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Abstract

The need for unmanned underwater vehicle services is increasing steadily in recent years. In
order to complete their task satisfactorily these type of vehicles need control algorithms with
very good performances for their guidance. This is especially true for a special kind of un-
manned underwater vehicles which don’t have real time connection with the operator. This type
of vehicles are called autonomous underwater vehicles. This paper makes a comparison of two
common type of control algorithms (sliding mode control and PID) which use different type
of thrusters. Thrusters with propellers driven constant speed electric drives and variable speed
electric drives have been considered.
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1 Introduction

The need of unmanned underwater vehicles (UUV) has
become apparent as the world pays great attention on
environmental and resources issues as well as scientific
and military tasks. UUVs are used extensively in dif-
ferent kinds of applications such as scientific inspec-
tion of deep sea, exploitation of underwater resources,
long range survey, oceanographic mapping, underwater
pipelines tracking and so on. In general UUVs can be
divided in two categories:

e Remotely Operated Vehicles (ROVs)
As the name suggests, ROVs are unoccupied un-
derwater vehicles (robots). They are linked to the
ship by a tether (sometimes referred to as an um-
bilical cable), a group of cables that carry electri-
cal power, video and data signals back and forth
between the operator and the vehicle. High power

Fig. 1 A science ROV being launched from an oceano-
graphic research vessel [1].

applications will often use hydraulics in addition
to electrical cabling. Most ROVs are equipped
with at least a video camera and lights. Additional
equipment is commonly added to expand the vehi-
cle’s capabilities. These may include sonars, mag-
netometers, a still camera, a manipulator or cutting
arm, water samplers, and instruments that measure
water clarity, light penetration and temperature.
A new generation of ROVs has an interchange-
able toolsled for different payloads and is there-
fore very versatile. Examples of such systems are
the deep-water vehicles Tiburon [2, 3] and Victor
6000 [4] and the mid-water vehicle ROMEO [5].

e Autonomous Underwater Vehicles (AUVs)
AUVs could be defined as untethered underwater
vehicles (robots). In general they are very small
and represent the new up and coming technology
in deep ocean research. The main feature of the
AUVs is their autonomy. The main disadvantage
compared to ROVs is that the whole energy needed
for their operation has to be stored in the vehi-
cle. This fact limits their operating time. They
are however preferred choice for a specific modes
of operation. A vehicle might for example be pro-
grammed to stop thrusting and float passively at
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Fig. 2 An AUV (Bluefin-12) during engineering trials
[6].

a specific depth or density layer in the sea, or to
actively loiter near a desired location. AUVs may
also be programmed to swim at a constant pressure
or altitude or to vary their depth and/or heading
as they move through the water, so that undulat-
ing sea saw survey patterns covering both vertical
and/or horizontal swaths may be formed. AUVs
are also well suited to perform long linear tran-
sects, sea sawing through the water as they go, or
traveling at a constant pressure. They also provide
a highly productive means of performing seafloor
surveys using acoustic or optical imaging systems.

The dynamics of both ROVs and AUVs is highly non-
linear and the hydrodynamic coefficients of vehicles are
difficult to be accurately estimated a priori because of
the variations of these coefficients with different oper-
ating conditions. The performance of the control sys-
tem is of great importance especially for the AUVs, be-
cause their guidance might rely on it. Consequently
it is clear that a great effort is being made in order to
improve the performance of the UUVs control system.
Various control methodologies have been proposed to
control the movement of UUV. Sliding mode control
for example has been proposed by Yoerger and Slotine
in 1984 [7], by Healey and Lienard in 1993 [8] and by
Chatchanayuenyong and Parnichkun in 2006 [9]. The
H, approach was used by Fryxell et. al. in 1996 [10]
and Conte and Serani in 1998 [11]. Neural network
control was studied by Porto and Fogel in 1990 [12], by
Lorenz and Yuh in 1996 [13] and by Li and Lee in 2005
[14]. Adaptive techniques were for example studied by
Yuh in 1990 [15], by Fossen and Fjellstad in 1995 [16]
and by Zhao et. al. in 2001 [17]. Fuzzy control was
used by Smith et. al. in 1993 and 1994 [18, 19]. Even
PID control approach was for example used by Perrier
and Canudas-De-Wit in 1996 [20].

This article discuses the distinction of control algorithm
performance based on the different type of thrusters
used. If thrusters use variable speed electric motor to
drive a propeller, a PID controller was used. If how-
ever constant speed electric motor is used to drive a
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propeller, sliding mode control seems to be a more ap-
propriate choice.

2 Modeling
2.1 Vehicle modeling

The dynamic model of UUV can be derived from the
general Newton-Euler motion equation of a rigid body
in a fluid medium. Let v,.; be the six-dimensional
speed column vector relative to the fluid, defined by

T
Vreel = [Vﬂel7V;el} = [u7v7w7p,an]T (1)

where u is the surge velocity, v the sway velocity, w the
heave velocity, p the roll angular velocity, ¢ the pitch
angular velocity, and r the yaw angular velocity. All
of them are shown in Fig. 3. If the fluid is irrotational,

uuv 9 +u

v p

Fig. 3 Definition of body fixed coordinate system

inviscid, of uniform and constant density, and of infinite
extent except for the rigid body itself, then the equation
of motion can be expressed in spatial notation in the
local reference frame as [21]

Mvrel + C(VQTel)Vrel - _MAvrel
7CA(V1T617 V2rel)vrel - DLVrel (2)
—Dg|vret|Vre + gw[k0T> k(:ﬂT + [FTv FT}T

The experimental identification of the complete model
according to eq.2 is possible, but very complicated, be-
cause tow tank approach has to be used [22]. This ap-
proach is also not applicable for UUvs with variable
and mission-dependent configuration. UUVs in general
move at small speeds and their maneuvers often consist
of plane surge motion or vertical translation. The cou-
pling terms may therefore be neglected without serious
loss of information. This means that that off-diagonal
elements of the added mass matrix, the Coriolis and
centripetal kinematics, and drag coupling terms are ne-
glected. This approximation relies on the fact that[21]:

1. the off-diagonal elements of the added mass ma-
trix of a rigid body having three symmetry planes
are identically null [23]

2. the off-diagonal elements of the positive definite
matrix are much smaller than their diagonal coun-
terparts [24]

3. the hydrodynamic damping is negligible at low
speeds

The resulting model structure for a single degree of
freedom is [21]

me€ = —ke& — keje EIE| + de + ve (3)

ISBN 978-3-901608-32-2

9-13 Sept. 2007, Ljubljana, Slovenia

where my is the inertia relative to the considered degree
of freedom, § is 1-D velocity, k¢ and k5|5| are the linear
and quadratic drag coefficients, ¢, is the applied force
or torque and v is the disturbance modeling otherwise
unmodeled phenomena such as cable effects.

Although this equation is the most often used when con-
trol issues are studied the equation can further be mod-
ified. The actuator action ¢ is usually determined ex-
perimentally in a thrust tunnel. The drawback of such a
method is the fact that the model neglects the propeller-
propeller and/or propeller-hull interactions that occur
during operating conditions. One possible solution is
the introduction of thruster installation coefficient 7,
which represents the reduction in the efficiency of the
thrusters. Eq. 3 can therefore be modified into the fol-
lowing form [21]:

me€ = —ke€ — ke €] + nedy + ve “4)

where the nominal actuator action ¢ is assumed to be
known. Even more detailed versions of eq. 3 are possi-
ble, but will not be presented here.

2.2 Thruster modeling

Recently there is a lot of research going on in the area
of modeling and control of underwater vehicle thruster
system [25, 26, 27, 28, 29].

The thruster force depends on the type of the electric-
drive used. If it is a constant speed electric drive, the
force can have only three values. Maximum values in
two directions and zero value.

If the electric drive is however variable speed electric
drive, its force can be calculated according to the fol-
lowing equation [21]

T =crn|n|—cs|n|uvg (5)

where n is the propeller revolution rate, v, the velocity
of the fluid through the propeller blade (velocity of ad-
vance) and ¢, and c, the unknown constants. The satu-
ration term ¢, [n| v, can be neglected in many standard
operations. If the thruster time constant is neglected,
the propeller revolution rate can be directly related to
the voltage U. Eq. 5 can therefore be modified to the
following form [21]

T=cy U|U]| (6)

where ¢y is the unknown constant. The characteristic
of variable speed electric drive is therefore nonlinear,
but can easily be linearized by software or electronics.
It’s main advantage is that the whole range of forces
between —7,,,q, and T4, 1S applicable.

3 Control algorithms

This paper discusses the differences in control algo-
rithm performance based on the thruster selection. Eq.
3 is usually written in slightly different form if the con-
trol of UUVs is studied. If displacement (in x-direction)
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is used instead of velocity the following equation can be
obtained

mi + ki@ + ki jp 2|E| = du + v @)
Simple algebraic manipulation results in

i:

+ iz (®)
m m
Eq. 8 will be the starting point for control algorithm
comparison. For simulation purposes we can chose
some values for system parameters and discard distur-
bances. In our case the final equation can be written
as
&= —i— &2 + ¢o ©)

and will be used as a basis for control algorithm com-
parison.
3.1 Sliding mode control

If sliding mode control (SMC) is considered eq. 9 can
be rewritten in the following form

i=f(x)+u (10)

Let’s suppose that the desired state x; = 0. The slid-
ing surface .S can therefore be defined by the following
equation [30]

s=1+ Az (11)
The control action u is defined by the following equa-
tion
| —0max ifs>0
“{ Grman if 5 <0 (12)

It was supposed that ¢4, = 2. The model of the con-
trol system is shown in Fig. 4. The model of the system
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Fig. 4 The Matlab/Simulink model of the system

is in the lower part of Fig. 4. The upper part represents
the controller. The constant \ was chosen to to be equal
to A = 2. The sliding surface is therefore defined with
the following equation

T =—2x 13)

and marked with a dashed line in Fig. 5. Fig. 5 shows
the transient response of the controlled system from the
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Fig. 5 The phase diagram of transient response (SMC)

initial value of 2(0) = 4 to the desired value 24 = 0.
The SMC controlled system trajectory reaches the slid-
ing surface from any initial condition in a finite time
and then slides along the surface towards x4 exponen-
tially with a time constant equal to %, as can be seen in
Fig. 5. The transient response of the system (displace-
ment z vs. time ¢). can be seen in Fig. 6. The system

X 4
3.5¢
3k
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0.5r

-0.5
0

2 4 6 8 10t
Fig. 6 Transient response (SMC)
reaches the sliding surface (the desired state x4 = 0) in

approximately 5 seconds. The major drawback of SMC
can however be seen in Fig. 7. It shows the control

2 L
0 2 4 6 8 10 t

Fig. 7 Control input versus time (SMC)

signal versus time. It can be seen that a major control
activity starts at approximately five seconds, when the

Copyright © 2007 EUROSIM / SLOSIM



Proc. EUROSIM 2007 (B. Zupancic, R. Karba, S. Blazic)

sliding surface is reached. This phenomenon is called
chattering and is very undesirable in practice, since be-
side involving high control activity may excite high fre-
quency dynamics neglected in the course of modelling.

3.2 PID control

PID control algorithm is the most commonly used type
of control algorithm. Actually more than 90% of con-
trollers are of PID type[31]. That’s why it was chosen
as a second type of control algorithm in our comparison
study. It is usually used for continuous systems. Vari-
able speed electric drive case is therefore applicable to
this type of controller. The transfer function of the PID
controller is equal to

P(s)=K - (1 + + Ty s> (14)

Ti S
The parameters K, T; and T; have to be determined
properly in order that the controlled system’s perfor-
mance is satisfactory. There are many PID tuning meth-
ods. One of the best known is the so called Ziegler-
Nichols method. In order to determine parameters K,
T; and T,; we first need to determine the values of vari-
ables a and L from the step response of the open loop
system (shown in Fig. 8) [31]. The parameters were

08005 1 15 2 25 3 35 4 t

Fig. 8 Step response of the open loop system

found to be equal to:

a=0.32

L =0.52 (5)

The parameters of the P, PI or PID type of controller
can be determined according to Tab. 1. PID type of

Tab. 1 PID parameters according to Ziegler-Nichols
[31]

[ Controller | K [ T; [Ty |
P 1/a
PI 0.9/a | 3L
PID 1.2/a | 2L | L/2

controller was chosen in our case. The parameters K,
T; and Ty are therefore equal to:

K =3.72
T, = 1.05 (16)
T, = 0.26

ISBN 978-3-901608-32-2

9-13 Sept. 2007, Ljubljana, Slovenia

The transient response of the resulting controlled sys-
tem is shown in Fig. 9. Fig. 9 should be compared with

X 4
3.5
3

25

0.5

05,5 5 10 s t

Fig. 9 Transient response (PID)

Fig. 6 in order to assess the performance of both type
of control algorithms (SMC and PID). Although PID
was used together with a more advanced variable speed
electric drive, it can be seen that the settling time is
much larger in this case. SMC also has no overshoot
compared to PID. The major advantage of PID con-
troller versus SMC one can however be seen if Fig. 10
is compared to Fig. 7. Both figures show control input

U s
1
0.5f
of

05

20 5 10 15 t

Fig. 10 Control input versus time (PID)

versus time. PID controller has much smaller activity
compared to SMC.

4 Conclusion

It can be concluded that the SMC has better tran-
sient performance than PID one, although PID used ad-
vanced type of thrusters. It should also be emphasized
that the SMC is not as sensitive to system parameter
changes as PID is. The only major drawback of SMC
is its high control activity after the sliding surface is
reached. Sliding surface was actually a line in our case.
If it was modified to a narrow area, the problem of high
control activity would be overcome. But the system
would not be as accurate as before. The ideal system
would therefore be a combination of SMC for fast tran-
sient response and PID for high accuracy once the sys-
tem is close to steady state. Possible combination of
two control algorithms would however need further re-
search.

Copyright © 2007 EUROSIM / SLOSIM



Proc. EUROSIM 2007 (B. Zupancic, R. Karba, S. Blazic)

5 References

[1] http://en.wikipedia.org/wiki/rov.

[2] J. B. Newman and D. Stokes. Tiburon, devel-
opement of a rov for ocean science research.
In Proc. Oceans’94, volume 2, pages 483-488,
Brest, France, 1994.

[3] W. J. Kirkwood. Tiburon: Science and technical
results from mbari’s new rov integrated to a swath
platform. In Proc. Oceans’98, volume 3, pages
1578-1583, Nice, France, 1998.

[4] M. Nokin. Rov 6000 — a deep teleoperated sys-
tem for scientific use. In Proc. 6th IARP Workshop
on Underwater Robotics, Toulon, France, 1996.

[5] M. Caccia, R. Bono, G. Bruzzone, and G. Verug-
gio. Variable configuration uuv’s for marine sci-
ence applications. IEEE Robot. Automat. Mag.,
6:37-50, 1999.

[6] http://en.wikipedia.org/wiki/auv.

[7]1 D. Yoerger and J. J. E. Slotine. Robust trajectoty
control of underwater vehicles. IEEE J. Oceanic
Eng., OE-10:462—470, 1985.

[8] A. J. Healey and D. Lienard. @ Multivariable
sliding-mode control for autonomous diving and
steering of unmanned underwater vehicles. IEEE
J. Oceanic Eng., 18:327-339, 1993.

[9] T. Chatchanayuenyong and M. Parnichkun. Neu-
ral network based-time optimal sliding mode con-
trol for an autonomous underwater robot. Mecha-
tronics, 16:471-478, 2006.

[10] D. Fryxell, P. Oliveira, A. Pascoal, C. Silvestre,
and I. Kaminer. Navigation, guidance and con-
trol of auvs: An application to the marius vehicle.
Control Eng. Practice, 4:401-409, 1996.

[11] G. Conte and A. Serrani. Robust control of a re-

motely operated underwater vehicle. Automatica,
34:193-198, 1998.

[12] V. W. Porto and D. B. Fogel. Neural network tech-
niques for navigation of AUVSs. In Proceedings of
the (1990) Symposium on Autonomous Underwa-
ter Vehicle Technology, pages 137 — 141, 1990.

[13] J. Lorentz and J. Yuh. A survey and experimen-
tal study of neural network auv control. In Pro-
ceedings of the 1996 Symposium on Autonomous
Underwater Vehicle Technology, pages 109 — 116,
Monterey, California, 1996.

[14] J. H. Li and P. M. Lee. A neural network adap-
tive controller design for free-pitch-angle diving
behavior of an autonomous underwater vehicle.
Robotics and Autonomous Systems, 52:132-47,
2005.

[15] J. Yuh. Modeling and control of underwater
robotic vehicles. IEEE Transactions on Systems,
Man and Cybernetics, 20:1475-83, 1990.

[16] T. I. Fossen and O.-E. Fjellstad. Robust adap-
tive control of underwater vehicles: A compara-
tive study. In Proceedings of the 3rd IFAC Work-
shop on Control Applications in Marine Systems
(CAMS’95), pages 66—74, Trondheim, Norway,
1995.

ISBN 978-3-901608-32-2 6

(17]

(18]

(19]

(20]

(21]

(22]

(23]
(24]

[25]

(26]

(27]

(28]

(29]

(30]

(31]

9-13 Sept. 2007, Ljubljana, Slovenia

S.Zhao, J. Yuh, and H. T. Choi. Adaptive dob con-
trol of underwater robotic vehicles. In MTS/IEEE
Oceans 2001. An Ocean Odyssey. Conference
Proceedings, volume 1, pages 397-402, 2001.

S. M. Smith, G. J. S. Rae, and D. T. Anderson.
Applications of fuzzy logic to the control of an
autonomous underwater vehicle. In Second IEEE
International Conference on Fuzzy Systems, pages
1099-1106, San Francisco, CA, USA, 1993.

S. M. Smith, G. J. S. Rae, D. T. Anderson, and
A. M. Shein. Fuzzy logic control of an au-
tonomous underwater vehicle. Control Engineer-
ing Practice, 2:321-331, 1994.

M. Perrier and C. Canudas-De-Wit. Experimental
comparison of pid vs. pid plus nonlinear controller
for subsea robots. Autonomous Robots, 3:195—
212, 1996.

M. Caccia, G. Indiveri, and G. Veruggio. Model-
ing and identification of open-frame variable con-
figuration unmanned underwater vehicles. IEEE
Journal of Oceanic Engineering, 25:227-240,
2000.

M. Nomoto and M. Hattori. A deep rov “dol-
phin 3k”: Design and performance analysis. IEEE
Journal of Oceanic Engineering, OE-11:373-391,
1986.

J. N. Newman. Marine Hydrodynamics. MIT
Press, Cambridge, MA, 1977.

T. I. Fossen. Guidance and Control of Ocean Ve-
hicles. Wiley, London, UK, 1994.

D. R. Yoerger, J. G. Cooke, and J.-J. E. Slotine.
The influence of thruster dynamics on underwa-
ter vehicle behavior and their incorporation into
control system design. IEEE Journal of Oceanic
Engineering, 15:167-78, 1990.

A.J. Healey, S. M. Rock, S. Cody, D. Miles, and
J. P. Brown. Toward an improved understand-
ing of thruster dynamics for underwater vehicles.
IEEE Journal of Oceanic Engineering, 20:354—
361, 1995.

L. L. Whitcomb and D. R. Yoerger. Compara-
tive experiments in the dynamics and model-based
control of marine thrusters. In ‘Challenges of
Our Changing Global Environment’. Conference
Proceedings. OCEANS ’95 MTS/IEEE, volume 2,
pages 1019-1028, 1995.

C. L. Tsukamoto, W. Lee, J. Yuh, S. K. Choi,
and J. Lorentz. Comparison study on advanced
thruster control of underwater robots. In /EEE In-
ternational Conference on Robotics and Automa-
tion, volume 3, pages 1845-1850, 1997.

J. Kim, J. Han, W. K. Chung, and J. Yuh. Accurate
thruster modeling with non-parallel ambient flow
for underwater vehicles. In 2005 IEEE/RSJ In-
ternational Conference on Intelligent Robots and
Systems, pages 978—83, Edmonton, Canada, 2005.
J.-1. E. Slotine and W. Li. Applied nonlinear con-
trol. Prentice Hall, Englewood Cliffs, 1991.

K. J. Astrom and T. Hagglund. PID controllers :
Ttheory, Design, and Tuning. International Soci-
ety for Measurement and Control : Instrument So-

Copyright © 2007 EUROSIM / SLOSIM



Proc. EUROSIM 2007 (B. Zupancic, R. Karba, S. Blazic) 9-13 Sept. 2007, Ljubljana, Slovenia

ciety of America, Research Triangle Park, North
Carolina, 1995.

ISBN 978-3-901608-32-2 7 Copyright © 2007 EUROSIM / SLOSIM



