six coupled
oscillators are used to denote the CPG network, and each
oscillator is used to control one leg by generate phase
signal. Gait transition by changing the connecting weight
matrix is achieved. Mapping functions are designed to
map the phase signals generated by CPG network to the
workspace trajectory of the corresponding end effector of
legs. And a workspace trajectory tracking controller
design to control the leg end effector of one leg to track
the trajectory generated by mapped the output signal of

CPG network based on differential kinematics algorithm.

Chapter 5: Simulation and Experimental Results

10



This chapter presents simulation and experimental results
of the proposed controllers. The simulation and
experimental results of walking on the slop plane are
presented to verify the effectiveness of the proposed

controllers.
Chapter 6: Conclusions and Future Works

Conclusions from this research and some ideas for future

works are presented.

11



Chapter 2.  System Description and Kinematic

Modeling

This chapter describes the prototype of six-legged robot (6LR)
system and basic terminologies of the 6LR. The robot developed in
this thesis consists of mechanical design, electrical design. The
mechanical design is comprised of a body and six legs. The electrical

design consists of motors, microcontroller, host computer and power

supply.

2.1 Mechanical design

The configuration of 6LR system used for this thesis is shown
in Fig. 2.1. The 6LR developed in this thesis consists of one body and
six legs such that each leg has four rotational joints and four links.
For the simplicity of symbols, six legs are numbered as 1, 2, 3 for
Leg-L1, Leg-L2, Leg-L3 and 4, 5, 6 for Leg-R3, Leg-R2, Leg-R1.
The microcontroller and Bluetooth are attached on the inner side of
the body frame of 6LR to control the servomotors and to

communicate with the host computer, respectively.

12



Power

Joints supply

Link

Leg-L3

Leg-L1

(@) | Micro controller and sensor
(b) | Bluetooth communication
(©) Robot frame

Fig. 2.1 System configuration of 6LR

The real Kinect camera based 6LR system developed for this
thesis is shown in Fig. 2.2.

Fig. 2.2 Real 6LR

13



For the leg configuration, there are 24 servo motors used to
control the locomotion of 6LR by operating 6 legs (i.e., 24 rotational
joints). Each leg has four rotational joints, four links and one end
effector to touch the ground. This design of legs can make the robot
get more complex postures and better stability. Fig. 2.3 shows one leg
configuration of 6LR with four rotational joints, four links and end

effector.

?ﬁto

<

Fig. 2.3 One leg configuration

2.2 Electrical design

The electrical configuration of 6LR system is shown in Fig. 2.4.
The robot is controlled by host computer and microcontroller. The
microcontroller controls all servomotors and receives feedback data
from servomotors through half-duplex community. The following
sections describe these components with detailed specifications and

figures.
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User

Y

Host Computer

Micro
Controller
TMS320F28335

A 4

Half-duplex
Community

A L1, L2, L3 - Left Legs
R1, R2, R3 — Right Legs

v v v . v .

| Leg-L1 I | Leg-L2 I | Leg-L3 l | Leg-R1 I ILeg—R2 | |Leg—R3 |

Fig. 2.4 Control system structure of the 6LR

2.2.1 Microcontroller

In this thesis, a microcontroller used to control the 6LR is DSP
(Digital signal processor) TMS320F28334 shown in Fig. 2.5. This
controller sends joint angles calculated by the host computer to the
servomotors of each leg, and receives feedback data from the

servomotors.
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Fig. 2.5 DSP TMS320F28335

2.2.2 Servomotors

Servomotors used in this thesis are Dynamixel AX-12A which
is shown in Fig. 2.6. The dynamixel series servomotor is a smart,
modular actuator that incorporates a gear reducer, a precision DC
motor and a circuitry with network functionality. Despite its compact
size, it can produce high torque and is made with high quality
material to provide the necessary strength and structural resilience to
withstand large external forces. The specifications of Dynamixel AX-
12A servomotor are listed in Table 2.1.

Fig. 2.6 Dynamixel AX-12A
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Table 2.1 Specifications of Dynamixel AX-12A actuator

No. Parameters Values
1 Weight (g) 54.6
2 Dimension (W x L x H) (mm) 32 x50 x40
3 Resolution (degree) 0.29
4 Gear reduction ratio 254:1
5 Torque (N.m) 1.5
6 No load speed (rpm) 59
7 Running Degree (degree) 0~300
8 Operating temperature (°C) -5~70
9 Voltage range (V) 9~12
10 Communication speed (bps) 7343~10°
11 £ Engineering
plastic

6LR have six legs and each leg has four joints. There are 24

servomotors to control six legs. To control the dynamixel actuators,

the main controller needs to convert its UART signals to the half

duplex type. Its recommended circuit diagram is shown in Fig. 2.7,

The protocol used by Dynamixel AX-12A is Half Duplex

Asynchronous Serial Communication (8bit, 1stop, No Parity).

DIRECTION_PORT _ SOV

74HC126 %‘
1
TXD ¢

74HC126 4 DATA } | 1us oina

RXD
S |, vDD(PIN2)

_GND I _ GND(PINT)

| | Half Du;:iD:JART Gircuit | ‘

N
=P

Fig. 2.7 Half duplex UART circuit
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The servomotor also has the ability to detect the direction of
torque on the motor which can be used as touch detector on joint 1 of
each leg. Touch detector is installed at Dynamixel AX-12 servomotor.
This kind of servomotor provides data of torque on the actuator. The

data are not accurate. They are used only to detect the direction of the

torque 7;; . Touch detecting method is applied on joint 1 of each leg
as shown in Fig. 2.8. z;; is the torque of joint 1 of legi (i=1, 2, 3, 4,
5, 6).

Joint 1

Joint 2
Joint 3

(a) Without touching the ground

-~ 0i

Joint 1

Joint 2
Joint 3

Ground

(b) With touching the ground

Fig. 2.8 Touch detection method
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When the leg doesn’t touch the ground, the masses of joints 2
and 3 will make the load on joint 1 negative. When the leg touch the
ground, the reaction force Fr exert on end effector and make the load
on joint 1 positive.

2.2.3 Bluetooth

In this thesis, Bluetooth Promi SD202 is used as a wireless
communication between 6LR and the host computer. The host
computer sends control commands to the DSP microcontroller
through this wireless device shown in Fig. 2.9. Table 2.2 shows the

specifications of Bluetooth Promi SD202 device.

Stub
antenna

Power LEB

On/Off
Switch

Hard Reset
Switch

Promi SD202

Fig. 2.9 Bluetooth Promi SD202
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Table 2.2 Specifications of Bluetooth Promi SD202

No. Parameters Values
1 Range (m) ~100
2 Range of baud rate (bps) 1200-230400
3 Supply voltage (V) 4~12
4 Supply current (mA) 150
5 Dimension (mm) 60 x 26 x 16
6 Operating temperature (°C) -20~70
7 Level(dBm) 18
8 Bluetooth protocols RFCOMM,

L2CAP, SDP

9 Output power (mW) 63

2.2.4 MySen-M sensor

its specification are shown in Fig. 2.10.

The mySen-M sensor is used to measure the robot angles and

Static Roll, Pitch <1ldeg
Accuracy | Heading(Yaw) | < 2deg
Angular Resolution 0.1deg
Update Rate 100Hz

Fig. 2.10 mySen-M sensor
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2.2.5 Power supply

In the Kinect camera based 6LR system, voltage requirement
for all motors is 9V~12V. Therefore, ATLASBX ITX100 12V
battery is used as shown in Fig. 2.11. The specifications of this

battery are listed in Table 2.3.

Fig. 2.11 12V battery ATLASBX 1TX100

Table 2.3 Specifications of 12V battery ATLASBX ITX100

No. Parameters Values
1 Nominal Voltage (V) 12 V 100Ah
2 Weight 24.2 kg
3 Terminal type Bolt terminal
4 Dimension (mm) 330 x 171 x 217

2.3 Basic terminologies of the 6LR

This section explains typical definitions and the concept of
walking gait for the legged robot.

A leg cycle is composed of two phases as shown in Fig. 2.12.
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Robot
body
Swing
Motion phase}
direction z L

¥ Retract™.,

.

AEP™. phase _v~.

-

Fig. 2.12 Leg cycle of one leg

where R is the translational distance that the robot body moves after

one cycle and called stroke length.

- The swing phase is the period while the leg moves from stand
position to the Anterior Extreme Position (AEP) which is the
position at the end of the swing phase.

- The retract phase is the period while the leg is in contact with

the ground and propels the body.

The cycle time T is the sum of swing phase time and retract

phase time.

T=T,+T, (2.4)

where T, is the swing phase time and T,, is the retract phase time.

The duty factor p = Tt/ T of a leg is the time duration of retract

phase in a cycle time.
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The support polygon is the polygon determined by the leg end
effectors touching the ground. It is a dotted triangle in the tripod
walking gait as shown in Fig. 2.13. There must be at least three
touching points on the ground to support the 6LR.

_.+*Support
polygon

Ground

Fig. 2.13 Support polygon of the 6LR

For any support polygon, the distance between ‘the projection
of the center of gravity (COG) on the support polygon’ and ‘the
intersection of the front edge (in the walking direction) of the
polygon with the longitudinal centerline of the body’ is called the
front stability margin. The distance between ‘the projection of the
center of gravity on the support polygon’ and ‘the intersection of the
rear edge (in the opposite direction of walking) of the polygon with
the longitudinal centerline of the body’ is called the rear stability
margin. The definitions of the front and rear stability margins are
shown in Fig. 2.14.
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Front stability margin

Support
polygon

Rear stability margin

Fig. 2.14 Front and rear margins

Longitudinal Stability Margin: The minimum of the front and
rear stability margins is called the longitudinal stability margin of the
support polygon. (Longitudinal Gait) Stability Margin: The minimum
of the longitudinal stability margins of all possible support polygons
during walking according to a gait is called the stability margin of the
gait. If the stability margin of a gait is larger than that of another gait,

the former gait is called to be more stable than the latter.

Statically Stable Gait: A gait is said to be statically stable if its
stability margin is greater than zero as in Fig. 2.14. Otherwise, the
gait is said to be statically unstable as shown in Fig. 2.15. If a gait is
stable, this means that the projection of center of gravity on the
horizontal plane always remains inside the support polygon;
otherwise, the center of gravity remains outside the support polygon

in some instant times of the walk and the body falls down.
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Support
polygon

Fig. 2.15 Statically unstable gait

The attitude of the robot concerns the pitch and the roll of the
robot with respect to the vertical global axis. The altitude of the robot
is defined as the height of its center of mass with respect to the

ground reference.

The posture of the robot is defined as the position of the six

legs with respect to the main body.

The workspace of a leg is a reachable space by the end effector
of the leg. This space has been restricted to a simple cylinder as

shown in Fig. 2.16.
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Body and

other
joints
Joint 4
é
End effector h
.---"'“'"'r -----

Fig. 2.16 Workspace of one leg

where r is the workspace radius and h is the workspace height.

In the swing phase, the end effector of each leg lifts up
diagonally and moves to the AEP. In the retract phase, the end
effector contacts the ground and moves back to the default standing
position. The movement of the end effector in retract phase makes the
body of the robot be propelled. The swing phase is designed as
shown in Fig. 2.17. The swing phase is composed of two states:
Diagonal lift up and Put down.

Diagonal Lift,

Fig. 2.17 Swing phase of step cycle of leg i
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A leg in the retract phase only moves when the other leg is in

the swing phase as shown in Fig. 2.18.

Diagonal Lift, TN \ Put
L / ‘iown
o"..—.-------./--..-.-...~.~.
4 AEP
Seo Retract_,-*

Fig. 2.18 Retract phase of step cycle of leg i

2.4 Kinematic modeling of four joint legs

The six-legged robot consists of a trunk body and six legs. Each
leg is constructed from four links and four rotation joints which are
driven by DC servomotors. Fig. 2.19 shows the configuration of one
leg of the developed six legged robot. The D-H convention is used to
achieve kinematic modeling of each leg as follows:

(1) Choose axis zji along the shaft of joint j of leg i.

(2) Locate the origin Oji at the intersection of axis zji with the
common normal to axes zg-njiand zji. Also, locate O at the
intersection of the common normal line with axis z-1)i from
Oji.

(3) Choose axis xji along the common normal line to axes z(-1i
and z;ji with the direction from joint j to joint j+1 of leg i.

(4) Choose axis yji so as to complete a right-handed frame.

(5) a;is the distance between Oji and Of; .
(6) d;is coordinate of O along zg-v),
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(7) «; is angle between zg.1)i and zi about axis Xji to be taken

positive when rotation is in counter-clockwise.

(8) 6, is angle between x¢-1ji and Xji about axis z(-1)i to be taken

positive when rotation is in counter-clockwise.

Fig. 2.19 Configuration of one leg

where

Oji : Origin of the jointj (j =0,1,2,3) of leg i (i = 1,2,3,4,5,6)
61i . Rotational angle around zoj axis of leg i
. : Rotational angle around z3; axis of leg i
6si : Rotational angle around z,; axis of leg i
64 : Rotational angle around zs; axis of leg i
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A coordinate of (x;y;z;) is located on joint j of leg i. DH

parameters are obtained by these coordinates for forward kinematic.

Table 2.4 D-H Parameters of 4-Link leg

Joint 0; a a, d,
0 0, -ml2 & 0
1 0, 7l2 a, 0
2 0y -ml2 CH d,
3 0,; 0 a, 0

The homogeneous transformation matrix can be obtained by D-

H parameters as the following matrices.

G 0 =Sy a1C1i_
0 Sli O Cli aisll
T = 2.1
1o -1 0 o0 1)
10 0 O 1 ]
_C2i O SZi a‘2(:2|_
1 S2i O C2| aZSZi
T = 2.2
2 0 1 O 0 (22)
0 0 O 1
_C3i 0 S3I a3(:3i
2 S3i O C3i a3SSi
T = 2.3
e T (2.3)
0 0 O 1
_C4| s4| 0 a‘4C4|
3 S4i C4i 0 a4S4|
T = 2.4
d5l e 0 1 o (2.4)
0 0 0 1
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where c;; =cosé,

i ;i =sing; and [T, is the transformation matrix

from joint j coordinate system to joint k coordinate system of leg i.
The transformation matrix from joint O to end effector of leg i
can be calculated as follows:

T TATITIT (25)

The end effector position vector with respect to joint O frame of
leg i p2 =[x} yo zo]" can be calculated by the first three elements
of the last column of (T also called forward kinematic equation

k(@) . The forward kinematic equation is shown as follows:

k@)=pl =[x vo 2] (2.6)
Xe?i =a,C; —a,Cy; (Sli S3i ~ CyiCyiCy ) +8,0;Cy (2 7)
+ d3C1i S — A3y Sg; 361G Co; — 8,C1;55;Sy; .
ygi =a,5; +a,Cy (Cli Sai —SiCyiCy; ) +a,5,;Cy; 2.8)
+83C;;Sy — U3y;S,; +38,CoiCa — 8,85, .

Zt(a)i = dSCZi 8,5y — 8365y — 8,054 — 8455C5Cy; (2-9)

where 0, =[6,,6,,,6,,6, ] is angular position vector of each joint

and is the solution of Egs. (2.6) ~ (2.9) using the inverse kinematics

2.5 Kinematics of the six legged robot

The legs are attached to the platform of the robot. Such a
solution implies the constant values in transformation of particular
legs. The body frame assignment on the platform depends only on the
geometrical dimensions of the robot as shown in Fig. 2.20 which W is
the distance between Leg-L2 and Leg-R2, L is the length of the robot
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and E is the distance between Leg-L1 and Leg-R1. It is assumed that
the center of gravity is also the center of body of the 6LR.

Leg-L2 iV

w

Fig. 2.20 Frame coordinates of the 6LR

where O, X, Y,Z,is a body coordinate frame located on the center of
body of the 6LR, and O;x;y;z;is a leg coordinate frame located on
joint j of leg 1.

At swing phase, the shoulder of the leg is fixed and the end
effector of the leg is moving. The end effector of the leg moves to the

front. At the retract phase, the end effector moves to the rear. But in

this phase, the leg is fixed to the ground so that the shoulder moves to
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the front. The overall movement of the platform can be computed as a
function of foot movement by using kinematics of the whole robot.

The homogeneous transformation matrices from body frame to
the first joint of each leg can be derived as follows:

e The body frame transformation matrix to Leg-L1 frame by
translating a distance (E/2) along X, axis and a distance (L/2)
along y, axis is expressed by

100 E/2
bT=010L/2 (2.10)
oo 1 o0 '
000 1

e The body frame transformation matrix to Leg-L2 frame by
translating a distance (W/2) along X, axis is expressed by

1 0 0 W/2

°T, = A (2.11)
0 01 O
0 00 1

e The body frame transformation matrix to Leg-L3 frame by
translating a distance (E/2) along X, axis and a distance (L/2)

along inverse direction of Yy, axis is expressed by

100 E/2
bT:O 1 0 -L/2 212)
> 1oo1 o0 '
000 1

e The body frame transformation matrix to Leg-R3 frame by
translating a distance (E/2) along inverse direction of X, axis
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and a distance (L/2) along inverse direction of y, axis and

rotating an angle z about z, axis is expressed by

-1 0 0 -E/2
bT:O -1 0 -L/2 (213)
1o 0 1 o0 '

0 0 0 1

e The body frame transformation matrix to Leg-R2 frame by
translating a distance (W/2) along inverse direction of X, axis

and rotating an angle = about z, axis is expressed by

-1 0 0 -W/2

= | O/ O (2.14)
R N o '

0 0 0 1

e The body frame transformation matrix to Leg-R1 frame by
translating a distance (E/2) along inverse direction of X, axis
and a distance (L/2) along Yy, axis and rotating an angle =
about z, axis is expressed by

-1 0 0 -E/2
bT=o -1 0 L/2 (215)
10 0 1 o0 '

0 0 0 1

The end effector position vector of each leg with respect to

body frame can be derived from transformation matrix as follows:

f’gi = gTi ﬁgi (2-16)
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1 1
end effector with respect to body frame of leg i.

b 0
where pP = {pei] Pe = [pe‘} ,and p?, is the position vector of the

From Eq. (2.16), the end effector position vector of leg i with
respect to joint 0 can be expressed as follows:

Iﬁgi = gTiT Iﬁz. (2.17)
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Chapter 3: CPG Model and Parameters Analysis

This chapter describes CPG model used in this thesis to
generate stable rhythmic signals. One CPG model is composed of
two identical neurons. Also the parameters of the CPG model are
analyzed in order to generate stable rhythmic reference signals.

3.1 CPG model

The neural oscillator model proposed by Matsuoka is the best
known CPG model in robotics engineering applications. It is
composed of two identical neurons. The neuron model mimics the
average of spike activity of the biological neuron. The dynamics of

the two neurons are given by the following differential equations [31].

TrXi (t) =X, _Wij yj (t) _:Bvi (t) +S,
TV (1) =—vi (1) + y;(t) (3.1)
Y, (6) = 904 (1), 9(x (1)) = max(x(t),0)

where x is the inner state of the i" neuron; v, is a variable which
represents the degree of the adaptation or self-inhibition effect of the
+th

i" neuron; T, and T, are time constants of x andv,; w; is the

connection weight between neurons of the i"and j" neuron oscillator;
B is a constant representing the degree of the self-inhibition
influence on the inner state; and s, is an external input with a

constant rate; y; is the output of the neuron.

Because it simulates neuron’s properties more precisely,

Matsuoka’s model has been widely applied to locomotion control of

35



legged robots. Based on Matsuoka’s model, Taga et al. proposed a
similar model, which used a set of inhibitory connected neuron
oscillators to build a network. Kimura et al. constructed a neural
system based on the neural oscillator proposed by Matsuoka and
Taga. This CPG model consists of two mutually inhibiting neurons as
shown in Fig 3.1. In Kimura’s model, the linear summation of the
outputs of the two neurons is used as system’s output. Each neuron is

represented by the following nonlinear differential equations:

n
Tu{e,f}i = _u{e,f}i _ery{f,e}i _ﬂv{e,f}i +Z\Nij y{e,f}j +U0 + feed{e,f}i
j=1
.
TV 13 = Ve in T Yie i (3.2)
Yo 131 = MaX(Ug 14, 0)
(i, J :]_,...1n)
Yi=VYi Ve

Where the subscripts e, f, i and j denote an extensor neuron, the
i neuron oscillator and j" neuron oscillator, respectively. U,y is
u; or ug , that is the inner state of an extensor neuron or a flexor
neuron of the i" neuron oscillator; v, ,; is a variable representing
the degree of the self-inhibition effect of the neuron; y (yis vy, or
Y, andye 1S yg or vy, , that are the outputs of extensor or flexor
neurons; u, is an external input with a constant rate; feed,, (,; is a

feedback signal from the robot that is a joint angel, angular velocity

and so on; and B is a constant representing the degree of the self-

inhibition influence on the inner state. The quantities r and ¢’ are

time constant of ug, ;andVv, (,;; W, is a connection weight between

flexor and extensor neurons; w; is a connection weight between
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neurons of i"and j" neuron oscillator. y, is the output of a CPG

model.

ZWi] Yej Uo

4 ™

Extensor Neuron
Feedg; @
extensor neuron
of other N.O.’s

ei*o)li .
’0”_}?

-

flexor neuron
of other N.O.’s

Feeds

L Flexor Neuron )

O— Excitatory Connection

Zwi] Y uo
@—— Inhibitory Connection

Fig. 3.1 Neural oscillator as a model of CPG

Neuronal oscillator models have clear biological meanings,
especially Matsuoka’s model. This model can easily couple the
feedback information of environment and the higher level orders. In
Matsuoka’s model, sensory feedbacks can be integrated to the CPG

network through the term feed, , and the external input term u,

from the higher level control nervous system. This provides the
opportunity to obtain mutual entrainment between the CPG network
and the mechanical body.
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3.2 Parameters analysis

Since several parameters are involved in Matsuoka models,
selecting proper parameter is essential to the CPG inspired control
method. Also the performance analysis of the oscillators becomes the
major difficulty for engineering application. We must grasp the
relationships of the parameters and the important qualities such as
frequency, amplitude, phase relationships between the neurons and
the waveform of the output signals. The dynamics of the model is
complicated and it is difficult to use the systematic method to do
further researches. K. Matsuoka linearized the equation and deduced
some conditions of the equation producing stable oscillations [31]. M.
M. Williamson and J. H. Jianjuen adopted the describing function
method to analyze the equation, to predict stability and steady state
motion and to complete parameter regulation of rhythmic motion
control system [32-33]. A. M. Arsenio combined multi-input
describing functions method with conventional Fourier transform and
stability criterions to establish algebraic method for system dynamics
analysis and parameter regulation [34]. H. Yuasa and M. Ito used the
phase plane and potential function in the relative phase space to
describe dynamics of CPG network. They proposed an approach to
design pattern generator [35]. In engineer practices, the trial-and-
error method and the genetic algorithm are often adopted to realize
parameter setting of CPG equation [36-38]. However, these methods
are too complicated and difficult to comprehensively describe
dynamics of the CPG equation and effect trends of each parameter,
which results are difficult for the study of CPG nerve circuit and

engineering applications of the biological control mechanism.
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In this chapter, a method to do numerical simulation to identify
effect trends of parameters through computer is described. Because of
the complicated coupling relation between parameters of CPG
equation, this thesis mainly adopts the single-parameter-analysis
method which is fixing other parameters and studying the influence
on amplitude, period, phase and waveform of the output by changing

one parameter. Default values of the parameters in (3.2) arez =0.04;

7'=06; f=5; U,=2;w,=2. There are no feedbacks in the

simulation, so the value of feed,, (,; is 0.

3.2.1 Parameter U,

The parameter U, is a constant input corresponding to command
signal from higher nerve center. The value of u,is setto -1, 0, 1, 2, 4.
Fig. 3.2 shows outputs of CPG according to u, value. From Fig. 3.2,
the value of u,has no relation with the oscillation period. Also, U,is a

relatively independent parameter and mainly determines the output

amplitude. When u, <0, the outputs go to 0 rapidly. In order to yield

a stable oscillation, the span of u,should be set to (0, +x).
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Fig. 3.2 Output of CPG according to u,value

3.2.2 Parameter f

Fig. 3.3 shows output of CPG according to S value. From Fig.
3.3, when S becomes larger, the period and the amplitude become
smaller rapidly. The parameter f is the adaptive coefficient and
inhibits output increases of neuron, so the larger 5 is, the smaller the

output amplitude and the period of oscillator is.
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Fig. 3.3 Output of CPG according to S value

3.2.3 Parameter w,,

Fig. 3.4 shows output of CPG according to w,, value. From Fig.

3.4, when w,, becomes larger, the period and the amplitude become

larger rapidly. And the slope coefficient gradually becomes smaller

as the value of w,, become larger.
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Fig. 3.4 Output of CPG according to w,, value

3.2.4 Parameter 7

Fig. 3.4 shows output of CPG according to 7 value. From Fig.
3.5, parameter 7 is related to the period of CPG output. When other
parameters are set to default values, the adjustable extent of 7 should
be set bigger than 0. When 7 becomes larger, the period of CPG

output becomes larger.
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Fig. 3.5 Output of CPG according to 7 value

3.2.5 Parameter 7'

Fig. 3.6 shows output of CPG according to z'value. From Fig.
3.6, parameter 7' is also related to the period of CPG output. When
other parameters are set to default values, the adjustable extent of ¢’
should be set bigger than 0. When z" becomes larger, the period of

CPG output becomes larger.
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Fig. 3.6 Output of CPG according to z'value
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Chapter 4: Gait Planning Based on CPG

Network and Controller Design

This chapter introduces a CPG network which is used for gait
planning of six CPG models. Different outputs of CPG network
correspond to different gaits. In this chapter, three kinds of gaits for a
six-legged robot are designed by changing the connecting weight of
CPG network such as wave gait, quadruped gait and tripod gait. The
output signals of CPG network are redesigned for a workspace

trajectory of each leg’s end effector by using a mapping function.

4.1 CPG network

The CPG network is constructed by using six inhibitory
connecting CPG models. One CPG model is used to control one leg.
Using six Matsuoka oscillators, a holosymmetric CPG network for a
hexapod robot is built. A 6*6 matrix is used as the connecting weight

of CPG network as shown in Fig. (4.1). w; is defined as the
connecting weight from oscillator j to i. Three principles to set w;
are proposed as follows:
(@) There is no self-inhibition in CPG network. So self-connecting
weight of each leg is 0. All elements in the leading diagonal of w;
are 0.

(b) Inhibition between any two legs is reciprocal and coequal. So

W is @ symmetric matrix.
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(c) If two legs are in same phase, exciting connections are adopted
between the two oscillators and their corresponding elements are
set to 1. If two legs are in different phase, inhibiting connections

are adopted and their corresponding elements are set to -1.

Fig. 4.1 shows the CPG network of the six-legged walking
robot. In Fig. 4.1, E.N is extensor neural, and F.N is flexor neural.
The connecting weight matrix based on these principles can describe
the phase relationship between oscillators, and has direct relationship

with the gait of the hexapod robot.

CcPG3 (F.N

Fig. 4.1 CPG network of the six-legged walking robot

4.1.1 Wave gait

When a robot walks at wave gait, the moving leg’s sequence
in Fig. 4.2 can be described as follows: At first, Leg-L1 is at swing

phase, Leg-L2, Leg-L3 , Leg-R1, Leg-R2 and Leg-R3 are at retract
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phase. After 1/6 cycle, Leg-R1 are at swing phase, and Leg-L1, Leg-
L2, Leg-L3, Leg-R2, Leg-R3 are at retract phase. After 1/6 cycle,
Leg-L3 are at swing phase, and Leg-L1, Leg-L2, Leg-R1, Leg-R2,
Leg-R3 are at retract phase. After 1/6 cycle, Leg-L2 are at swing
phase, and Leg-L1, Leg-L3, Leg-R1, Leg-R2, Leg-R3 are at retract
phase. After 1/6 cycle, Leg-R2 are at swing phase, and Leg-L1, Leg-
L2, Leg-L3, Leg-R1, Leg-R3 are at retract phase. After 1/6 cycle,
Leg-R3 are at swing phase, and Leg-L1, Leg-L2, Leg-L3, Leg-R1,

Leg-R2 are at retract phase. The sequence is repeated every cycle.

I : Swing phase
[1: Retract phase

W3

L1
L2
L3
R1
R2
R3

- One cycle -

Fig. 4.2 Walking cycle of the wave gait

Each state time in one step cycle T of the wave gait is
designed as shown in Fig. 4.3.

SVINGFDBSAY s RetractPhase
Lift Put

P PowWR oo MoveHonzomtal .. .
T/2 | Th2 5T/6

0 I % r

Fig. 4.3 Each state time in one cycle time of the wave gait
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The topology of CPG network for wave gait is shown as Fig.
44. In Fig. 4.4, all CPG models are connected by inhibitory

connection.

N\ E.N R1 ——@ !Inhibitory Connection

F.N F. N “xcitatory Connection
o<t N

L1

L2 (BN VENY b

\F.N 4 N/
/4‘/ "

‘\' R3

Fig. 4.4 Topology of CPG network for the wave gait

ALY

r A

4.1.2 Quadruped gait

When robot walks at quadruped gait, the moving leg’s sequence
in Fig. 4.5 can be described as follows: At first, Leg-L1 and Leg-R2
are at swing phase, Leg-L2, Leg-L3 , Leg-Rland Leg-R3 are at
retract phase. After 1/3 cycle, Leg-R1 and Leg-R2 are at swing phase,
and Leg-L1, Leg-L3, Leg-R2, Leg-R3 are at retract phase. After 1/3
cycle, Leg-L3 and Leg-R1 are at swing phase, and Leg-L1, Leg-L2,
Leg-R2, Leg-R3 are at retract phase. The sequence is repeated every

cycle.
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Il : Swing phase

[J: Retract phase
L1
L2
L3
R1
R2
R3

P
One cycle

Fig. 4.5 Walking cycle of the quadruped gait

Each state time in one step cycle T of the quadruped gait is
designed as shown in Fig. 4.6.

_....SwingPhase ___ | ____________RetractPhase ______________
JLiftUp ) PutDown ) Move Horizontal .
T}6 T/6 27/3
0 % % T

Fig. 4.6 Each state time in one cycle time of the quadruped gait

The topology of CPG network for quadruped gait is shown as
Fig 4.7. In Fig. 4.7, L1 and R2, L2 and R3, and L3 and R1 are

connected by excitatory connection, respectively.
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R1 —@ 1nhibitory Connection
— —Q Excitatory Connection

Fig. 4.7 Topology of CPG network for the quadruped gait

4.1.3 Tripod gait

Among all these gaits, tripod gait is chosen as the walking gait
for 6LR in this thesis. The walking cycle imitating this gait is shown
in Fig. 4.8. When the robot walks, three legs support the body and the
other three legs lift up and move for next walking motion. The
moving leg’s sequence in Fig. 4.8 can be described as follows: At
first, Leg-L1, Leg -L3 and Leg-R2 are at swing phase, and Leg-L2,
Leg-R1 and Leg-R3 are at retract phase. After a half of cycle, Leg-L1,
Leg -L3 and Leg-R2 are at retract phase, and Leg-L2, Leg-R1 and

Leg-R3 are at swing phase. The sequence is repeated every cycle.
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I : Swing phase
[ : Retract phase

L1
L2
L3
R1
R2
R3

-
One cycle

Fig. 4.8 Walking cycle of the tripod gait

Each state time in one step cycle T of the tripod gait is
designed as shown in Fig. 4.9.

_________ SwingPhase e ... _RetractPhase
_____ UitUp, . oeeafutBown 4 o MoveHorizontal |
T/4 T/4 T2
0 Ty s T

Fig. 4.9 Each state time in one cycle time of the tripod gait

The topology of CPG network for tripod gait is shown as Fig.
4.10. In Fig. 4.10, L1, R2 and L3, and L2, R1 and R3 are connected

by excitatory connection, respectively.
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R1 —@ Inhibitory Connection
= = Excitatory Connection

Fig. 4.10 Topology of CPG network for the tripod gait

4.2 Mapping function

In this section, instead of directly controlling the joint angle
using the output of CPG network, a mapping function is designed to
map the signal of CPG network into workspace trajectories of the
corresponding legs. The end effector trajectories are functions of the
output signals of the corresponding CPG oscillators. In addition, the
mapping function offers an adaptive control system to the six legged
robot since the workspace trajectories can be adapted by the
parameters of CPG model. Because the output of CPG network is not
steady at the beginning, so the mapping process begins from the

steady states of the CPG network output.

The workspace trajectory for the end effector of each leg is

designed as a set of desired position vector Pd?(t) at time t for the

52



end effector to track. Fig. 4.11 shows the end effector trajectory of
one leg of the 6LR.

Fig. 4.11 End effector trajectory of one leg of the 6LR

where (x,y,z) is the coordinate of the end effector. (gx,gy,gz) is
the position coordinate of the end effector. f is the orientation angle
of 6LR. r is the distance of one step. P’ is the default standing

position vector of leg i with respect to body frame. P., is the

AEPi

Anterior Extreme Position vector of leg i.

For each leg, to achieve AEP from the default standing position,

the AEP vector of legi, P, is calculated as follows:

g,(t)
Pe(t) =Py +T,(®),T, =| g,(t) (4.1)

g,(t)
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where

T, : Translational movement vector with orientation angle S and
step distance r

g, : Translational movement of the end effector in X direction

g, : Translational movement of the end effector in 'y direction

g, : Translational movement of the end effector in Z direction

The path of the end effector of each leg is designed as follows:

The mapping functions of the end effector for tripod gait are
shown as Eq. (4.2).

g, (t) =rsin A(t/T,,)
g, (t) =rcos B(t/T,,)
g,(t) =k y(®
0<t<T,

(4.2)

wave gait: T, =@/6)T
where < quadruped gait: T, = (1/3)T
tripod gait: T,=@/2)T

The mapping functions of end effector are shown as Eq. (4.3).
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9,(t) =rsin BT -t)/T, ]
g,(t)=rcos BI(T -1)/T,]
g,()=0

T <t<T

sw —

(4.3)

wave gait: T,=(B/6)T
where < quadruped gait: T,, = (2/3)T
tripod gait: T,=/2)T

y(t) is the output of CPG network, k, is the amplitude gain
coefficients, t is the time that corresponds to the pointer of the

mapping process. T, is the time of the swing phase for duration of

y(t)>0. T, is the time of the retract phase for the duration of y(t)<0.

In this thesis, the orientation angle g =0(rad) . Using the
mapping function, the signal of the CPG network output rather than 0
(y(t)>0) is mapped to the swing phase, and the signal of the CPG
network output less or equal to 0 (y(t) <0) is mapped to the retract

phase.

4.3 Workspace trajectory tracking controller design

This section introduces a trajectory tracking controller for six
legs to follow the trajectory designed by CPG network and mapping
function. By using the designed mapping function, the workspace
trajectory of the end effector is obtained. Therefore, forward
kinematics and inverse kinematics equations are used for calculating

the angle of each joint corresponding to a given end effector position.
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However, it is difficult and complex to get the angle of four rotational
joints by using invers kinematics because of the equations of the
inverse kinematics are nonlinear, and it is not always possible to find
their solution. Also there may exist multiple solutions. To solve this
problem, the differential kinematics algorithm is used to solve inverse
kinematics problem easily.

For one leg of the 6LR, the end effector position error vector
between the desired end effector position vector and the end effector

position vector of leg i with respect to body frame is defined as

follows:
e} =Pg —P% (4.4)

b [ b b b7 . . "
where Py —[Xdi Yai Zdi] is the desired end effector position

vector with respect to body frame of leg i as shown in Fig. 4.12.

Joint 0

Joint 3

Fig. 4.12 End effector position control of leg i
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In this thesis, to keep the end effector in the desired position,
we only consider the Jacobian relating the translational velocity of
the end effector with the joint angular velocity. The translational
velocity of the end effector can be expressed as the time derivative of

the end effector position vector of leg i with respect to body frame
Pe-

. op° . .
pgi = ;;el 6i :Jii (ei)ei (4-5)

where J%.(0,) is the analytical Jacobian of pp, with respect to 6, as:

3,0 - Lo X0 o

The time derivative of Eq. (4.4) is written as
é? = pZi _p:i (4.7
From Eq. (4.5), Eq. (4.7) can be written as follows:

& = IOE. _Jk/:i (ei)éi (4.8)

The candidate Lyapunov function (clf) can be chosen in the

following positive definite quadratic form:
b 1 b\T b
Vi(e?) = E(ei ) Ke; (4.9)
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where K is a symmetric positive definite matrix.

This function is so that:
V. (e?) >0 for ve’ =0, V,(0)=0 (4.10)

Differentiating Eq. (4.9) with respect to time and substituting

Eqg. (4.8) into it, the derivative of the clf can be derived as follows:
Vi(e?) = (e)" Ke! = ()" Kph, — ()" KI5, (6,)0, (4.12)

The leg of 6LR has 3 degrees of freedom but it has four joints.
Therefore, this is a redundant manipulator case. The redundancy can

be used for other additional constraint of joint configuration. An
objective function of the joint variables @(8,) can be chosen as

follows [39]:

o(0) =0, (4.12)

The additional vector ¢, for the constraint of joint

configuration is defined as

. (ow®)Y
qu_kO( aﬂ_i ] (4.13)
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where k,> 0.

From Egs. (4.12) and (4.13), q,; can be rewritten as
4o =k [0 O -6, O] (4.14)

A control input vector is chosen as angular joint velocity vector
of leg i as follows:

0, = (33) @)Ke! +(1,~(33) 95 ) (4.15)

where (Jii )+ is right pseudo-inverse of J%. as

-1

+ T T
(‘]?Ai) :(‘]bAi) (Jt/)xi (Jli\i) ) (4.16)
Substituting Eq. (4.15) into (4.11) leads to

Vi (62) = (e0) Kl — (e) K35, (35, ) Ke?
_(e?)T K‘Jk/)xi (In _(J?Ai
= (&))" Kph — ()" KI% (3%

)
)

SRS (CARCATEAEALE
)

(4.17)

T

= (&))" Kpg — () K, (3%) Ke?
_(e?)T K(Jt/)\i _‘Jk/jxi)qo
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If pb, is constant, because the third term of Eqg. (4.17) is zero,

Eq. (4.11) is negative definite as follows:

_ _[(J*;\i ) Kef’T (95,) Ke <0

Vi(eh) = —(e0) KI5 (35 Ke!
(4.18)

The condition V, <0 and V, >0 implies that e = 0 when time
t—oo, i.e., the system is asymptotically stable.

The matrix 1, —(J3%)"3% in Eq. (4.15) allows the projection of
the vector ¢, in the null space of J% , so that the condition (4.18) is
not violated. It means that internal motions described by
(1, —(35)"35%)4, can reconfigure the leg structure without changing

the end effector position and orientation. The chosen controller of Eq.

(4.15) makes the end effector be in a desired position.

The joint angles are used to control the servomotors. The joint
angles can be calculated in discrete time by the Euler integration

method. With sampling time At , if the joint angles and angular
velocities at time t, are known, the joint angles at time t,,, =t, + At

can be computed as follows:
0k =0 + 0k At (4.19)

Fig. 4.13 shows the block diagram of walking controller as

follows:
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ca(9,)
e

JT_

Network function

; b
CPG V(@) Mapping Pa hef; K (Jbu)r

Servo
motor

Fig. 4.13 Block diagram of workspace trajectory tracking controller
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Chapter 5: Simulation and Experimental Results

This chapter shows the simulation and experimental results of
the proposed gait planning algorithm based on CPG network and
trajectory tracking algorithm for a leg based on differential

kinematics.

5.1 Gait planning simulation results

The parameters and initial values for the simulation of CPG

network are listed in Table 5.1

Table 5.1 Values of the parameters of the CPG network

Parameters Values
7,7 0.04, 0.6
U, 2
Wi, 2
B 2
feed,, (y; 0
Uy Vo Uy V] [0.0139 0.0243 0.0211 0.0026 |
U, Vo, U;, Vi, 0.0265 0.0049 0.0167 0.0130
Ug Ve Ugg Vg 0.0132 0.0115 0.0135 0.0107
Uy Vo Uy Vi 0.0236 0.0153 0.0131 0.0089
Ug Ve Ups Vs 0.0090 0.0021 0.0134 0.0022
(Us Vs Ugs Vs | 10.0272 0.0003 0.0206 0.0057 |

The connecting weight matrix of wave gait, quadruped gait and

tripod gait are shown as follows:
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W, = (5.1)
¢ 1-1 -1 -1 0 -1 1

0 -1 -1 -11 -1
-1 0 -1 -1 -11
-1 -1 0 1 -1 -1
W, = 5.2
1.1 -1 1 0 -1 -1 ©.2)
1 —-1-—1 =18 §O} 5l

1 R =10

0 <1 17 -0 S
21 0 &1 A=) 1
W:1 —1 /B0 BRETRN 1 5.9
Felle 1 1 WEITNOEN 1 I
1% -1 ik "S1N0
-1 1 -1 1 -1 0]

In this thesis, periodic gait is chosen for the six legs. Periodic
gait means that the step cycle is same for the six legs. There exist
several periodic gaits depending on the duty factor and the phase shift

between legs such as wave gait, quadruped gait and tripod gait.

5.1.1 Wave gait

Fig. 5.1 shows the output signal of CPG network for wave gait.
In Fig. 5.1, every leg has different phase position, and they also have

same phase difference one by one leg. The sequence of leg in the
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swing phase is shown as follows: L1 -R3— L2— L3 —R2 —R1.

The duty factor of the proposed wave gait is 5/6.
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Fig. 5.1 Output of CPG network for wave gait

5.1.2 Quadruped gait

Fig. 5.2 shows the output signal of CPG network for quadruped
gait. In Fig. 5.2, L1 and R2, L2 and R3, L3 and R1 are in same phase
each other. The duty factor of the proposed quadruped gait is 2/3.
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Fig. 5.2 Output of CPG network for quadruped gait

5.1.3 Tripod gait

Fig. 5.3 shows the output signals of CPG network for tripod
gait. In Fig. 5.3, L1, L3 and R2 are in same phase, and L2, R1 and R3
are in same phase. The duty factor of the proposed tripod gait is 1/2.
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Fig. 5.3 Output of CPG network for tripod gait

5.2 Mapping function of tripod gait simulation results

In this thesis, only the simulation results of mapping function

for tripod gait are shown. The parameters used for the simulation are

listed in Table 5.2.

Table 5.2 Parameters used for the simulation

Parameters Values Unit
p 0 rad
K, 0.05
r 70 mm
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Fig. 5.4 shows one of tripod gait signals generated by CPG
network. From Fig. 5.4, the time of one cycle is 2 seconds. For tripod
gait, the swing phase is 1 second, and the retract phase is 1 second.
Fig. 5.5 shows the end effector transformed trajectory of X axis. The
attitude is increased in swing phase and keeps constant in the retract
phase. Fig. 5.6 shows the end effector transformed trajectory of z

axis. Because g =0, the end effector transformed trajectory of x axis

is 0 always.

1.5

Ong¢ cycle

1.0

A

.
n

Swirilg phase

. Attitude (m)
—]
1

0 0.5 1.0 1.5 2.0 2.5 3.0
Time (second)

Fig. 5.4 One cycle of CPG network output for tripod gait
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Fig. 5.6 Transformed trajectory for z axis
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5.3 Workspace trajectory tracking

In this thesis, the simulation results of one leg of the proposed
six legged robot are shown to prove the effectiveness and
applicability of the proposed controller. The parameters and initial
values used for the simulation are listed in Table 5.2 and Table 5.3

Table 5.3 Parameters used for the simulation

Parameters Values Unit
a, 67 mm
a, 60.5 mm
a, 22.5 mm
a, 112.7 mm
d, 62 mm

Table 5.4 Initial values used for the simulation

Parameters Values Unit
0, 0 rad
0, —l2 rad
0, 0 rad
0, 0 rad
Xe0 0.129 mm
Yeo 0 mm
Zo -0.188 mm

Fig. 5.7 shows the leg at the stand position in the initial state.
The end effector of the leg stays at p,, =[X.,, V.o, Zeo] - After the

output of CPG network is mapped, the desired points are computed
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and the end effector trajectory is generated. The algorithm is applied

for the leg end effector to follow the trajectory to the desired point.

Fig. 5.7 The end effector of one leg at stand position

Fig. 5.8 shows error values of the end effector position vector

for one walking cycle time. After 0.3 second, the errors converge to

zero from initial errors since the end effector reaches P,, with lifting
up state of swing phase. From 0.5 second to 1 second, the errors are
increased for the end effector to reach P,, and converge to zero
rapidly. And then, the end effector puts down and reaches P,, at 1

second. From 1 second to 2 seconds, the end effector in the retract

phase and tracks the trajectory from P,, to P,, and the errors are

bounded within + 0.5mm.
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Fig. 5.8 Tracking errors of the end effector of one leg for one
walking cycle time
Fig. 5.9 shows the simulation results and experimental results
of joint angular velocities of one leg of the 6LR for one walking cycle.
From Fig. 5.10, the angular velocities are smooth in swing phase after
1 second. In retract phase, the angular velocities of joints 4 and 2
change sharply since the end effector is tracking the trajectory. The

desired positions are closely in this phase.

12 -
peO :pdl pdl — f?, sim peO
— - oo
by 0~ sim
------ 6. exp
- (): sim

@.
Angular velocity (rad/s)
o

», 4
¥ s,
-0.5- i B
. E "\.'H
Swing: phase Retract phase
1.5 1 1 E 1 1 1 L 1 1
0 0.2 0.4 0.6 0.8 1.2 1.4 1.6 1.8 2

Time(s)

Fig. 5.9 Joint angular velocities of one leg of the 6LR for one
walking cycle time
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Fig. 5.10 shows the simulation and experimental results of
angle of each joint of one leg for one walking cycle time. The angles
of the joints are smooth, and the angle of joint 3 is zero since the

objective function «(q) is applied. From Fig. 5.10, the experimental

results of four joint angles are similar with simulation results.
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o
o

Swingi phase : Retract phase

1 1 1 L

"0 0.2 04 06 0.8 i 152 1.4 1.6 1.8 2
Time(s)

Fig. 5.10 Joint angles of one leg of the 6LR for one
walking cycle time

Fig. 5.11 shows the trajectory of the end effector of one leg for
one walking cycle time. Leg movement has two states: swing phase

and retract phase. In lift up state, the end effector of the leg moves

from stand position P,, in (a) to lift up position P,, in (b) and then
contacts ground position P,, in (c). In retract phase state, the end
effector tracks the trajectory from P,, to P,, shown as dotted line in

(d).
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Fig. 5.11 Trajectory of the end effector of one leg for one
walking cycle time
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Chapter 6: Conclusions and Future Work

6.1 Conclusions

This thesis is about a locomotion control of six-legged robot
based on central pattern generator network. The conclusions of this
thesis are summarized as follows:

e The description of a six-legged robot and its hardware
configuration were presented, and the typical definitions for the
six-legged robot and the stability of walking gait were stated.
The kinematic modeling of one leg of the six-legged robot was
presented based on D-H convention.

e A CPG model based on Kimura’s neural oscillator model was
introduced which corresponded to flexor neural and extensor
neuron, respectively. The parameters analysis of the CPG model
was presented.

e A CPG network to generate three kinds of gait for the six-legged
walking robot such as wave gait, quadruped gait and tripod gait
was built. Six coupled oscillators were used to denote the CPG
network, and each oscillator was used to control one leg by
generate phase signal. Mapping functions were designed to map
the phase signals generated by CPG network into the workspace
trajectory of the corresponding end effector of legs.

e A workspace trajectory tracking controller was designed to
control the leg end effector of one leg to track the trajectory
generated by mapped the output signal of CPG network based on
differential kinematics algorithm.
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Simulations and experiments were conducted to verify the
effectiveness and performances of the mathematical modeling
and the designed controllers. For gait planning, wave gait,
quadruped gait and tripod gait were generated by using different
connecting weight matrix based on CPG network. The output
signal of tripod gait generated by CPG network was transformed
to workspace trajectory of the end effector by the designed
mapping function. In the workspace trajectory tracking case,
instead of inverse kinematics, the differential kinematics
algorithm was used to obtain the joint angle of each leg.

The simulation results of tracking error of the end effector were
presented. The error converged to zero from initial errors after

0.3 second. From 0.5 second to 1 second, the errors were

increased for the end effector to reach p,, and converged to zero

rapidly. From 1 second to 2 seconds, the end effector tracked the
trajectory from p,,to p,, and the error were bounded within +

0.5mm.

The simulation and experimental results of joint angles of one
leg were presented. The angles of joints were smooth. From 0 to
1 second, the leg was in the swing phase. Joint 1 has increased
0.25rad, and joint 2 has increased 0.2 rad in negative direction in
the 0.5 seconds then moved back initial position in the last 0.5
seconds, and joint 4 increased 0.4rad in the 0.5 seconds and
moved to initial position after 0.4 seconds. From 1 second to 2
second, the leg was in the retract phase. Joint 1 and joint 4 have
moved to initial position in 1 seconds, and joint 2 kept constant
angle. The angle of joint3 was zero both in swing phase and
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retract phase. The end effector followed the trajectory

successfully and the angle of each joint was obtained.

6.2 Future work

This thesis presented a locomotion control of a six-legged

walking robot based on central pattern generator network. However,

the modification and development for upgrading and extending the

system can be done totally. There are some ideas that will be

considered as future works:

Because the CPG equation has nonlinearity, coupling and higher-
dimension, it is difficult to master dynamics of CPG equation.
By tuning the parameters of CPG model, the gait transition
behavior of the six-legged robot should be considered.

The proposed controller considered only kinematic modeling.
Since our robot uses servomotors, it is difficult to apply a
dynamic modeling and a dynamic controller. The dynamic
modeling of the 6LR should be stated to improve the control
performance. With dynamic modeling, the mass of the robot, the
reaction force on each leg and other parameters can be
considered to design a better controller for the robot.

The simulations and experiments were performed on the flat
terrain and the rough terrain condition is not considered.
However, the walking controller design of the 6LR on rough

terrain can be an interesting topic for future work.
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Appendix A

Denavit-Hartenberg (DH) convention can be described as follows:

e Choose axis zj along the axis of joint i + 1.

e Locate the origin O; at the intersection of axis zj with the
common normal to axes zi1 and zi. Also, locate O at the
intersection of the common normal with axis z.1.

e Choose axis xi along the common normal to axes zi.1 and z; with
direction form joint i to joint i + 1.

e Choose axis yi so as to complete a right-handed frame.

JOINT 1-1 JOINT 1 JOINT 7+1

Fig. A.1 Denavit-Hartenberg kinematic parameters
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Once the link frames have been established as shown in Fig.
A.1, the position and orientation of frame i with respect to frame i - 1

are completely specified by the following parameters:

ai : Distance between Oj and Oj-
di : Coordinate of Oj- along zi-1
ai : Angle between axes zj.1 and zj about axis x; to be taken

positive when rotation is make counter-clockwise
i : Angle between axes xi-1 and x; about axis zi1 to be taken

positive when rotation is made counter-clockwise.

E.O.D.
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