Data-driven control of planar snake robot locomotion
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Abstract— A direct data-driven strategy for snake-robot lo-
comotion control is proposed in this paper. The approach leads
to a time-varying state feedback controller with robustness
guarantees. Instead of relying on exact model knowledge -
which is often not available in practice - the proposed control
strategy requires only input-state data collected during offline
experiments. The efficacy of the proposed strategy is demon-
strated via simulations. Notably, by using data to compensate
for inaccurate models, the proposed control strategy can lead
to significant improvements in closed-loop performance com-
pared to existing (model-based) control strategies, while also
eliminating the need for manual tuning of control parameters.

I. INTRODUCTION

Snake robots have gained interest for a wide range of
applications. Mimicking the motion of biological snakes (see
e.g. [1], [2]), notably their undulatory locomotion pattern,
snake robots have excellent mobility and maneuverability,
even in hard-to-reach, challenging environments. With these
capabilities, snake robots are well suited for performing mon-
itoring and intervention tasks in the context of ground-based,
subsea and space applications (see, for instance, [3], [4],
[5], [6], [7], [8] and references therein). However, obtaining
accurate mathematical models to describe the dynamics of
snake robots is challenging. The complex friction forces act-
ing between the robot and its surroundings, for instance, play
a fundamental role in the locomotion of snake robots, but are
very difficult to model [6]. Existing models (see e.g. [6], [9],
[10]) are often based to some degree on empirical studies,
and the presence of parameters that are difficult to estimate
accurately may necessitate that control parameters are tuned
via ad-hoc procedures (see, e.g. [10]). The fact that snake
robots are underactuated poses a further challenge in terms
of control design. Thus, with the aim of easing the control
design task, a simplified, control-oriented model has been
introduced in [4]. The model provides a good gqualitative
representation of the dynamical behaviour of snake robots
and renders the task of designing control laws ensuring
such robots follow a desired locomotion readily solvable.
More precisely, in the presence of complete knowledge of
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the underlying model, it has been demonstrated in [4], [6]
that a relatively simple control law can be designed, via
partial feedback linearisation, to render a desired locomotion
globally exponentially stable (GES). In this paper, we use
data to derive a similar control law in the absence of accurate
model parameter knowledge.

Direct data-driven control, see e.g. [11], [12], allows to de-
sign controllers directly using measured data, bypassing any
modelling step. Snake robots, which are complex nonlinear
systems, achieve a desired motion via undulatory locomotion
by tracking a repetitive, sinusoidal joint angle trajectory.
By approximating the behaviour of the actuated degrees of
freedom of the robot around the undulatory motion trajectory
as a linear time-varying (LTV) system, and hinging upon a
data-driven framework for LTV systems [13], [14], we im-
plement a direct data-driven tracking controller. Differently
from existing techniques, the proposed data-driven control
design method does not require accurate prior knowledge of
model parameters or manual tuning. An additional benefit
of the approach, which results in a time-varying controller,
is that it is naturally amenable to settings in which model
parameters are time-varying. For instance, varying friction
coefficients as the snake robot “slithers” across different
surfaces. We demonstarte (via simulations) that by using
data to compensate for lack of accurate model knowledge,
the proposed control strategy outperforms alternative control
laws employed in the literature.

The remainder of this paper is organised as follows. In
Section II the considered problem is introduced along with
some preliminaries on data-driven control of unknown LTV
systems. A brief overview of existing results on modelling
and locomotion of snake robots is provided in Section III.
The main result of the paper, namely a data-driven control
design strategy to ensure a snake robot follows a desired
locomotion pattern is presented in Section IV. Finally, the
proposed control scheme is illustrated via simulations in Sec-
tion V and concluding remarks are provided in Section VI.

Notation. Let f : R™ — R™ be a differentiable func-
tion, then Jf/Ox denotes the Jacobian matrix of f with
respect to the variable x € R™. When m = 1, df/0x =
[0f/0z1,...,0f/0xy,] denotes the row vector of partial
derivatives of f with respect to © = [x1,22,... ,xn]T. I,
represents the n x n identity matrix, and 0 the zero matrix
of appropriate dimension. Given a matrix A € R"*", A > 0
(A > 0) indicates that the matrix is positive definite (positive
semi-definite). We use square brackets to denote a discrete-
time signal s[] and round brackets to denote a continuous-
time signal s(-). A function v : R>¢o — R>¢ is a class K-
function if it is continuous, strictly increasing and ~(0) = 0.



Given a vector v € R™, ||v|| denotes its Euclidean norm.

II. PROBLEM FORMULATION AND PRELIMINARIES

The dynamic behaviour of snake robots is highly depen-
dent on friction forces - which are difficult to model or
estimate accurately - posing a major challenge in terms of
control design. Motivated by this, we consider the problem
of designing - without requiring the knowledge of the coeffi-
cient of frictions in the model - a feedback control law, which
ensures the snake robot follows a desired reference path, and
we provide a data-driven solution to the considered problem.

A. Preliminaries on data-driven control of LTV systems

We introduce here some preliminaries concerning the
direct data-driven control technique, which will be used to
design a controller for the snake robot (see [14], [13] for
more details). Consider a discrete-time system subjected to
process noise (denoted by d[k]) described by

xz[k + 1] = Alk]z[k] + Blk]u[k] + d[k] (1)

where x € R™ denotes the state of the system, u € R™
denotes the control input, and A[k] and B[k] of appropriate
dimension denote the unknown (time-varying) dynamics and
input matrices, respectively. With the aim of designing a state
feedback control law for system (1) of the form

ulk] = K[k]z[k], 2
for k € [0, N], consider the following standing assumption.

Assumption 1. [t is possible to collect an ensemble of
input-state data sequences’ Ud,4,[0,N—1]» Td,j,[0,N], Jor J =
1,..., L, with L > n+m, capturing the same time-varying
behaviour for k =0,..., N, with N € N.

The L data sequences are combined to form the matrices
X[k] = [xaalk], zaz2[k], - .. za,LlK]], 3)
for k=0,...,N, and
Ulk] = [ua,,[k], ua,[k], ..., uq,r[K]] 4)

for k = 0,...,N — 1. A similar matrix can be assembled
for the (unknown) process noise D[k], for k =0,..., N —
1, corresponding to the measured data. Note that D[k] is
not measured. In [14] it has been shown that (3) and (4)
can be used to design controllers of the form (2), which
guarantee a decreasing bound on the closed-loop trajectories
in the presence of process noise, as recalled in the following
statement.

Lemma 1. [14] Consider the system (1). Suppose that data
matrices (3) and (4) are available and that these are such
that the rank condition (5) holds.

X [k]

rank 1%

]zn—&—m. 5

IThe subscript d indicates measured data samples.

Finally, suppose DI[k| satisfies a quadratic bound, that is

L 1" TQ K ST L Nog
DIK"] |S:(k]T  R.[k]| [D[K]T] =
with Q.[k] € R™*", S,[k] € R"™¥ and R,[k]<0 € REXE
for k =0,...N — 1. Then a control input of the form (2)
with
K[k] = UK]Y [k PK]™, (7
is such that the trajectories of the closed-loop system (1), (2)
satisfy the bound
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with |d|x—1 = sup {||d(4)]],0 < j <k —1} < oo, is a class
KC function, and where Y'[k|, P[k] are a solution of

Y1(ldlg—1,k) =

Plk+1]— I, — Q.[k] —S,[k] X[k+1]Y[k]
— S, [k]" — R, [K] Y[k >0,
Yk X[k+1]" Yk|T P[k]
(8a)
X[k)Y[k] = P[k], (8b)
for k=0,...,N —1, and
nl, < Plk] < pI,, (8c)

for k=0,...N,andn>1, p>n.

The result in Lemma 1 entails that the control design involves
data matrices only, i.e. it does not require any knowledge of
the (time-varying) matrices A[k] and B[k].

In the following sections, we first recall some insights re-
lated to the dynamics and locomotion of snake robots, before
showing how the described data-driven control method can
be applied to the snake robot system.

III. DYNAMICS AND LOCOMOTION OF SNAKE ROBOTS

Some preliminaries related to modeling and control of
snake robots (in the presence of full model knowledge) are
provided in this section (see [4], [5], [6] for more details).

A. Equations of motion

We consider a planar snake robot consisting of N; > 1
links and N; — 1 joints, where each joint is actuated. For
simplicity we assume that all links have the same length
l; = | and the same mass m; = m, for = 1,..., N;, hence
the total mass of the robot is Zf\ll m; = Nym.

We consider the simplified control-oriented model of snake
robots introduced in [4], [6]. Namely, we let the joint angles
¢; and the joint velocity vg; for i = 1,..., N; — 1 denote,
respectively, the normal direction distance between links ¢
and ¢ + 1 and the relative velocity between links ¢ and
i+ 1. Let ¢ = [p1,...,0n-1)F € RM~! and v, =
[Vgq - s Vg Nl_l]T € RM—1. The coordinates of the centre



of gravity of the snake robot in the global frame is denoted
by p = (ps,py) (with the subscripts denoting the z- and
y-coordinates), whereas its tangential and normal direction
velocity in the body frame are denoted by (v, v,,). Finally,
0 and vy denote the global orientation of the snake, i.e. the
angle between the body frame and the global frame, and
the corresponding angular velocity, respectively. We utilise
the following notation (similar to that of [5], [9], [10]). Let

e=[1,--,1] eRM, e=[1,--,1] eRrRN-1,
let A € RVim=DxNi gnd D e RWi=DxNi denote the
matrices
1 1 1 -1
A= . , D= . . s
1 1 1 -1

and let D = DT(DDT)~t € RN>x(Vi=1) " 'We consider
an anisotropic viscous model to represent the friction forces
acting on the snake model (see e.g. [4], [6]). In what follows
¢, and c¢; denote the coefficients of friction in the normal
and tangential directions, respectively, whereas c, denotes
the propulsion coefficient given by ¢, = (¢, — ¢¢)/(2l). The
equations of motion of the snake robot are then given by

b = vg, (9a)
6 = v, (9b)
Dy = vy €OS O — vy, SN O, (9¢)
Py = vesinf + v, cos 0, (9d)
- 1
by = _i% + —vtADTqS + = DDy, (%)
m
. >\ _
Vp = —)\1’[}@ + N 1Ut€T¢, (9f)
. 2¢p _T Cp T 47
- —— " AD
Uy mvt + Nom U o Nlm¢ Vg, %2)
. Cn 2¢p
Oy = = on + T Lwelo, (9h)

where A1 and )\, are defined as rotational parameters,
capturing the rotational dynamics of the snake robot (see [4],

[6]). The control input is u = [ug, ... ,uNl_l]T, where u; is
the actuator force at joint ¢, for + = 1,..., N; — 1. Finally,
let = [¢T797px7py,vl,va,vt,vn] € R2NiH4,

B. Snake locomotion

A difficulty in designing a controller for the snake robot
described by equation (9) lies in the fact that the system is
underactuated. Common techniques are aimed at “steering”
the snake robot’s heading in particular directions to follow
a desired path ([6], [10]) by following a certain gait pattern.
We focus our attention on the inertial shape motion and,
in particular, we consider undulatory gait patterns (see, e.g.
[2], [4], [5], [6], [9], [10]) that can be utilised to generate
forward propulsive foces. That is, the snake robot is required
to follow a serpenoid curve which is achieved when the joint
angles ¢; follow a reference signal of the form

‘Zsi,IOC(t) = asin(wt + (i — 1)8) +~v (10)

where « represents the amplitude of the motion, w corre-
sponds to the frequency and, 8 and ~y are the phase shift
between the joints and the joint offset, respectively, for
i =1,...,N;—1. The corresponding locomotion is referred
to as lateral undulation. The parameters «, 3, w and  can be
used to achieve trajectory control (see e.g. [5]). Considering
the overall robot, lateral undulation for the ensemble of joint
angles is defined as

(bloc = [(bl,loca ¢2A’10C7 oo (11)

The corresponding reference for the relative velocity between
links is given by

[¢1,10ca ¢2,locv oo

The following result provides a control law that ensures - in
the presence of full model knowledge (including the friction
coefficients) - that the desired locomotion (11) is achieved.

Lemma 2. [4, Section V] Consider the system (9). If the
system parameters m, c,, and c, are known exactly, then the
choice of control law u = uﬁ, where

T _
AN —1loc) | € RMTL,

RM-L . (12)

Vg.loc = L ON—1loc] | €

uj = m(DDT) 7 (@ + 26— LumADTo) , (13)
partially feedback linearzses the dynamics. Namely, (9e)
becomes ¥y = U, where uc RN=Y s the input of the
partially feedback linearised snake robot model and can
be designed to ensure the joint angles ¢ track a desired
trajectory. The choice

u = éloc + kp(¢loc - ¢) + kd(q'sloc - UqS) s

with k, > 0 and kq > 0, ensures that limy_, o (Proc(t) —
@(t)) = 0, for any initial condition x(0) = x.

(14)

IV. CONTROL OF THE ACTUATED DEGREES OF FREEDOM
WITHOUT EXACT KNOWLEDGE OF THE MODEL

The result in Lemma 2 is such that the desired locomotion
(10), for ¢ = 1,...,N; — 1, is globally attractive for
the system (9) in closed loop with the control law (13)-
(14). However, such result is not guaranteed to hold in the
absence of complete knowledge of the model (9) (e.g. in the
absence of accurate estimates of the friction coefficients).
We consider instead the case in which only certain nominal
values for the normal and tangential friction coefficients,
denoted by ¢, and ¢; (potentially different from the actual
friction coefficients c¢,, and c¢;), are available for control
design. The corresponding nominal propulsion coefficient is
given by ¢, = (&, — Et)/(Zl). Letting u = ug in (9), with

ug =m(DDT)™! (

designed on the basis of the nominal friction coefficients
(as opposed to the control law (13) which is designed
based on the actual friction coefficients), the terms including
the friction coefficients no longer cancel out and (9¢) be-
comes Gy = Sa=Cny, 4 2

¢ - vtAD%) . (15

%, ADT ¢ + . To streamline
the presentation, let By, = m(DDT)~!

) and Uflnom =



By <%¢ — %”vtADTqS) . We will provide a mechanism to
design a control law similar to (13)-(14), using data in place
of exact knowledge of the friction coefficients. The result
is achieved by considering the “actuated subsystem” of (9)
with © = ug, described by the dynamics

(16)

¢ =g, ]
{J¢ — Cn’r_ncn/u(b_F CP:LCP’U,:ADTQ/)—F’UJ,

n
-
with state x, = |:(,25T ,vﬂ = C'z, where

[Iya 0 0 0
C‘{ 0 0 Iy O

Remark 1. Note that the evolution of (16) is dependent on
(9), via the tangential velocity vy.

Our objective is to provide a strategy to design a control
law taking the place of (14), i.e. ensuring the joint angles
of the snake robot (9) track the desired reference trajectory
corresponding to undulatory locomotion, directly using data.
Let the reference trajectory for the actuated states associated
with lateral undulation be

¢Ioc(t) :l , (17)

Vg, loc(t)

with ¢ioc and vy 1o defined in (11) and (12), respectively,
and introduce the error coordinates

024 (t) = x4(t) — Tq rer(t).

Lq,ref = |:

(18)

In what follows, we assume that 1" (recall that we are inter-
ested in controlling the system over the interval ¢ € [0, 7)) is
a multiple of the sampling time T, such that N = T'/T; and
the discrete-time interval k € [0, N] corresponds to uniform
samples of the continuous-time interval of interest. Consider
the snake robot dynamics (9) and the controller u = u with

Uel(t) = Uptmom (1) + Bpi(roc(t) + 5u(t)),

where 0u(t) is obtained from a discrete-time feedback con-
trol law Ju[k] using zero-order hold (ZOH). Note that u
corresponds to the control law (15) with @ = dioc (t) + 5 (t).

In the following subsections we will derive a discrete-
time LTV representation of the actuated subsystem (16) and
demonstrate how to apply the results on direct data-driven
control recalled in Section II-A to design the discrete-time
control input d@[k] (in the form of a state feedback). A block
diagram representation of the control strategy is provided
in Figure 1. The subsystem indicated by the green dashed
line represents the (open-loop) system (9) with © = ug as
defined in (15). The blue solid line highlights the actuated
subsystem as defined in (16). The overall system considered
for control design is indicated by the red solid line and is
referred to as the DT actuated error subsystem. Note that
the output of the DT actuated error subsystem is obtained
by sampling the difference between the actuated states x,
and the reference signal x, ¢ at a (uniform) rate 1/7, i.e.
dxglk] = 6z (ETS).

(19)

A. A LTV approximation of the actuated subsystem

To apply the direct data-driven control design method
recalled in Section II-A, we linearise the actuated subsystem
(16) about the reference trajectory (17) corresponding to
lateral undulation. Consider the trajectories for @ and vy,
labelled @, and vy o respectively, which ensure that (9)
in closed loop with (15) is such that the actuated subsystem
(16) follows the desired trajectory (17). Note that

7Irkef (t) = (j;loc (t) - fn T;L En Qéloc (t) (20)
- % ’/:L Ep ’Ut,ref(t)ADT(bloc(t) )

which is obtained by solving (16) in terms of u for x, =
La,ref -

Introducing the error coordinates, 6@ (t) = @(t)—u’.,(¢), a
linear approximation of the system (16) about the reference
trajectories (17), (20) and vy rer yields the LTV system

0iq(t) = A(t) - 6z (t) + B(t) - 6u(t) + d(t), (21)
where of
Alt) = ,
®) 0% @ ver (£),8% 5 (£) 01, vet (£)
and of
B(t) = = ,
*) OU 2 re (8,07, (£) 04 ret (£)
with
Vo
I=1 4 cp—@ T -
nCryg + L ADT ¢ + @

and d(t) contains the higher order terms, as well as the
effects of the deviation vy — v ref, Which is not explicitly
accounted for since v; is not considered a state of the
actuated subsystem (16).

The feasible reference control input @ ,(¢), defined in
(20), depends on both the actual and the nominal friction
coefficients. Since we consider the actual friction coefficients
Cn, Cp to be unknown, we introduce another change of
coordinates, to a known reference w.(t). Let du(t) =
(t) — Urer(t) and

d(t) = d(t) + B(t)(Ures (t) — Urer(t)) ,

then (21) can be written as

. B 0 In, 1
(SSCa(t) - cp;lcp Ut7ref(t)ADT En;lcn INl_1:| &Ea(t)
0
oult d(t). (22
s oo +ao. e

Note that ¢ (?) is not required to be feasible (i.e. tyef, T ref
and v, rf are not required to satisfy the actuated subsystem
dynamics (16)), but it can be freely defined by the user.

To apply the results of Lemma 1 we discretise (22) using
ZOH, resulting in a DT LTV system of the form

Sxalk + 1] = Ag[kz[k] + Balk]oalk] + dalk] . (23)
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Fig. 1. Block diagram representation of the overall data-driven control strategy for the snake robot.

where the matrices A4[k], Bg[k] are regarded as unknown.
The process noise d,[k] captures the noise d(t) as well as the
effects of ZOH and sampling. In the following subsections,
we will present a method to design (discrete-time) feedback
control laws of the form

sifk] = K[k)oza[k], (24)

guaranteeing a bound on the error trajectories dz,, without
knowledge of the LTV dynamics (22), using data. Exploiting
the result in Lemma 1 the time-varying gain K[k] can be
designed strategically, without relying on manual tuning.

B. Data-driven control design

In the following we provide a direct data-driven strategy
for designing 04[k], of the form (24). The strategy relies on
two steps: data collection and control design.

1) Data collection: The first step of the control strategy
is to gather input-state data to form matrices similar to (3)
and (4), which are used to represent the DT actuated error
subsystem. To this end, we assume it is possible to per-
form multiple (L) simulations/experiments of the system (9)
(where, as depicted in Figure 1, the input to the continuous-
time system (9) is obtainend via a ZOH and the state data
is obtained by uniformly sampling the difference bewteen
the actuated states and the reference, i.e. dx,). For the data
collection, we choose du[k] of the form

Silk] = kp(roc[k] — B[K]) + ka(dioc[k]
+ 'U/exp[k] 3

— vg[k]) )

where k, > 0 and kg > 0, and ucyp is a randomly
generated “exploring input” such that uex,[k] € [0,1], for
k =0,...,N — 1. Note that (25) is similar to a discrete-
time version of the PD controller utilised in (14) (introduced
in Lemma 2), with the addition of the “exploring input” term
Uexp k]. The role of the feedback term is to ensure that the
collected state data trajectories do not diverge rapidly (which
may cause subsequent numerical issues), whereas the role of
Uexp[k] is to ensure that the rank condition (5) is satisfied
for all k& € [0, N]. In practice such a randomly generated

exploring input typically results in that the (easily verifiable)
rank condition is satisfied. Proceeding as per Section II-A,
the data collected through the L experiments are combined
to form the data matrices

X[k] = [6zanlk], 0za2([k], ..., 0xa,LlK]], (26)
for k=0,...,N, and
Ulk] = (6t [k], 0t[K], ..., 0ur[K]], 27)

for kK = 0,...,N — 1, where the subscripts ¢ indicate

data collected from a specific experiment, ¢ = 1,..., L.
As in Section II-A, consider also the matrix DIk], for
k=0,...,N —1, containing the (unknown) process noise

samples corresponding to the collected data in (26) and (27).

Remark 2. A necessary condition for (5) to hold is that
the number of experiments L > 3(N; — 1). Recalling
Assumption 1, it is further required that the open-loop
experiments capture the same time-varying behaviour (of the
LTV approximation). In the current context, the evolution of
vy will differ from one experiment to another due to the
different sequences of inputs ou;k], k = 0,...,N — 1,
i=1,...,L, applied during each experiment. This deviation
(Ut — V¢ vef) s accounted for in the disturbance term of (22).

2) Control design: The second step consists in using the
data matrices (26), and (27) to design a control law for the
DT actuated error subsystem, which ensures that the actuated
states of the snake robot (9) stay within a given bound around
the desired reference trajectories corresponding to undulatory
locomotion (17). The control design for the snake robot is
detailed in the following statement that utilises Lemma 1.

Lemma 3. Consider a snake robot described by the dynam-
ics (9). Suppose data matrices (26) and (27) are available
and these are such that the rank condition (5) holds. Further
suppose D[k] satisfies a quadratic bound of the form (6) for
k=0,...,N — 1. Then a control input of the form (24),
with K[k] as given in (7), where Y[k|, P[k] are a solution
of the feasibility problem (8), is such that the trajectories of



the closed-loop DT actuated error subsystem satisfy

owa )] < \[p? ( - ;) 10221011 + 71 (dx_1, £,

(28)

for k =0,...,N, where n > 1, p > n are constants and
v1(+, k) is a class K function.

V. SIMULATION

Consider a snake robot with /N; = 3 links of mass m =1
kg and of length | = 0.14 m. The coefficients of frictions
are taken to be ¢; = 1 and ¢,, = 3 (such that ¢, = 7.1429)
and are considered to be unknown. The values of \; and
Ao are set to, respectively, 0.5 and 20. The aforementioned
parameters are similar to those considered in [6, Chapter
6.10]. The parameters for the undulatory motion are chosen
as a = 0.045 m, w = 2.0944 rad/s, § = 0.6981 rad and
~ = 0 rad. We consider the case in which the coefficients of
friction are unknown, with only certain nominal values, i.e.
¢t = 1.2 and ¢, = 4 (resulting in the nominal propulsion
coefficient ¢, = 10), available for control design.

In the following the performance of two controllers is
compared via simulations. Namely, considering the overall
control law ug given by (15), we compare the performance
of the closed-loop system for two different selections of
u. Specifically, we consider the case in which u is the
(continuous-time) controller given by (14), and the case in
which % = ¢yoc + 04(t), as in (19), where §i(t) is obtained
(via ZOH) from the data-driven (discrete-time) controller
(24), with the time-varying gains designed according to
Lemma 3. The overall control law ug corresponding to
the former selection is denoted by upp, whereas the one
corresponding to the latter (data-driven) selection is denoted
by upp. We emphasise again that only nominal values for
the coefficients of friction are utilised to design the two
controllers. The gains of upp are chosen to be k, = 20
and kg = 5 (as in [6]). The same values of k, and k; are
selected for data collection (i.e. in (25)). For the data-driven
controller the sample time is taken to be 75 = 0.02 s and
the time horizon N = 800 s. The values of p and 7 in
(8) are chosen to be p = 60 and n = 1. The system is
simulated in MATLAB using ode 45, whereas the feasibility
problem (8) is solved using CVX [15]. In the following we
consider the initial conditions of (9) to be ¢;(0) = 0.1,
¢2(0) = —0.1, whereas those of the remaining states, namely
the initial conditions of 8, p,,py, Ve 1,Ve,2, Ve, Vs, Upn, have
been randomly generated in [0, 1]. The time histories of the
norm of the error coordinate dz, corresponding to ug = upp
(dashed, grey line) and ug = wupp (solid, blue line) are
shown in Figure 2, along with the time history of the bound
(28) (solid, red line). It is clear that (28) is satisfied by the
trajectory corresponding to the controller upp, but not for
that corresponding to the controller upp.

VI. CONCLUSION

A direct data-driven approach to control the locomotion
of a snake robot has been presented. The result uses data in
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Fig. 2. Time histories of the bound (28) (solid, red line) and of the norm
of x4 for ug = upp (dashed, grey line) and ug = upp (solid, blue line).

place of an accurate model to construct time-varying state
feedback control laws that ensure the snake robot follows
an undulatory locomotion. Using nominal values for friction
coefficients and data collected from offline experiments, the
proposed control design relies on a LTV approximation of
the actuated subsystem about the desired trajectory, and the
subsequent solution of a purely data-dependent convex feasi-
blity problem. The resulting control law is demonstrated, via
simulations, to result in improved performance with respect
to an alternative model-based control law (designed purely
on the basis of the nominal parameter values available).
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