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A new extension of the £1 adaptive controller to
drastically reducethetracking timelags

Divine Maalouf * Ahmed Chemori * Vincent Creuze*

*LIRMM,Université Montpellier Sud de France (UMSF)-CNRG&] rue Ada,
34392 Montpellier, France

Abstract: The £, adaptive control scheme has proven ftgeetiveness and robustness in various fields
thanks to its particular architecture where robustnessdagtation are decoupled. It was though noted
that whenever the trajectory is varying, an inherent lageésent compared to other adaptive schemes due
to the presence of a filter in the control architecture. Tadeeha better tracking, we propose extending
the architecture of the s controller by augmenting it with a control input that coultké the form

of a nonlinear proportional or a proportional integral teithe extended scheme is validated through
simulations via an illustrative example as well as expentakresults performed on an underwater
vehicle.

1. INTRODUCTION The architecture of th€; controller will be therefore extended

Controlling nonlinear dynamic systems is a challenging.tasPY dding to the filtered input a proportional (or proportibn
Indeed, not being able to determnine the behavior of a systeR{egral) term and then feeding the resultant to the priefict
especially in presence of varying parameters, mak@gualt block and to the controlled system. The application taclkhed

the design of a suitable controller. For this reason, tha iddniS paper is within the underwater robotics field. The choic
of online estimating the uncertain or varying parametesenfr Of this controller was motivated by theftrent advantages

measurements has emerged. Based on these concepts, afl fiously listed. T_he identification of an underwater \oigtis
tive control was therefore born. The recently developgad M del parametersis a very cumbersome task. Those parameter

adaptive controller (Hovakimyan and Cao [2010]) stands o@® also likely to vary with the _ope_rating environmer_1t condi
among all other developped adaptive methods in its particonS: A fast and robust adaptation is then necessary im éode
lar architecture where robustness and adaptation are decB§form the desired tasks ranging from pipe or hull follogvin
pled. The low pass filter introduced in its structure separat!0 dam inspection or exploration missions. In the litteraju
the estimation loop from the control loop. This guarantees @ifférent control schemes were proposed in the litterature to
fast adaptation and compensation of the unmodeled dynamgQVe the arising challenges encoutered in autonomousatont
while still preserving the stability of the closed-loop wym. Of underwater robots. We find among them robist control
With such a novel method, various previously noted failuredoche etal. [2011]), predictive control (Steenson e201P])

in adaptive control were revisited (Kharisov and Hovakimyand sliding mode control (Pisano and Usai [2004]). Intelig
[2010] and Xargay et al. [2009]). Besides, an extensiveystud?ontm' methods using reinforcement learning or artifiogl

has been made in Rohrs et al. [1982] showing that restricti{g€nce have also been proposed such as Chang et al. [2003]
assumptions were formulated upon the use of a wide rang@d Carreras etal. [2002]. A more detailed overview of thwe pr
of adaptive controllers. These schemes were seen to exhi gsed controllers for underwater vehicles can be foundlafizvi
undesirable frequency characteristics. An enough paearert €t @l [2009]. The application of thé€, adaptive controller is
citation might be needed to ensure parameter convergehige. TVeY recent in this field. To the best knowledge of the authors
excitation phase allowing the parameters to adapt, wittaef there are only two reported studies done in simulations: the
into a bad transient behavior on the system. Consequently,Work_Of Breu and Fossen [2011] for roll parametric resonance
order to avoid such a behavior, the adaptation gain is ysuall ships and Svendsen_ et al. [2012] for the control of a marine
chosen small which would slow down the system’s respons@atercraft. In our previous work (Maalouf et al. [2012]), we
The advantage that thé; adaptive controller brings in this re- QeS|gned, for the first time, this control_ler with real-tieseper-
gard lies in the fact that the performance of the closed-kysp imental results on an underwater vehicle. The presentell wor
tem can be improved by increasing the adaptation gain witholy@S @ regulation in depth and pitch. When the referencectraje
degrading the robustness. A zero steady-state trackingisrr 0Ty was varied later on, a time lag was observed and therefor
guaranteed for constant reference inputs. However, siptia ~900d asymptotic tracking was not achieved. This same tigie la
Model Reference Adaptive Control (MRAC), the error is onlyVas &lso observed in the other two previously cited papeeswh
guaranteed bounded for time varying reference trajectoe ~Simulations were performed. In this paper, we propose tcaadd
time lag can be noticed with thé; controller due to the pres- Proportional (or a proportional integral) input to the fiktel one
ence of a filter in the control loop. A very careful filter desig @nd then send the resulting control input to the state piiedic
should then be done to compromise between this time lag aRiPck and to the controlled system. We present the improged r
the desired performance bounds. In this paper, we propos Yts obtamgd in simulation on an illustrative examplemd_
nonlinear proportional and a proportional integral augtaton ~ '"0m Hovakimyan and Cao [2010], and we also give detailed

of this controller in order to reduce the observed trackimgre  F€@l-time results for depth control on an underwater vehicl
This paper is organized as follows: in the next section weflyri

* The authors would like to thank the Technalia foundatiornitfsupport.



recall theL; adaptive controller architecture, the third section
shows the main contribution of this paper with a first valioiat

in simulation. The fourth section presents the applicatbn
the proposed extended controller on an underwater vehicle i
nominal conditions, then with a parameter variation to stmv
robustness of the controller. In the fifth section, we digple
obtained experimental results and finally the paper ends wit
some concluding remarks.

2. BACKGROUND ON THEZ; ADAPTIVE CONTROL
SCHEME

The establishment of the framework of th® adaptive con-
troller lies in the decoupling between the adaptation arddh
bustness. For that, the architecture of this scheme isrtmbst
of 4 main parts as shown in Fig. 1 to be explained heredfter:
controlled systenthe state predictgithe adaptation phasand
the control lawformulated with a low pass filter.

|
Reference Trajectory } | | Output response
- Control law with low pass filter | | Controlled System

State predictor

A

Adaptation
L1 Adaptive Controller

Fig. 1. Block diagram of the; adaptive controller

e Controlled SystemWe will start by considering the fol-

lowing class of nonlinear systems described by the fol-

lowing dynamics:

X1(t) = Xa(t),

Xo(t) = f(t,x(t)) + Bowu,

y(t) = Cx(t)
wherex; € R" and x; € R" are the states of the system
forming the complete state vectot) = [x1(t)T, x2(t)T]".
u(t) e R™ is the control inputfr < n) andw € R™M is
the uncertainty on the input gaiB; € R™™ is a constant
full rank matrix.C € R™" is a known full rank constant
matrix, y € R™ is the measured output anfdt, x(t)) is

Xl(O) = X1q

X2(0) = X20 (1)

an unknown nonlinear function representing the nonlinear

dynamics. The partial derivatives of this function with
respect tot and to x are assumed to be semi-globally
uniformaly bounded ané(t, 0) is assumed to be bounded.

The previous system of equations can be transformed
into a semi-linear one with some assumptions on the

boundedness of the parameters and functifyx) as
described in Cao and Hovakimyan [2008]. It is concluded
that this function can be rewritten as:

f(t,X) = Apxa +O()IIX(D)Il 2., + o (t) with 6(t) ando(t) e R™

unknown varying parameters. We get the system in matrix

form as:
CON Folold 1o o vl TP Rl
[ngm o (2
y(t) = Cx(t)
Let A= [8:i: HE;“] be the state matrix describing the

therefore getAm = A — Bykm With By, = [O”BXZF“} The

system can then be finally rewritten in a compact form
as:

X(t) = AmX(t) + Bro( 0Ua + 00IX(D) | 2., + o (1), X(0) =0
y(t) = Cx(®) -

Given their structure, the vectof#sando- can be summed

to the control input as shown above. In case the matrix
B> is not an identity matrix, these two uncertain varying
parameters would be scaled by the constants contained in
B,. Since they are unknown, the notation for these two
variables will not be changed, is the control input used

for adaptation after the transformation of the matfix
into Am. The whole control input applied to the system
IS U= Um + Ug With Um = —Km X.

Adaptation PhaseThis stage uses the error between the
measured and the estimated states to update the param-
eters. The adapation law for each estimated parameter
vector is then given by:

0(t)=TProj(B(t), —(X" (t)PBm) "IX(1)ll .

() =TProj((),~(X (t)PBm)")

() =TProj(@(t), —(X" (t)PBm) "u3 (1))
The parametép is the solution to the algebraic Lyapunov
equation:ATP + PAL = —Q for any arbitrary symmetric
Q= Q" > 0.T is the adaptation gain arx{t) the error
between the predicted state and the measured one. The
term Proj refers to the projection operator which is a
robust technique that bounds the estimated parameters by
abiding to the Lyapunov stability rules.
State Predictor:The states of the system are calculated
at each iteration using the estimated parameters obtained
from the adaptation phase (cf. below) along with the
control input. Based on equation (3), the state predictor
is then given by:

X(t) = Am(t) + Bro( @()ua(t) + OIXD) L 2., + 5(O)  (5)

Control law formulationThe last stage pertains to the for-

mulation of the control input characterized by the addition
of a low pass filter. It is written as:

Ua(S) = —KD(s)(7 () — kgr) (6)
D(s) e R™M s a strictly proper transfer matrix leading to

the stable closed-loop filte€(s) = Hm“ji)'i(g(s). k is a pos-

itive feedback gainky = —(CA;!Bm) ! is a feedforward
prefilter to the reference signe(t) and

m = o{)ua(t) + 0||x(Y)ll£.. To ensure the stability of the
closed-loop, the feedback gairand the filterD(s) must

be chosen in order to fulfill th&®; norm condition. The
reader can refer to Hovakimyan and Cao [2010] for the
detailed proof of stability.

. MAIN CONTRIBUTION: EXTENDED £; ADAPTIVE

CONTROLLER

The main contribution of this paper lies in the augmentatibn
the controller presented in the previous section by a neafin
P/PI feedback as illustrated in Fig.2. The extended section
displayed in dotted lines reduces the time lag occuring in
presence of a varying reference trajectory whenfhadaptive

actual open-loop system dynamics. It should be modifiecbntroller (shown in dashed lines (cf. Fig.2) is employedoT
into a Hurwitz matrix Ay, with the desired closed-loop solutions are proposed here for this added block. A nonlinea
dynamics using a static feedback gdif. We would proportional integral controller or a porportional intapne



can be used as the additional term to be summed to the origifiallows:
filtered input.

up(t) = —g(er) 9)

25/e%1sgr(e) if |/ > 0.1r
9@N=1100—C2__  if|g<01r
0.1r09°

with

Nonlinear Proportional/
Propotional Integral

Or—
L .....Exendedbioc
Reference Trajectory r{ 1t i_.l Control law with low pass filter |— e Y- Controlled System |—mrgspme o
—— i The obtained simulation results are shown in Fig. 3. Theesyst
! -_. output is displayed for both versions of the controller. The
N 1 original £; adaptive controller (dotted blue line) exhibits a
! japtive Controller | . . . .
1 ! clear time lag that becomes insignificant when the proposed
proportional extension is added (solid black line). Thiareple

illustrates the benefits of extending the original architez

i , i proposed in Hovakimyan and Cao [2010] as explained in this
3.1 Augmentation with a Proportional Integral (PI) contied  gaction.

For slow dynamical systems, a classical Pl could be used

Fig. 2. Block diagram of the extendey adaptive controller

reduce the time lag previously described. In our applicatio =
Pl was implemented on an underwater vehicle to improve tt & 1007
. =]
closed-loop system performance. The control ingyt) shown &
in Fig. 2 is therefore expressed by: 3 0 —with Nonlinear B
t 583 =—without Nonlinear P
up(t) = —Kpe(t) - K, f e(t) dt (7) (% -100 ! 1 Reference trajectory
0 . . .
with Kp and K; being the proportional and integral gains 0 10 20 30 40 50
respectively, aneé(t) the tracking error defined by: Time (s)
e(t) = y(t) — r(t) with r(t) the reference trajectory andt) the
measured output as shown on Fig. 2. Fig. 3. Performance of th€; adaptive controller: the desired

trajectory is displayed in red dashed lines, #yeadaptive

) ) ) o controller in blue dotted lines and the proposed extended
Conventional PID controllers involve constant gains nlikid controller in black solid lines.

by each of the forms of the tracking error (proportional jier
tive and integral). For a good tradé-detween fast response
and reduced overshoot, a nonlinear PID could bring an im- 4 APPLICATION FOR DEPTH CONTROL OF AN
provement when the controlled system has a relatively fast UNDERWATER VEHICLE

dynamics. In our simulation illustrative example, we wéfer
to the use of a nonlinear proportional since it was enough
reach the desired closed-loop performance.

The added control inputip(t) can be expressed according to
Wang [2012] by the following:

3.2 Augmentation with a Nonlinear Proportional controller

®1 Experimental setup

Thruster 1

up(t) = —g(e a,0) (8)
with

allelgsgr(e) if legf> 6

9(e.a.0) = { a if |ef < &

, L _Fig. 4. View of the AC-ROV with the reference framegyz:
wherea; anda; are constant gains (for many applications, it ™ earth-fixed framexsynz: body-fixed frame).
might be preferable to haw = a; to avoid a discontinuity),
e is the tracking error defined in section 3d,is a design The AC-ROV submarine (cf. Fig. 4) is an underactuated under-
parameter with &< o < 1 and¢ is delimiting the transition water vehicle. The propulsion system consists of six tiensst
between the low gains and the high gains. The idea behindiven by DC motors controlling five degrees of freedom. Four
this nonlinear proportional term is to have small gains whehorizontal thrusters control simultaneously translaiatongx
the error is large and high gains when the error is small. andy axes and rotation around tkexis (yaw angle). The two
horizontal thrusters denoted 'Thruster 1’ and 'Thrusteo@’
Fig. 3 control depth position and pitch angle. The roll arigle
The solution with the nonlinear proportional augmentati@s  unactuated but remains naturally stable due to the relptige
applied to the same example given in Hovakimyan and Caion of buoyancy and gravity centers. The robot weigkg and
[2010], page 29. In this example, a SISO system is considerdths a rectangular shape with height 208, length 152mmand
o =0 andw is a constant witlw = 1. The proposed design pa-width 146mm It has been modified by the LIRMM to become
rameters are the followin@(s) = %, I'=10000kn=0.The computer controllable. The filerent hardware components of
closed-loop system is expected to track the following ezfiee  the modified vehicle’s hardware are detailed in Maalouf et al
trajectory:r = 100 cos(@t). The proportional input considered [2012].
for the extension of the original controller was designed aBhe experiments have been performed imapool. The tether

51—a

3.3 Validation in simulation on an illustrative example



has been diiciently deployed to avoid inducing additional dragcoeficient and is given byd = A(-D3). The parameter e R is
to the dynamics of the vehicle. The feedback gains have beatumped parameter regrouping the gravitational and buzyyan
tuned for the nominal conditions and are kept unchangedéor tforces as well as the external disturbances —g; +w . The

rest of the experiments despite eventual changes in thelmogdgpression||;(t)|| .. refers to the infinity norm of the state
in order to evaluate the robustness of the proposed coettrollyector at timet. The output is the depthand the control input
The experiments were performed for depth control, where the computed in the earth-fixed frame and should be transfidrme

position is measured by a depth sensor whereas the veloGiyo the body fixed-frame such that:= K-1T-137(us + um) €
of zdirection is estimated by an Alpha-Beta observer (Penoy@?, with u, andun, as explained before.

[1993)).
4.2 Dynamic modeling of the system

Using the SNAME notation and the representation proposed
Fossen [2002], the depth dynamics of an underwater vehic%

expressed in the body-frame, is given by:
z=Jw

MW+ Dw — cog)co{d)(W— B) = 75+ W, (10)

whereZ andw are the depth velocities in the earth-fixed fram
and the body-fixed frame respectively. Due to the coupling in
the dynamics, the Euler angles needed for the studied dy:lsamb
are the roll {) and the pitch ¢) expressed in the earth-fixed
frame. J(p, ) = coqyp)cog®) is the transformation mapping

from the body-fixed frame to the earth-fixed ond; and

Remark 1: Given thatAn and By, are constant matrice$/;
and D; in A; and B, were replaced byM; and D,. This
Y}‘ni” guarantee forAy a constant desired dynamics. All the
ncertainties will be compensated by the controlled patarae
ando that are to be adapted.

4.4 [, adaptive controller augmentation

The controller described in the previous section is congpare
ith the extended one shown in Fig. 2. The control input i thi
case is expressed hy= KT 7137 (ua + um + up) with up given
y (7).

5. EXPERIMENTAL RESULTS
In this section the obtained experimental results are ptede

D, denote the inertia (including added mass) and dampirgnd discussed. They result from the application of the pgedo

respectivelyW is the weight andB the buoyancywy, is the
term representing the external disturbancesmaiglthe control
input expressed in Newton and given by:

172=TKu (11)
where u € R? is the vector of control inputs in volts (two

thrusters are acting on the degree of freedom of interest,
depth) K is the force cofficient inNewton.Volt! that has been

controllers detailed in section 2 and section 3 to the undesmw
vehicle described in section 4.1. The aim is to perform a
comparison of these two versions of tifie adaptive controller
(original and extended) in two scenarios. The obtaineditesu
are presented and analyzed in Fig. 5 and 6. The experiments
start with the vehicle at the surface (horizontal staticitms)

and itis expected to track a reference trajectory in ordezach

Wifferent levels of depth.

experimentally identifiedT € R™? is the actuators configura- 5.1 Proposed experimental scenarios

tion matrix taking into account the position and orientatadf
the propellers, thus allowing to determine the associaiszkt

Two experimental scenarios were performed, namely:

in the body-fixed frame. Since the chosen reference franeis t 1) Scenario 1Control in nominal conditions
earth one, the studied dynamics is then deduced from (10) and The objective of this scenario is to control the depth of

transformed into the following:

Mz ()77 + D2 (v, m)n + G () = 77 + Wod (12)

The starred terms represent the model terms transformed fro

the body into the earth frame.
4.3 Implementation of th€; adaptive controller

The original £1 adaptive control architecture is applied to i)
the depthz in order to perform a comparison between the

two proposed architectures in terms of trajectory tracking

robustness towards uncertainties on the parameters. tRewri

equation (12) in the state space form, we get:

.0 1 0 0
[Z;]z o -2 [Z;]— 9 W |+| L |or (13)
M; My Mzl Mg

with 1 = zandn; = z In this casew is considered to be a
constant withw = 1. Rewriting (13) in the formalism of (3) for
the studied dynamics we get:

) 0
[gg]zAm[g; ; Mi (@Ua+ OOl +o(®)  (14)
y=m (15)

where A, is obtained from a choice d§, enabling the state

matrix to be Hurwitz, withAn, € R>? andBn, = [0, ’\;Il-z IT eR?*L,

the robot without any external disturbance. The gains for
each controller have been tuned to accomodate this case
and were kept unchanged for the other experiments. The
vehicle is expected to track a varying trajectory starting
from the surface level to.8 m, then 04 m and finally

0.6 m.

Scenario 2Robustness towards a parameter uncertainty
The vehicle was changed by the addition of a piece of
polyester introducing a change of buoyancy+di.2 N
which brings a variation of approximately 17% to the pa-
rameter (V- B). Such a variation corresponds for instance
to the situation where the vehicle encounters a sudden
change in the water’s salinity. This test of robustness was
only applied to the augmented controller given thatfhe
controller was already proven to be robust to such a change
in Maalouf et al. [2012]. The goal of this scenario was to
check if the robustness of thé; adaptive controller was
not afected by the proposed augmentation.

5.2 Scenario 1: Control in nominal conditions

Figure 5-(a) displays the evolution of the vehicle’'s pasiti
for each of the proposed controllers. The robot is expeated t
follow a trajectory inz going from the surface and reaching
0.8 min 40 secondsAfter remaining stable at this position
for 100 secondsthe vehicle surfaces tom in 40 seconds
and remains there for 78econdsefore going down to .6 m

The parametet e R represents the uncertainties on the dampinigy 60 seconds The standardf; adaptive controller needs
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(a) Time history of the measured depth  (b) Time history of the force exerted by the (c) Time history of the evolution of the

positionz of both controllers (standard two thrusters controlling, the dotted lines  parameter$ and¢ for the two proposed
and augmented’;), as well as the desired refer to the£; adaptive controller and controllers.
trajectory. the solid lines to the augmented one.

Fig. 5.Scenario 1: Control in nominal conditions: for the standard_; adaptive controller (dotted lines) and the augmented one
(solid lines), the depth responses are plotted (a), thealdnputs (b), and the paramet&rando (c).

around 65secondsto reach the steady state depth (5% ofhe steady state accuracy is ndfeated and no overshoot is
the final value) with no significant overshoot. The augmenteabserved in the output tracking.

£1 adaptive controller reveals to be significantly faster véith £ 3 g.enario 2: Robustness towards a parameter uncertainty

convergence in 45econdsand with no overshoot either. After , ,
the convergence to.®cm a clear time lag is observed when The buoyancy added to the systes0@ N) disturbs in a per-

the trajectory was changing with thé; controller while the Sistant way the motion of the vehicle that would tend to float
augmented one is almost able to perfectly track the desir8re. On Fig. 6-(a), we observe the overlapped responses of
trajectory. We observe that for both controllers we have §€ closed-loop when the augment€d adaptive controller is
smooth response of the thrusters that exert a total force @pPlied with and without an added buoyancy. The convergence

1.2 N (cf. Fig. 5-(b)) as well as a parameter convergence (C]{mga in both scenarios is kept unchanged despite this Iafge
Fig. 5-(c)). The existence of the proportional integrainter variation brought on the buoyancy parameter. The explanatl_
appears in the control input in Fig. 5-(b) through the stéepes behl_nd the _absen_ce of any tracking performance degradation
and the noted overshoot. This evolution provided the rapfi#s in the high gains allowing a fast adaptation that gutes
convergence to the desired trajectory. The estimated peasn the convergence of the parameters. Consequently one can de-
were all initialized to zero for both cases and, although th@uce, that the robustness of tifg controller is still preserved
adaptation gains were very high, a smooth convergence f&&nks to the control input,. In Fig 6-(c), we can see how the
observed. The parameters did not converge to the same valgéameters converged tdigirent values in order to compensate
for both controllers since the system did not exhibit the sanfO" the imposed parameter variation without compromisireg t
closed-loop behavior in each case. We conclude from this firgehavior of the closed loop system. Concerning the control
scenario that the augmentet] adaptive controller is able to NPuts generated for both scenarios, and depicted in Hb).6-
ensure a faster convergence without the necessity of haviﬁg can observe that the robot's thrusters are exerting nfine e

an a priori knowledge of the model parameters. MoreovefVnen the buoyarjcy was added in orderto im.merse the.vehicle.
We have a combined force ofIN against 12 N in the nominal

case.
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(a) Time history of the measured depth  (b) Time history of the force exerted by the (c) Time history of the evolution of the
positionz for the augmented’; adaptive two thrusters controlling, the dotted lines  parameters and¢ for both secnarios.
controller as well as the desired trajectory. refer to the added buoyancy scenario and the

solid lines to the nominal one

Fig. 6.Scenario 2: Robustness towar ds parameter uncertainty: for the augmented’; adaptive controller, the depth responses
are plotted (a), the control inputs (b), and the paramétarsis (c).



5.4 Comparison of the two architectures REFERENCES

Table.1 below summarizes the comparison between the expemi A Breu and T.| Fossent; adaptive and extremum seeking
mental results obtained by both controllers for the noniaak, control applied to roll parametric resonance in ships. page
in terms of settling time and root mean squared error. Table 2871-876, Proceedings of the 9th IEEE International Confer-
evaluates the robustness of both controllers when the Inegya  ence on Control and Automation (ICCA), Santiago, Chile,
parameter is varied. Throughout the performed experiménts December 2011.

was shown that the augment&gd adaptive controller drove the C. Cao and N. Hovakimyan.£; adaptive controller for non-
system faster to the desired state and cancelled the time laginear systems in the presence of unmodelled dynamics: Part
thanks to the added proportional integral term in the contro ||, pages 4093-4098, American Control Conference, Seattle
input. The augmented controller was 28conddaster for the WA, June 2008.

convergence to the first depth level. The Root Mean Squaresl Carreras, J. Yuh, and J J Batlle. High-Level control of
Error (RMSE) was 3 times smaller than the origigal con- autonomous robots using a behavior-based scheme and rein-
troller and this RMSE was kept unchanged despite the vaniati  forcement learning. 115th Triennial World Congress of the

in the buoyancy parameter. All the gains and parameters wereinternational Federation of Automatic ControBarcelona,
identical for both controllers and scenarios, only the adee 2002.

input made the dierence in the tracking performance of them. Chang, W. Chang, and H.H Liu. Model-based fuzzy
augmented controller. For the sake of providing a complete modeling and control for autonomous underwater vehicles
comparison between both controllers, the performance®f th in the horizontal plane. Journal of Marine Sciences and
classicall; adaptive controlleris also provided for both scenar- Technology11:155-163, 2003.

ios. The experimental results related to the change of mayya T.1. FossenMarine Control Systems:Guidance, Navigation and
in the case of the classical, adaptive controller were not  Control of Ships, Rigs and Underwater VehicleMarine
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