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Abstract: The depth control of an Autonomous Underwater Vehicle (AUV) is addressed. The
vehicle is equipped with two separate actuation systems for the heave axis: a ballast tank system
and a set of four jet motors generating vertical forces in the bow and stern of the vehicle. These
two actuation systems have different time constants: the ballast tank system is rather slow,
while the jet actuators have a much faster dynamics. The proposed control systems is inspired
by the theory of complementary filtering in estimation where the output of slow sensors (low
pass filters) is combined with the output of faster sensors (or the very plant model, i.e. high pass
filters) to generate an estimate. In the given setting a heave controller is designed generating a
desired force command. This signal is partitioned in a lower and higher frequency component:
the former is sent to the ballast tank system and the latter to the jet thruster actuators. As
a result, the depth force command is seemingly executed concurrently by the two actuation
systems each working in its most natural frequency domain. The control design methodology is
outlined and simulation results are reported illustrating the overall performance.
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1. INTRODUCTION

Automatic depth control is one of the most basic, yet fun-
damental, functionalities of underwater vehicles. The task
of heave control is particularly important for autonomous
underwater robots that are been employed in an increasing
number of application and scenarios. Since the early work
[Cristi et al., 1990] many different control design methods
and technologies have been applied to the problem: basic
PID-based solution are described, by example, in [Zanoli
and Conte, 2003], [Caccia et al., 2003] and [Alvarez et al.,
2008] while a gain - scheduling approach is addressed
in [Silvestre and Pascoal, 2007]. The modeling of heave
dynamics of underwater vehicles together with possible
control solutions is also covered in [Fossen, 1994].

Contrary to most underwater vehicles considered in the lit-
erature, this work addresses the problem of depth control
for a vehicle equipped with two separate actuation systems
for the heave axis: a ballast tank system and a set of four
jet motors generating vertical forces in the bow and stern
of the vehicle. The vehicle at hand is the Autonomous Un-
derwater Vehicle (AUV) Folaga described in [Caffaz et al.,
2010]. The two actuation systems for the heave axis have
different time constants: the ballast tank system is rather
slow, while the jet actuators have a much faster dynamics.
The vehicle’s factory - designed control system exploits
either the ballast tank system or the vertical thrusters
for heave command according to the mission specifica-
tion. Pure vertical dive maneuvers (i.e. a zero surge) are
typically controlled by the ballast tank system only while
during in via point navigation depth is regulated using the
vertical thrusters. The proposed solution aims at designing
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a control system able to concurrently exploit both actuator
systems using them in their natural frequency domain. In
particular, the designed controller is inspired by the theory
of complementary filtering in estimation where the output
of slow sensors (low pass filters) is combined with the
output of faster sensors (or the very plant model, i.e. high
pass filters) to generate an estimate. In the given setting
a depth controller is designed generating a desired force
command. This signal is partitioned in a lower and higher
frequency component: the former is sent to the ballast tank
system and the latter to the jet thruster actuators. As
a result, the depth force command is seemingly executed
concurrently by the two actuation systems.

Section 2 gives a brief overview of the complementary fil-
tering technique and its extension to actuation as adopted
in the paper. The AUV depth model used for control
design is illustrated in section 3 while the resulting control
solution is presented in section 4. Conclusion are finally
addressed in section 5.

2. COMPLEMENTARY ACTUATION
2.1 Complementary Filtering

In general, complementary filters provide a means to
fuse multiple independent noisy measurement of the same
signal that have complementary spectral characteristics.
Consider a signal z(¢) in the time domain and the related
measurements y(t) for k& = 1,2,...,N coming from
different sensors. Assuming the sensor models to be linear,
in the Laplace domain the following would hold (refer to
Fig. 1):
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Fig. 1. Basic complementary filter for estimation.

Yi(s) = Hi(s)X(s) + €x(s) (1)
where Hy(s) is the transfer function of the k-th sensor and
€x(s) is the corresponding measurement noise. Consider N
proper transfer functions Py(s) for k = 1,..., N such that

N
ZPk )Yi(s (Zpk )Hi( >X(S)+Zpk(3)€k(3)
k=1

(2)
If the weights Py(s) are chosen such that

N
> Pi(s)Hi(s) =
k=1

N N
SR = X(9) + Y Pl)erls)  (4)
k=1 =1

and assuming Py (s) and €(s) to have orthogonal spectra
for all k, i.e. Py(s)ex(s) = 0VEk =1,...,N or, at least,

that
Py(s)er(s) =0, Vk=1,...,N (5)
the unknown signal X (s) could be estimated according to

N
= Pul(s)Ya(s). (6)

Notice that the complementary estimator in equation
(6) builds on the fundamental complementary condition

Zivzl Py.(s)Hg(s) = 1 in equation (3).

= 3)

2.2 Complementary Actuation

Assuming to have a process where an output can be
controlled through more actuators, the idea of complemen-
tary actuation is to distribute the control effort over the
actuators according to their spectral properties. Namely,
the very principle of complementary filtering is exploited
on the dual case of actuation. In particular, consider m
actuators for the same degree of freedom. Fig.2 refers to
the case m = 2 that corresponds to the situation at hand.
In this Fig. 2 the term R (s) is a controller for the system
G(s), Pn(s) are weights used to distribute the control
effort on the various actuators, and finally, the terms C},(s)
model the actuators.

Given the plant model

Y(s) = G(s)Uc(s) (7)
its input Uq(s), following the set up depicted in Fig. 2
can be written as follows:

Uc(s) = > Un(s) (®)

Fig. 2. A simple Complementary actuation diagram for
only two actuators.
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Fig. 3. Heave force balance: C M is the center of mass, Fs
is due to buoyancy (Archimede’s force), Fr to viscous
friction and Fy to gravity.

where Uy (s) is defined as
Un(s) = Cn(s)Pu(s)Ro(s) [Ya(s) = Y (s)] 9)

being Yy(s) is the Laplace’s transform of the reference
signal. The term Uc(s) is finally

= (Z Ch(S)Ph(5)> Re(s) [Ya(s) = Y(s)] (10)
h=1

that can be equated to its definition
Uc(s) = Ro(s) [Ya(s) = Y (s)] (11)

implying for the weights Py (s) that they must satisfy the
(actuation) complementary condition

3 Culs) Pals) =
h=1

Overall, the closed loop system results in

) (Z Ch(S)Ph(8)> Re(s) [Ya(s) = Y(s)] .

(13)

(12)

3. AUV HEAVE MODEL

The proposed control solution is designed for the slender
body AUV (Fig. 3) called Folaga described in [Caffaz et al.,
2010]. The dynamic equations of this vehicle can be written
as follows:
(Mr+Ma+m(t):(t)=—B2(t)+ (M1+m(t))9—Vpg+u(2 (t;
14

and

m(t) = —km(t) + ui(t) (15)

where
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My Inertial mass of the vehicle.

M4 Added mass.

m(t) Mass of the fluid in the ballast tank at time ¢.
z Depth of the vehicle.

B Viscous friction coefficient in direction of z.

g Gravity acceleration.

v Displacement.

p Fluid density.

k Inverse of the time constant of the ballast tank.

u1(t) Ballast tank control input.

u2(t) Heave control force generated by the electrical motors.

Equation (14) is relative to Newton’s law along the heave
axis [Fossen, 1994] while equation (15) models the dynam-
ics of the fluid in the ballast tank. Notice that equation
(15) is indeed an approximation of the ballast tank fluid
dynamics: the in- and out- flows from the tank will actually
have different time constants as the inflow is governed by
a simple valve (the water entering the tank due to the
higher pressure of environmental water) while the outflow
is generated by an active pump. Moreover, both the input
and output flows of the ballast tank fluid will depend on
the depth of the vehicle. Yet for control design purposes,
the ballast fluid mass is modeled with the simple linear
first order equation in (15) that neglects these details.

Equations (14 - 15) imply

(M + My + m(O] 3 () + 5(0)[ur (£) — km(t) + 6] =

= [u1(t) — km(t)]g + ta(t)
that is highly nonlinear due to the terms m(t) and uq(¢)
multiplying the derivatives of z(¢): yet notice that M; +
M, € [50,100]Kg while m(t) € [0,0.35]Kg, namely
m(t) < (M7 + M) implying that (14) can be approxi-
mated by the linear dynamics:
(Mr+ Ma)z(t) = —B2(t) + (M1 +m(t)g — Vpg + U%(t))

16

Equations (15) and (16) allow to derive the transfer
function model

M := M+ My (17)
§:=(M;—Vp)g (18)
= 1 g S S
20 = G (U + 040 +
5
+52(J\Zfs+ﬁ) (19)

that corresponds to the structure in equations (7 - 8)
noticing that

G(s) = s(]\;[sl—i—ﬁ) (20)
and
Uc(s) = (Si;k)m(s) +Us(s) =
201(8) U1(3) —|—CQ(S) UQ(S) (21)
being
Ci(s) = (si;k) Cy(s) = 1. (22)

The last term on the right-hand side of equation (19) can
be interpreted as a constant disturbance (matched with
Uc(s)) that is null in case of perfectly neutral calibration,
ie. M[ = Vp

4. CONTROL DESIGN
4.1 Controller

With reference to the model in equations (19 - 22),
a possible simple controller able to reject the matched
disturbance § in equation (18) is a proportional - integral
(PI) controller:

Tpis + 1

Rpr = Kpy (23)

to be eventually implemented through an anti wind-up ar-
chitecture [Astrém and Hégglund, 1995]. As for the design
of the spectral weight functions Pj(s) and Ps(s), given
that the thrusters should be preferably used for the high
frequency command components only, the corresponding
spectral weight P5(s) is chosen to be a second order high-

pass filter:
2
TfS
P = .
2(s) (1 + Tfs)

Having defined P,(s) the spectral weight P;(s) for the
ballast tank command follows directly from the comple-
mentary condition (12) resulting in:

(21rs+1)(s + k)

g(1+745)?

The parameter 7¢ plays a fundamental role as it deter-
mines the threshold frequency identifying the low fre-
quency region for the ballast tank control system as
opposed to the high frequency region for the electric
thrusters. Notice that this is exactly the counterpart of
the situation in complementary filtering and, to some
extent, in Kalman filtering. Indeed, the Kalman filter can
be interpreted as a special complementary filter [Higgins,
1975] where the lower frequency measurement information
is combined with the higher frequency model dynamics
information to generate the Kalman state estimate.

The Bode plots of C;(s)Py(s) and Ca(s)Ps(s) are reported
in figure 4 showing the complementary behavior of the

(24)

P1 (S) =

(25)

Bode Diagram

Magnitude (dB)
15
\
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Fig. 4. Bode plots of Cy(s)Pi(s), Low-Pass filter, and
C3(s)P(s), High-Pass filter

thruster and ballast tank commands.
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Ci(s)
g 9.81 | [m/s?] Pa(s)
k 8e-3 [1/s] T ‘ 80.8725 ‘ [s]
Pi(s) Rp(s)
7 | 80.8725 | ] Kpr | 0.1201 [ [1/s]
k 8e-3 [1/s] TPI 30 (]
g 9.81 | [m/s?]

Table 1. Transfer function parameters used in
the simulations.

4.2 Implementation issues

The proposed solution has been coded for experimental
validation and simulation analysis. The presence of the
integral action in (23) is necessary to reject the action of
the matched disturbance ¢ defined in (18): yet given the
limited capacity of the ballast tank and the relatively low
power of the vertical thrusters, the integral action in the
PI controller is likely to trigger actuation saturations. In
order to cope with this, an anti wind-up implementation of
the PI controller has been realized [Astrém and Hagglund,
1995]. In particular, the block diagram of the (discretized)
implementation is depicted in figure

i

‘ B(s)

Fig. 5. The schema of Ant-WindUp implementation used
in this work.

where A(s) and B(s) are defined as
Tprs+1 0.3
Als) = KZPLET 20 p(s) =
) =K"Tos B9 =3

(26)

5. SIMULATION RESULTS

The model in equations (14 - 15) used for control design
does not explicitly account for the thruster and ballast
tank actuation dynamics. In order to correctly simulate
the control software to be eventually deployed on the
Folaga AUV, the interface between the control signals
u1(t), u2(t) and the command signals of the Folaga robot
has been developed and included in the simulations. In
particular, the vertical thruster command of the Folaga
vehicle is a signal in the range -100 and 100 with step of
10 corresponding to the motor PWM input. The ballast
tank actuation is a valve for inflow and a motor pump for
outflow. The physical command to the Folaga ballast tank
actuation system may take only the values {-1, 0, 1} for
the ejection, stop, and injection phases respectively. The
actuator models used in the simulations are the following:

U = o ﬂl, al c {*1,0,1}
k€ [-10,10|NZ

(27)

Uy = Qg U, Us = 10k (28)

with

ay = le-4 [Kg/s] (29)
as = 0.343 [N]. (30)

Although the actuator models in equation (27 - 28) are
simplified versions of the physical actuator models, they
still capture the low frequency behavior of the actuators
as well as the structure of the command signals. The
desired control signals u;(t) and us(t) resulting from the
designed control system (as in Fig. 2) and computed at
each (discretized) time instant are used to determine the
actuator commands @] and @5 according to

ay(t)= argmin |ui(t) — a1 G| (31)
w€{—1,0,1}
y(t)=10 argmin |uz(t) — az 10k|. (32)

ke[—10,10]NZ

The overall heave control system described has been test in
simulation using a depth profile having the same geometry
of the one described in [Caccia et al., 2003]. In particular,
the AUV’s surge velocity is assumed to be constant and
equal to 0.1[m/s]. The reference heave profile is defined as
follows:

5 if ¢ € [0;100]s E
za(t) = < 5—0.04(t — 100) if ¢ €]100;200(s g
1 if t € [200;300]s A

Time [s]
In order to illustrate the behavior of the proposed com-
plementary actuation solution three types of simulations
are performed: in the first two the vehicle is assumed
to be initially neutral (i.e. My = Vp) and the proposed
complementary solution is compared to the use of the
thrusters only for the task of following the above z4(t)
depth profile. A third simulation refers to a dive maneu-
ver using the proposed complementary controller without
being the vehicle neutrally buoyant. The simulation
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Fig. 6. Vehicle depth (top) and mass (bottom) of the
water in the ballast chamber, using the proposed
complementary solution.

results are illustrated in figures 6 to 10. In both cases
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Fig. 7. Control effort of the thrusters for the simulation in
figure 6.
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Fig. 8. Control effort of the ballast chamber actuator for
the simulation in figure 6.

the control objective is achieved, but the time evolution
of the thruster commands is obviously different. Notice,
in particular, the difference in thruster usage during the
“ramp” part of the depth profile in the two cases (figures
7 and 10). The results of the third simulation are shown
in figures 11, 12 and 13: notice that as a result of sta-
bilizing depth to a constant value through the proposed
complementary controller (having a pole in the origin on
the ballast chamber actuation channel only) the vehicle
is automatically made neutrally buoyant. The depth is
stabilized and the thrusters and ballast chamber actuator
efforts converge to zero. The asymptotic value of the mass
in the ballast chamber compensates the vehicle’s mass,
namely lim;,, Vp = Mj. Indeed the proposed solution
can be exploited to automatically calibrate the vehicle in
order to make it neutrally buoyant.
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Fig. 9. Vehicle depth (top) and mass (bottom) of the water
in the ballast tank, using the thrusters only.
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Fig. 10. Thrusters control effort for the case depicted in
figure 9.

6. CONCLUSION

The depth control of an AUV having two actuator systems
for the heave degree of freedom has been addressed: the
two actuation systems are a i) ballast tank that can be
filled or emptied changing the restoring force acting on
the vehicle and i) a set of vertical jet thrusters generating
a vertical force. These two actuation systems have different
dynamic behaviors: while the ballast tank system is rela-
tively slow, the vertical jet thrusters have a much faster
response. Inspired by the well know complementary filter-
ing technique used in state estimation, the paper describes
a ”complementary actuation” controller design approach.
A single PI controller (implemented through an anti wind-
up architecture) is designed for the necessary vertical force
to be generated in order to follow a depth profile. Such
desired vertical force is decomposed in two signals corre-
sponding to a lower frequency term and a (complemen-
tary) higher frequency one. The former is then generated
through the ballast tank actuation system while the latter
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Fig. 11. Vehicle depth (top) and mass (bottom) of the
water in the ballast chamber using the proposed com-
plementary solution on a vehicle that is not initially
neutrally buoyant.
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Fig. 12. Control effort of the thrusters for the motion
profile depicted in figure 11.

is generated by the electrically powered vertical thrusters.
As a result, the desired vertical force is seemingly gener-
ated by the concurrent operation of both actuation system
each working in its most natural frequency spectrum. This
is opposed to the factory built controller that uses either
the ballast tank or the vertical thrusters to control the
heave axis according to the mission specifications. The
proposed solution is very simple in terms of realization
and it has been proven to be effective in simulation. Given
that the integral action of the designed PI controller is
basically implemented by the ballast tank system, if the
reference depth is constant the proposed solution leeds to
an automatic neutrally buoyant calibration of the vehicle
that, otherwise, needs to be obtained manually prior to
starting the mission.
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Fig. 13. Control effort of the ballast chamber actuator for

the motion profile depicted in figure 11.
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