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Abstract: In this paper, we consider station keeping control law 

for ultra-silent autonomous underwater vehicle(ULSI-AUV) 

based on the sliding mode controller. The mechanical system of 

ULSI-AUV prototype is designed and manufactured, and the 

electrical system is selected and installed. The kinematic and 

dynamics model is established. The goal of station keeping control 

is to make the ULSI-AUV prototype fixed-depth and anti-rolling 

to carry out underwater operations. Numerical results show the 

effectiveness of this method. In addition, real-time experimental 

results also prove the effectiveness of the proposed algorithm. 

Keywords: Station keeping • Autonomous underwater vehicle • 

Sliding mode control 

 

1  Introduction 
 

Nowadays, people's activities on the marine, river and other 
underwater environments are becoming more and more 
widespread[1-2]. This puts forward certain requirements for 
underwater communications. At present, most underwater 
equipment adopts acoustic communication. Although 
acoustic communication has been applied well, there are 
still some inherent shortcomings, such as narrow bandwidth, 
high delay, etc.[3-5] Therefore, underwater antennas experi-
ments, also known as radiofrequency(RF) communication 
technological experiments, have also become one of the 

indispensable parts in ocean research in recent years.[6-7] 

The ultra-silent autonomous underwater vehicle (ULSI-
AUV) which used to carry the underwater antennas is the 
key part of the experiment. The controllability of AUV 
plays a key role during this experiment because the depth 
and attitude of the underwater antenna must be limited 
within a small range, which needs the dynamic station 
keeping control for the AUV. 

Although a great deal of research has been done on the 
control law of AUV around the world, compared with path 
following and trajectory tracking, there are still limited 
attempts in station keeping control. J. H. Li has designed a 
sort of AUV platform to overcome strong currents and keep 
station[8]. Mohan S. has proposed a power efficient dynamic 
station keeping control law for an elongated shape AUV[9]. 
Koh has adopted a special configuration of thrusters and 
uses a PD controller to solve the station keeping problem of 
a remotely operated vehicle (ROV)[10]. A kind of robust 
station keeping controller has been proposed by Serrani 
under velocity measurement offset[11]. And other available 
kinds of literature have focused on the unknown disturbance 
or wave currents[12-13]. 

However, the ULSI-AUV only allows weak current to 
pass through the thruster, i.e. the propeller must always keep 
idling, to avoid the electromagnetic interference to the 
antenna. In this case, the thruster arrangement in the above 
documents is not very reliable.  

To solve the problem above, the vehicle is designed as 
shown in Figure 1. Refer to some submersible unmanned 
aerial vehicle[14-15] and special-shaped underwater 
vehicle[16-20], ULSI-AUV adopts underactuated structure, 
and four vertical thrusters of AUV are symmetrically 
installed on xy-plane, and each thruster has the same thrust 
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dynamic characteristics in both forward and backward 
directions. This kind of thrust mechanism can be used to 
decouple the control force, therefore keep the depth and 
anti-rolling conveniently. Moreover, the geometric 
arrangement of thrusters is relatively dispersed, and the 
electrical connection mode is a parallel connection, thus 
greatly reducing the interference of internal current to RF 
experiments. 

 

Figure 1  The ULSI-AUV Prototype 

 

The work introduced in this paper describes a scaled-
down AUV prototype and realizes the research, 
development and design of the control strategy, so as to 
make appropriate adjustments in the actual AUV carrying 
underwater antenna in the future.  Here, we focus on three 
aspects: the mechanical and electronic system design of the 
prototype, the derivation of the mathematical model 
describing the kinematics and dynamics of the system, and 
the realization of the dynamic station keeping control law 
in the engineering basin experiment.  

The remainder of this paper is organized as follows. 
Section 2 introduces the mechanical and electronic system 
design of the ULSI-AUV. Section 3 presents the 
mathematical model of ULSI-AUV and some differences 
with conven-tional AUV. In Section 4, we design a 
controller for ULSI-AUV based on sliding mode and prove 
its convergence based on Lyapunov theory and Barbalat 
lemma. The numerical and experimental results are 
presented in Section 5. Conclusions are drawn in Section 6. 

 

2  System Design of ULSI-AUV 
 

The ULSI-AUV prototype comprises a mechanical system 
and an electrical system. The mechanical system 
composition of the ULSI-AUV prototype can be seen from 
Figure 2, it comprises a watertight enclosure, two end 

covers, two flanges, a set of threading screws, a set of snap 
rings, two frames and some counterbalance components. 
The watertight enclosure and the external frame are fixed 
together by four semicircular snap rings. The thrusters and 
the counterbalance components are fixed on the bottom of 
the external frame to lower the centre of gravity and 
enhance self-stability, while the circuit board and other 
electronic components are fixed on the internal frame. The 
sealing groove on the flange is used for placing the O-shape 
sealing ring to realize axial/radial multiple sealing. A set of 
holes are machined on the end cover, and threading screws 
on the holes connect the internal circuit and the external 
thrusters. Threading screws are also sealed with the end cap 
through O-ring seals, while self-sealing is a way of 
encapsulating with epoxy resin. 

 

Figure 2  The ULSI-AUV 3D Model 
 

The schematic diagram of the electrical system is shown 
in Figure 3, it comprises a control subsystem, a com-
munication subsystem and the power supply. The control 
circuit adopts STM32F1 series micro-controller (MCU) as 
the central processing unit. The depth and attitude 
information collected by the depth sensor and the attitude 
and heading reference system (AHRS), which is used as the 
digital input of the control system. The PWM wave 
generated by the controller is the digital output to the bi-
directional brushless electronic tunings, which is directly 
connected to the brushless direct current (BLDC) thrusters, 
thus changing the thrust, adjusting the attitude and depth, 
and achieving dynamic positioning balance. 

The ULSI-AUV prototype communicates with the host 
computer in real-time through cable communication. The 
depth, attitude and PWM value can be transmitted to the 
engineering software of the host computer in real-time. 

Finally, the ULSI-AUV prototype uses a DC regulated 
power supply placed on the ground to supply power through 
the cables. More details such as communication protocol 
are also indicated in Figure 3. 
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Figure 3 The ULSI-AUV’s Electrical System 

 

This prototype adopts low-cost mechanical and elec-
tronic components to facilitate the replacement and 
maintenance of experimental equipment.  Components 
with higher performance and better reliability will be used 
in future experiments. Table 1 shows the overall design 
parameters and specification. It should be noted that all 
hydro-dynamic parameters are obtained with simulation 
from CFD, and the remaining parameters are also based on 
measurements of ULSI-AUV prototype. 

 

Table 1  Main design parameters 

Parameters Value 

Mass 𝑚 = 7.68 kg 

Centre of gravity 𝑟𝐵 = [−0.03,0.60,−5.56]𝑇m 

Centre of buoyancy 𝑟𝐺 = [0,0,0]𝑇  m 

Inertia tensor 𝐼 = 𝑑𝑖𝑎𝑔(0.12,0.08,0.19)kg ∙ m2  

Position of four thrusters 𝑟𝑇 = [±0.11,∓0.13,0.03]𝑇m  

Crucial hydrodynamics 
coefficients 

𝐾𝑝|𝑝| = 5.27N ∙ m/(rad/s)2  𝑀𝑞|𝑞| = 7.66N ∙ m/(rad/s)2  𝑍𝑤|𝑤| = 78.74m/(rad/s)2  

Design velocity 𝑣𝑑𝑜𝑤𝑛 = 0.06m/s  𝑣𝑢𝑝 = −0.1m/s  

 

3  Mathematical Modelling 

 

A general mathematical model of AUV consists of 
kinematics model and dynamics model[21]. The kinematics 
model, which describes the geometrical relationship 
between inertia-fixed reference frame(I-FRAME) and the 
body-fixed reference frame(B-FRAME) motions, can be 
written as 

 �̇� = 𝐽(𝚯)𝝂                  (1) 
 

The dynamics model, which mainly describes the 
relationship between the speed vector of the AUV and the 
force and moment, can be given by 

 𝑀�̇� + 𝐶(𝝂)𝝂 + 𝐷(𝝂)𝝂 + 𝑔(𝚯) = 𝝉 + 𝒘        (2) 
 

The physical symbol mentioned above follows the 
standard specified by SNAME [22]. Where 𝝃 = [𝑋, 𝑌, 𝑍]𝑇 ∈𝑅3  is the position vector of the vehicle in I-FRAME, 𝐽(𝚯)  is a transformation matrix which relates the B-
FRAME to the I-FRAME based on the Euler Angle 𝚯 =[𝜃, 𝜙, 𝜓]𝑇 , and 𝝂 = [𝑢, 𝑣, 𝑤, 𝑝, 𝑞, 𝑟]𝑇 ∈ 𝑅6  is the set 
vector of velocity, according to the internationally accepted 
SNAME symbol definition, the six variables in this vector 
represent six velocity components of motion, namely surge, 
sway, heave, roll, pitch, and yaw respectively. 𝑀 = 𝑀𝑅𝐵 +𝑀𝐴 ∈ 𝑅6×6  is the inertia matrix of the vehicle. 𝐶(𝝂) ∈𝑅6×6  and 𝐷(𝝂) = 𝐷 + 𝐷2(𝝂) ∈ 𝑅6×6  represents Coriolis 
and centripetal matrix and damping matrix respectively, 
where 𝐷  is the linear damping and 𝐷2(𝝂)  is the two-
order damping. 𝝉 = 𝐵𝑐𝒖  is a 6-dimensional vector 
including the control forces and moments in B-FRAME, 
where 𝐵𝑐 ∈ 𝑅6×4  is a control matrix and 𝒖 ∈ 𝑅4  is a 
vector whose components are related to the thruster angular 
velocity in this paper. 𝒘 ∈ 𝑅6  represents a disturbance 
vector acting on the vehicle.  

The definition of the Cartesian coordinate system and 
motions are shown in Figure 4. More details about the 
above parameters can be found in reference [22]. 

 

Figure 4  The Definition of ULSI-AUV’s Coordinate System 

and Motion Mode 

 

Because the configuration of thrusters of AUV 
developed in this paper is typically different from others, it 
is necessary to elaborate on control matrix 𝐵𝑐 and control 
vector 𝒖 . For the thrusters, the forces and moments are 
expressed as 
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[𝑓𝑧𝜏𝑥𝜏𝑦𝜏𝑧] = [  
  𝐶𝑡√22 𝑑𝐶𝑡√22 𝑑𝐶𝑡0

𝐶𝑡− √22 𝑑𝐶𝑡√22 𝑑𝐶𝑡0
𝐶𝑡− √22 𝑑𝐶𝑡− √22 𝑑𝐶𝑡0

𝐶𝑡√22 𝑑𝐶𝑡− √22 𝑑𝐶𝑡0 ]  
  [  
 𝜔1|𝜔1|𝜔2|𝜔2|𝜔3|𝜔3|𝜔4|𝜔4|]  

 
 (3) 

 

Where the four items of the vector in the left equation 
represent the force along the z-axis and the torque around 
the x-axis, y-axis, and z-axis, respectively. 𝜔𝑖(𝑖 = 1,2,3,4) 
is the rotary speed of each thruster, which defined that if 𝜔𝑖 > 0 the thruster actuates in the clockwise direction, and 
vice versa. 𝑑 is the distance between the body centre of the 
vehicle and the thrusters. 𝐶𝑡 is integrated thrust coefficient, 
which satisfies 𝐶𝑡 = 𝑇/𝜔2, where 𝑇 is the total force of 
one thruster. 

With the expression above, the following can be 
obtained 

 

 𝒖 = [𝑢1, 𝑢2, 𝑢3, 𝑢4]𝑇                     = [𝜔1|𝜔1|, 𝜔2|𝜔2|, 𝜔3|𝜔3|, 𝜔4|𝜔4|]𝑇   (4) 
 

𝐵𝑐 =
[  
   
 0 0 0              00 0 0              0𝐶𝑡√22 𝑑𝐶𝑡√22 𝑑𝐶𝑡0

𝐶𝑡− √22 𝑑𝐶𝑡√22 𝑑𝐶𝑡0
𝐶𝑡− √22 𝑑𝐶𝑡− √22 𝑑𝐶𝑡0

𝐶𝑡√22 𝑑𝐶𝑡− √22 𝑑𝐶𝑡0 ]  
   
 
  (5) 

 

4  Controller Design 

 

The proposed control system comprises outer-loop and 
inner-loop, which is shown in Figure 5. Due to the high 
nonlinearity of the system and the uncertainty of the 
hydrodynamic parameters, sliding mode control (SMC) is 
adopted to design the AUV’s controller. Compared to other 
control methods like PID control, backstepping control and 
so on[23-24], it has been successfully applied to the control of 
AUVs as shown in [25-27] because of its robust capacity. 

The control loop contains the whole position and 
attitude state vector 

 

    𝒙 = [𝝂, 𝝃] = [𝑢, 𝑣,𝑤, 𝑝, 𝑞, 𝑟, 𝑋, 𝑌, 𝑍, 𝜃, 𝜙, 𝜓]𝑇 (6) 
 

To design the control law better, we simultaneous 
equations (1)(2) to obtain the nonlinear state-space 
equations of the system, which can be written as 

 

             �̇� = 𝐴𝒙 + 𝐵𝒖 + 𝑓(𝒙, 𝑡) + 𝑑 (7) 

 

Figure 5  The position-speed closed-loop control diagram 

 

It’s easy to know that 
 𝐴 = [−𝑀−1𝐷06×6 ], 𝐵 = [−𝑀−1𝐵𝑐06×4 ] 

 𝑓(𝒙, 𝑡) = [−𝑀−1(𝐶(𝝂) + 𝐷2(𝝂) + 𝑔(𝒒))𝐽(𝒒)𝝂 ] 
 

Choose the following sliding mode surface: 
 𝜎(𝒙) = 𝒔𝑇𝒙 (8) 

 �̇�(𝒙) = 𝒔𝑇�̇� (9) 
 

For some column vector 𝒔 ∈ 𝑅12  allows the use of 
pole-placement techniques in the design of the nonlinear 
controller. 

To ensure the stability of the controller, a positive 
definite Lyapunov function has been considered as below 

 𝑉(𝒙) = 12 [𝜎(𝒙)]2 (10) 

 

According to Barbalat lemma, we must guarantee that 
the sliding surface 𝜎 will converge to zero in finite time by 
the condition 

 

       �̇�(𝒙) = (𝒔𝑇𝒅 − 𝜼)sign(𝜎(𝒙)) (11) 
 

The scalar 𝜂 > 0  is chosen too large enough to 
overcome the uncertainty of parameters and disturbances. 



·6·                                                                                        Yu-Hao Zeng et al 

Substituting Equation (11) into Equation (9) to get 
 

      �̇�(𝒙) = 𝜎(𝒙)�̇�(𝒙) = (𝒔𝑇𝒅 − 𝜂)|𝜎(𝒙)| ≤ 0   (12) 
 

Therefore, the global convergence of the system is 
guaranteed. Substituting Equation (7), (8), and (9) into 
Equation (11) to get  

    𝒔𝑇(𝐴𝒙 + 𝐵𝒖 + 𝑓(𝒙, 𝑡) + 𝒅) = (𝒔𝑇𝒅 −  𝜂)sign(𝒔𝑇𝒙)  (13) 
 

We can deduce that the ideal controller is 

 

   𝒖 = −𝐵𝑠+(𝒔𝑇𝐴𝒙 + 𝒔𝑇𝑓(𝒙, 𝑡) + 𝜂sign(𝒔𝑇𝒙))  (14) 
 

Where 𝐵𝑠+  is the pseudo-inverse matrix of 𝒔𝑇𝐵 . It’s 
important to emphasize that 𝒖  may have multiple 
solutions because 𝒔𝑇𝐵 is not a square matrix.  

 

5  Experimental and Numerical Results 
 

The above ULSI-AUV mathematical model and sliding 
mode controller model is established and simulated in 
MATLAB/Simulink, the random ocean currents and error 
of measurement are both taking into account. The desired 
heave velocity, depth, roll angle and pitch angle are set as 
0.06m/s, 3m, 0deg, 0deg respectively. Set the ULSI-AUV 
to fix its depth for 250s after submerging to the specified 
depth, and then float up automatically. Because of the forces 
produced by four thrusters having value along the z-axis, it 
should be noted that the surge, sway and yaw motion cannot 
be achieved. 

Experimental tests are carried out in the engineering 
basin in the Ship Model Towing Pool Laboratory in 
Huazhong University of Science and Technology. The 
engineering basin is 100m long, 2m wide and 5m depth. 
Figure 6 shows the station keeping control test of ULSI-
AUV prototype in the basin. 

The heave depth information was read by the depth 
sensor namely B30-MS5837 which can measure up to 300m 
depth with a depth resolution of 10mm, and the roll and 
pitch information was obtained from the onboard 6-DOF 
attitude sensor which dynamic accuracy is within 0.1 
degrees. 

The effective PWM duty ratio of bi-directional 
electronic tuning is between 0.05 and 0.1(the corresponding 
PWM value is 1000~2000 in this experiment), and 
0.75(PWM value is 1500) is the median. Considering the 
requirement of a weak current, the PWM duty ratio is set to 
be between 0.7 and 0.8(PWM value is 1400~1600), and the 

total current can be observed from the panel of the DC 
regulated power supply in real-time during the experiment, 
which is always less than 500mA. 

 

Figure 6  Station keeping control test in the basin 

 

Since low-cost gyroscopes and depth sensors are used, 
the frequency of the MCU input signal is only about 10Hz, 
and the frequency of data transmission to the host computer 
is also less than 10Hz. The upper computer software is 
programmed based on the MATLAB GUI, as shown in 
Figure 7. The initial state, target speed, depth, angle, 
working time and other parameters of the experiment are 
the same as the corresponding parameters of the simulation. 
The purpose of the experiment is to compare with the 
simulation results and validate the feasibility of the control 
method to adopt the control law in future projects. 

 

Figure 7  Upper computer software user interface 

 

Related numerical and experimental results are shown 
in Figure 8-10. Figure 8 shows the comparison of 
experimental results, numerical results and the desired 
value of depth. It can be seen that the actual time to reach 
the predetermined depth is slightly longer than the 
simulation time by about 2 seconds, which may be due to 
the following reasons: Firstly, there is a time delay when the 
thruster is started; secondly, due to motor ageing or other 
reasons, under the same PWM duty ratio, the actual output 
thrust is slightly smaller than the ideal value and the speed 
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is slightly slower. However, the experimental and 
simulation results are not much different from the expected 
results. Especially after reaching steady state, the depth 
error collected from experi-mental data is not more than 20 
mm. Considering the accuracy of the depth sensor is already 
10mm, it can be concluded that the control law is robust to 
depth control and the process is reliable. 

 

Figure 8  Depth output and desire value 

 

Figure 9  Experimental result of roll and pitch angle 

 

Figure 10  Numerical result of roll and pitch angle 

 

Figures 9-10 show the numerical simulation results and 
experimental results of roll and pitch angles respectively. 
Because the wave disturbance is added in the numerical 
simulation process, the attitude angle always has an 
oscillation near the median, and the amplitude is less than 5 
degrees, which is ideal. However, there is a steady-state 
error of about -5 degrees in the experimental results of pitch 
angle, which may be due to the following reasons: Firstly, 
there are still slight errors between the centre of gravity and 
the centre of buoyancy in the x-direction and the y-direction, 
resulting in a negative steady-state angle. Secondly, the 
CFD results ignore higher-order terms, resulting in 

inaccurate model parameters. Thirdly, the non-zero 
buoyancy cable is connected to the tail of ULSI-AUV, 
which causes great interference to pitch angle. To best of 
our knowledge, the third reason may be the core of the 
problem. However, as can be seen in the enlarged view of 
Figure 9, the oscillation frequency of ULSI-AUV is about 
0.5-1Hz, which will not cause interference to the system, 
and the oscillation amplitude is always limited within 10 
degrees, which will not cause interference to the depth 
sensor. 
 

6  Conclusion 
 

In this paper, a dynamic station keeping method has been 
proposed for ULSI-AUV control. Based on the result, the 
sliding mode controller has been designed for fixed-depth 
and anti-rolling. Numerical analysis has been provided to 
show the effectiveness of the proposed algorithm. An 
experimental result has also been provided to validate the 
presented method. Further research on the development of 
this prototype will focus on the effects of uncertainty in the 
model parameter calculations and improve the hardware 
like increasing data transmission frequency. 
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Figures

Figure 1

The ULSI-AUV Prototype



Figure 2

The ULSI-AUV 3D Model



Figure 3

The ULSI-AUV’s Electrical System

Figure 4

The De�nition of ULSI-AUV’s Coordinate System and Motion Mode



Figure 5

The position-speed closed-loop control diagram



Figure 6

Station keeping control test in the basin

Figure 7

Upper computer software user interface



Figure 8

Depth output and desire value

Figure 9

Experimental result of roll and pitch angle



Figure 10

Numerical result of roll and pitch angle


