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This paper presents a trajectory tracking scheme for a class of underactuated non-minimum phase marine vessels. Through proper coordinates transformations, the vessels tracking model can be transformed into two-input-two-output strict-feedback form for which general backstepping method can be applicable to solve the control problem. To avoid possible singularity problem in the recursive control design, an AMO (asymptotic modification of orientation) concept is applied. In this case, the vessels are forced to track this modified trajectory instead of directly tracking the predefined reference trajectory. Since the vessels' tracking model is transformed into two-input-two-output strict-feedback form with invertible control gain matrix, the non-minimum phase problem can be easily handled by the proposed method. Proposed tracking method can guarantee the asymptotic stability of closed-loop system in terms of polar coordinates. Simulation studies are also carried out to demonstrate the effectiveness of presented tracking scheme.

INTRODUCTION

Underactuated marine vessels have been challenging control target for decades in the nonlinear control community and received a great deal of research interests. These works, according to the different selection methods for reference trajectory, can be roughly classified into two groups: trajectory tracking [START_REF] Godhavn | Nonlinear tracking of underactuated surface vessels[END_REF][START_REF] Toussaint | Tracking for nonlinear underactuated surface vessels with generalized forces[END_REF][START_REF] Pettersen | Underactuated ship tracking control: theory and experiments[END_REF][START_REF] Jiang | Global tracking control of underactuated ships by Lyapunov's direct method[END_REF][START_REF] Do | Underactuated ship global tracking under relaxed conditions[END_REF][START_REF] Morel | Adaptive nonlinear tracking control of an underactuated nonminimum phase model of a marine vehicle using ultimate boundedness[END_REF][START_REF] Fredriksen | Global κexponential way-point maneuvering of ships: Theory and experiments[END_REF][START_REF] Li | Point-to-point navigation of underactuated ships[END_REF][START_REF] Consolini | A minimum phase output in the exact tracking problem for the nonminimum phase underactuated surface ship[END_REF][START_REF] Serrano | Trajectory tracking of underactuated surface vessels: A linear algebra approach[END_REF][START_REF] Li | Path tracking of underactuated ships with general form of dynamics[END_REF][START_REF] Park | Neural network-based output feedback control for reference tracking of underactuated surface vessels[END_REF][START_REF] Ashrafiuon | Trajectory tracking control of planar underactuated vehicles[END_REF][START_REF] Paliotta | Trajectory tracking and path following for underactuated marine vehicles[END_REF] and path following [START_REF] Do | Global tracking control of underactuated ships with nonzero off-diagonal terms in their system matrices[END_REF], 2006;[START_REF] Fossen | On uniform semiglobal exponential stability (USGES) of proportional line-of-sight uidance laws[END_REF]. If the reference trajectory is time parameterized, then this is the trajectory tracking case; otherwise, it is the path following problem [START_REF] Aguiar | Trajectorytracking and path-following of underactuated autonomous vehicles with parametric modeling uncertainty[END_REF][START_REF] Xiang | Path tracking: combined path following and trajectory tracking for autonomous underwater vehicles[END_REF]. In the latter case, usually there is a path parameter which is taken as an additional parameter and usually designed for the purpose of system stabilization in terms of Lyapunov stability [START_REF] Do | Global tracking control of underactuated ships with nonzero off-diagonal terms in their system matrices[END_REF], 2006;[START_REF] Aguiar | Trajectorytracking and path-following of underactuated autonomous vehicles with parametric modeling uncertainty[END_REF][START_REF] Fossen | On uniform semiglobal exponential stability (USGES) of proportional line-of-sight uidance laws[END_REF].

In some of the previously mentioned works on the trajectory tracking problem [START_REF] Godhavn | Nonlinear tracking of underactuated surface vessels[END_REF][START_REF] Toussaint | Tracking for nonlinear underactuated surface vessels with generalized forces[END_REF] This work partially supported by the project titled "AUV Fleet and its Operation System Development for Quick Response of Search on Maritime Disasters" of Korea Institute of Marine Science & Technology Promotion (KIMST) funded by the Korea Coast Guard Agency (KIMST-20210547); also was a part of the project titled "Development of Unmanned Remotely Construction Aided System for Harbor Infrastructure," and funded by the Ministry of Oceans and Fisheries, Republic of Korea. al., 2000;[START_REF] Morel | Adaptive nonlinear tracking control of an underactuated nonminimum phase model of a marine vehicle using ultimate boundedness[END_REF][START_REF] Aguiar | Trajectorytracking and path-following of underactuated autonomous vehicles with parametric modeling uncertainty[END_REF][START_REF] Consolini | A minimum phase output in the exact tracking problem for the nonminimum phase underactuated surface ship[END_REF][START_REF] Serrano | Trajectory tracking of underactuated surface vessels: A linear algebra approach[END_REF][START_REF] Paliotta | Trajectory tracking and path following for underactuated marine vehicles[END_REF], the system outputs were reduced to 2DOF position and correspondingly the control objective was reduced to position tracking problem. From the control strategy point of view, this kind of position tracking problem should to be distinguished from the conventional trajectory tracking problem where the control objective is to exactly track the reference trajectory (both of position and attitude) [START_REF] Pettersen | Underactuated ship tracking control: theory and experiments[END_REF][START_REF] Jiang | Global tracking control of underactuated ships by Lyapunov's direct method[END_REF][START_REF] Do | Underactuated ship global tracking under relaxed conditions[END_REF][START_REF] Fredriksen | Global κexponential way-point maneuvering of ships: Theory and experiments[END_REF][START_REF] Li | Point-to-point navigation of underactuated ships[END_REF][START_REF] Li | Path tracking of underactuated ships with general form of dynamics[END_REF][START_REF] Park | Neural network-based output feedback control for reference tracking of underactuated surface vessels[END_REF][START_REF] Ashrafiuon | Trajectory tracking control of planar underactuated vehicles[END_REF]. This paper considers the conventional trajectory tracking problem for a class of underactuated marine vessels. Among the related works, the methods proposed in [START_REF] Pettersen | Underactuated ship tracking control: theory and experiments[END_REF], [START_REF] Jiang | Global tracking control of underactuated ships by Lyapunov's direct method[END_REF] and [START_REF] Do | Underactuated ship global tracking under relaxed conditions[END_REF] were strictly dependent on the ship's simplified dynamics, and therefore difficult to be directly applicable to the general cases. Moreover, some of strict conditions on the reference trajectory, such as the yaw angular rate should be taken as a nonzero [START_REF] Pettersen | Underactuated ship tracking control: theory and experiments[END_REF] or a small positive value as in [START_REF] Jiang | Global tracking control of underactuated ships by Lyapunov's direct method[END_REF] or the boundedness of surge velocity and yaw angular rate and their time derivatives as in [START_REF] Do | Underactuated ship global tracking under relaxed conditions[END_REF], were required for the purpose of stability analysis. In [START_REF] Park | Neural network-based output feedback control for reference tracking of underactuated surface vessels[END_REF], the vessel's surge, sway, and yaw dynamics were even assumed to be bounded by known constant, and this condition is usually too strong in practice. In the case of [START_REF] Ashrafiuon | Trajectory tracking control of planar underactuated vehicles[END_REF], the proposed nonlinear sliding mode control law is only applicable in the case of tracking non-straight line reference trajectory as in [START_REF] Pettersen | Underactuated ship tracking control: theory and experiments[END_REF] and [START_REF] Jiang | Global tracking control of underactuated ships by Lyapunov's direct method[END_REF]. In the authors' previous work [START_REF] Li | Path tracking of underactuated ships with general form of dynamics[END_REF], a new scheme of trajectory tracking was proposed for underactuated ships with general form of dynamics and uncertainties. There was no restriction on the reference trajectory. Through two polar coordinate transformations, the ship's tracking model was transformed into a second order two-input-two-output strict-feedback form, for which general backstepping method was used in the control design. To avoid possible singularity problem in the recursive design, an AMO (asymptotic modification of orientation) concept was introduced and force the vessel to track this modified trajectory instead of directly tracking the given reference one.

This paper extends the previous result in [START_REF] Li | Path tracking of underactuated ships with general form of dynamics[END_REF] to the non-minimum phase case. Among the previous conventional trajectory tracking cases, only [START_REF] Ashrafiuon | Trajectory tracking control of planar underactuated vehicles[END_REF] considered this non-minimum phase problem. At first, one of control inputs (yaw moment) was derived for the vehicle to track the predefined heading and the corresponding non-minimum phase component in the sway dynamics was handled through proper design of the second control input (surge force). In this paper, two polar coordinates transformations introduced in Li (2016) are applied so as for the vessel's trajectory tracking model can be reduced to a certain two-input-two-output strict-feedback form with the invertible control gain matrix. Therefore, the non-minimum phase problem can be easily handled through general backstepping method [START_REF] Krstic | Nonlinear and Adaptive Control Design[END_REF].

The remainder of this paper is organized as follows. In Section 2, some preliminaries are introduced and the control problem is also formulated. Proposed tracking scheme and main result are presented in Section 3, and some of simulation studies are carried out in Section 4 to demonstrate the effectiveness of proposed tracking scheme. Finally, a brief conclusion and future works are remarked in Section 5.

PROBLEM STATEMENT

Vehicle Model

This paper considers the vessels' following kinematics and dynamics [START_REF] Fossen | Handbook of Marine Craft Hydrodynamics and Motion Control[END_REF])

  ẋ ẏ ψ  = cosψ -sinψ 0 sinψ cosψ 0 0 0 1 u v r , (1) 
u v ṙ = f u f v f r + b u 0 0 r 0 b r τ u τ r , (2) 
where (x, y, ψ) denote the position and attitude on the horizontal navigation frame; u and v are the linear velocities in each of the surge and sway directions, and r is the yaw angular rate in the inertial frame; f u , f v , f r ∈ C 2 are the vessels' nonlinear dynamics including hydrodynamic damping, inertia (including added mass), Coriolis and centripetal, and gravitational terms in each of surge, sway, and yaw directions; the surge force τ u and yaw moment τ r are two of only available control inputs with the control gains b u , b r > 0.

Remark 1. In the case where the vessel's yaw moment is caused by the rudder, the yaw angular acceleration usually further cause the small amount of sway acceleration such that r = 0 [START_REF] Newman | Marine Hydrodynmics[END_REF][START_REF] Godhavn | Nonlinear tracking of underactuated surface vessels[END_REF][START_REF] Fossen | Handbook of Marine Craft Hydrodynamics and Motion Control[END_REF]. So this is a non-minimum phase case and will be handled in this paper. If r = 0, then it becomes the minimum phase problem [START_REF] Godhavn | Nonlinear tracking of underactuated surface vessels[END_REF].

Remark 2. It is worth to mention that for the convenience of discussion, this paper does not consider the uncertainty terms in the vessels' dynamics (2). Indeed, in the case of uncertainty terms included in (2), the robust schemes in [START_REF] Li | Path tracking of underactuated ships with general form of dynamics[END_REF] and [START_REF] Li | Neural-net based robust adaptive control for 3D path following of torpedo-type AUVs[END_REF] can be directly applicable and further can guarantee the UUB (uniform ultimate boundedness) of the closed-loop tracking system.

In the case where the vessel's yaw dynamics is controlled by a rudder, it's a common sense that the vessel should have considerable forward speed. Under this consideration, the following assumption is made in this paper.

Assumption 1. In ( 1) and ( 2), u > 0.

Problem Formulation

Consider the vessel's dynamics (2), the main difficulty to control this kind of underactuated system is that there is no control input for the vessel's sway dynamics. Under this consideration, here we introduce the new velocity term u l = √ u 2 + v 2 and its corresponding yaw angle ψ l = ψ + ψ a with ψ a = atan(v/u).

Using the polar coordinate (u l , ψ l ), the vessel's kinematics and dynamics can be rewritten as following

  ẋ ẏ ψl   = cosψ l 0 sinψ l 0 0 1 u l r +   0 0 ψa   , (3) 
ul ṙ = f u l f r + b u l r sinψ a 0 b r τ u τ r , (4) 
where

f u l = f u cosψ a + f v sinψ a , b u l = b u cosψ a .
Remark 3. Since u > 0, ψ a is well defined in the domain (-π/2, π/2), and further we have b u l = b u cosψ a > 0 and therefore the gain matrix in (4) is invertible.

On the other hand, the vessel's trajectory can be presented as (x(t), y(t), ψ(t)) which can be embodied by (u(t), v(t), ψ(t)) using (1), or also can be expressed as (x(t), y(t), ψ l (t)) that can be embodied by (u l (t), ψ l (t)) through (3). In this paper, we apply the latter method.

Given a reference trajectory η d (t) = (x d (t), y d (t), ψ ld (t)), the position error is defined as p e (t) =

x 2 e (t) + y 2 e (t) where x e = x d -x and y e = y d -y, and its time derivative can be expressed as ṗe =

x e p e ( ẋd -ẋ) + y e p e ( ẏd -ẏ)

= u ld cos(ψ ld -ψ b ) -u l cos(ψ l -ψ b ),
(5) where ψ b = atan2(y e , x e ) is the azimuth angle from (x, y) to (x d , y d ).

Combining ( 5) with (3), the vessel's trajectory tracking model can be transformed into the following two-inputtwo-output second order strict-feedback form ṗe ψle =

u ld cos(ψ ld -ψ b ) ψld -ψa - cos(ψ l -ψ b ) 0 0 1 u l r , (6) 
ul ṙ = f u l f r + b u l r sinψ a 0 b r τ u τ r , (7) 
where

ψ le = ψ ld -ψ l .
The control objective of this paper is to steer the vessel so as to let η(t) asymptotically converge to the predefined reference trajectory η d (t).

MAIN RESULTS

Asymptotic Modification of Orientation

Consider the second order strict-feedback form of trajectory tracking model ( 6) and ( 7), it is easy to see that the general backstepping method [START_REF] Krstic | Nonlinear and Adaptive Control Design[END_REF] might be the convenient choice to solve the tracking problem. However, in the case of ψ l -ψ b = ±π/2, we cannot directly calculate the stabilizing function for virtual input u l . To solve this kind of singularity problem, in this paper, we applied the following the AMO concept.

Definition 1 [START_REF] Li | Path tracking of underactuated ships with general form of dynamics[END_REF]. Consider (6). ∀(x d , y d ) ∈ 2 and ∀(x, y) ∈ 2 , ∃(u m ld , ψ m ld ), such that if (u l , ψ l ) = (u m ld , ψ m ld ), then (6) satisfies the following properties P1. ṗe ≤ 0 and ṗe = 0 if and only if p e = 0, P2. If p e → 0, then u m ld → u ld and ψ m ld → ψ ld , then (u m ld , ψ m ld ) is called an asymptotic modification of (u ld , ψ ld ).

The following proposition show an example of this AMO.

Proposition 1 [START_REF] Li | Path tracking of underactuated ships with general form of dynamics[END_REF]. In ( 5), if we choose (u m ld , ψ m ld ) as following u m ld = u ld + c u p e cos (ψ ld -ψ b ) e -c ψ pe , (8)

ψ m ld = ψ b + (ψ ld -ψ b ) e -c ψ pe , (9) 
where c u , c ψ > 0 are design parameters, then (u m ld , ψ m ld ) satisfies to be an AMO of (u ld , ψ ld ).

Proof. Refer to [START_REF] Li | Path tracking of underactuated ships with general form of dynamics[END_REF].

Remark 4. The physical meaning of ( 8) and ( 9) is that: in the case of large p e , the vessel will be forced to directly approach to the reference trajectory with ψ m ld ψ b and the maximum forward speed which can be adjusted through proper design of c u ; and if p e is small enough, then (8) and ( 9) become u m ld u ld and ψ m ld ψ ld , therefore turn to the precise tracking mode.

Tracking Control Design

Step 1. As mentioned before, to avoid possible singularity problem in the design of stabilization function for virtual input u l , in this paper the vessel is forced to track its AMO (u m ld , ψ m ld ) instead of directly tracking (u ld , ψ ld ). Under this consideration, the Lyapunov function candidate in this step is chosen as

V 1 = 1 2 p 2 e + γ ψ ψ m le 2 , ( 10 
)
where ψ m le = ψ m ld -ψ l and γ ψ > 0 is a weighting factor. Remark 5. It is worth to mention that in the case p e → 0, the convergence of ψ m le → 0 can guarantee the same property of ψ le → 0. On the other hand, in this paper, the stabilization function for u l is directly chosen as u m ld so as to avoid the possible singularity problem. where α r is a stabilization function for r with e r = α r -r.

According to (11), the control law for α r is chosen as

α r = ψm ld -ψa + γ -1 ψ k ψ ψ m le -p e u l sin ψ m ld + ψ l 2 -ψ b ) sin(ψ m le /2) ψ m le /2 , ( 12 
)
where k ψ > 0 is a design parameter.

Substituting ( 12) into ( 11), finally we have

V1 = p e ṗe -k ψ ψ m le 2 + p e u m le cos(ψ m ld -ψ b ) + γ ψ ψ m le e r . ( 13 
)
Step 2. The vessel's dynamics ( 7) can be rewritten in the following error terms um

le ėr = um ld -f u l αr -f r - b u l r sinψ a 0 b r τ u τ r . ( 14 
)
This step considers the following Lyapunov function candidate

V 2 = V 1 + 1 2 ν T G ν ν, (15) 
where ν = [u m le , e r ] T , G ν = diag(γ u , γ r ) with γ u , γ r > 0. Differentiating (15) and substituting ( 13) and ( 14) into it, we can get

V2 = p e ṗe -k ψ ψ m le 2 + p e u m le cos(ψ m ld -ψ b ) + γ ψ ψ m le e r + ν T G ν um ld -f u l αr -f r - b u l r sinψ a 0 b r τ u τ r . (16) 
According ( 16), the final control law is chosen as following

τ u τ r = b u l r sinψ a 0 b r -1 um ld -f u l αr -f r + G -1 ν (K ν ν + p e cos(ψ m ld -ψ b ) γ ψ ψ m le , ( 17 
)
where K ν = diag(k u , k r ) and k u , k r > 0 are design parameters.

Substituting ( 17) into ( 16), finally we can get

V2 = p e ṗe -k ψ ψ m le 2 -k u u m le 2 -k r e 2 r . ( 18 
)
Theorem 1. Consider the trajectory tracking problem of ( 1) and ( 2) with Assumption 1. If we choose the control laws as ( 12) and ( 17), then we can guarantee the asymptotic tracking of η(t) → η d (t).

Proof. According to P1 in Definition 1, in ( 18), ṗe ≤ 0 and ṗe = 0 if and only if p e = 0. Therefore, we have V2 < 0 if p e = 0, and V2 = 0 if and only if p e = ψ m le = u m le = e r = 0, which further guarantee that ψ le = u le = 0. This concludes the result.

Theorem 2. Reconsider the trajectory tracking problem of ( 1) and ( 2) with Assumption 1. For any given small value ς > 0, in the case of p e (t) ≥ ς, the control laws as ( 12) and ( 17) can guarantee the exponential tracking of η(t) → η d (t).

Proof. Substituting (5) into (18), we have

V2 = -c u cos 2 (ψ ld -ψ b )e -c ψ pe p 2 e -u ld p e cos (ψ ld -ψ b )e -c ψ pe -cos(ψ ld -ψ b ) -k ψ ψ m le 2 -k u u m le 2 -k r e 2 r . (19) 
Since (ψ ld -ψ b ) is defined in the domain (-π, π], it is easy to verify that the second term in the right side of ( 19) is always non-positive [START_REF] Li | Path tracking of underactuated ships with general form of dynamics[END_REF]. Therefore, ( 19) can be rewritten as following

V2 ≤ -c u cos 2 (ψ ld -ψ b )e -c ψ pe p 2 e -k ψ ψ m le 2 -k u u m le 2 -k r e 2 r . (20) 
For any given ξ ∈ (0, 1), if we choose c ψ as c ψ ≥ ln2/ς, then it is easy to verify that cos

2 [(ψ ld -ψ b )e -c ψ pe ] ≥ cos 2 (πe -c ψ pe ). If c ψ is further satisfying c ψ ≥ -ln( √ 1 -ξ/π)/ς, then (20) can be further expanding as V2 ≤ -c u ξp 2 e -k ψ ψ m le 2 -k u u m le 2 -k r e 2 r ≤ -λV 2 , (21) where λ := min{2c u ξ, 2k ψ γ -1 ψ , 2k u γ -1 u , 2k r γ -1 r }.
Consequently, we can conclude the exponential convergence of η(t) → η d (t) in the case p e (t) ≥ ς. Here ς can be arbitrarily small. Remark 6. Consider the control law (17). Since b u l , b r > 0, the control gain matrix is invertible even if r = 0. Therefore, under the proposed trajectory tracking scheme, the control laws will take the same form of (17) in both of minimum and non-minimum phase cases. This shows that the proposed method can easily handle the non-minimum phase problem.

Remark 7. It is easy to see that the azimuth angle ψ b defined in ( 5) is undefined in the case p e = 0. However in this case, we have ψ m ld = ψ ld and u m ld = u ld , therefore the control laws ( 12) and ( 17) become

α r = ψle -ψa + γ -1 ψ k ψ ψ le , τ u τ r = b u l r sinψ a 0 b r -1 uld -f u l αr -f r + G -1 ν K ν u le e r + 0 γ ψ ψ le .
Consequently, even if ψ b is undefined in the case p e = 0, the proposed control laws are all well defined.

SIMULATION STUDIES

This section carries out some of numerical simulations so as to verify the effectiveness of proposed tracking method. Since we do not have a proper vessel model, the 6DOF REMUS AUV model [START_REF] Prestero | Verification of a six-degree of freedom simulation model for the REMUS autonomous underwater vehicles[END_REF] is applied and its motion is strictly constrained on the horizontal plane. This torpedo-type vehicle is a non-minimum phase system and corresponding parameter is calculated as r = -0.0237 by Fig. 1. Reference trajectory and it's tracking result.

using the provided hydrodynamic coefficients in [START_REF] Prestero | Verification of a six-degree of freedom simulation model for the REMUS autonomous underwater vehicles[END_REF]. Moreover, the vehicle's rudder angle δ r is saturated by |δ r | ≤ 10deg throughout the simulations as in [START_REF] Prestero | Verification of a six-degree of freedom simulation model for the REMUS autonomous underwater vehicles[END_REF].

The reference trajectory is chosen as: at 0 ≤ t < 90s, u ld (t) = 1.5m/s, ψ ld (t) = 0deg with (x d (0), y d (0)) = (10m, 150m); after 90s ≤ t, u ld (t) = 1.5m/s, ψ ld (t) = -0.06(t -90). The vehicle's initial condition is set as X(0) = [x(0), y(0), z(0), φ(0), θ(0), ψ(0), u(0), v(0), w(0), p(0), q(0), r(0)] T =[1, 130, 10, 0, 0, -30deg, 0.5, 0, 0, 0, 0, 0] T . And the control design parameters are set as: k ψ = 0.1, k u = 60, k r = 1800, γ ψ = 15, γ u = 10, γ r = 35, c u = 0.1, c ψ = 0.3.

The following low-pass filter is applied to calculate Ẋa = [ü, v, ṙ] T which will be used to calculate αr in (17):

Ẋa (k + 1) = (1 -ξ) Ẋa (k) + ξ Ẋam (k + 1), k ≥ 1 (22)
where the filter order ξ = 2 -3 and Ẋam = [X am (k) -X am (k -1)]/T s with T s the sampling time and taken as T s = 0.1s. Here X am denotes the inertial measurement unit (IMU) measurement, and Ẋa (1) = Ẋam (1).

Simulation results are shown in Fig. 123456. The trajectory tracking performances of proposed scheme are shown in Fig. 1 and Fig. 2, from which we can see that the tracking error p e (t) indeed does not exactly converge to zero and this further cause (u m ld (t), ψ m ld (t)) also does not exactly converge to (u ld (t), ψ ld (t)). The authors consider this might be caused by the vehicle's nonlinear model characteristics and also the mathematical calculation accuracy of the simulation software. Fig. 3 shows the p e (t) and ṗe (t) trends with different choices of design parameters.

Another main issue of this paper is that how to properly choose the AMO (u m ld (t), ψ m ld (t)) so as to (u m ld (t), ψ m ld (t) → (u ld (t), ψ ld (t)) in the case of p e (t) → 0. Fig. 4 shows this convergence trend in the case where (u m ld (t), ψ m ld (t)) is taken as ( 8) and (9). One of the interesting thing found in the simulation is that the saturation of rudder angle by |δ r | ≤ 10deg usually further causes a sort of chattering problem. Fig. 5 shows the rudder angle δ r corresponding to the designed control law of τ r , and corresponding sway velocity v(t) and sideslip angle ψ a (t). To eliminate or at least to mitigate this kind of chattering, we have to adjust the design parameters and this kind of adjustment usually causes the poor tracking performances such as seen in Fig. 6. Here it is notable that this kind of chattering problem is caused by the mechanical characteristic (rudder size and its angle's saturation) of the vehicle's model [START_REF] Prestero | Verification of a six-degree of freedom simulation model for the REMUS autonomous underwater vehicles[END_REF] used in the simulation, and the design parameters used in this paper should be carefully considered in the practice. 

CONCLUDING REMARKS

• This paper proposed a trajectory tracking scheme for a class of underactuated non-minimum phase marine vessels. Two polar coordinate transformations were introduced so as to transform the vessels tracking model into a two-input-two-output strict-feedback form, for which general backstepping method can be easily used to solve the control problem. To avoid possible singularity problem in the recursive control design, an AMO (asymptotic modification of orientation) concept was applied. Since the vessels' tracking model is transformed into two-input-two-output strict-feedback form with invertible control gain matrix, the non-minimum phase problem can be easily handled by the proposed method. • It is easy to see that the polar coordinate transformation [u l , ψ l ] T = F(u, v, ψ) defined in (3) is a surjection not a bijection, therefore it does not satisfy to be a diffeomorphim. Consequently, the proposed trajectory tracking performance in terms of (u l , ψ l ) cannot guarantee the same property of (u, v, ψ) in the Cartesian frame. The tracking performance analysis in the Cartesian frame under the proposed scheme may be one of our main interesting future work. • Extending the proposed tracking scheme to the 3D case with uncertainty terms is also interesting for further studies.

  Differentiating (10) and substituting (6) with ψ le = ψ m le into and further expanding it, we have V1 = p e ṗe + p e [u m ld cos(ψ m ld -ψ b ) -u l cos(ψ l -ψ b )] + γ ψ ψ m le ψm ld -ψa -r = p e ṗe + p e u m le cos(ψ m ld -ψ b ) --α r + e r , (11)
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 2 Fig. 2. Convergence trend of trajectory tracking errors.
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 3 Fig. 3. The trend of p e (t) and ṗe (t) with different choices of design parameters.
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 4 Fig. 4. (u ld (t), ψ ld (t)) and its designed AMO (u m ld (t), ψ m ld (t)).
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 5 Fig. 5. Saturated rudder angle δ r and corresponding sway velocity v(t) and ψ a (t).
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 6 Fig. 6. Mitigated chattering of δ r (t) and corresponding trajectory tracking performance.