Tracking Control for Snake Robot Joints
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Abstract— This paper considers the problem of model based
control of the joints of a snake robot without wheels. The
potential range of applications for snake robots are numerous,
and delicate operations such as inspection and maintenance
in industrial environments or performing search and rescue
operations require precise control of a snake robot joints. To this
end we present a controller that asymptotically stabilizes the
joints of the snake robot to a desired reference trajectory. The
controller is based on input-output linearization of a control
plant model of the snake robot dynamics also developed in this
paper. In addition, we provide a formal Lyapunov-based proof
of the closed-loop stability, together with simulation results for
a smooth dynamical model. Finally, the performance of the
controller is tested on a non-smooth snake robot model with
set-valued Coulomb friction that offers an accurate description
of the stick-slip transitions during locomotion.

I. INTRODUCTION

Snake robots have the potential of contributing vastly
in areas such as rescue missions, surgery, fire-fighting, and
maintenance. The highly articulated body allows the snake
robot to traverse difficult terrains such as collapsed buildings
or the chaotic environment caused by a car collision in a
tunnel. The snake robot can also inspect narrow passages or
complex structures in possibly hazardous areas of industrial
plants. All these tasks demand accurate control of the snake
robot joints. This control problem is the subject of this paper.

Research on snake robots has increased the past ten to
fifteen years and many new results on motion patterns, snake
robot design, and control have been presented [1]. Many
authors base the choice and implementation of the most
common serpentine motion pattern ‘lateral undulation’ on the
serpenoid curve found in [2]. This is a curve that describes
the motion of a biological snake while moving by lateral
undulation, and a snake robot can follow an approximation to
this curve by setting its joint angles according to a sine-curve
that is phase-shifted between adjacent joints. This approach
to snake robot locomotion has been widely implemented for
snake robots that have either wheels [3], [4] or a friction
property such that each link of the snake robot glides easier
forward and backward compared to transversal motion [5],
[6]. A no-slip constraint (i.e. a non-holonomic velocity con-
straint) on each wheel is sometimes introduced in the mathe-
matical model, thus avoiding that a link slips sideways. Such
an approach is presented in [3] where the no-slip constraint
allows one to significantly reduce the model. A Lyapunov-
based proof for this reduced model together with a proposed
controller shows that the snake robot is able to move to
a position reference. A velocity controller for a wheel-less
snake robot with the friction property described above, is
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presented in [5]. The simulation and experimental results
presented in that paper indicate that the snake robot is able to
stay within a reasonable offset of the desired speed. However,
no formal stability analysis of the closed-loop system is
given. Significant results on controllability and observability
of the snake robot are presented in [7]-[9]. However, these
results are only based on a kinematic description of snake
robot locomotion and thus do not include the dynamics of
the motion. For wheel-less snake robots it is not sufficient
to consider a purely kinematic model for the motion pattern
lateral undulation, as the friction between the snake robot and
the ground surface is essential for locomotion. Therefore, the
friction needs to be considered for wheel-less snake robots,
and this motivates including the dynamics into the stability
analysis of the snake robot.

In this paper we consider a snake robot without wheels
and propose a controller for its joints that asymptotically
stabilizes a desired motion pattern for the snake robot. Notice
that an accurate model of the friction between the snake
robot and the ground surface typically is, together with the
remaining dynamics of the snake robot, nonlinear and the
control of such a model requires nonlinear control tech-
niques. More specifically, a set-valued force law is needed to
accurately describe directional Coulomb friction with stick-
slip transitions during motion. See [10]-[13] for more details
on the advantages of modeling with set-valued force laws.
The nonlinear control techniques (input-output linearization
techniques [14], [15]) employed in this paper, however, are
generally only fit to cope with smooth nonlinear systems. In
order to make the control problem tractable, we approximate
the Coulomb friction with a smooth friction model and
design a nonlinear control law for the resulting smooth
system. The framework for modeling robot manipulators can
be used to model a snake robot. We reformulate the standard
dynamics of a robot manipulator and develop a control plant
model to aid the control design with a formal Lyapunov-
based stability proof which we present. This extends the
results from [5] where the control design is based on only
a (linear) viscous friction model without a formal stability
proof. In addition, we show by simulations that our proposed
controller is also effective for a snake robot model with set-
valued Coulomb friction. Please note that we do not give a
reference for the global position and orientation of the snake
robot which is beyond the scope of this paper, instead we
focus on proving that each joint is able to track a desired
reference angle.

This paper is organized as follows. Section II presents the
mathematical models of the snake robot used for simulation
and stability analysis, respectively. The controller and the
stability analysis are given in Section III. The simulation
results are given in Section IV, and concluding remarks are
found in Section V.

II. MATHEMATICAL MODELING

In this section, we first present the mathematical model of
a planar snake robot without wheels based on the standard
‘robot equation’ with minimal coordinates [15]. We denote
this model the process plant model and implement it for



Fig. 1. Snake robot with 4 links. Notice that GG; is the center of gravity
of link ¢ = 5 in the picture.

two different constitutive laws for Coulomb friction. Sub-
sequently, we will reformulate the process plant model to
obtain a control plant model used both for implementing
the joint controllers and for deriving stability results for the
closed-loop system.

We include the derivation of models to ease the under-
standing of the forthcoming stability-proof. Moreover, the
snake robot differs from a regular robot manipulator in that
external forces act on each link instead of just the end-
effector. This calls for a more extensive use of the various
Jacobians.

A. Process Plant Model

In this section, we derive the mathematical model of a
wheel-less snake robot based on the Euler-Lagrange equa-
tions as found in e.g. [15]. We present two models for the
Coulomb friction between the snake robot and the ground.
The first model is a smooth approximation to the Coulomb
friction for simulation of a system that is equivalent to the
control plant model. The second friction model is a model
of set-valued Coulomb friction using a set-valued force law.
We implement the latter model to check how the controller
works for a more realistic model of a snake robot.

In the following we will first describe the kinematics and
then we present the dynamics.

1) Kinematics: The 2D snake robot presented in this
paper consists of n — 2 equal links connected by n — 3
revolute joints, each with one degree-of-freedom (DOF). See
Fig. 1 for an illustration of a snake robot with four links.
The earth-fixed position and orientation of the snake robot
adds three DOF to the model so the snake robot has n DOF.
To be able to give a minimal coordinate representation of
the snake robot in an earth-fixed frame, we need to include
virtual joints in the model [16]. These joints give the position
and orientation of the first link with respect to the earth-fixed
frame and are not actual joints on the snake robot. Due to
these virtual joints, we also obtain virtual links (link 1 and
2) in the model with no mass. Each (real) link ¢ = 3,...,n
has length /; and the position of the center of gravity (CG)
is given by the point G; as depicted in Fig. 1. We lump
the multi-point contact between link ¢ and the ground into
the two points, F; and R;, each of distance lf; from G;. We
employ these two contact points to keep the model as simple
as possible while still accounting for the friction forces that
arise from a purely rotational motion of the link (this would
not have been the case if G; was chosen as the contact point).

We denote the centre of the earth-fixed frame I =
{O el efj} as Oy. A general notation used throughout this

paper is that a position vector from the origin of frame I to
a point A is given by 74 € R? and a vector from point
A to point B is written r4p. Let a vector r4 described in
frame I be written as ;r 4. The body fixed frame B; =
{Ol, e;t, Bl} for + = 3,...,n, is attached to the rear of
link 7 and 1s pointing along the link as shown in Fig. 1.
The remaining frames B;, 1 = 0, ..., 2, are utilized to give
the earth-fixed position and orientation of the first link of the
snake robot and will be described shortly. The transformation
of a vector r between frame I and B; is given by

=R} g, (1

where RIBI, € SO (2) is the corresponding rotation matrix.

We define By = By = I, and let 170, = [ 20, Y0, |
be the position of the front part of the head of the snake robot
(link 3) where 632 = e and 652 = ey The orientation of
link 3 is given by 6 € S'. Let ¢, €S j=1,....,n—3
be the relative joint angles between link j + 2 and j + 3,
and define ;ro, = ro, = 7¢, = Te, =[0 0].
Subsequently,

li B
rGi = 7"01» - _emlv (2)

B;
ro, =ro, , +lLe;", 5
for i = 3,.

The generahzed coordinates for the snake robot are

q=1 2o, 0 1 bns |"ER",  (3)

where ¢; is the joint angle between link j 4+ 2 and j + 3.

The mapping from the time-derivative ¢ of the generalized
coordinates to the linear v and angular w velocity of link
¢ is found with the manipulator Jacobian [15]. Next, we
derive this Jacobian for the points G; in order obtain the
mass matrix, and the Jacobian for F; and R; to be able to
include friction in the system dynamics.

The translational velocity jvg, of the center of gravity of
link 7 = 3,...,n is found from

=J0 (a)d, 4)

where we used the superscript P to denote the process plant
model, and the Jacobian is found from

- [(08), (72.), - (5.) Je=n o

with

Yo,

I’UG»L

{(1) _01} (ITGi—ITOk,l), revolute joint k

(chl) rel
[0 o]

and ( is the axis of elongation for the prismatic joint k. The
rotational velocity w; of link ¢ = 3,...,n is

w; =JE (q)q, )

where JU (g) € R'™ is constructed the same way as
JI (q) in (5) for (J} ) = 1 for a revolute joint k& and

(Jwy)k = 0 for a prismatic joint k or k > i.

The above Jacobians are employed in the system dynam-
ics to find the mass matrix. Since we have defined the friction
to act on the links at positions different from the center of
gravity, we also need to define an additional set of Jacobians.

The translational velocities of F; and R; are found from

v (@)d; ®)

(6)

, prismatic joint k
, k>,

rvg, =J



for ¢ = F;,R; and i = 3,...,n, where vagi(q) € R2xn
has the same form as in (5) and (J 55) & is found the same

way as (J{:—)Gi)k by replacing ;rg, with ;7¢;in (6), where
rr, =7 +15,el and rp, = rg, — Iy,eli

2) Dynamics: The equations of motion for the snake
robot are based on the Euler-Lagrange equations and is
formulated in a standard matrix form for planar robot ma-
nipulators (see e.g. [15]) as follows:

Mp (q) 4+ C%a (a,9)d = P¢>7'T+ 9
Z?:S ((J,LI)DF‘L) IF?«; + (JUPR'L) IFgl) ’ ( )

where the mass matrix Mp (g) € R™ ", Coriolis and
centripetal matrix Cp (q,q) € R™ ™, the applied joint
torques Py7, and the friction forces IFQ and Ing will
be described in the following paragraphs.
The mass matrix is
= T T
M (q) =Y (mi (35,) 35, + 0. (35) 3L, 10y
i=3
where m; and ©; are the mass and moment of inertia of link 7
with respect to its center of mass, respectively (m; = mo =
01 = O3 = 0 due to the virtual joints and are therefore

not included in Mp (q)). By defining Mp (q) = {MPM}

and Cp (q,4) = {Cp,,} we can find the elements of the
Coriolis and centripetal matrix as

Cr, = D Cigins (1n
k=1
where
IR\ g dq; o )

The torques 7 € R™"~3 applied by the motors in the joints
are mapped into the system dynamics by the constant matrix

P, = { 035xn—3 ]’

In —3xn—3
where I,,_3x,_3 is the n — 3 x n — 3 identity matrix. The
friction between the ground surface and the snake robot links
is modeled as a combination of Coulomb friction Fgc , F gf s

and viscous friction F?V, F;‘f. Hence, we have

13)

F§=F20+F£V, (14)

for & = Fj, R;. We formulate the Coulomb friction force
law in two ways. First we present a smooth approximation

to Coulomb friction FgCC, and then we show how to find

the set-valued Coulomb friction Flj_c‘.

Coulumb friction is often modeled with a sign-function
[5], [17], and the arctan-function can be employed as an
approximation to the sign-function. Hence, we can find a

smooth approximation of the Coulomb friction FgCC from
1 Vg,
2 (" = —Fy,D,o— arctan (%) (15)

where Fy, = m;g, g is the acceleration of gravity,
€ > 0 is a small constant, the diagonal matrix D, =
diag ([uc,,pe,]), and pe, € RY, pue, € RT are the
Coulomb friction coefficients longitudinal and lateral to each

link, respectively. Notice that the normal force Fly, is divided
equally between the two contact points on each link. In
addition, we employ the common assumption that the normal
forces are equally distributed along the snake robot [5], [6].

Set-valued Coulomb friction FPin is modeled using a
set-valued force law based on the framework of non-smooth
dynamics and convex analysis, and an expression for the
friction is given with the algebraic inclusion

P
— B,V € Nog (BingCt) ) (16)
where N¢,. (+) is the normal cone to the set Cp given by

the ellipse:
Po,\? P, \?
(Bngwmt) (Bith t)
S + iy . S 1

Or =1 B F{" . (17
(o) (e )
T
where we have defined BiFgcf = { BiFg o BiFg St

(see [10], [11], [13], [18], [19] for an introduction to set-
valued force laws and non-smooth dynamics).

The viscous friction force can be expressed in frame B;
as

Fy. 0
P N; v,
BiFﬁiV = _TD#V B; V¢, D,uv = { 0 ny} (18)

where iy, € RT and py, € RT are the viscous friction
coefficients longitudinal and lateral to each link, respectively.

B. Control Plant Model

The control plant model is derived from the process
plant model in this section. We approximate the set-valued
Coulomb friction law (16) by the smooth nonlinear friction
model (15). This enables us to apply input-output lineariza-
tion techniques developed for smooth systems. We will revert
to the performance of the controller for the non-smooth
system in Section IV. We reformulate the model such that
the position ;70, = [ o, Yo, ]  and orientation 6 are
removed from the state equations in (9).

1) Kinematics: In this section, we present the new kine-
matics where the earth-fixed position and orientation of the
snake robot have been decoupled from the rest of the system
dynamics. To achieve this, we define a new vector v of ve-
locity coordinates that includes the velocity jvo, = Tn'“oz in

frame B3 attached to the first link: p,vo, = (RIBB) IV0,.
Hence,

§=Tw <<= v=Tyg (19)
where
= — RIB 02><n—2
Tq N Tq (9) - |: 0n—2:z<2 In—2><n—2 (20)
. . T
v= {Bgv& 9 ¢T} L =1 b2 bn-3]. (21)

To be able to cancel € from the model, we describe all
translational velocities in frame Bs. Let us investigate the
new expression for the translational velocity v, of the front
part of link 7 as an example: By inserting (19) into (8) we
find that

B3VF;, = JUFi ((p) v (22)
where ;AT op
Jvm (¢) = (RBg) vaiTq' (23)

The expression for p,vpR, is the same as (22) except that
F; needs to be replaced by R;. The Jacobian J,,, (¢) that
relates the new generalized velocities v and the translational



velocity p,vr, does not depend on the earth-fixed rotation
angle 6 of the snake robot head (link 3). Namely, the
translational velocities of the snake robot head in v are given
in frame B3 and an earth-fixed rotation angle is therefore no
longer necessary to find the translational link velocities in
frame Bj.

2) Dynamics: In this section, we employ the transforma-
tions above to reduce the model of the dynamics (9). From
(19), we find that

=T+ Ty, (24)

and this equality together with (19) and the relation IFg =
ngg Bs FZ are inserted into (9) to obtain

Mp (@) T, o+ (Mp (@) Ty +Cp (0,0) T, ) v =

(25)
Ryt 3I (00, R P+ 07, 'R 5,

VFi, 3 i i)

We pre-multiply (25) with T} and using (23) and T} Py, =
P, we obtain

M (¢)i+C (0.6,0) v =
Pyr + Z?:B‘ ((Jvm)T B Fr, + (JvRi)TB?’FRi) '

where

(26)

M (¢)=T;Mp (q) T, 7
C (0.¢.6)=T] (Mp ()T, +Cr (@.9)T,), @8

and we have used that F'¢, = Fg + FZ = Fg with
¢ = F;, R; where the viscous friction term Fg = Fg Vs
the same as in (18), while the smooth approximation Fg =

FgCC in (15) of the Coulomb friction in the process plant
model is employed.
III. JOINT CONTROL BY INPUT-OUTPUT LINEARIZATION
In this section, we employ an input-output (IO) linearizing
controller to be able to accurately track the desired joint
angles and prove mathematically that this closed-loop system
is stable. Inspired by [20], we divide the system (26) into
two parts: one part for the directly actuated generalized
coordinates, called active (or real) joints, and one part for
the unactuated degrees of freedom, the passive (or virtual)
Jjoints. We will then show that the origin of the tracking error
dynamics of the active joints are asymptotically stable and
that the IO-linearizing controller can be employed.

A. Control Plant Model Reformulation

We begin by dividing the control plant model (26) into
two parts (as performed for the standard robotic equation in
[20]): one part for the directly actuated generalized coordi-
nates ¢ called active joints, and one part for the unactuated
generalized velocities w, the passive joints. We define the
unactuated generalized velocities as

w= [ 33202 } € RS, (29)

Define
h=C (9’, b, q's) v (30)
9= (o) 8. Fr + ()" 5Fr).  GD

=3

T T
where h (¢,v) = | hl h} L .g(pv)=[4gl g5],
hi € R3, hy € R"73, g, € R3, and g, € R"~3. Then, the
control plant model may be written as follows:

M@ 4+ Mi2¢ + hy = g4 (32)
Mo + Moo + ho =g,+T, (33)
where
M M
M (¢) = { My, Mo } , Mp R (34

In the forthcoming section, we denote (32) as the tracking
dynamics and (33) as the input-output dynamics.

B. Controller Design

In this section, we derive an input-output linearizing
controller such that the system (33) is able to asymptotically
track a bounded reference ¢, (t), with bounded derivatives
By (1), Py (1).

Since M (¢) is positive definite, then My is invertible
and we may substitute w from (32) into (33) to obtain

Mo + by = gy + 7, 35)
where
My = My — M21M1_11M12 (36)
hy = hy — Moy M7 hy (37)
G> = g — M1 M;}'g,, (38)

Note that My, is symmetric and positive definite [21]. The
friction and system dynamics may now be cancelled from
(35) by employing the feedback transformation

T = Mgg’u, + ’_7,2 —3s 39)
where u € R"~3 is a new control input. The input-output
dynamics (33) is now reduced to

¢ = u. (40)

Hence, by using the stabilizing feedback law for u € R"~3
u=q¢;—Kp (qz’—d’d) —Kp(¢p—94),

we obtain an asymtotically stable error dynamics for the
system (33) for the n — 3 x n — 3 positive definite, diagonal,
and constant matrices Kp and Kp. We see from (31) that
G- in the controller (39) contains the Coulomb and viscous
friction terms. Now, the reason for the approximation (15) of
the Coulomb friction becomes apparent. Namely, due to the
set-valued Coulomb friction in the process plant model we
are not able to compensate exactly for the Coulomb friction
at zero velocity since the friction force can be anywhere in
the set C'r in (17). To be able to include the case of zero
velocity in the stability proof we therefore approximate the
Coulomb friction with the smooth friction model as in (15).

(41)

C. Motion Pattern and Reference Angles

The ‘serpenoid curve’ is a sinus-like curve that describes
the shape of a snake during the serpenoid motion pattern
‘lateral undulation’ [2]. A snake robot may recreate an
approximation of this shape by setting its joint angles as

¢a; (t) = Asin (wt + (i — 1)9), (42)

where ¢g4, () is the desired relative angle between link i + 2
and ¢ + 3, A is the amplitude of joint oscillation, w is the
speed of the propagating wave, ¢ is the time, and ¢ is the



phase-shift between adjacent joints [5]. It has been shown
that the snake robot in fact moves forward when its joint
angles are set to follow ¢4, and the friction property between
each link of the snake robot and the ground is such that a
link glides easier forward and backwards than sideways [2],
[51, [22], [23]. In this paper we employ (42) to find ¢, in
41).

D. Final Results

We start this section by stating the following theorem.

Theorem 1: Assume that the desired trajectory ¢ is
bounded with bounded velocity qbd and acceleration qbd
Along any trajectory of the closed-loop (32)-(33), (39), (41),
the joint tracking error e (¢), defined by

es (t) = ¢ (1) = ¢4 (1), 43)

converges to zero exponentially fast, and the velocity vector
w remains bounded.

Proof: The desired trajectory ¢, together with its time-
derivatives, typically satisfies the boundedness assumption
(e.g. by employing (42) for bounded A, w, and J).

The convergence to zero of the joint tracking error ey (t)
is easily seen from (40)-(41). Hence, it now remains to show
that the velocity vector w that appears in the closed-loop
(32)-(33), (39), (41), and that was removed from (33) using
(32), does not grow unbounded, i.e. the so-called tracking
dynamics (32) produces bounded solutions for time-varying

inputs ¢, (1), ¢4 (1), and bq (t).
Notice that, due to (43),

b (t) = ey (1) + dq (1) (44)

Hence, ¢ (t) is bounded since both ey () and ¢, (t) are
bounded. The same applies to the first and second derivative
of ¢ (t). For notational simplicity, we omit the dependence
of ¢ and ¢ (t) in the following when it is appropriate. We
now want to show that w is bounded. To this end, we
employ Theorem 4.18 in [24] and define the continuously
differentiable function

1
V(t,w) = inMu (¢ (1) w. (45)
Thus,
1 2 1 2
5)\M,min ||'LUH S V(t,’UJ) S iAI\l,mam H'LU” (46)
where ||-|| denotes the Euclidean norm, A/ sy is the infi-

mum over all ¢ of the smallest eigenvalue of M1 (¢(¢)), and
AM,maz 15 the supremum over all ¢ of the largest eigenvalue
of My, (¢(t)). Since My; () is continuous and positive
definite for all ¢, and since ¢(t) belongs to a compact set
for all ¢, then Apsmae = Au,min > 0. What remains is to
find a continuous positive definite function W (w) such that

V(t,w) < —W (w), Y|w|>p>0, Vt>0, 47)
and Vaw € R3. This will be the task for the remainder of this
section. Consider

. 1 .
V=wMpw+ 5wTMuw. (48)
Using (32), we find that
. " 1 .
V= 'Ll)T (91 — M12¢ — hl) + §’UJTM11’UJ. (49)

The velocities w need to be extracted from g; and h; to
satisfy the inequality (47). Define

_ I3x3

Hence, from (21), we have that
v=P,w+ P¢q2>.
where P is found in (13).

We start by investigating h; which is the term in V that
needs to be elaborated the most to prove the inequality (47).
From (30), we find by employing the identity (51) that

h, =PIC (9’, b, q’s) P,w +PTC (9’, b, q’s) P.d. (52)

(1)

It will later be shown that the term PI C (97¢, qb) P,w

is cancelled from V" because of skew-symmetry, however 6,
and thus an expression for w, needs to be extracted from
the second term in h; and thls will be elaborated on in the
following. By defining C; = PI C and using T Py =0
(In_gm_g = 0) together with the transformation (28) we
obtain

CPy = PLTECPP@ (53)
where we also have wused that T,Py = Py.
Define ¢; to be the j-th column of Cp and
pJT. = [ O1xj—1 1 Oixn—j ] € R™ is a row vector of

zeros with 1 on its j-th column. From the expression for
the elements of Cp in (11) we define

(54)

where Dp, = {c;jr}, where i denotes the row and k the
column, and c;;, is given by (12). By calculating the partial
derivatives of the elements of M p in (12) we find from the
expression for the elements of D p, that its first two columns
are zero. Hence, by comparing ¢ in (3) with v in (21) we
obtain

C; = DPj q,

Dp,G=Dp,v. (55)
From (11), (51), (54), and (55) we write Cp as
Cp= ZCjPE = ZDpj (wa + P¢g2)) p;. (56)
j=1 j=1

By inserting (56) into (53) and noticing that p}P¢7 =01xn-3
for j =1,...,3 we obtain

CiP,=PLT}> {DpP,w +Dp Py} p!
j=4

P,. (57)

Inspecting the terms with w in the summation (57) for j =
4,...,n we find that
Py, , = PPy (58)

wherep)  =[ Oixj3-1 1 Oixp—j ] €R" Pisarow
vector of zeros with 1 on its j — 3-column, and we note that

O = Py, b, (59)
where ¢y, is the k-th element of ¢ € R"~3. In addition, let
Dg, (¢) =T,Dp, e R™", j=4,...,n, (60)

to explicitly show that we are dealing with a function only of
¢. By inserting (58) into (57), and employing the identities
(59) and (60), we now find the second term of hq in (52) as

PICP,é = PL Y Dy, (Pd)(i)gzsj,g + ngzsj,gw) 61)
j=4



and we have managed to extract w.
We are now ready to insert h; into V in (49):

V= w'g +w" (~Mp) ¢+ "My w+
w™P! (-C)P,w+ . 62)
wTP;FUZ?:4(—DBj) Pd,d). Gj—3+
’wTP;FUZ;-l:4 (—DB].) Pw¢j_3w.
By defining
By (6.) = (-Mi2) 6 (63)
k2 (¢,6) =PLY (-Dp,) Pyddya, (64
j=4
employing the inequality
w'k; < Jlwll ||k, (65)

noting that

w'P}, (~Dg, (¢(1))) Pudj—3(t)w < Apy, maz |\w||(26,6 )
where Apg; mas 1S the supremum fqr all ¢ of the largest
eigenvalue of PT (—Dp, (¢(t))) Puwé;_3(t), and defining

n
AD = E )\DBj,maIa

j=4

(67)

we find that
Vv < 'ng1 + %wT (M11 — 2PIUCPU,) w—+
2
|wl[ [ || + [lew]| [ k2]l + Ap [Jw]]”.

The above expression (68) can be further simplified since

(68)

S0 (N1~ 2P OP,) w=lw L (N-20) P (69)
=0, (70)

P’ MP,, and that
(M—?C is skew-symmetric. The latter property is proved
in e.g. [15].

The remaining term w g1 in V arises from friction, see

(31), and will now be investigated. We start by partitioning
the complete friction term in (31) as

where we have used that M11 =

g=gv+9c =91=gy +9c €R’, (D
where

gv. =Pugv, 9c, =PuLgc (72)
and the viscous friction gy, and Coulomb friction g are

n

gv = Z ((JUM)T BsFVT; + (J'UR'L)T BSFET',) (73)
1=3

gc = Z ((JUM)T BsF% + (J'UR'L)T BSngy) . (74)
1=3

By inserting, for the viscous friction force, the constitutive
law (18), and employing the identities g, FZ =B, Fg v and
B, F{, =R} g FY, for & = F;, R;, we find that
>y &
2

1=3 &i=R;,F;

( ”&1) R D#V Bv&)
(75)

Using ¢ and v in expression (22) for p,v¢, and inserting
the result into gy, in (73), we get

D3 < ) REZED,, (RE?)TJU§>V. (76)

i=3&=R;,F;

My, (¢)
We now find the pleasant fact that

$)=> My, (¢)
=3

is positive definite. Intuitively, this is the case since My is
the analogy to a mass matrix of interconnected point masses
any any time-instant, and such a mass matrix is positive
definite. We formulate gy, defined in (72) by using the
expression for v in (51) and inserting (77) in (76), then

gy, = —PIMyP,w — Pl MyP,é. (78)

We now move on to the Coulomb friction term g since
we have managed to extract w from gy,. The Coulomb

friction force F¢ is found as in (15) and by inserting this
into the expresswn for g~ in (74), we obtain

gC__Z Z( ves) TFNlRB D, arctan( :5)) (79)

1351—1’
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By employing the expressions above that constitute g, we
find from (68) that the function V' can now be written

V < —w'PIMyPuw +w' (~PLMyPso) +

; )" (80)
wige, + ||| (k]| + [[k2]]) + Ap [lw]]”.
Define the vectors
ks = —PI My P, (81)
ks = d)max H901 o, B/Ua)‘ (82)

) i

where ky > 0 is the maximum value for ||g., || for all
possible combinations of ¢ and p,v¢,. In addition, define
the positive constant 0 < 1 < 1 and the positive definite
matrix

My = PI My P, € R¥3, (83)

The matrix My is positive definite since it is the upper left
submatrix of the positive definite matrix My . By using the
identities (81)-(83) together with n in (80), we obtain

V< —(1—nwMyw—nw™™ywt
[|wl| (||k1|| + [[kal| + k3| + ka) + (84)
Ap ||wl|*.

We notice from their respective expressions that [|K1]], [[k2],
|lks||, and k4 are all bounded for bounded ¢, ¢, and ¢.
We are now close to satisfying the inequality (47) which
we stated in the beginning of this section. Similarly to the
inequality (46), we have that

Aty min || W] < w™™Myw (85)

where Apgy min is the infimum over all ¢ of the smallest
eigenvalue of My (¢ (t)). Since My (¢ (t)) is continuous
and positive definite for all ¢ (¢), and since ¢ (t) belongs to



a compact set for all ¢, then Apsmin > 0. By introducing
(85) into (84), we obtain

v <—(1-n) AMy min HwHQ_n)‘Mv-,mm Hw||2 +
[|w]| (Hk21|| + [[ka| + ks + ka) +
Ap [Jw]]”.

(86)

Hence, the positive definite function W (w) in (47) is

W (w) = (1= 1) Aty min [w]%, (87)
and we obtain v < W (w) (88)
for
DAy min W] > ks [w] + Ap [lwl]f?, (89)
where we have defined
ks =ks (. 6.8) =l + [+ ksl ks ©0)

to simplify the remaining calculation. The positive constant
w in (47) needs to be found such that (88) is satisfied. From
(89) we find that

Jwl| > M On
T NAMy min — AD
Hence, we define
[L= sup ks > 0. 92)

b.6.6 MMy min — AD

We know that k5 > 0 since k4 > 0. In addition, k5 is
bounded since ||k1[, [|k2l|, ||ks||, and k4 are all bounded

for ¢, ¢, and ¢ bounded. We know that p > 0 since k5 > 0
and NAnry, min > Ap for (;5 small enough since we see that
Ap in (66)-(67) is proportional to (;5 and we know from (85)
that N\, min 1S independent of qb Hence, we have that

93)

which together with (46) proves that w is bounded. This
concludes the proof of Theorem 1.

V<-W(w), [w]|zp>0

IV. SIMULATION RESULTS

In this section, we present and compare the simulation
results of a snake robot moving by lateral undulation where
its joints are controlled by a standard PD-controller and the
controller based on input-output linearization presented in
this paper, respectively. We first implement the controllers
on a model with the smooth approximation to the Coulomb
friction. Then, we test the controllers on a model with set-
valued Coulomb friction laws.

The simulation parameters are given in the following.
Links ¢ = 1,2 have no mass or length since these are
part of the virtual structure to give the global position and
orientation of the head of the snake robot. For : = 3,...,n,
we have [; = 0.122 m, [y, = 0.0457 m, m; = 7.5/11 =
0.682 kg, and ©; = 9.63 x 10~ kg m2. The Coulomb
friction parameters are pc, = 0.2, puc, = 0.5, and the
viscous friction parameters are py, = 0.1, py, = 0.2. The
controller gains for input-output linearization were kp =
2.4 x 103 and kp = 400 x 10°, where kp and kp are the
elements on the diagonal in Kp and Kp, respectively. To
compare the simulation results, we have also implemented
a PD-controller. For this controller, we set dp = 1.2 and

(a) time [s]

4 6
(b) time [s]

Fig. 2. Smooth friction law in model: (a) Desired joint angle for joint
5, and (b) joint tracking error for the PD-controller (solid line) and the
input-output linearization controller (thick dashed line).

dp = 200 as the elements on the diagonal matrices Dp and
Dp respectively. The PD-controller is implemented as

T=-Dp (Qz)_d’d)_DP(qb_qbd)'

The simulations were performed in Matlab where the time-
stepping method (see [13], [18], [19]) was used for numerical
integration of the model with set-valued Coulomb friction,
while the solver odel15s was used for the smooth model.

The desired joint angles are found from (42) with the
motion pattern parameters A = 40&, w = 801”@ é, and
0 = —504g5. We implement a ‘soft-start’ approach during
start-up of the snake robot from its initial (straight) posture to
avoid large steps in the reference signal. To this end, we set
¢a, (t) = 0 until we have ‘gbdj (t)’ <31%,J=1,...,n=3,
for the first time after start-up (¢ = 0). We choose to study
one of the middle joints (¢5) in the following to see how the
controllers works for a joint that is strongly affected by the
net snake motion due to the coupling with both ends of the
snake robot.

A. Smooth Coulomb Friction Model

In this section, the smooth approximation (15) to the
Coulomb friction has been employed in the mathematical
model. Fig. 2 suggests that the input-output linearization
controller yields an asymptotically stable error dynamics,
while PD-controller results in a periodic tracking error.

B. Set-Valued Coulomb Friction Model.

In this section, the set-valued force law (16) was used
as a constitutive law for the Coulomb friction. We see from
Fig. 3 (b) that the tracking error for the controller based on
input-output linearization is almost negligible despite that
we no longer are able to cancel the snake robot dynamics
correctly with the feedback term. The tracking error for the
PD-controller is sinusoidal and almost similar in form but
somewhat smaller in amplitude compared to the case with
smooth Coulomb friction.

(94)

C. Discussion of the Simulation Results.

The snake robot is a nonlinear system and the simulation
results confirms that a nonlinear controller is needed in order
to control the snake robot joint angles accurately. We see
from Fig. 2 and Fig. 3 that the proposed controller based
on feedback linearization almost instantaneously controls the
joint angle to its reference angle at start-up. In addition,



9,5 [deg]

e 1
=201 1
—40 . . .

0

(a) time [s]

4 6
(b) time [s]

Fig. 3. Set-valued friction law in model: (a) Desired joint angle for joint
5, and (b) joint tracking error for the PD-controller (solid line) and the
input-output linearization controller (thick dashed line).

the tracking error is almost negligible for the non-smooth
snake robot model. This suggests that the controller exhibits
a relatively small sensitivity to errors in the friction model.
This is a promising results since the friction may vary
depending on which surface the snake robot is moving on
and it may thus be difficult to estimate the friction.

It was difficult to tune the PD-controller gains and the
PD-controller gave a much worse tracking error than for
input-output linearization. This tuning problem was partly
because the joints close to the ends can move much easier
than the middle joints since the outer joints do not need
to move both halves of the snake robot. Hence, the PD-
controllers should perhaps have been tuned independently for
each joint. The chatter in the tracking error dynamics during
the first two seconds for the PD-controller comes from that
the remaining joints are still in the start-up process. Hence,
the other joints affect the motion of joint 5 more when using
the PD-controller.

V. CONCLUSIONS AND FURTHER WORK

In this paper a control law for tracking control of the
joints of a snake robot without wheels. Since the friction
between the snake robot and the ground surface is essential
for providing locomotion for wheel-less snake robots, a
kinematic model is not sufficient, and a nonlinear model
including both the kinematics and dynamics of the snake
robots and its contact with the environment is presented.
This model is denoted the process plant model. Furthermore,
a control plant model is developed for the same snake robot.
This model allows for an infinite number of rotations of
the snake robot without affecting the controller. Based on
this control plant model, a nonlinear controller is developed
using input-output linearization. It is proved using Lyapunov
stability theory that this controller asymptotically stabilizes
the desired motion pattern for the snake robot joints. Further-
more, simulations with this controller applied to the process
plant model suggest that the closed-loop system is able to
track the desired joint angles. In addition, the same process
plant model is implemented with a set-valued force law for

describing the Coulomb friction instead of its smooth approx-
imation. The simulations indicate that the proposed controller
is also effective for the snake robot model with set-valued
Coulomb friction.

In the future, we will try to include the velocity of the
head of the snake robot in the stability proof and show that
it can track a desired reference.
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