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Abstract. This paper presents homing and docking autopilot design for the autonomous underwater 

vehicle (AUV). A nonlinear interrelated dynamic model of the underwater vehicle is considered. The 

AUV autopilot is designed on base of a position-trajectory control method. Adaptation of the control 

system is based on robust disturbances estimation. Modeling and hardware results approved 

feasibility of the proposed methods. 

Introduction 

Expanding the scope of application of unmanned underwater vehicles increases the demands on 

control algorithms for high-quality functioning of closed loop systems, including solving the problem 

of automatic docking with the stationary docks [1-3]. This paper presents new homing autopilot 

design on base of position-trajectory control method for autonomous underwater vehicle [4-6].  

Mathematical Model 

 

Fig. 1. Coordinate system of underwater vehicle 

Coordinate system presented in fig.1 is used in the mathematical model of the underwater vehicle. 

The base system O
0
X

0
Y

0
Z

0
 is a fixed external coordinate system. The origin of body system OXYZ 

located in the buoyancy center. 

Mathematical model of the kinematics of the AUV connects linear and angular velocities in the 

base and body coordinate systems: 

0 0

0

Tr VA

A ω

    
=     Θ ω    

                                                                                                                       (1) 

0r  – vector of linear coordinates of AUV in the base coordinate system; Θ  – vector of the Euler 

angles; ,V ω  – vectors of linear and angular velocities of the AUV in the body coordinate system; 
,TA A ω  – matrixes of kinematic transformation [5]. 
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A vector 0
[ ]T T ТY r= Θ  is a vector of external coordinates, and the vector [ ]

T T T
X V= ω - vector of 

internal coordinates. 

The dynamic equations of AUV for constant mass are: 

1
FV

M
N

−   
=   

ω   
                                                                                                                                        (2) 

M  – matrix of mass and inertia parameters; ,F N  – resulting vector of forces and moments acting 

on the AUV: 

S D HF G A P R= + + +                                                                                                                           (3) 

G D HN N N N= + +                                                                                                                                  (4) 

G  and GN  – vector and moment of gravity forces; SA  –main vector of buoyancy force; DP  and DN  

– vector and moment of thrust produced by propellers of AUV; HR  and HN – vector and moment of 

the hydrodynamic forces acting on the body and tail of AUV. 

The dynamics of the actuators AUV is described as 

T K Uδ + δ =                                                                                                                                     (5) 

δ  – vector of thrust propellers and rudders influence; T , K  – matrix of time constants and 

coefficients of transmission; U  – control. 

A more detailed description of the mathematical model is given in [5]. 

Autopilot AUV Design 

Homing autopilot algorithm base on position-path control method [4], [5]. The time constant is much 

smaller than the time constants of the AUV. This allows the equation does not include engines in the 

primary loop motion control and control system synthesized by equations (1) and (2). Autopilot works 

in two modes. First - this is the moving of the underwater vehicle to the docking area that is homing 

operation. The second phase of the exact positioning of the underwater vehicle is docking itself. 

AUV motion control algorithm for the first stage is: 

( )( ) ( )( )
1

u 1 2 4 1 1 2 1 ТР 22 2 2v m m mF F F M AY A R A AY RX AY A RX T Tψ ψ
−

Σ= − − − + + × + + + +                               (6) 

[ ]0 0 0

T
Y x y z ψ ϑ γ=  – position vector of the AUV in the base coordinate system; 

[ ]( )0 0 0

T

mY diag x y z ψ ϑ γ=  – diagonal matrix; 1 2 3, ,A A A  – matrix and vector coefficients which 

determine the trajectory of the AUV; trψ  – vector of trajectory errors; 1 2,T T  – matrix of constant 

coefficients; 
T

x y z x y zX V V V ω ω ω =    – AUV velocity vector in body coordinate system; 

4 5,A A  – matrix and vector defining the required speed AUV; ψ Σ  – generalized error of control 

system; F  – vector of dynamic and external forces and moments acting on the AUV; ( )mY diag RX=  – 

diagonal matrix; R  – matrix of derivatives of the elements of the matrix R ; 
vF  – vector of 

disturbances estimations. 

The equations of robust disturbance estimator are [4]: 

( ) 1 2

1

con

con

F F V
z Lz G L C L M

N N

−
+   

− = − − + −   + ω  
,                                                                                          (7) 
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                                                                                                                               (8) 

The second phase control algorithm has the form: 

1 1

1 1 1 1 2
ˆ ( )u d vF F F MR A A RX T A RX T− −

Σ= − − − + + Ψ                                                                                  (9) 

Functional matrices in Eq. 9 are similar to in the Eq.6. For the control determined in the following 

form: 

max

max max

,

( ),

u u

u u

F F u
u

u sign F F u

 <
= 

− ≥
                                                                                                     (10) 

A stability condition based on the Lyapunov function are: 

max
0

1 0 2

u
z

k kρ
≤                                                                                                                          (11) 

0 0 0
z Y X= - vector of initial conditions. 

1 2,k k - functional coefficients depending on autopilot 

algorithm. 
10 /

n

Q Qρ λ λ= , 
1

,
n

Q Qλ λ  - maximum and minimum eigenvalues of the matrix Q in the 

Lyapunov function ( ) TV x Q= Ψ Ψ .  

This algorithm uses all thrusters are available on the AUV, which allows for complex movements 

and accurately position the docking of AUV. 

AUV Autopilot Simulation 

Consider the example of the autopilot design performing a task of movement in the area of point (200, 

-200, 200). Meaning of functional matrix in the control (Eq.6) in the case of the first stage: 

( )
( )

( )

1 2 3

* *

1 0

arctan

arctan ,

T

z x

tr

AY Y A Y A

V V

k y y

 ψ − + + −
 
 −
 

ψ = υ − − − α 
 

γ 
 
  

                                                                                                  (12) 

( ) ( )

*

*Vsin cos

x

ck

V V −
ψ =  

− α β  

                                                                                                                        (13) 

*y  - given depth of functioning; *α  - optimum angle of attack, providing a minimal pitching 

moment AUV; 1k  - coefficient of settings; *
V  - given velocity of the AUV. 

Matlab simulation results are shown in Fig. 2, 3, 4. 
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Fig. 2. Trajectory of AUV (top view) Fig. 3. Trajectory of AUV(3D view) 
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Fig. 4. Angles of orientation of the AUV 

The control algorithm (Eq.11) is augmented by constraints for the maximum and minimum pitch 

angles by inequalities. Also control algorithm automatically limits the speed of the AUV relative to 

the environment and the angular rates of the AUV. If the AUV is in a situation when the angles greater 

than the maximum allowed, the control system stops the execution of the task and stabilizes the 

device in a mode of drift along the flow. After that, the resumption of the task is occurred. Robust 

control algorithms proposed in [5] are used in stabilizing of the AUV. 

At the second stage AUV moves to the point (200,-200,200) and angles of orientation (0, 0, 0).  

Autopilot of the second stage is carried out with the support of thrusters that allows to accurately 

implement the docking maneuver with the dock. 
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Fig. 4. Trajectory of AUV 
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Fig. 5. Control forces and moments Fig. 6. Velocity AUV 

Hardware Implementation  

Experimental verification of the proposed algorithms is performed with the model of AUV control 

system, implemented on a surface mini-vehicle. Block diagram of the layout is shown in Fig. 7. 

 

Fig.7. Block diagram 

 

MCU- microcontroller control unit, INS – inertial navigation system, USBL – ultra short base-line 

navigation system. 
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Equipment used in the model are shown in Table 1. 

Table I. Surface mini-vehicle equipment 

Equipment Model 

OnBoard computer Intel Atom N270 (1.6 GHz, 512 kB L2 cache, FSB 533 MHz) 

MCU AVR-CRUMB2560, ATmega2560 

Doppler velocity log RD instruments ExplorerDVL 

INS Companav 2 

USBL Evo Logic S2C R 48/78 USBL Acoustic Modem 

Model based on the mini-vehicle is shown in Fig. 8 and 9 

  

Fig.8. Mini-vehicle Fig.9. Doppler velocity log on bottom of 

vehicle 

Software on-board computer is written on the QNX operating system. The experimental results are 

shown in Fig. 10, 11, 12 
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Fig.10. Control force Fig.11. Control force Angle 
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Fig.12. Angle of mini-vehicle Fig.13. Velocity of mini-vehicle 
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Fig.14. Trajectory of mini-vehicle 

 

Mini-vehicle move from start point (0; 5) to finish point (-10; -4). 

Summary 

The proposed article autopilot can control the movement of the AUV without separation of his 

movements on the longitudinal and lateral component and without linearization of the model. The 

article presents the homing autopilot design. The control algorithm (Eq. 6) carries the ideology of the 

movement with nose ahead for the most efficient propulsion system. Modeling and hardware results 

approved a validity of the proposed methods. 
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