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Abstract: The improvement of rescue robots has been vigorously in perilous surroundings for investigate and rescue processes.
The secure genus of mobile robots is called snake-like robot. The paper presents implementation of trajectory tracking for
snake-like robot by using Proportional controller. In this work, the frame design of snake-like robot model has been
accomplished based on the control function with mathematical geometry. The tracking path for snake-like robot was established
with the circular path. And then the estimation between the actual tracking and original path could be analysed with MATLAB
programming. In this paper, snake-like robot head position is controlled to converge the desired trajectory tracking. In the control
system, the rest of the units are automatically converged to track the path of the preceding units by controlling one unit in the
head. The tracking error could be reduced by using Proportional controller. The performances of the tracking paths for snake-like

robot were shown in this paper.
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1. Introduction

Snake robots may one day play a crucial role in search and
rescue operations, firefighting, and inspection and
maintenance. The snake-like robot could be crawled through
destroyed buildings looking for people, while simultaneously
bringing communication equipment to anyone trapped in the
shattered building. A snake robot envisioned by Miller in a
rescue operation [1]. The snake robot easily passes through
rough terrains such as collapsed buildings or the chaotic
environment caused by a car collision in a tunnel. Moreover,
the snake robot can be used for surveillance and maintenance
of complex and possibly hazardous areas of industrial plants
such as nuclear facilities. In a city, it could be inspected the
sewerage system looking for leaks or aiding firefighters. Also,
snake robots with one end fixed to a base can be used as a
robot manipulator [2].

Snake-like robots are multi-segment machine that derives
impulsion from furrow. The design of snake-like robot is
organically stimulated from real snakes as snake being able
to exist in and locomotive in more branches out terrains due
to its style which helps to adopt diverse gaits. According to

the characteristics of topography ability, scalability, high
stability, and ground adaptability, the snake like robot can be
used in numerous purposes such as pipe repairing, liberate,
payload, medical purpose, space research etc. Snake-like
robot is normally composed of three or more segments
connected serially. Snake-like robot are created by attaching
a number of independent links. The snake-like robot
effectives for searches in narrow spaces and in earthquake
devastated regions because of the long and slightly shape
[3-4]. This robot can go into places as narrow as the size of
the body [5]. On the other hand, snake-like robots for pipe
inspection are also studied in the literature [6-7]. A
conventional way of locomotion for snake-like robots is the
one by undulations, which imitates real snakes’ movements
[8-15].

In this paper, trajectory tracking for snake-like robot was
developed. Snake- like robots is hard to control because this
robot has several internal degrees of freedom. The kinematic
model of snake-like robot is obtained by using geometrical
relation. In the present work, the snake-like robot model is
designed by connecting serially four links with two
degree-of-freedom active joints. The kinematic model is
derived in the case where the robot does not contact with the
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environment except for the ground. The trajectory tracking
for four links snake-like robot is controlled by using closed
loop feedback control system and feedforward control
system.

The paper contains six section. Section II presents the
snake like robot model. Section III demonstrates control
system of snake-like robot. Section IV presents the
Trajectory Tracking with Proportional Controller design for
snake-like robot. Section V discusses on the implementation
of trajectory tracking of snake-like robot. And Section VI
mentions the simulation results of the analysis. Finally, the
proposed works were concluded in section VII.

2. Snake-Like Robot Model

The mathematical model of a snake robot is depended on its
design. The different snake robot designs are based on the
certain basic properties such as type of joints, degrees of
freedom (DOF) and with or without passive caster wheels.
Most of the snake-like robots are connected links by revolute
joints with one or two degrees of freedom. In this paper,
design and control of snake-like robot is based on kinematics
model without force. Four links snake robot model is shown in
figure 1.
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Figure 1. Four links snake-like robot model.

The four links snake-like robot model can be expressed by
deriving the kinematic equations. The kinematics model
describes the geometrical aspect of motion. The snake robot
moves in two directions. It has two degrees of freedom. The
snake-like robot is hard to express the actual direction because
of the constant twisting of the links. However, the orientation
angle of the robot can be defined as the following equation 1.
The center of unit i of first link is described in the equation 2
and equation 3.
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Where ¢ :l//p So, the velocity constraint condition is

need to consider into explanation. The velocity equation for
the center of unit i of first link can be obtained in equation 4
and equation 5.
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In order to derive a simple kinematic model for control
design, the velocity constraints condition is considered. The
velocity equation is expressed in the equation (6).
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According to the above equation, the kinematic model
equation can be written in the following equation 7.
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T
In this model, a):[Xp Yo Vp @1 @2 (p3] is the

state vector to be controlled and
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is control input vector. The

following table show parameter and variables of the model.

Table 1. Parameter and variables that will be used to describe the model.

® Robot’s state vector

u Robot’s control input vector

¢i Joint angle

(xp, yp) Position of robot heat

] Orientation of first unit with robot head

& Trajectory of control parameter

o The angle of the ith unit

L1,L2 Length between the joint and center of unit
6i The absolute angle between ith and x-coordinate
o The angle of the ith unit

(xi, yi) The position of ith segment center of unit i

3. Control System of Snake-Like Robot

Figure 2 show the general control system of snake-like
robot. In the control system, Firstly, four link snake robot
model is designed by connecting four links robot arms and
three active joints serially. And then, kinematic equation of
snake robot has been calculated by using geometrical relation.
A control equation for trajectory tracking is designed in this
work. The closed loop system is obtained by substitution
control equation for trajectory tracking in kinematic model.
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The system is designed with closed loop feedback control  optimized again by using feedback control system. If the system
system. converges desired tracking, the control system is finished. In this

The closed loop system is solved by using Euler’s Method. If ~ system, the goal of the control system is to meet desired
the control system does not meet desired tracking, the system is  trajectory tracking by controlling proportional controller.

Error
E Robot Actual Path
Desired path >\ ) » Controller » kinematic »
A equation

Figure 2. Control System of Snake-like Robot.

robot with proportional controller.

4. Trajectory Tracking with Proportional

Parameters Value
Controller Kp 05
a; J_r;l
There are several control techniques used to control a robot L. L, 0.5 meter
arm. The most common control system is the PID control,
optimal control, adaptive control and robust control. There are
various kinds of controllers are used to move along a target ( Start >
trajectory in a robot arm design. In the proportional control v
algorithm, the controller output is proportional to the error
signal which is the difference between the set point and the / Initializes System Parameters and Initial Parameters
process variable. T
In the control system, the output of a proportional controller
is the multiplication product of the error signal and the Input Matrix
proportional gain. Proportional controller is a feedback loop 3

mechanism. This controller is widely used in a variety of other
applications. The Proportional controller reduced the error
between the desired tracking and the actual target tracking to v
control the serial links of snake robot.

First step input is applied to the kinematic model to study
the characteristics of the system. And then, the closed loop v
response of the system is obtained by manual tuning controller
gain. The trajectory tracking of snake robot is designed with
the control law Equation 8. The error is the different between v
the desired trajectory tracking and the output of the system.
Equation 9 shows the error of the system.

Close loop equation

Transform into discrete form using Euler’s Method

Set of the equation ( 7 x1 )in discrete form

Solve using Matlab symbolic tool box

v

O
u=B 1A {éd - Kej ®) Determine head position and joint angle using forloop

v

e=8-&y )

Where &, is a given target trajectory, & is actual Display plot of the graph (X,.¥,-V,.01.0,.03)

Y
tracking and K is a given proportional gain matrix. The
closed-loop equation is described in the following Equation

10. v
0 ( End >
A{e+Kp j:o (10)
Figure 3. Program flow chart of snake robot mode.

Table 2. Shows the simulation parameters for trajectory tracking of snake
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5. Implementation

The implementation flow chart for Trajectory Tracking of
Snake-Like Robot model is shown in figure 3. This program
flow chart initializes symbolic parameters and system

parameters. And then, input matrix [k’e,w,fd,fd ] of

trajectory tracking is assigned. After, the system is designed
with closed loop feedback control theory. According to the
closed loop equation, continuous equation is appeared. Euler
Method is used to transform continuous equation to discrete
equation. Matlab symbolic toolbox is used to solve discrete
equation. And then, the position, orientation angles and joint
angles are obtained by using for loop. Finally, the value of the
position, orientation and joint angles are described by using
the graph.

'
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6. Simulation Results

Based on the system flow chart for snake robot model, the
simulation result for trajectory tracking of x-y plot of head
position could be analyzed. The simulation results are based
on feedforward and feedback control system. Figure 4 shows
feedforward control system of trajectory tracking for x-y plot
of head position. The simulation result is based on
feedforward control system. The initial trajectory tracking
condition is zero and desire trajectory tracking condition is
{Rpcosit, Rpsinlt , Ty —E,O,O,O

16 16 16 2
control. The value of R, is 0.7 meter. According to the
simulation result, the tracking error is found between actual
tracking and desired tracking.

} in the feedforward

-

Figure 4. X-Y plot of head position (feedforward).

So, All the variables are well controlled to reach target
trajectory by applying feedback control system. The initial
trajectory condition is zero and desire trajectory condition is
/s 9, .
Et,_ _77¢d7¢d7¢d in  the

T

R cosﬂt,R sin
16 2

p p

feedback control system. The value of ¢ 4 is -0.283. Figure 5

shows feedback control system of trajectory tracking for x-y
plot of head position. The target path of the head position P is
given as an arc of radius R, is 0.7 meter. In this result, the x-y
plot of head position converges to the same circular path.

Figure 5. X-Y plot of head position (feedback).
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The feedforward control system for time response of head  According to the simulation result, trajectory tracking for head
position of x- coordinate is shown in figure 6. In this result,  position of x- coordinate is far away from the target
the solid line is actual trajectory tracking of head position of x-  localization. In this result, horizontal axis is time(s) and
coordinate and dashed line is the target trajectory tracking.  vertical axis is the value of head position of x-coordinate.

[ feedorward

- - = = des

Figure 6. Time response of head position of x-coordinate (Feedforward).

So, the closed loop feedback control system is used to reach the target localization. After controlling proportional controller,
trajectory tracking for time response of head position of x-coordinate meet the target localization after seven second. Figure 7
shows feedback control system for time response of head position of x- coordinate.

p(m)

i(s)

Figure 7. Time response of head position of x-coordinate (Feedback).

Figure 8 and figure 9 shows time response of head position  control system.
of y- coordinate for feedforward control system and feedback The feedforward control system for the time response of
control system. In this result, the solid line is actual trajectory  orientation angle vy, is shown in figure 10. In this result, the

tracking of h<.aad position 9f ¥ cogrdmate ar}d .das.hed line is  o1id line is actual trajectory tracking and dashed line is the
the target trajectory tracking. Horizontal axis is time(s) and  yrget trajectory tracking of orientation angle. Horizontal axis
vertical axis is the value of head position of y- coordinate. s ime(s) and vertical axis is the value of orientation angle
Based on the simulation result, trajectory tracking of head vp - According to the simulation result, trajectory tracking of
position of y- coordinate meet the target localization begin
from the initial condition. The time response of y-coordinate is
the same in the feedforward control system and feedback

orientation angle could not reach the target path.
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Figure 8. Time response of head position of y-coordinate (Feedforward).

t(s)

Figure 9. Time response of head position of y-coordinate (Feedback).

Zyp(rad)

t(s)

Figure 10. Time response of orientation angle Vp (feedforward).

Therefore, closed loop feedback control system is used to
reach the target path. The trajectory tracking of orientation
angle is arrived the target tracking by using feedback control

system. The trajectory tracking of orientation angle is reached
the target tracking after eight second. Figure 11 shows
feedback control system for the time response of orientation

17
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angle v, . In this result, horizontal axis is time (s) and vertical axis is the value of orientation angle v, .

2

T T

zyp(rad)

t(s)

Figure 11. Time response of orientation angle Vp (feedback).

Figure 12 to figure 14 shows feedback control system for  target trajectory tracking of joint angles. In this figure,
time response of joint angles (o, ,,,0,). In this result, the  horizontal axis is time (s) and vertical axis is the value of joint
solid line is actual trajectory tracking and dashed line is the ~ @ngle.

-

phi(rad)

(s)

Figure 12. Time response of joint angle ¢ (feedback).

According to the simulation result, trajectory tracking of  orientation angle is controlled to reach the target path by
joint angles met to the target localization after ten second.  adjusting proportional controller. In this control system, the
From these result, the state variables are converging to the  last three links are automatically moved toward the target
desire trajectory and the robot moves along the target path.  trajectory by controlling head position and orientation angle
Snake robot is very difficult to control because it has many  of first link.
internal degree of freedom. So, the head position and

f

ph2(rad)

(s)

Figure 13. Time response of joint angle ¢, (feedback).
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ph3(rad)
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t(s)

Figure 14. Time response of joint angle ¢y (feedback).

7. Conclusion

In this paper, the snake robot is typically composed of four
segments links that are connected serially active joints. The
kinematic model of snake-like robot is developed and
presented with 2 DOF in this paper. By using obtained
kinematic model equation, the model of system is simulated in
Matlab. The model is based on a set of nonlinear first order
differential equation. The Euler method is used to change
discrete equation. Modeling, control and numerical simulation
of snake robot is carrying out using the Matlab software.
Furthermore, this paper has only focused on the cases where
the robot does not contact with environment except for the
ground which is assumed to be flat and horizontal. Although
the kinematic model and the controllers have been presented
for 4 link robots with the simulation results. It is possible to
extend these results to more general cases of n(=3) links.
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