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Abstract: We propose a biomimetic approach for steering motion control of a snake robot. Inspired by a vertebrate
biological motor system paradigm, a hierarchical control scheme is adopted. In the control scheme, an artificial
central pattern generator (CPG) is employed to generate serpentine locomotion in the robot. This generator outputs
the coordinated desired joint angle commands to each lower-level effector controller, while the locomotion can
be controlled through CPG modulation by a higher-level motion controller. The motion controller consists of a
cerebellar model articulation controller (CMAC) and a proportional-derivative (PD) controller. Because of the fast
learning ability of the CMAC, the proposed motion controller can drive the robot to track the desired orientation
and adapt to unexpected perturbations. The PD controller is employed to expedite the convergence speed of the

motion controller. Finally, both numerical studies and experiments proved that the proposed approach can help the

snake robot achieve good tracking performance and adaptability in a varying environment.
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1 Introduction

Over millions of years, snakes have developed
excellent locomotion functions which have been
shaped by natural selection. By bending their elon-
gated and slender bodies in several special ways,
snakes generate thrust from the interaction between
the movements of their bodies and the environment,
which is considerably superior to the mobility of con-
ventional wheeled and tracked vehicles. Hence, in-
spired by the astonishing motor abilities of snakes,
scientists have been developing new kinds of ground
robots whose structures imitate the snake’s morphol-
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ogy, namely, snake robots.

Most snake robots consist of serially connected
modules that can bend in a manner similar to that of
asnake. To drive these robots to be as agile as biolog-
ical snakes, two control issues need to be addressed,
locomotion generation and body motion control. Lo-
comotion depends on producing coordinated move-
ments of the connected modules of a snake robot,
whereas body motion control focuses on controlling
the whole body motion of the robot.

Previous studies of locomotion generation can
be categorized into two methods from the perspec-
tive of cybernetics, a model-based approach and a
central pattern generator (CPG) based approach.
The model-based approach is to replicate the em-
pirically observed body motion of crawling snakes
with the movements of the multiple robotic mod-
ules connected by rotating joints. In this approach,
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the kinematic models are built to describe the body
motion of snakes, and then the dynamics of the
robotic movements are analyzed to obtain accurate
mimicry of snake locomotion. Hirose (1993) pre-
sented serpentine locomotion of snakes via studies
from the perspective of bionics. Ohno and Hirose
(2001) experimentally verified that a 3D snake loco-
motion could be approximately described by three
periodic functions. Based on the Lagrange method,
Date et al. (2000) proposed a planar mathemati-
cal model for controlling a snake robot’s locomo-
tion autonomously. On the other hand, neurobiol-
ogy studies pointed out that CPGs are neural net-
works, responsible for producing coordinated oscil-
latory signals to generate rhythmic movements of
vertebrates such as swimming, flying, and walking
(Marder and Bucher, 2001). Inspired by the ad-
vantages of stability and self-adaption of biological
CPGs, artificial CPGs have been extensively inves-
tigated for locomotion generation of snake robots.
Crespi and Ijspeert (2008) and Wu and Ma (2010)
presented two CPG-based controllers that are con-
structed to generate serpentine locomotion for snake
robots. A neural oscillator network based on CPGs
was proposed for generating meandering locomotion
in a snake robot (Inoue et al., 2004). Ryu et al.
(2010) used a frequency-adaptive CPG model for un-
dulatory snake-like locomotion. Although these ap-
proaches can be used to generate snake locomotion
in snake robots, they cannot help the robots achieve
a desired motion due to lack of feedback information.

To cause a snake robot to reach a given target,
several feedback control approaches have been pro-
posed. Mukherjee et al. (2017) addressed a velocity
track problem of a snake robot via a sliding mode
control (SMC) method. Liljeback et al. (2012) ex-
plored a cascaded-theory-based path-following con-
troller that enables snake robots to track desired
straight paths. Zhang et al. (2016) investigated a
modified L, adaptive controller to control the di-
rection of an underwater snake robot. Tanaka and
Matsuno (2014) employed a model-based trajectory
tracking controller for a head-raising snake robot us-
ing the features of kinematic redundancy.

The objective of this work is to address a steer-
ing motion control problem of a multi-link snake
robot via a biomimetic approach. The proposed ap-
proach is inspired by the vertebrate biological mo-
tor system paradigm (Mattia et al., 2004). In this

paradigm, the rhythmic motor pattern is generated
at the spinal cord by a CPG network. A higher level
of control is modulated by sensory feedback that can
adapt the movement of the effectors (biological mus-
cles) to unexpected perturbations through tuning the
CPG network.

Inspired by this paradigm, a hierarchical control
scheme, which includes an effector controller, a loco-
motion generator, and a higher-level body motion
controller, is adopted. The effectors of the robot,
the joint motors, are individually controlled by tra-
ditional proportional feedback controllers. In the
locomotion generation part, an artificial CPG is im-
plemented to generate serpentine locomotion for the
snake robot with joint propulsion. This artificial
CPG acts as a coupled oscillator with several tun-
able parameters. These tunable parameters are regu-
lated by the higher-level body motion controller. The
body motion controller consists of a cerebellar model
articulation controller (CMAC) and a proportional-
derivative (PD) controller. The CMAC, first pro-
posed by Albus (1975), is a kind of neural network
controller based on a model of the cerebellum. Due
to the difficulty of developing an accurate analytical
model that understands the robot crawls in dynami-
cal environments, CMAC is proposed to compensate
for the uncertainties and enhance the adaptability
of the robot. Because of its fast learning ability,
CMAC can approximate the perfect body motion
control law. Meanwhile, the PD controller is em-
ployed to enhance the convergence speed of CMAC
and guarantee the stability of the system at the early
stage. Finally, the effectiveness and the tracking per-
formance of the proposed approach are validated by
numerical studies and experiments.

2 A multi-link snake robot

To mimic the movements of biological snakes,
snake robots are usually designed in multi-link form.

A joint-link skeleton model of a snake robot that
mimics the biological snake is shown in Fig. 1. In this
skeleton model, the main body of the snake robot
consists of multiple rigid links that are connected
end to end. The joint generates torque to drive the
relative motion between two connected links, play-
ing a role similar to the muscle in biological snakes.
The movements of the biological snake and the snake
robot are generated via the interaction between their
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body motions and the environment.

global

Fig. 1 The joint-link skeleton model of a snake robot

The notations shown in Fig. 1 are defined as
follows:
Definition 1 (Link angle) The k' (K =
1,2,...,N) link angle is the angle between the link
and the global x axis with counterclockwise positive
direction, denoted by 0 € R.
Definition 2 (Joint angle) The k" (kK =
1,2,...,N —1) joint angle is denoted by ¢, € R
and defined as

O = Ok — Opq1. (1)

Definition 3 (Orientation)
snake robot is defined as the average of the link angles
and denoted by § € R as

The orientation of the

- 1 X
HZN;H”' (2)

All the link angles and all the joint angles are
represented by vectors @ = [01,0s,...,05]T € RY
and ¢ = [¢1,b2,...,¢n_1]T € RVN7L respectively.
(pe, py) and (zx,yx) are global coordinates of the
center of mass (CM) of the £*® link and the robot,
respectively. [ represents the half length of a link.

According to the multi-link model, we develop a
snake robot prototype (Fig. 2). The prototype is con-
structed using seven servo motors (Dynamics AX-12)
and eight rigid plastic links, where the servo motors
act like the joints to provide the required torque for
the snake robot movements. The total length of the
prototype is approximately 60 cm. At the first link,
it is equipped with a micro controller board (AVR
ATmega 32 microprocessor), a wireless Bluetooth
module, and a Li-Po battery. The micro controller
is used to exchange information through the wireless
module, process sensor data, make movement deci-
sions, and control all the servo motors. Moreover,
each link of the snake robot body is attached to a
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Fig. 2 The snake robot prototype

pair of passive wheels in order to create the friction
mechanism similar to a biological snake.

3 Steering motion control scheme

CPGs are primarily responsible for generating
coordinated, rhythmic movements for locomotion
The patterns of these
movements can be changed by the modulation in
CPGs (Hooper, 2000). The modulation can be pro-
duced by a higher control level, such as a brain-
stem/cerebellum level, and the higher control level
usually receives sensory feedback from the environ-
ment and accordingly modulates CPGs to enhance
flexibility in response to unexpected perturbations.
Inspired by this biological control mechanism, the
steering motion control scheme for the snake robot
prototype is shown in Fig. 3.
levels: a steering motion controller, a locomotion
generator, and a joint controller. The steering mo-

of animals in real time.

It consists of three

tion controller is employed to control the orienta-
tion of the snake robot via the feedback error be-
tween the desired orientation and the feedback infor-
mation. The steering motion controller will output
the desired joint angle command of the first joint to
achieve the desired steering motion to the locomo-
tion generator. Then, the locomotion generator will

(]

CMAC |Ycuac
controller

|
[/ € PD X
controller |u,,

CPG | @ Joint U, | Snake 6
L S
model controller robot

e |

Fig. 3 Block diagram of the steering motion control
scheme




Ouyang et al. / Front Inform Technol Electron Eng 2019 20(1):32-44 35

generate the desired joint angle commands for all the
joints and send these commands to the joint motors.
Finally, the joint controller is used to control each
joint angle to achieve the desired steering motion.

In the following subsections, the details of each
level of the control scheme are presented from the
inner level to the outer level.

3.1 Joint controller

In this snake robot, each joint angle is controlled
by its corresponding joint motor. Significantly, the
kM joint angle ¢ is controlled by a joint controller
embedded in the k"™ servo motor. The joint control
law is a position feedback controller that can be a
proportional controller as shown below:

ugp = ky(¢a — ), 3)

where ¢ is the vector of the desired joint angles gen-
erated by the locomotion generator, ¢ is the vector
of the actual joint angles, k4 is the control gain, and
Uy € RN-L

3.2 CPG-based locomotion generator

Various types of locomotion for snake robots
have been introduced by Gray (1946), such as serpen-
tine locomotion, sidewinding locomotion, concertina
Among
these types, serpentine locomotion is the fastest and
the most common. In this locomotion, continuous

locomotion, and rectilinear locomotion.

waves are propagated backwards along the snake
body from its head to its tail (Fig. 4). More details
about the serpentine curve can be found in Hirose
(1993).

Due to the similarity between the biological
snake and the snake robot as well as the specific
capability of the CPG-based model on coupling the
dynamics of robots (Guo et al., 2018) and high sta-
bility under dynamic and changing conditions (Yu
et al., 2014), a CPG model is adopted to generate
serpentine locomotion in this study.

Joint propulsion

Body wave
—>

Fig. 4 Serpentine locomotion

3.2.1 CPG design

The CPG model used in the snake robot was
designed based on the work presented by Crespi and
Ijspeert (2008) (Fig. 5). The CPG model can be
described as a neural network that consists of a dou-
ble chain of multiple coupling Kuramoto oscillators
(Crespi and Ijspeert, 2008). Each joint corresponds
to an antagonistic oscillator pair. Therefore, the to-
tal number of oscillators is 2(N —1), where N—1 =7
is the number of motorized joints in the snake robot.
The right chain of the CPG is numbered from 1 to
N — 1, and the left chain of the CPG is numbered
from N to 2(N —1). The CPG is implemented as
the following coupled system:

Bi =w; + Z wijsin(ﬁj - ﬁz + Wij)’

JET(4)
N 4)
Ty = a4 ( 4 (Rz rl) Tl) )

x; = r;(1 + cospy),

where ¢ = 1,2,...,2(N — 1) is the number of os-
cillators. §; and r; are the states of the phase and
the amplitude in the i*" oscillator, respectively. w;
determines the intrinsic frequency and w; = w for
all oscillators. R; is the amplitude, where the oscil-
lators in the right chain of the CPG model are all
equal to RR, while the oscillators in the left chain
of the CPG model are all equal to RL. The coupling
weight w;; = w; for all oscillators and the phase bias
¥;; determine the phase lag among the oscillators.
a; is a positive constant and z; is the output of the
it? oscillator.

According to the coupling relationship shown in
Fig. 5, the i*? oscillator receives inbound couplings
from the neighboring oscillators in the discrete set
T(7), for example, T(1) = [2,8], T'(5) = [4,6,12].

Motor

: ' Kuramoto
1 3 6 ;  oscillator
RR
©
Head - - >, -1 Tail
Q
RL

Fig. 5 The structure of the central pattern generator
model used in the snake robot
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The phase biases ¥;; are equal to m between the
right chain and the left chain of the CPG, which is
called antagonistic. In the same chain, the phase bi-
ases ¥;; between neighbor oscillators are set to i for
the descending oscillators and —1 for the ascending
oscillators, which is called coordination. The param-
eter is determined by 1) = 1\7211'
The output of a CPG is expressed as

Pak = Tk — ThyN-1, (5)

where ¢q 1, is the desired joint angle of the Eth joint,
k=1,2,...,N—1.

From Egs. (4) and (5) with all the conditions
mentioned above, the closed-form solution of ¢q j is
given by

¢3% = (RR = RL) + (RR 4 RL) cos(wt + kv + )
= ¢0 + éka (6)

where 1y depends on the initial conditions of the
system, (RL + RR) determines the oscillation am-
plitude, (RR — RL) affects the orientation of the
snake robot, ¢9 = RR—RL, and ¢ = (RR +
RL) cos(wt + ki + o), k = 1,2,...,N — 1. ¢} =
[61,02,...,6n-1] € RV 7L,

In the steering motion control scheme, the de-
sired orientation of the snake robot can be set by
applying different RR and RL values. Therefore, for
steering motion control, the inputs of the CPG-based
locomotion generator are shown below:

RR = a—;—u’
o @
RL =
2 )

where « is the designed amplitude of the joint angle
oscillation, w is the output from the motion con-
troller, and ¢¢ = u.

3.2.2 Locomotion generation simulations

To illustrate the CPG-based locomotion gener-
ator, numerical simulations are performed in MAT-
LAB to study forward locomotion and steering loco-
motion. The simulation results are shown in Figs. 6
and 7.

In the forward locomotion simulation, the con-
dition RR = RL is maintained. The explicit pa-
rameters of the amplitude, frequency, and coupling
weight in the CPG model can be tuned to control the

e =211, W=10, RL=RR=2 == = w=2m, w,=100, RL=RR=2

@, (rad)

Fig. 6 CPG response curve with different parameters
in forward locomotion

20
151 J

10 5 aspaspae

®, (rad)
o

Time (s)

Fig. 7 CPG response curve with w = 1.57, w¢ = 100
in steering locomotion

locomotion characteristics of the snake robot. Fig. 6
demonstrates that the CPG model can rapidly con-
verge to the desired locomotion in a short transient
time with different parameters. The w and RR/RL
influence the frequency and amplitude of the for-
ward locomotion, respectively. When comparing the
first curve and the second curve, it can be concluded
that the coupling weight w;; is involved in the tran-
sient process and that larger values lead to better
performance.

In the steering locomotion simulation, we mod-
ify the values of RR and RL every five seconds. The
joints k= 1, 3, and 5 are chosen for observation in
this simulation. As shown in Fig. 7, the snake robot
moves from forward locomotion to steering motion
via translation of the joint angles along the y axis.
Hence, it is verified that the steering motion can
be controlled by setting different values of RR and
RL to ensure that RR # RL. In other words, the
orientation of the snake robot is determined by the
difference between RR and RL.

From the above simulation results, it can be
observed that the CPG model can produce smooth
steering trajectories even if the control parameters
are abruptly changed. This property allows the sys-
tem to run a motion controller and a locomotion
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generator in parallel, and the motion controller can
regularly update the CPG parameters RR and RL
online to achieve the desired steering motion.

3.2.3 Locomotion generation experiment

To validate the steering response, an experiment
is conducted with the snake robot prototype de-
scribed in Section 2. In the experiment, RR = a4ua
and RL = « are set to the CPG model to allow the
snake robot to achieve steering motion, where ua is
an adjustable input set manually in this experiment.
Fig. 8 shows the relationship between the adjustable
input and the orientation of the snake robot. As can
be seen from the figure, different inputs correspond
to different orientations that are almost linear. This
characteristic can be beneficial to steering motion
control.

0.6}

0.41

0.21

| 0 (rad)
o

Fig. 8 Relationship between the adjustable input and
the orientation of the snake robot

However, also note that a bias exists in this
relationship, because environmental uncertainties
(mainly the varying friction) affect the motion of the
snake robot. Hence, it is difficult to achieve precise
steering motion in such an open-loop control system
(with only the CPG-based locomotion generator).

3.3 Motion controller

To solve the difficulty of achieving precise steer-
ing motion, one good solution is a motion controller
to control the whole body motion of the snake robot
with sensory feedback. Hence, a bioinspired steering
motion controller is proposed, the details of which
are given in the following.

3.3.1 Snake robot model

For the purposes of motion controller design and
numerical study, a dynamic model of the snake robot
is introduced. The planar snake robot model with
N + 2 degrees-of-freedom (DOFs) is built based on
the work done by Mukherjee et al. (2017), which is
presented in detail in the following.

1. Kinematics. The CM of the snake robot in a
global frame is given by

Dy %de Yk N | eTYy |’
where e = [1, ..., 1]T ERN X =[z1,...,2n]T €
RY and Y = [y1, ..., yn]|T € RY denote the coor-

dinates of the links.
The joint connections for all the links have to

satisfy the two holonomic constraints shown below:

DX +[Acos@ =0,
(9)

DY +[Asinf =0,

with
1 1
A e RN-1DxN_
Lo
1 -1
D— e RIN-DXN_
1 »
sin@ = [sinf, ..., sin@N]T e RY,
cos® = [cosby, ..., cosfy]® € RY.

Hence, the linear velocities of the links can be
derived according to Eqgs. (8) and (9), given by

X =1K"Sy0 + ep,,
{ 0 D (10>

Y = —IK"Cyb + ep,,

where Sy = diag(sinf) € RV*Y  Cy = diag(cos) €
RNXN7 K = AT(DDT)—ID c RNXN.

2. Friction. The planar snake robot gener-
ates forward propulsion via continuously swinging
its body shape to create ground frictions. A ground
friction model plays an important role in the dynam-
ics of the snake robot. In this study, an anisotropic
viscous friction model is employed, which means that
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the tangential friction coefficient ¢; is different from
the normal friction coefficient ¢,. The viscous fric-
tion force applied on all links is defined in the global
frame in a vector form as shown below:

o fR,z
_{Ct(ce)r" + cn(Sp)?
N (¢ — n)SeCl

(11)

e ¥

where X and Y are given in Eq. (10), and fg € R?V.

3. Dynamics.
robot, the dynamic model of the £*" link is shown in
Fig. 9, where k = 1,2,..., N. The k*" link is mainly
subjected to the ground friction fr € R?, the joint
constraint forces

For a single link of the snake

—he k-1, =Ny k-1, Nek, and hy g,
and the motor torques ui—1 and wug. Significantly,
the ground friction acts on the CM of the link, while
the joint constraint forces compel the k™ link to con-
nect to the (k — 1) and (k + 1) links. The motor
torques are the driving force on the k*" link for gen-
erating angular motion.

Fig. 9 Force analysis of the ktP link

Considering the two forces applied on the links,
the force balance equations for the links can be given
in the following vector forms:

X: I+DTh£B7
{m T, (12)

mY = fr, + D"h,,

where h, = [hggyl7 Cey hLN_l]T S RNil, hy =
hy1y ooy hyn—1]t € R~ and m is the mass of
each link.

The link accelerations can be derived by differ-
entiating Eq. (9) twice with respect to time, given
by

DX =1A(Cy6* + S49), 3
{ DY =1A(Sy0> — Cy0). (13)

The acceleration of the CM can be obtained by
differentiating Eq. (8) twice with respect to time,

given by )
P 1 [ eTX
=— .. 14
G lexley ] w
Substituting Eq. (12) into Eq. (14) and consid-
ering the fact that eT DT = 0, we have

P 1[eTX 1
MBI e
where
€ Onx1 B 2N x2
E = eR .
Onx1 e

Similarly, the torque balance equation for the
links can be given in the following vector form:

JH = DT’U,¢ — ZSQATh;E + ZCOAThy7 (16)

where J is the moment of inertia for each link and
u = eu € RY is the vector form combining all the
outputs from the motion controllers.
By solving Eq. (12) with Eq. (13), we can obtain
h, and h,. Finally, the complete dynamic model of
the snake robot is included as shown in Egs. (17) and
(18):
M0 = DTuy — Wyb? + Ry fr, (17)

. T
w3 ][] - 7

with
My = JIn +mi2SeV Sy + ml>CyV Cy € RV*N,

Wy = mi?>SyV Cy — mi>CyV Sy € RVN*N
Ry =[ISyK, —ICoK | eRV**V,
V =AY (DDT) 1A c RVXN,
3.3.2 Motion controller design

Considering that ¢y q =~ ¢7°, (i.e., ¢g = ¢3°), we
can have the joint controller in the following form:

ug = kg(Pa — @) = k(¢ + ¢po — DO),

where ¢ = [¢1, ..., onv_1]T € RV~ and ¢y =
(b0, d0]" = epo € RN withe =[1,...,1]" €
RV-1,

Let Dy = DTky. Model (17) can be rewritten

(19)

as

My = Dy(¢p—D8)+Dypo— Wpb*+ Ry fr. (20)
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Therefore, there exists a perfect controller ¢ as
shown below that can make the system asymptoti-
cally stable:

¢y = B™'[~e'M,; ' Dy(¢ — DO)
+e M, 'Wy0® — e" M, 'Ry fr

+N§d —|—)\p(9_d —9_) +)\D(9d — 9_)],

(21)

where B = e M, 1D¢é (significantly, it is defined
that B~! = 0 while B = 0) and 04 is the desired
orientation.

Applying the control law (21) on system model
(20), we have

€T = Ny + \pf + \pf = N§,  (22)

where 0 = 04 — 0 is the orientation/steering error,
6 = 64 — 0 is the error of the steering speed, and Ap
and A\p are two designed positive parameters.
Let kp = /\WD, kp = /\Wp Then we obtain
0 + kpf + kpf = 0, (23)
Whereézéd—éandéz eTTB
If \p and Ap are designed properly, s>+kps+kp
will be Hurwitz stable. Then we can have
lim 6 = 0.
t—o0
This implies that the steering error can converge
to zero and that the snake robot can successfully
follow the desired steering motion.
In the snake robot, the actual input of the steer-
ing control is u, where ¢pg = éu. Therefore, there also
exists a perfect steering control law u* that makes

o5 =u". (24)
According to control laws (21) and (24), the per-
fect control law is a nonlinear function. Because

the neural network can approximate the nonlinear
function (Poggio and Girosi, 1990), a neural network
controller can be used to approximate such a non-
linear control law in this study. Moreover, due to
the model uncertainties and external disturbances
(mainly because of the varying environments), an
adaptive learning neural network controller can be
a good solution. In this study, a cerebellar model
articulation controller (CMAC) is employed as the
neural network controller due to its simple structure

and fast learning ability.

2019 20(1):32-44 39

J_Weight updating

uCMAC

; lﬁ’ |NE> |§>

w
-1
_—

90

>

n

Fig. 10 The structure of the cerebellar model articu-
lation controller

A conventional controller is applied along with
this typical CMAC, which stabilizes the plant and
helps the CMAC in its learning process in the early
stage.
derivative (PD) controller is employed with the
CMAC.

Thus, a steering motion controller of the snake
robot is designed as shown in Fig. 3. The steering

To this end, a conventional proportional-

motion controller is given by

U = UNN + UpPD, (25)
where uny is the CMAC-based neural network con-
troller output and upp is the PD controller output.

In the following subsection, the neural network
controller and PD controller are presented in detail.

1. Cerebellar model articulation controller

Inspired by the model of the cerebellum, CMAC
was first proposed by Albus (1975). Experimental
studies have proved that the cerebellum is involved
in accurate motor learning and motor adaptation and
cognition (Ito, 2000). In this study, the online learn-
ing characteristic of CMAC is used to achieve good
steering motion control and enhance environmental
adaptivity.

The CMAC network consists of three layers,
namely, the input layer, intermediate layer, and out-
put layer (Fig. 10). The input layer is responsible
for importing the required information to the con-
troller, which includes the desired orientation angle
and the actual feedback information from the snake
robot. The intermediate layer is used to locate the
weights that need to be activated and update the
weights to minimize the error. The output layer is
used to calculate the sum of each neuron and output
the calculated control signal to the system.
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Significantly, the control output of CMAC is the
linear combination of the activated weights in the
weight memory @. The CMAC control law is given
by

n
UCMAC = Z @pGp = (.:JTQ07 (26)
p=1
where @ = [01, @9, ...,@,]T € R™ is the estimated
weight vector and w,, denotes the weight stored in the
p™ region of the weight memory. ¢ is the multidi-
mensional basis function used for locating the weight

under a multidimensional circumstance, designed as

SO(S) = [G17G27...7Gn]T’ (27>
with
— 2
©ri, (sr) = exp [_M] ,
o—rlr

2
Gi(s1,52) = [ [ eri () = e (s1) ot (s2),
r=1

l=1,2,....,nand r=1,2,

)

where the basis function is used to determine the
activated regions for the corresponding input vector
s = [s1,82]T = [0,04]". @ri(sk) is the quantization
distance of the k' input s to the I*" region. pu
and o; denote the center coordinate and the width
of the I*" region, respectively. Significantly, y; and
o are designed based on the standard quantization
interval shown below:

Sr,max — Sr,min

= Srmax = rmin 2
q 7 (28)

where 7 = 1,2, $;max = max(s,) and Sy min =
min(s,) denote the maximum and minimum of s,
respectively. R € NT determines the number of
quantized regions, n = R + 1 is the number of the
quantized points, and ¢, determines the quantization
resolution.

When the activation of the region runs, the cor-
responding weights will be activated and the system
will output the sum of the activated weights. In
each learning cycle, the weights are adjusted by the

following update law:
(j) = pengBgcp, (29)

where p > 0 is a constant learning rate and eg =
~ 2 T
[0,6]T are the error state. By = [0, £] and Py

is the solution of Ang + PyAy = —Qy < 0 with

AG_{Q ¥]andQ920.

—kp —kp

To further compensate for the approximation

error € between the joint control law (21) and the

CMAC output (26), a compensator is proposed using
a slide mode technique:

us = émsign(ej PpBy), (30)
and its update law is
ém = Proj(émapsleGTPGBeDa (31)

where Proj(-) is the projection algorithm and
Proj(é,, psleg PoBg|) > psles PpBy.

Assuming that there exists an optimal weight
vector (29) that can minimize the approximation er-
ror €, we have

{u*—ngo:a,

v —wTp=c+aTp,

where w = w — w is the difference between the opti-
mal weight vector and the estimated weight vector. ¢
is the approximation error between the perfect non-
linear control law and the neural network controller,
and is assumed to be bounded, i.e., |g| < &y,

Substituting uny = ucmac + us in system (22),
we have

Hence, the whole control system can be described as

éyg = Agey + Bg(u* — (.:JT(p — us)

= Agey + By(c + @' o — uy). (33)

We define the Lyapunov candidate function as

1 1 1. 1
V= 5engeg + %wTw + o &, (34)

where €,, = € — Em-
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Take the time derivative of Eq. (34):

. 1
V = iergf(ArgFPQ + PeAg)eg

+ej PoBy(c + & p — uy)
1 . 1 :

— 2oV — —&,6.,
p Ps

1 -
—§engee + ey PpBy(c + @ )

IN

(35)
—émleg PyBy| — ej PyBya "

— Emles PyBy|

1 -
= —569TQ969 + eGTPQBQE — €m|e;rPQBg|

1
< —569TQ969 + |6;FP9B9|(|8| — Em).

As the inequality |¢| < ey, holds in Eq. (32), it
can be obtained that
. 1
V< —56’5@,69 <0. (36)
It is obvious that V is negative, which implies
that ey, w, €, are bounded and that the control sys-

tem is stable. Moreover, éy is bounded because ey,
e, w, and €, are bounded. Then, we have

t
1
lim | —ejQpeqdt < V(0) —V(o0) < V(0). (37)
t—o00 0 2
By virtue to Barbalate’s lemma, we reach the
following conclusion:

Tim | e =0, (38)

2. PD controller

In industrial control processes, the proportional-
integral-derivative (PID) controller is one of the most
vital and popular controllers. Its principle is based
on eliminating the error from the previous error.
According to different control requirements, various
control structures have been presented, such as P, PI,
and PD. In this work, a PD controller is employed to
stably control the snake robot before the weights in
CMAC converge. The PD controller is shown below:

upp = kp(Bq — 0) + kp(0q — 0) = kp0 + kpd, (39)

where kp and kp are the proportional gain and
derivative gain, respectively.

Remark 1  Stability can still be guaranteed with
the proper design on the PD controller gains kp and
kD-

Referring to Eq. (21), combining the PD con-
troller with the perfect control law and substituting
them into Eq. (20), we have

NG = Nba + Apfl + Apf + Bkpf) + Blpf

_)\P+B/€p~_)\D+B/€D§

= 6=
N N

(40)

In this case, if we let kp = % and kp =
% and make s + kps + kp always Hurwitz
stable via the proper design of kp and kp, then we
can have the same conclusion as shown below:

lim 6 = 0.

t—o00

(41)

Hence, the same stability analysis can be fol-
lowed and it can be concluded that the overall control
system is also stable.

3. Overall controller

In summary, the proposed overall motion con-
troller can be rewritten as

u = L:JTQO =+ émsign(engBg) =+ KpDeg, (42)

T
where Kpp = [kp, kD] is the PD controller gain
vector.

4 Numerical studies

This section describes the overall motion control
system with the snake robot model as implemented
and simulated in MATLAB/Simulink to validate the
effectiveness and feasibility of the proposed control
scheme with environmental uncertainties.

The parameters of the snake robot prototype are
as follows: the mass is m = 1 kg, the number of links
is N = 8, the length of each single link is 2/ = 0.07
m, and the moment of inertia is J = 0.0016 kg-m?.

To simulate the various ground conditions, dif-
ferent friction coefficients of the contact surface are
1) et =1, ecn = 35 (2)
¢t = 2, ¢, = 6. The total simulation time is 48 s
for each case. To illustrate the steering control per-
formance, a trapezoid wave is chosen as the desired
trajectory. By following the desired trapezoid wave
for the steering motion, the snake robot will move in
an S-shape in the planar ground.

Figs. 11a and 11b demonstrate the robot track-
ing performance based on the proposed motion con-
troller under cases 1 and 2, respectively.

chosen in two cases:
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Fig. 11 Orientation outputs using the proposed con-
troller while ¢t = 1, cn = 3 (a) or ¢t = 2, ¢cn = 6

(b)

As can be seen from the figures, the snake robot
follows the desired steering motion in both cases.
This implies that the proposed control scheme can
adapt to different environmental conditions.

A comparison study between the pure PD con-
troller and the proposed motion controller is per-
formed. Figs. 12a and 12b show the tracking errors
using different controllers in different cases. Table
1 shows their root-mean-square errors (RMSEs) and
mean absolute errors (MAESs).

Table 1 Errors of different controllers in different

friction forces

Friction Conroller RMSE MAE
coefficients (rad) (rad)
Proposed 0.1087 0.0834

ct =1,cn =3
Pure PD 0.1519 0.1218
—9 —6 Proposed 0.1180 0.0908
a=sm= Pure PD 0.1888 0.1513

0.4 T T r
@ N
o 0.2 §
g \
:’ 0.0 v T
o L\
w-0.2 === Proposed Pure PD
04076 12 18 24 30 36 42 48
04 Time (s)
K T T 1
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S
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Time (s)

Fig. 12 Errors of the two different controllers when
cg =1,cn =3 (a) or ¢t =2, cn =6 (b)

From these simulation results, the tracking er-
rors obtained using the proposed motion controller
are smaller than the ones obtained using the pure
PD controller. The RMSEs are reduced by 28.4%
and 37.5% respectively, while the MAEs are reduced
by 31.5% and 40.0% respectively. Therefore, it can
be concluded that the proposed motion controller has
better steering control performance than the conven-
tional controller.

In addition, note that the error differences of
both RMSEs and MAEs while using the proposed
controller in different cases are very small, both
around 8% increasing from case 1 to case 2, whereas
the friction coefficients are two times different be-
tween the two cases. On the other hand, these er-
rors increase by about 19.5% from case 1 to case
2 while using the pure PD controller. This implies
that the proposed motion controller can achieve bet-
ter robustness than the conventional controller. This
is attributed to the learning ability of the proposed
CMAC.

In summary, it can be concluded from the sim-
ulation results that the proposed motion controller
can achieve good steering control performance and
good adaptability when subjected to environmental
changes. The online learning ability of CMAC plays
a crucial role in compensating for the environmental
uncertainties. The proposed controller is also bet-
ter than the pure PD controller in terms of tracking
performance and robustness.

5 Experimental results

An experiment using the snake robot prototype
shown in Fig. 2 is conducted to validate the effective-
ness and feasibility of the proposed adaptive learn-
ing control scheme. The performance of the steering
motion controller is investigated via the trajectory
tracking experiment (Fig. 13).

During the experiment, a checkerboard paper is
attached to a rough table, served as the experimental
platform with varying surface frictions. In addition,
for comparison, an experiment using the pure PD
controller is performed.

Due to limited space, a ramp wave instead of
a trapezoid wave (but with a turning rate similar to
that in the simulation) is employed as the orientation
reference for the snake robot. The snake robot is
placed parallel to the x axis initially.
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Fig. 13 A trajectory tracking experiment of the snake
robot. (a) to (d) indicate the sequential photos during
the steering motion control

Fig. 14 illustrates the experimental results while
the proposed controller is applied. This shows that
the snake robot can track the desired orientation suc-
cessfully with small fluctuations.

To illustrate the advantage of the proposed mo-
tion controller, the comparison experimental results
are shown in Fig. 15, which shows the tracking er-
rors obtained using the proposed controller and the
pure PD controller. It can be observed that both
controllers can control the steering motion stably.
However, the tracking performance of the proposed
controller is significantly better than that of the pure
PD controller.

Table 2 illustrates the RMSEs and MAEs using
the different controllers in the experiment. It is obvi-
ous that the proposed motion controller can achieve
smaller RMSEs and MAEs than the pure PD con-
troller. The RMSE is reduced by 19.4% while the
MAE is reduced by 17.4% with the use of the pro-
posed controller.

1.0

0.6
0.4

Orientation (rad)

Time (s)

. 14 Trajectory tracking of the snake robot
0.4
0.2

A
0.0} \«./W

VYV

o2
(i

(rad)

Error

-0.2
-0.4

P[oposed - Purc? PD

10 12

0 2 4
Time (s)

Fig. 15 Tracking errors between the two different
controllers

Table 2 Errors in the experiment

Controller RMSE (rad) MAE (rad)
Proposed 0.1364 0.1182
Pure PD 0.1693 0.1431

Based on the results obtained from the above
experiments, it can be concluded that the proposed
motion controller can help the snake robot achieve
good tracking performance and good adaptability in
a varying environment. In addition, the comparison
experiment indicates that the online learning abil-
ity of CMAC helps the control system improve the
steering motion control performance.

6 Conclusions

In this study, a biomimetic control approach is
proposed for steering a snake robot. In this hierar-
chical control scheme, a CPG-based locomotion gen-
erator is designed to generate the desired joint an-
gle commands for the joint motors. Then a CMAC
plus PD controller is proposed for orientation con-
trol of the snake robot, where CMAC acts as a kind
of neural network controller inspired by the cerebel-
lum. Both numerical and experimental studies show
that the snake robot can be controlled successfully
by the proposed approach. The pure PD controller
(a conventional controller) is also applied in simu-
lations and experiments for comparison. The com-
parison results show that the proposed motion con-
troller can achieve better tracking performance and
adaptability in a varying environment. In addition,
this study presents a biomimetic way of controlling
a bio-inspired robot, where the CPG-based locomo-
tion generator and CMAC-based motion controller
are combined to control the steering motion of the
snake robot.
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