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Abstract—The response of the ROGUE underwater glider
controlled by a scheme called Sliding PD control is shown
and described. This control law has been widely used in robot
manipulators, quadrotors and underwater ROV’s. This is a
model-free and chattering-free controller that makes motion
robust to disturbance and uncertainty. The ROGUE dynamic
model calculated on the vertical plane take into account a ballast
tank fixed at the buoyancy center, a movable mass capable of
motion just along the longitudinal axis and eliminates the offset
static point mass. These considerations simplify significantly the
equations of motion. Through simulation results this nonlinear
controller demonstrates that it ensures a steady glide by directly
controlling the movable mass position along with the ballast mass.

I. INTRODUCTION

The concept of an underwater robot, i.e. a gliding robot,
capable of transforming vertical motion into horizontal as a
consequence of a buoyancy force and small displacements
of its internal masses was presented by Henry Stommel in
1989 [1]. This idea proposed the opportunity of underwater
exploration for longer periods and lower cost, and also opened
the window to a new and complex system, interesting for
control experts and scientists. This concept has motivated
the development of several operational gliders, including the
SLOCUM [2], the Spray [3] and the Seaglider [4].

All existing gliders work by using the same principle,
a variable mass with fixed position in order to change the
buoyancy force and a fixed mass with variable position to
change the vehicle’s center of gravity, and therefore, the pitch
angle. Fixed wings that helps to create a gliding performance,
and isolation of moving parts from the sea environment.

Since an underwater glider has no thrusters or any
other propulsion system (i.e. conventional motors) power
consumption decrease notably compared to vehicles such as
AUV’s and ROV’s. In order to start diving, an underwater
glider changes its net buoyancy through the value of the
variable mass (ballast tank), and changes the movable mass
position in order to change its center of gravity and starts to
glide using its wings. In that way it is possible to achieve
mission endurances even for months.
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Nowadays, gliders execute missions with conventional
proportional-integral-derivative (PID) control loops [5] or
using this type of controllers combined with dead band and
saturation modules [6]. Here is presented a description of the
dynamic model of the academic underwater glider ROGUE
simplified to the vertical plane [7] and its response under a
Sliding-PD controller [8]- [9] based on second order sliding
modes. This nonlinear controller does neither require the
dynamic model nor the parameters. Moreover, thanks to
the second order sliding mode condition, attained since the
beginning, the harmful chattering effect is totally removed,
making the controller a suitable choice to be implement in
real underwater gliders. This paper shows several simulations
that creates high expectations for this controller applied on
autonomous underwater gliders.

Additionally, a trajectory interpolation algorithm has been
implemented in order to create a smooth transition between
the initial and the final angle target. This algorithm generates
several points through the trajectory, as a consequence the
control signal increases or decreases slowly, therefore it helps
to keep a precise tracking, save energy and increase the
vehicle’s autonomy.

II. ROGUE DYNAMIC MODEL

First of all, a defined nomenclature for the variables
used is presented in table I. Some of them are defined for a
three-dimensional motion, in spite of this analysis is restricted
to the vertical plane those variables are necessary to define
its interesting components.

This paper considers the equations of motion presented
in [6]. These equations have been restricted to the vertical
plane. The underwater glider ROGUE was modeled as a rigid
body with a moving mass actuator () and a variable ballast
actuator (my). m is a fixed mass with variable position and
my is a variable mass with fixed position. The translational
velocity and angular VelociTty of the glider in body coordinates
are v.= [v1 v w3] and 2 = [ Qg]T,
respectively. The mass matrix and the inertia matrix of
the body-fluid system are M = diag(mi ma2 mg)T
and J = diag(J1 J2 Jg)T, respectively. The position of
Tp?»]T

the moving mass in the body frame is rp, = [rp1 72
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TABLE L. VARIABLES DESCRIPTION . 1, .
29 = —(mrp (Pp1§22 — Lcosa — Dsina
— p p
Name Description a
a angle of attack,cos o = ul/' v1l2 + v32 +mﬁ273p1 + m1~Q2U1) — (m3 + m)
b vehicle position vector from inertial frame
CB center of buoyancy and origin of body frame _(7'p3u1 + Ppl Q2Tp1 +v103 (ml - mS)
[e]€] center of gravity — - : — .
- Toog force +gm(rp1 cos 8 + 1p3 s21n 0) + mL2orp17p1
Je added inertia matrix +mﬁ roava — m( 2 roar
2 2 1
Js inertia of stationary mass p373 ( ) p1ip3
J Jr+Js —Mpr)+ gmogcosé 4
J;i ith diagonal element of J DL) gmo ) ( )
L lift force
M sum of body and added mass . . .
M¢ added mass matrix U1 = m (—m3v3 25 — Mog S 0+ Lsina —uy
Mpr, viscous moment 1
m mass of disPlaced fluid — 302 — D cos Oé) (5)
— p
m movable point mass
my variable ballast mass located at C'B 1
myq ith diagonal element of M . 9 .
m; ith diagonal element of M U3 = a((mrpl + J2) (Ppl “(22 — Lcosa— Dsina
mp uniformly distributed hull mass o .
ms stationary body mass, ms = myj, + my, + myp +gm0 cosd + mQQTpl + mi QQUI)
My total vehicle mass, m, = ms + m = . _
My point mass for nonuniform hull mass distribution mrp1 (rpdul MDL + Ppl QZTpl
mo excess mass,mg = m, — m +v1v3 (m1 — m3) + gm(rpl cos 6
Q angular velocity in body coordinates in6 i . )
Q; +th component of 2 +Tp3 sin ) +m 2Tp1Tp1 +m 2Tp30V3
P total linear momentum in body coordinates 9
P, linear momentum of m in body coordinates —mid2 Tp1 rp3)) (6)
P total linear momentum in inertial coordinates
pp linear momentum of 7 in inertial coordinates . o P, pl N 7
R rotation matrix for vehicle orientation p1 = m —ealpy — U1 (N
rp position of movable mass m in body coordinates
Tpi ith component of r, . Ppg
rw position vector from C' B to 14, Tp3 = — + QQTpl — U3 ®)
0 pitch angle m
— T P B .
i (u1 w2 ug)’, f;rce on sliding pomt‘ mass Ppl = (9)
u (u1 w2 ug wa)”, vector of control inputs
Uy controlled variable mass rate, ug = 1y P _
=u 10
\ speed in vertical plane, V = /(v;2 + v32) p3 3 (10)
Va desired speed in vertical plane R 11
mpy = U
v velocity in body coordinates b 4 ( )
vy ith component of v _ — 2 —
x,y,z | components of vehicle position vector b @ = MgMmip] + J2m3 + ng (12)
3 glide path angle, £ =0 — a The hydrodynamic forces and moment are expressed in [6]
Ed desired glide path angle
as:
1
. . . 2 2 2 2
A. Equations of Motion in the Vertical Plane D= ipC'D(oz)AV ~ (Kpo + Kpa©)(vi® +v3%)
A corrected model of the ROGUE glider is presented in 1

_ 2 2 2
the vertical plane, the i — k plane in inertial coordinates and L= 5PCL(O‘)AV ~ (Kpo + Kpa)(oi” +v3%)

the e; — eg in the body coordinates. It is known, 1
Mpr = §pC’M(oz)AV2 ~ (Kno + Kpra) (v1? + v3?)

cosf 0 sinf T
R= 0 L0 )i b=10 Where K's are constant hydrodynamic parameters.
—sinf 0 cosé 2
v 0 Tp1 i X
v=|[0]; 2=1|2]; rp = o 5
U3 0 Tp3
i
P Uy :
Pp3 us i
zV

The following equations of motion represent the nonlinear
dynamic model of underwater glider ROGUE:

T = vy cosf + vz sinf (D

%2 = wv3sinf — vy cos b )

é = () 3) Fig. 1. Lift, Drag and Viscous Moment.



ROGUE is an academic underwater glider with the movable
mass (m) restricted to move only over the longitudinal axis
(e1). This means that r,3 is fixed, hence 7,3 = 0 and finally
(8) becomes

Ppg = T_TL('Ug — Tplgg) (13)

The new equations of motion are (1) to (11) excluding (8) and
(10). Further, P,3 is replaced by (13) and w3 is replaced by
(10) which is computed by differentiating (13) with respect
to time. In particular, (4) and (6) are replaced with

2 _ 71 J%(fl — Tp1mi22rp1)
. = 1 _ .
03 s (f2 = Md2otp)
where
fi = (mg — mq)v1vs — mg(rp1 cos @ + rpg sin b))
+Mpr, — rpsur — Tp1 Pp1§22 — rp3mus (s
+7"p37’_n7"p1922

fo =myvi182s + Py1 25 + mpgcosf — Lcosa — Dsina

+mip1 822
1 + 7717‘21)1 _ﬁLTpl
7 = _ Ja Ja
__mTp1 14+ 2
ms3a ms3

III. CONTROLLER DESIGN

Based on [7] and modifying the original equations, a
simulator of the academic underwater glider ROGUE has been
developed. This is a MIMO, non-linear, underactuated, and
strongly coupled system. Linear control laws based on local
linearization exhibit a good performance when close to the
gliding equilibrium.

A Sliding PD controller is considered a non-linear control
scheme that yields to semiglobal stability of all closed-loop
signals with exponential convergence of tracking errors.

Movable mass position (r,1) and the variable mass value
(my) are the output variables, and using a standard nomencla-
ture we have:

— q1 — Tp1 14
a=[a] =[] 19
The control outputs have been defined as u = [u; UQ]T,

where u; and ug are the control inputs of the glider. Now
according with [8]- [9] we have:

i = —Kq;Sr; (15)
Sri = Sq; + K; / sgn(Sq;) (16)
Sq; = Si — Si(to)exp ™" (17)
Si = (G — dia) + Ai(¢i — Gia) (18)

where K4, K, A and x € R positives control constants.

Tuning the parameters is not obvious and special attention is

paid to avoid misleading conclusion. Several simulation were
carried out in order to induce the sliding surface for one of
the variables (r,1), once this objective was reached the same
gains were used for the second variable (my). Values of the
control parameters are shown in Table II.

TABLE II. FEEDBACK GAINS.

[Par[Kd[)\[K[rc]
[Value[120[0.8[3[5]

This control scheme has been applied during the first
transition, changing the glide path angle from 0 to -30 degrees
as a result of the displacement of the movable mass and the
value of the variable mass, producing a nose down motion
and the first pitch moment. Also, this controller was applied
to produce and control the first cycle in a sawtooth pattern
trajectory, in order to demonstrate that it is able to cope with
the most critical point, i.e change the pitch angle from nose
down to nose up and vice versa, this results will be shown in
section IV.

IV. SIMULATION RESULTS

In order to validate the performance of the above-
mentioned control scheme, several simulations were carried
out. The ROGUE model parameters have been taken from [7]
and are shown in table III:

TABLE III. PARAMETER VALUES OF THE ROGUE GLIDER
Parameter Value Unit
m 11.22 kg
m 2 kg
mo +0.36 kg
mp 8.22 kg
mi 2 kg
ms 14 kg
Jo 0.1 Nm?
Tp3 0.04 m
Kp 109 Ns/m?
Kpo 18 Ns/m.2
Kr, 306 Ns/m?
Kro 0 Ns/m?
K —36.5 | Ns/m?
Ko 0 Ns/m?

First of all, a glide path angle (£), a desired depth to start
the transition from nose down to nose up (z4) and a desired
velocity (V) were selected, (£ = £30 [degrees], zq = 4 [m]
and Vg = 0.3 [m/s]). The ROGUE model has been solved,
and is possible to compute values for r,; and m; that satisfy
the desired conditions.

A sawtooth pattern is composed by cycles, and when
we talk about gliders we say that each cycle is given
by five stages: equilibrium-nose down, nose down-steady
glide, critical transition, nose up-steady glide and nose
up-equilibrium. A complete cycle was simulated and is shown
in Fig. 7.

These five stages are easy to identify in Fig. 2, because
changes in the movable mass position and the ballast rate



impact directly over the glide path angle, i.e. the vehicle’s
trajectory. From zero to five seconds the equilibrium-nose
down stage was presented, from five to thirty seconds a
steady glide path was performed, it is possible to observe the
critical transition during the next ten seconds, the fourth stage
is presented during the next twenty five seconds and finally,
the glider return to equilibrium during the last ten seconds of
simulation.

Three different interpolated trajectories has been programmed
in order to create the first sawtooth cycle. The first was a
smooth profile from the initial condition (r,; = 0 [m] and
mp = 1 [kg]) to a desired value (rp; = 0.0041 [m] and
mp = 1.36 [kg]), a second one for the critical transition
(rp1 = 0.00041 [m] and mj, = 1.36 [kg]) to (r,; = —0.0041
[m] and m; = 0.64 [kg]) and a final interpolation to reach
equilibrium again, with values (r,; = —0.0041 [m] and
my = 0.64 [kg]) to (rp1 = 0 [m] and my = 1 [kg]). Worth to
notice is that neutral buoyancy is achieved when r,; = 0 [m]
and mp = 1 [kg].

Several graphics were computed and analyzed during
simulation runs but only the most important are presented
and discussed here. Fig. 2 shows the response of the
controlled variables, there is possible to observe the accurate
performance of the tracking, the real variables (r,; and m;)
follow perfectly the desired trajectory.

[ Movable mass position

5 T T T

—_— ]

-4 (]

0 10 20 30 40 50 60 70 80

Variable mass value
T T T

—my [kg]

===y [kg] ]

my vs My [k

Fig. 2. Output responses of movable mass position and variable mass value.

A desired speed of the movable mass (1) and a desired
rate of the variable mass (1) were defined using a trajectory
interpolation. Parameters of timing were the same for both
variables, that’s why in Fig. 2 and Fig. 3 their response look
alike, but with different limits.

In Fig. 4 it is possible to observe the behavior of control
signals over the interesting variables, u; represents the force
exerted on the movable mass () and u,4 is the control over
the quantity of liquid inside the ballast tank (m;). In section 2
we defined the mass rate of the ballast as a control input, and
we can see how this has been accomplished by observe and
compare these two variables in Fig. 3 and Fig. 4.
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Fig. 3. Output responses of movable mass speed and variable mass rate.
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Fig. 4. Control signals.
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Fig. 5. Glide path angle and velocity behaviour in the vertical plane.

As it was mentioned, the glide path, pitch angle and veloc-
ity are consequence of changes in the generalized coordinates
(rp1 and my), see Fig 5 and Fig. 6. During the first five



seconds, these changes, in the next two seconds appears a
small oscillation on both angles, then the desired values were
reached.
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Fig. 6. Pitch angle and velocity components behaviour in the vertical plane.
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Fig. 7. Glide path on the vertical plane of ROGUE with the proposed control
law.

The most important result for this work is to determine if
a desired glide path and velocity could be reached through a
PD Sliding, in Fig. 5 we demonstrate that this objective was
accomplished with a negligible error. In Fig. 6 is shown the
behaviour of # (worth to remember that £ = 6 — «) , and the
components of V.

Finally Fig. 7 shows the glide path on the vertical plane
in the predicted sawtooth pattern. This results validate the
effectiveness of the PD Sliding controller on a complex
system such as an underwater glider.

V. CONCLUSION

A model free nonlinear controller applied on the ROGUE
glider has been proposed obtaining very good simulation
results. Nowadays legacy gliders use linear controllers as
conventional PD or PID schemes. An underwater glider is a
complex system, by nature it is unpredictable due to its high

nonlinearity. The presented approach shows a controller able
to cope with all these characteristics with excellent tracking
performance. Trajectory interpolation algorithm contributes to
the energy saving, due the outputs has not a sharp transition,
this means a glider with limited power storage has a longer
range and higher endurance.Based on the simulation results, it
is proved that a Sliding-PD scheme is capable to control and
reach a steady glide path for the ROGUE glider. Experimental
results will be reported in a future paper.
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